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Preface to the Second Edition

Recognition of the importance of neuroprotection in the management of neurologi-
cal disorders has steadily increased during the past decade. Considerable progress 
has been made in this area since the publication of the first edition in 2011. Advances 
in biotechnology, particularly in cell and gene therapies, have provided several new 
products for neuroprotection. Some of the old products in clinical trials failed to 
show efficacy, and these are still retained in the book, while new products in clinical 
trials are listed. Neuroprotective effect of some drugs approved for other indications 
is also included as their repurposing is much easier than developing a new drug.

This book reviews management of neurological disorders with a focus on neuro-
protection and disease modification rather than symptomatic treatment. 
Neurodegenerative disorders present with considerable damage by the time they are 
diagnosed, and the aim is to prevent further damage and to reverse some of the dam-
age, which is a bigger challenge. This requires a combination of neuroprotection 
and neuroregeneration. In the case of acute central nervous system trauma and 
stroke, immediate damage is followed by a cascade of secondary events that aggra-
vate the initial insult. The aim of neuroprotection is to prevent the secondary dam-
age combined with measures to regenerate tissues of the central nervous system.

The audience for this book includes clinical neurologists, neurosurgeons, neuro-
scientists, neuropharmacologists, and companies developing drugs for CNS disor-
ders. More than half of the original content of the first edition is replaced with 
addition of material based on the latest research supported by over 1000 citations 
from literature that are appended after each chapter. The text is supplemented with 
20 illustrations and 78 tables.

Finally, the author wishes to acknowledge the help and encouragement of the 
Springer editor for this project, David C. Casey, throughout the preparation of this 
book.

Basel, Switzerland  Kewal K. Jain, MD
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Preface to the First Edition

Neuroprotection is an important part of care of the neurological disorders. Treatment 
of neurological disorders should not be merely symptomatic, but an effort should be 
made to prevent the progression of the underlying disease and to develop therapies 
for regeneration. Neuroprotection also covers the protection of the part of the ner-
vous system exposed to trauma and surgery. Neuroprotection has been used in med-
ical practice for the past 50 years. The earliest agents were barbiturates and 
nonpharmacological approaches such as hypothermia and hyperbaric oxygen. 
Neuroprotection has been placed on a firm scientific basis during the past decade 
due to an improved understanding of the molecular basis of neurological diseases. 
This book is a comprehensive review of neuroprotection based on the knowledge of 
the molecular basis of neurological disorders. Neuroprotective effects of older, 
established drugs as well as new drugs in development are documented.

This book has evolved over a decade, starting with a commercial report on neu-
roprotection. Although there is no cure for several neurological disorders, tremen-
dous progress has been made in understanding the pathomechanism of diseases 
such as stroke and neurodegenerative disorders. Over 500 drugs are under investiga-
tion at various stages from preclinical research to clinical trials. A number of drugs 
with neuroprotective effects are on the market. Further research has been done on 
the older methods of neuroprotection such as hypothermia and hyperbaric oxygen. 
Ongoing clinical trials of innovative methods as well as failed therapies are listed.

Basel, Switzerland  Kewal K. Jain, MD 
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 Definitions

The usual definition of a neuroprotectant is an agent is that aims to prevent neuronal 
death by inhibiting one or more of the pathophysiological steps in the processes that 
follow injury to the nervous system or ischemia due to occlusion of an artery or 
hypoxia due to any cause. This definition has now been extended to include protec-
tion against neurodegeneration and neurotoxins. The extended definition includes 
interventions that slows or halt the progression of neuronal degeneration. This book 
will describe the natural mechanisms of neuroprotection, agents used as neuropro-
tectives and therapeutic neuroprotection in all neurological disorders where there is 
danger of progression of neurological damage regardless of the pathological process 
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or clinical features. Prophylactic neuroprotection during anesthesia and surgery is 
also discussed. Neuroprotection may also be used for prevention of progression of a 
disease if it can be identified at a presymptomatic stage. The term neuroprotective, 
although an adjective, will be used as a noun in preference to neuroprotectant.

 Historical Development of Neuroprotection

Historical landmarks in the development of neuroprotection are shown in Table 1.1.
The history of neuroprotection goes back to the ancient Greek physicians who 

used hypothermia for the treatment of head injury. This remained the most signifi-
cant form of neuroprotection and its use was first recorded in modern literature for 
the treatment of head injury in 1943 (Fay 1943). Most of the earlier use of hypother-
mia was at mild to moderately low temperatures. The first use of profound 

Table 1.1 Historical landmarks in the development of neuroprotection

Year/era Landmark, comments

Ancient 
Greeks

Greek physicians used hypothermia and originated the concept of “neuroprotection”.

1900 Recognition of organic free radicals by Gomberg led to the speculation that free 
radicals may be involved in the living systems (Reid 1957)

1943 Hypothermia used as a protection for the brain as a part of the treatment of head 
injury (Fay 1943).

1943 Use of oral glutamate for treatment of petit mal seizures (Price et al 1943). Other 
reports suggested that it enhanced intelligence in mentally retarded children. None 
of these claims were substantiated later but indicate that glutamate had some 
effect on the CNS.

1959 Glutamate was demonstrated to excite neurons throughout the central nervous 
system (Curtis et al. 1959).

1962 First demonstration of the use of barbiturates for neuroprotection (Arnfred and 
Secher 1962).

1964 Profound hypothermia used in head injury (Lazorthes and Campan 1964)
1968 Application of the concept of reperfusion disturbance (originally described for the 

myocardium in 1960) to injury of the neurons in cerebral ischemia (Ames et al 
1968)

1976 Concept of penumbra – a zone of potentially viable neurons at the junction of 
infarcted and non-infarcted brain (Symon 1976). This provided the basis for 
neuroprotection in stroke.

1980 First use of hyperbaric oxygen for neuroprotection in acute cerebral ischemia 
(Neubauer and End 1980).

1980s Increasing recognition of the role of free radicals in human disease and use of free 
radical scavengers in various diseases including neurological disorders.

1990s Improved knowledge of molecular basis of neurological diseases and extensive 
investigation of neuroprotective therapies in controlled clinical trials. Use of 
neurotrophic factors and gene therapy.

© Jain PharmaBiotech
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 hypothermia for head injury was described in 1964 (Lazorthes and Campan 1964) 
but its use was limited due to its systemic complications.

In modern times, the term “neuroprotection” has been applied initially to the 
protection of brain during high-risk neurosurgical and cardiovascular procedures 
requiring interruption of blood circulation to the brain. Hypothermia was used for 
this purpose. The first pharmacological approach to neuroprotection was by barbi-
turate therapy in 1962. Hyperbaric oxygen therapy was used for neuroprotection in 
stroke in the 1980s. The first mention of the word “neuroprotective” in relation to a 
pharmaceutical in the literature retrievable by MEDLINE was in 1986 when flunari-
zine was demonstrated to have neuroprotective effect in a rat stroke model 
(Silverstein et al 1986).

The concept of neuroprotection has found increased acceptance in neurology 
during the past decade and is linked initially to the role of free radicals in the etiol-
ogy of neurological disorders, particularly stroke and degenerative neurological dis-
orders. Considerable work was done to elucidate the pathomechanism of various 
neurological disorders and various neurotoxic phenomena were identified. Disorders 
involving both the brain as well as the spinal cord were included. Neuroprotection 
is the most important aspect of applications of biotechnology in neurology (Jain 
2013). Various pharmacological agents were developed to counteract these phe-
nomena. Best known among these were free radical scavengers and anti-excitotoxic 
agents.

 Neurophysiological Basis of Neuroprotection

 Astrocytic Glycogen-Derived Lactate as Fuel for the Brain

Brain glycogen stored in astrocytes provides lactate as an energy source to neurons 
through monocarboxylate transporters (MCTs) to maintain neuronal functions such 
as hippocampus-regulated memory formation. To test this hypothesis that astrocytic 
glycogen plays an energetic role in the prolonged-exercising brain, like muscle gly-
cogen fueling exercising muscles, to maintain endurance capacity through lactate 
transport, a rat model of exhaustive exercise and capillary electrophoresis-mass spec-
trometry–based metabolomics was used to observe comprehensive energetics of the 
brain and muscle (Matsui et al 2017). At exhaustion, muscle glycogen was depleted 
but brain glycogen was only decreased. The levels of MCT2, which takes up lactate 
in neurons, increased in the brain, as did muscle MCTs. Metabolomics revealed that 
brain, but not muscle, ATP was maintained with lactate and other glycogenolytic/
glycolytic sources. Intracerebroventricular injection of the glycogen phosphorylase 
inhibitor 1,4-dideoxy-1,4-imino-d-arabinitol did not affect peripheral glycemic con-
ditions but suppressed brain lactate production and decreased hippocampal ATP lev-
els at exhaustion. An MCT2 inhibitor, α-cyano-4-hydroxy-cinnamate, triggered a 
similar response that resulted in lower endurance capacity. These findings provide 
direct evidence for the energetic role of astrocytic glycogen-derived lactate in the 
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exhaustive-exercising brain, implicating the significance of brain glycogen level in 
endurance capacity. Glycogen-maintained ATP in the brain is a possible defense 
mechanism for neurons in the exhausted brain.

 Gene Expression in the Human Brain

Brain tissue is characterized by a higher level of gene expression than other species; 
at least 30–50% of ~20,000 known protein coding genes are expressed across all 
parts of the brain. By some estimates, 13,298 genes are expressed in the brain 
whereas the range across different human tissues is from 11,199 to 15,518. The 
higher prevalence of alternative splicing in some tissues originates from the larger 
number of genes, including splicing factors, being expressed in these as compared 
to other tissues (de la Grange et al 2010). Individual neurons edit their genes and 
can, therefore, have differeces in gene expression patterns. Behavioral or environ-
mental factors can change gene expression patterns. These sources of diversity com-
bined with differences among people adds another layer of complexity. Thus, results 
of studies in mice and monkeys may not be translatable to humans and what works 
for one person may not even work for another.

 Role of Astrocytes in Neuroprotection

Astrocytes are distributed throughout CNS, supporting and protecting delicate neu-
rons via the regulation of CBF, cerebral metabolism, and neurotransmission. 
Neurotransmission requires precise control of neurotransmitter release from axon 
terminals. Astrocyctes regulate the release of the brain’s main excitatory neurotrans-
mitter, glutamate, by releasing ATP into the synapse, which quickly converts into 
adenosine and blocks the release of glutamate. Glutamate release in the brain is 
impaired in mice lacking low-density lipoprotein receptor-related protein 4 (Lrp4), 
which is critical for neuromuscular junction formation. Electrophysiological studies 
have revealed compromised release probability in astrocyte-specific Lrp4 knockout 
mice. Lrp4 mutant astrocytes suppressed glutamatergic transmission by enhancing 
the release of ATP, whose level was elevated in the hippocampus of Lrp4 mutant 
mice. Consequently, the mutant mice were impaired in locomotor activity and spa-
tial memory and were resistant to seizure induction. These impairments could be 
ameliorated by blocking the adenosine A1 receptor. The results reveal a critical role 
for Lrp4, in response to agrin, in modulating astrocytic ATP release and synaptic 
transmission. These findings provide insight into the interaction between neurons 
and astrocytes for synaptic homeostasis and/or plasticity (Sun et al 2016).

Astrocytes also form the backbone of the BBB. The role of astrocytes after a 
brain injury is complex, e.g. there are both beneficial and deleterious roles of astro-
cytes in ischemic stroke pathology. Following CNS insults, astrocytes react robustly, 
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releasing proinflammatory mediators that recruit immune cells and initiate the for-
mation of a glial scar to contain the area of injury and restore the integrity of the 
BBB. Astrocyte-derived IL-15 can aggravate brain tissue damage and poor outcome 
after cerebral ischemia, which depends on the ability of IL-15 to specifically 
enhance the activation and cytotoxic effector functions of natural killer cells (NK) 
and CD8+ T lymphocytes. IL-15 can serve as a potent T cell chemotactic agent and 
enhance T cell migration to inflamed tissue and contribute to neuroinflammation. 
NK cells might activate other brain-homing immune cells, such as proinflammatory 
macrophages, and favor CNS inflammation. These data warrant investigation of 
therapeutic potential of agents to modify IL-15 alone and in combination with anti-
thrombotic treatments for ischemic stroke (Li et al 2017).

Astrocytes are implicated in the pathophysiology and in the response to several 
neuropathological conditions and may represent potential cell targets for neuropro-
tective strategies. Progesterone and dehydroepiandrosterone are neuroactive ste-
roids that modulate neuronal and astroglial function and have neuroprotective 
effects in different experimental models, being potential candidates to the develop-
ment of new therapeutic approaches for brain and spinal cord injuries (Arbo et al 
2016). Some of the neuroprotective strategies in animal experimental studies based 
on astrocytes include:

• Targeting the TRPV2-induced NGF secretion in astrocytes via the mitogen- 
activated protein kinase-JNK signaling pathway channel might be a potential 
new therapeutic strategy in ischemic stroke as it has neuroprotective effects 
(Zhang et al 2016).

• Inhibition of TREK1, protein kinase A, and metabolic impairment of astrocytes 
prevents lactate from reducing cell death in ischemic hippocampus, and this 
pathway serves as an alternate mechanism of neuroprotection (Banerjee et  al 
2016).

• Cyclin-dependent kinase 5 (CDK5) knockdown by RNAi prevents cell death 
generated by glutamate-induced gliotoxicity in astrocytes, which is corroborated 
by pharmacological inhibition with roscovitine (Posada-Duque et al 2015). This 
effect is associated with Rac1 activation, BDNF release, and astrocytic protec-
tion by capturing glutamate, reactive oxygen species, and nutrients.

 Role of Glymphatic System in Neuroprotection

The glymphatic system is a macroscopic waste clearance system that utilizes a 
unique system of perivascular tunnels, formed by astroglial cells, to promote effi-
cient elimination of soluble proteins and metabolites from the CNS. Besides waste 
elimination, the glymphatic system also facilitates brain-wide distribution of sev-
eral compounds, including glucose, lipids, amino acids, growth factors, and neuro-
modulators. The glymphatic system is largely inactive during wakefulness and 
functions mainly during sleep, which enables elimination of potentially neurotoxic 
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waste products, including Aβ. Failure of glymphatic function might contribute to 
pathology in neurodegenerative disorders, traumatic brain injury and stroke (Jessen 
et al 2015).

 Role of Sleep in Neuroprotection

Sleep is an important is important for maintaining normal function of the brain and 
has been proven to improve memory recall, regulate metabolism, as well as reduce 
mental fatigue. A minimum of 7 h of daily sleep seems to be necessary for proper 
cognitive and behavioral function and emotional as well as mental handicaps are 
associated with chronic sleep loss. The brain reorganizes and recharges itself in 
addition to removing toxic waste byproducts which accumulate throughout the day. 
Thus, sleeping can clear the brain and help maintain its normal functioning. Multiple 
studies have been done to determine the effects of total sleep deprivation; more 
recently some have been conducted to show that  the effects of sleep restriction 
are  the same as those of  total sleep deprivation. Each phase of the sleep cycle 
restores and rejuvenates the brain for optimal function. When sleep is deprived, the 
active process of the glymphatic system does not have time to perform that function, 
so toxins can build up, and the effects will manifest on cognitive abilities, behavior, 
and judgment (Eugene and Masiak 2015).

 Role of Cerebral Metabolism in Neuroprotection

The human brain consumes an enormous amount of energy, i.e. 20% of the total 
body energy budget despite representing only 2% of body mass because of an 
increased metabolic need of its neurons. Maintenance of cerebral metabolism is 
essential for normal neurological function. Strategies for neuroprotection take this 
into consideration. Glucose is the main energy substrate and demands of the brain 
vary according to neuronal activity. The brain’s functional connectivity is complex, 
has high energetic cost, and requires efficient use of glucose, the brain’s main energy 
source. Regions with a high degree of functional connectivity are energy efficient 
and can minimize consumption of glucose. A simple model for the energy demands 
of brain functional connectivity has been tested with PET and MRI in healthy vol-
unteers at rest (Tomasia et al 2013). Higher glucose metabolism was associated with 
proportionally larger MRI signal amplitudes, and a higher degree of connectivity 
was associated with nonlinear increases in metabolism, supporting the hypothesis 
for the energy efficiency of the connectivity hubs. Basal metabolism (in the absence 
of connectivity) accounted for 30% of brain glucose utilization, which suggests that 
the spontaneous brain activity accounts for 70% of the energy consumed by the 
brain. The energy efficiency of the connectivity hubs was higher for ventral 
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precuneus, cerebellum, and subcortical hubs than for cortical hubs. The higher 
energy demands of brain communication that hinges upon higher connectivity could 
render brain hubs more vulnerable to deficits in energy delivery or utilization and 
help explain their sensitivity to neurodegenerative conditions, such as Alzheimer’s 
disease.

 Role of Circadian Genes in Neuroprotection

Circadian rhythms govern nearly every physiological process in our brains and bod-
ies. Brain aging is associated with diminished circadian clock output and decreased 
expression of the core clock proteins, which regulate many aspects of cellular bio-
chemistry and metabolism. The genes encoding clock proteins are expressed through-
out the brain, though it is unknown whether these proteins modulate brain homeostasis. 
Deletion of circadian clock transcriptional activators aryl hydrocarbon receptor 
nuclear translocator-like (Bmal1) alone, or circadian locomotor output cycles kaput 
(Clock) in combination with neuronal PAS domain protein 2 (Npas2), was observed 
to induce severe age-dependent astrogliosis in the cortex and hippocampus (Musiek 
et al 2013). Mice lacking the clock gene repressors period circadian clock 1 (Per1) and 
period circadian clock 2 (Per2) had no observed astrogliosis. Bmal1 deletion caused 
the degeneration of synaptic terminals and impaired cortical functional connectivity, 
as well as neuronal oxidative damage and impaired expression of several redox 
defense genes. Targeted deletion of Bmal1 in neurons and glia caused similar neuro-
pathology, despite the retention of intact circadian behavioral and sleep-wake rhythms. 
Reduction of Bmal1 expression promoted neuronal death in primary cultures and in 
mice treated with a chemical inducer of oxidative injury and striatal neurodegenera-
tion. These findings indicate that BMAL1 in a complex with CLOCK or NPAS2 regu-
lates cerebral redox homeostasis and connects impaired clock gene function to 
neurodegeneration. This study demonstrates the importance of proper circadian pro-
tein function in the maintenance of neuronal integrity. At the most basic level, the 
molecular clockwork in each cell interacts with metabolic cycles to influence the 
redox state, allowing for increased cellular activity at specific times of day.

 Role of Blood-Brain Barrier in Neuroprotection

The aim of blood-brain barrier (BBB) is to protect the brain from harmful sub-
stances in the blood. The structural basis of the BBB is the presence of “tight” junc-
tions between endothelial cells lining the brain capillaries in contrast to the 
peripheral tissue capillaries that have interendothelial cleft passages. Increased per-
meability of the BBB is an important factor in the pathogenesis of neurological 
disorders (Jain 2019). Repair of a leaking BBB is important for neuroprotection. 
Various strategies for this are outlined in other chapters of this book.
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 Role of the Gut Microbiota in Development of Integrity 
of the BBB

Resident bacteria of the gut control permeability of the BBB and see to it that the 
barrier develops properly both before and after birth, at least in the mouse (Braniste 
et al 2014). Gut bacteria themselves control integrity of the intestinal barrier that is 
made up of epithelial cells lining the intestine with tight junctions like BBB to stop 
trillions of microbes present in the gut from escaping into the body. The authors 
compared development of the BBB between germ-free fetal mice and those with 
normal microbiomes. As expected, the mice with normal microbiomes exhibited 
normal closure of the BBB toward the late stages of fetal development and a trace-
able antibody that could be detected readily entering the brain in the early fetus 
became restricted to blood vessels later. In the fetuses whose mothers were germ- 
free, however, the antibody continued to enter brain tissue even late in pregnancy. 
Pups that were born to germ-free mothers and that remained germ-free throughout 
life had leakier BBBs associated with low expression and disorganization of tight 
junction proteins. In adult mice, transplantation of fecal matter from animals with 
normal microbiomes into the germ-free animals, not only corrected the expression 
of BBB tight junction proteins but reduced barrier permeability. These findings are 
in the mouse and remain to be proven in humans.

 Intrinsic Neuroprotective Factors

Several protective mechanisms that come into play after injury to the nervous sys-
tem are shown in Table 1.2 and are discussed briefly in the following text. A neuro-
trophic factor is synthesized by and released from target cells of the neurons bound 
to specific receptors, and then it is internalized and transported by retrograde axonal 

Table 1.2 Intrinsic neuroprotective factors

Neuroprotective gene expression
Bcl-2 proteins
c-fos/jun
Growth arrest- and DNA damage-inducible (gadd)34
Heat shock protein (hsp 70)
Upregulation of neurotrophic factors
Brain-derived neurotrophic factor (BDNF)
Fibroblast growth factor (FGF)
Insulin-like growth factor-1 (IGF-1)
Nerve growth factor (NGF)
Pigment epithelium-derived factor (PEDF)
Transforming growth factor (TGF)-β1

(continued)
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Antioxidant enzymes
Carnosine
Catalase
Coenzyme Q10
Glutathione peroxidase
Reductase
Superoxide dismutase
Non-enzymatic antioxidants
α-tocopherol
Adenosine
Ascorbic acid
Bile acid and pigments
Glutathione
Melatonin
Nitric oxide (NO)
Prostaglandin E2
Selenium
Taurine
Ubiquitones
Neurotransmitters/neuropeptides
Cholecystokinin
Corticotropin-releasing hormone
Galanin
Glucagon-like peptide-1 (GLP-1)
Dopamine
Nicotinic acetylcholine
Activation of endogenous transcriptional factors
CREB (cAMP-response-element-binding protein): promotes neuroprotection by antiapoptotic 

action
Nuclear factor erythroid 2-related factor 2 (Nrf2)
Alpha-ketoacids
Alpha-ketobutyrate
Pyruvate
Endogenous neuroprotective proteins
αB-crystallin (Cryab)
Extracellular protease thrombin
Excitatory amino acid transporters
Galanin
Neuroglobin
Nuclear factor I-A (Nfia)
Prion protein (PrP)
Rai (Shc C or N-Shc) adaptor proteins
Sir 2 group
Miscellaneous
Endocannabinoids: released following brain injury and inhibit the expression of inflammatory 

cytokines
Microglia: exert a neuroprotective effective by release of neurotrophic factors and removal of 

toxins
Uric acid

© Jain PharmaBiotech
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transport to the cell soma where multiple survival-promoting effects are initiated 
(Jain 2019a). Neurotrophic factors are discussed in more detail in various chapters 
dealing with disorders such as stroke and CNS trauma.

 Neuroprotective Gene Expression

Induced expression of neuroprotective genes is essential for maintaining neuronal 
integrity after stressful insults to the brain. Gene/protein response to ischemia/injury 
includes c-fos/jun, hsp70, TGF-β1, NGF and FGF.  Within minutes of an insult, 
there is increased production of fos/jun, which may be triggered by stimulation of 
glutamate NMDA receptors, changes in cAMP or increases in intracellular calcium. 
The effect may be translated into hsp, which act as molecular chaperones and have 
a neuroprotective function.

Several gene expression databases contain information on large-scale analysis of 
genes that are involved in neurotrauma, neuronal differentiation and regeneration. 
GENSAT (Gene Expression Nervous System Atlas) at the Rockefeller University, 
an atlas of gene expression maps of the mouse nervous system, is supported by the 
National Institutes of Health of US (http://www.gensat.org/). Gene expression can 
be identified by using gene expression microarrays that contains thousands of 
human genes arranged on a glass chip. The challenge now is to determine the func-
tions of these genes to identify those that could serve as drug targets for the treat-
ment of diseases or trauma to the nervous system. Some examples of neuroprotective 
gene expression are given here.

 Upregulation of GADD34

GADD34, a stress response protein associated with cell rescue, DNA repair and apop-
tosis, is expressed in the ischemic brain gadd34 gene. GADD34 is upregulated in a 
rodent model of stroke and in man in the peri-infarct zone after stroke and in selec-
tively vulnerable regions of the brain after cardiac arrest. GADD34’s known effects on 
restoring protein synthesis and involvement in ischemic preconditioning suggests that 
it has the potential to influence cell survival in tissues compromised by ischemia. 
Brain cells in the peri-infarct zone need to have their protein synthesis machinery 
restored and protein synthesis restarted in order to survive. Having demonstrated that 
GADD34 plays a role in surviving cells and not in irreversibly damaged brain cells the 
researchers are now exploring strategies to use these findings to develop therapeutics 
that may limit ischemic damage and improve outcome after stroke.

 Induction of NR4A Proteins by CREB in Neurons

NR4A nuclear orphan receptors are induced after excitotoxic and oxidative stress 
in neurons, up-regulate neuroprotective genes, and increase neuronal survival. It 
has been shown that NR4A proteins are induced by CREB in neurons exposed to 
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stressful insults and that they function as mediators of CREB-induced neuronal 
survival (Volakakis et al 2010). NR4A and the peroxisome proliferator-activated 
receptor γ coactivator-1α (PGC-1α) independently regulate distinct CREB-
dependent neuroprotective gene programs. These data identify NR4A nuclear 
orphan receptors as essential mediators of neuroprotection after exposure to neuro-
pathological stress.

 Elevation PGC-1α for Neuroprotection in PD

A genome-wide meta-analysis of gene sets (groups of genes that encode the same 
biological pathway or process) was carried out in samples from patients with symp-
tomatic or subclinical PD and healthy controls revealed 10 gene sets with previously 
unknown associations with PD (Zheng et al 2010a). These gene sets pinpoint defects 
in mitochondrial electron transport, glucose utilization, and glucose sensing and 
reveal that they occur early in disease pathogenesis. Genes controlling cellular bio-
energetics that are expressed in response to PGC-1α are underexpressed in PD 
patients. Activation of PGC-1α results in increased expression of nuclear-encoded 
subunits of the mitochondrial respiratory chain and blocks the dopaminergic neuron 
loss induced by mutant α-synuclein or the pesticide rotenone in cellular disease 
models. Systems biology analysis of PD identifies PGC-1α as a potential therapeu-
tic target for early intervention.

To modulate PGC-1α, a study employed the small molecular compound, resve-
ratrol (RSV) that protected dopaminergic (DA) neurons against MPTP-induced cell 
degeneration almost to the same extent as after PGC-1α overexpression (Mudò et al 
2012). As studied in vitro, RSV activated PGC-1α in dopaminergic SN4741 cells 
via the deacetylase SIRT1, and enhanced PGC-1α gene transcription with increases 
in SOD2 and Trx2. These results reveal an important function of PGC-1α in DA 
neurons to combat oxidative stress and increase neuronal viability. RSV and other 
compounds acting via SIRT1/PGC-1α may prove useful as neuroprotective agents 
in PD and possibly in other neurological disorders.

 Neurotrophic Factors

Upregulation of genes for neurotrophic factors (NTFs) occurs within hours of an 
insult but protein synthesis may take days to increase. Neurotrophic factors such as 
NGF and FGF have a neuroprotective function. Endogenous BDNF can protect 
certain neuronal populations against ischemic damage. However, efficient neuro-
protection after brain insults is dependent not only on this factor but on the con-
certed action of numerous neurotrophic molecules.

The major hypotheses for the functional effects of neurotrophin changes induced 
by cerebral insult are protection against neuronal damage, stimulation of neuronal 
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sprouting, and synaptic reorganization. Activation of neuroprotective pathways – 
activation of antioxidant enzyme and the recruitment of neurotrophic and antiapop-
totic factors – have been demonstrated in animal models of cerebral ischemia.

 Intrinsic Nonenzymatic Antioxidants

Enzymatic antioxidants are well known but several non-enzymatic antioxidants 
have neuroprotective effects. Bile pigments biliverdin and bilirubin, inhibit brain 
lipid peroxidation. Neuroprotective action of tauroursodeoxycholic acid (TUDCA) 
is described in Chap. 2.

Nitric oxide (NO) plays a prominent role in the regulation of cerebral blood flow 
(CBF) and the modulation of cell-to-cell communication in the brain. Recent 
in vitro and in vivo studies indicate that NO is a potent antioxidative agent and ter-
minates oxidant stress in the brain by the following mechanisms:

• Suppressing iron-induced generation of hydroxyl radicals (OH) via the Fenton 
reaction

• Interrupting the chain reaction of lipid peroxidation
• Augmenting the antioxidative potency of reduced glutathione (GSH)
• Inhibiting cysteine proteases

Oxidative stress depletes GSH while increasing GS and NO formation in astro-
glial and endothelial cells, resulting in the generation of a more potent antioxidant 
S-nitrosoglutathione (GSNO) and providing additional neuroprotection. The GSNO 
pathway may be an important part of endogenous antioxidative defense system, 
which could protect neurons and other brain cells against oxidative stress caused by 
oxidants, iron complexes, proteases and cytokines. Overproduction of NO in patho-
logical conditions such as stroke may have neurotoxic effects. Anti-NO strategies 
are used for neuroprotection.

 Activation of Transcription Factor Nrf2

Neurons rely on their metabolic coupling with astrocytes to combat oxidative stress. 
The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) appears 
important for astrocyte-dependent neuroprotection from oxidative insults. Nrf2 acti-
vators are effective in stroke, Parkinson disease, and Huntington disease models. 
Hydrogen peroxide (H2O2) plays an important role in cell signaling and is an attrac-
tive candidate mediator of adaptive responses in astrocytes. In one study, Rhodotorula 
gracilis D-amino acid oxidase (rgDAAO) was expressed selectively in astrocytes by 
exposure to D-alanine, leading to concentration-dependent generation of H2O2 
(Haskew-Layton et al 2010). Seven hours of low-level H2O2 production in astro-
cytes protected neurons from oxidative stress, but higher levels were neurotoxic. 
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Neuroprotection occurred without direct neuronal exposure to astrocyte-derived 
H2O2, suggesting a mechanism specific to astrocytic intracellular signaling. Nrf2 
activation mimicked the effect of astrocytic H2O2 yet H2O2-induced protection was 
independent of Nrf2. Astrocytic protein tyrosine phosphatase inhibition also pro-
tected neurons from oxidative death, representing a plausible mechanism for H2O2- 
induced neuroprotection. These findings demonstrate the utility of rgDAAO for 
spatially and temporally controlling intracellular H2O2 concentrations to uncover 
unique astrocyte-dependent neuroprotective mechanisms.

 Intrinsic Neuroprotective Factors

 αB-Crystallin

αB-crystallin (Cryab), a member of the family of small heat shock proteins, desig-
nated sHSP B5, has neuroprotective properties that are elicited following damage to 
the CNS. It is upregulated in several conditions including multiple sclerosis, retinal 
ischemia and stroke. Its use as a potential neuroprotectant in stroke is described in 
Chap. 3. Cryab suppresses inflammation, acting at the interface of the CNS and the 
immune system.

 Docosahexaenoic Acid

Docosahexaenoic acid, enriched in the brain and retina, generates docosanoids in 
response to disruptions of cellular homeostasis. Docosanoids include neuroprotec-
tin D1 (NPD1), which is decreased in the CA1 hippocampal area of patients with 
early-stage Alzheimer disease (AD). NPD1 elicits neuroprotection by up-regulating 
c-REL, a nuclear factor (NF)-κB subtype that, in turn, enhances expression of 
BIRC3 (baculoviral inhibitor of apoptosis repeat-containing protein 3) in the retina 
and in experimental stroke, leading to neuroprotection (Asatryan and Bazan 2017). 
Elucidating the mechanisms of action of docosanoids will contribute to managing 
diseases such as stroke, AD, age-related macular degeneration, traumatic brain 
injury, Parkinson disease, and other neurodegenerations.

 Excitatory Amino Acid Transporters

In the CNS, excitatory amino acid transporter (EAAT) family of proteins is respon-
sible for the uptake of glutamate into astroglial cells and neurons as well as for the 
termination of glutamatergic neurotransmission to lower extracellular concentra-
tions of glutamate. The normal function of EEATs is thus required for neuroprotec-
tion against glutamate excitotoxicity. Dysfunction of EAATs contributes to ischemic 
brain damage and neurodegenerative disorders and some neuroprotective strategies 
are targeted at EAATs to modulate their function.
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 Extracellular Serine Protease Thrombin

The role of extracellular serine protease thrombin and its receptor as endogenous 
mediators of neuronal protection against brain ischemia has been demonstrated in 
experimental animals, which were subjected to prior mild ischemic insults and 
developed robust ischemic tolerance of hippocampal neurons. This resistance is 
impaired if the specific thrombin inhibitor hirudin is injected into the cerebral ven-
tricles before each short-lasting ischemic insult. Thus, endogenous thrombin seems 
to have an intrinsic neuroprotective function. However, thrombin in higher concen-
trations can also have deleterious effects on hippocampal neurons.

Protease-activated receptors (PARs) are G protein-coupled receptors (GPCRs) 
that regulate the cellular response to extracellular serine proteases, like thrombin, 
trypsin, and tryptase. Expression of PARs in the brain is differentially upregulated 
or downregulated under pathological conditions such as neurodegenerative disor-
ders and stroke. PARs mediate either neurodegeneration or neuroprotection and rep-
resent attractive therapeutic targets for treatment of brain injuries (Luo et al 2007).

 Galanin

The expression of the neuropeptide galanin is markedly upregulated in many areas 
of the central as well as peripheral nervous system after injury. Peripheral sensory 
neurons depend on galanin for neurite extension after injury, mediated by activation 
of the second galanin receptor subtype (GALR2). Galanin has also been shown to 
act an endogenous neuroprotective factor to the hippocampus in several in vivo as 
well as in vitro models of injury and imply that a galanin agonist might have thera-
peutic uses in some forms of brain injury. Galanin over-expression shown in 
Alzheimer disease (AD) is a neuroprotective response and indicates that the devel-
opment of a drug-like GAL2 agonist might reduce the progression of symptoms in 
patients with AD (Elliott-Hunt et al 2011).

 Neuroglobin

Globins are oxygen-binding heme proteins present in bacteria, fungi, plants, and 
animals. Their functions have diverged widely in evolution, and include binding, 
transport, scavenging, detoxification, and sensing of gases like oxygen, NO, and 
carbon monoxide (CO). Neuroglobin (Ngb) is a monomeric globin with high affin-
ity for oxygen and preferential localization to vertebrate brain and can be detected 
in the CSF. Ngb’s affinity for oxygen and its expression in cerebral neurons suggest 
a role in neuronal responses to hypoxia/ischemia. Structural studies reveal that neu-
roglobin has a typical globin fold, and despite being hexacoordinated, it binds 
reversibly O2, CO, and NO, undergoing a substantial conformational change of the 
heme and of the protein. Neuroglobin is unlikely to be involved in O2 transport (like 
myoglobin), although it seems to act as a sensor of the O2/NO ratio in the cell, 
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possibly regulating the GDP/GTP exchange rate forming a specific complex with 
the Gαβγ-protein when oxidized but not when bound to a gaseous ligand. Thus, it 
appears that neuroglobin is a stress-responsive sensor for signal transduction in the 
brain, mediated by a ligand-linked conformational change of the protein.

Ngb expression is increased by neuronal hypoxia in vitro and focal cerebral isch-
emia in vivo. Neuronal survival after hypoxia is reduced by inhibiting Ngb expres-
sion with an antisense oligodeoxynucleotide and enhanced by Ngb overexpression. 
Both induction of Ngb and its protective effect show specificity for hypoxia over 
other stressors. Hypoxia-inducible Ngb expression helps promote neuronal survival 
from hypoxic-ischemic insults and might protect brain cells during stroke. 
Overexpression of neuroglobin ameliorates the recovery from stroke in experimen-
tal animals. Potential functions for Ngb include sensing oxygen levels, oxygen res-
ervoir, oxygen transport, regulation of reactive oxygen species and NO scavenging. 
Based on the ligand-linked conformational changes discovered by crystallography, 
the pathways of the reactions with O2 and NO provide a framework that may account 
for the involvement of Ngb in controlling the activation of a protective signaling 
mechanism. These functions can be further defined by transgenic and gene disrup-
tion technologies.

In Ngb-overexpressing transgenic mice compared with wild-type littermates, the 
volume of cerebral infarcts is reduced after occlusion of the middle cerebral artery. 
Ngb overexpression is associated with enhanced expression of endothelial nitric 
oxide synthase (eNOS) in vascular endothelial cells, which provides supporting evi-
dence for neuroprotection by Ngb and suggest both direct (parenchymatous) and 
indirect (vasomotor) protective mechanisms.

Ngb has been demonstrated to be neuroprotective against stroke and related neuro-
logical disorders. Elevated neuroglobin level is associated with preserved mitochon-
drial function in neurodegenerative disorders, suggesting that it may play 
neuroprotective roles through mitochondria-mediated pathways especially those 
involved in ATP production and generation as well scavenging of ROS (Yu et al 2013).

 Nuclear Factor I-A

Nuclear factor I-A (NFI-A) plays a central role in the survival mechanism that pre-
conditions brain cells to endure injury. NFI-A, a member of the NFI/CAAT-box 
transcription factor family, is induced in mouse neurons by NMDA receptor activa-
tion (Zheng et al 2010). Knockdown of NFI-A induction using siRNA substantially 
reduces the neuroprotective effects of sublethal doses of NMDA. Further analysis 
indicates that NFI-A transcriptional activity is required for the neuroprotective 
effects of NMDA receptor activation. Additional evidence of the neuroprotective 
effects of NFI-A is provided by the observations that Nfia(−/−) neurons were highly 
sensitive to NMDA-induced excitotoxicity and are more susceptible to cell death 
than wild-type neurons and that Nfia(+/−) mice were more sensitive to NMDA- 
induced intrastriatal lesions than were wild-type animals. These results identify 
NFI-A as a novel neuroprotective protein with implications in neuroprotection and 
neuronal plasticity following NMDA receptor activation.
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 Prion Protein

Prion protein (PrP) can display two conformations: a normal cellular conformation 
(PrP) and a pathological conformation associated with prion diseases (PrPSc). PrPs 
are better known for their role in transmissible prion diseases and it is generally not 
realized that the normal PrP may play an important role in cellular function in the 
CNS. The absence of PrP in cells or in vivo contributes to an increased susceptibil-
ity to oxidative stress or apoptosis-inducing insults. The neuroprotective actions 
with PrP are initiated through cell surface signaling, antioxidant activity or anti-
apoptotic action by suppressing Bax function and protecting mitochondria. PrP has 
a neuroprotective effect against neurodegeneration and neuronal cell death and in 
prion diseases, which may enable strategies to prevent neuronal cell loss in prion 
diseases and restore normal PrP function.

Activation of the α7 nicotinic acetylcholine receptor (α7nAchR) is regulated by 
PrP expression and has a neuroprotective effect by modulating autophagic flux. In 
an experimental study, PrP treatment decreased α7nAchR expression and activation 
of autophagic flux; in addition, the α7nAchR activator PNU-282987 enhanced 
autophagic flux and protect neuron cells against PrP-induced apoptosis suggesting 
that α7nAchR-mediated autophagic flux may be involved in the pathogenesis of 
prion-related diseases and may be a therapeutic target for prion-related neurodegen-
erative diseases (Jeong and Park 2015).

 Rai Adaptor Protein

Rai (Shc C or N-Shc) is a neuron-specific member of the family of Shc-like adaptor 
proteins. Rai functions in the cytoplasmic propagation of Ret-dependent survival 
signals and regulates, in vivo, the number of sympathetic neurons. Rai regulates the 
neuronal adaptive response to environmental stresses. Rai functions as a stress- 
response gene that increases phosphatidylinositol 3-kinase activation and Akt phos-
phorylation after hypoxic or oxidation insults. In Rai−/− mice, ischemia/reperfusion 
injury induces severe neurological deficits, increased apoptosis and size of the infarct 
area, and significantly higher mortality. These data suggest that Rai has a functional 
neuroprotective role in brain injury, with possible implications in the treatment of 
stroke. As a paradoxical finding, Rai adaptor protein also promotes astrocyte-depen-
dent inflammation during experimental autoimmune encephalomyelitis and is a 
potential novel target for the therapy of multiple sclerosis (Ulivieri et al 2016).

 Stem Cell Factor

Stem cell factor (SCF) is an essential hematopoietic progenitor cell growth factor 
with proliferative and antiapoptotic functions. SCF is highly expressed in the CNS 
and plays an important role in cell migration and survival in the developing cerebral 
cortex. SCF induces neural stem cell migration toward sites of damaged CNS tissue 
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and may represent an adaptive response for the purpose of limiting and/or repairing 
damage. SCF and its tyrosine kinase receptor, c-kit, have a neuroprotective role 
against camptothecin-induced apoptosis and glutamate excitotoxicity in rat cortical 
neurons. It represents a novel therapeutic target in the treatment of neurodegenera-
tive disease.

Neuronal apoptosis occurs in the diabetic brain due to insulin deficiency or insu-
lin resistance, both of which reduce the expression of SCF. SCF protects the brain 
from apoptosis in diabetic mice and the mechanism of this protection may, at least 
in part, involve activation of the ERK1/2 and AKT pathways (Li et al 2009). These 
results provide insight into the mechanisms by which SCF and insulin exert their 
neuroprotective effects in the diabetic brain.

 Role of the Immune System in Neuroprotection

Until quite recently, it was generally believed that every person is born with a fixed 
number of nerve cells in the brain, and that these cells gradually degenerate and die 
during the person’s lifetime and cannot be replaced. This theory was disproved 
when it was discovered that certain regions of the adult brain do in fact retain their 
ability to support and promote neurogenesis throughout life, especially under condi-
tions of mental stimuli and physical activity. One such brain region is the hippocam-
pus, which subserves certain memory functions. How the body delivers the message 
instructing the brain to step up its formation of new cells is still under investigation 
and immune system is considered to play an important role.

Immune cells that recognize the brain’s own components, i.e. autoimmune cells 
are generally viewed as a real threat as they can induce autoimmune diseases. Thus, 
although autoimmune cells are often detected in the healthy individual, their pres-
ence there was previously perceived as an outcome of the body’s failure to eliminate 
them. Autoimmune cells have the potential ability – if their levels are controlled – to 
fight off debilitating neurodegenerative conditions as well as damage that results 
from trauma or stroke. T cells directed against CNS components do not attack the 
brain but instead, recruit the help of the brain’s own resident immune cells to safely 
fight off any outflow of toxic substances from damaged nerve tissues.

The same immune cells may also be key players in the body’s maintenance of the 
normal healthy brain. Thus the primary role of the immune system’s T cells (which 
recognize brain proteins) is to enable the ‘neurogenic’ brain regions (such as the 
hippocampus) to form new nerve cells, and maintaining the individual’s cognitive 
capacity. These findings are compatible with previous observations that rats kept in 
an environment rich with mental stimulations and opportunities for physical activity 
exhibit increased formation of new nerve cells in the hippocampus. Formation of 
these new nerve cells following environmental enrichment is linked to local immune 
activity. The specific T cells that help the formation of new neurons are the ones that 
recognize CNS proteins. The presence of CNS-specific T cells in mice plays a role 
in maintaining learning and memory abilities in adulthood. In immune-deficient 
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mice, hippocampal neurogenesis is markedly impaired and cannot be enhanced by 
environmental enrichment but can be restored and boosted by T cells recognizing a 
specific CNS antigen. CNS-specific T cells are also needed for the expression of 
BDNF in the dentate gyrus, implying that a common immune-associated mecha-
nism underlies different aspects of hippocampal plasticity and cell renewal in the 
adult brain.

Knowledge that the immune system contributes to nerve cell renewal has poten-
tial implications for elderly populations, because aging is known to be associated 
with a decrease in immune system function. It is also accompanied by a decrease in 
new brain cell formation, as well as in memory skills. Therefore, by manipulating 
and boosting the immune system, it might be possible to prevent or at least slow 
down age-related loss of memory and learning abilities.

 Induction of DNA Repair Enzymes for Neuroprotection

A hallmark of oxidative DNA damage after stroke is the induction of apurinic/apy-
rimidinic (AP) sites and strand breaks. Inducible DNA repair via the base-excision 
repair pathway is an important prosurvival mechanism activated in response to oxi-
dative DNA damage. Elevated levels of the essential base-excision repair enzyme 
apurinic/apyrimidinic endonuclease 1 (APE1)/redox effector factor-1 (Ref-1) cor-
relate closely with neuronal survival against ischemic insults, depending on the 
CNS region, protective treatments, and degree of insult. Intracerebral administra-
tion of pituitary adenylate cyclase-activating polypeptide (PACAP), an endoge-
nously occurring small neuropeptide, induces expression of APE1 in hippocampal 
neurons (Stetler et  al 2010). Induction of APE1 expression requires PKA- and 
p38-dependent phosphorylation of cAMP response-element binding and activating 
transcription factor 2, which leads to transactivation of the APE1 promoter. In has 
been further shown that PACAP markedly reduces oxidative DNA stress and hip-
pocampal CA neuronal death following transient global ischemia. These effects 
occur, at least in part, via enhanced APE1 expression. Furthermore, the DNA repair 
function of APE1 is required for PACAP-mediated neuroprotection.

Although forced overexpression of APE1 is known to protect against oxidative 
stress-induced neurodegeneration, there is no concrete evidence demonstrating a 
role for endogenous APE1 in the long-term recovery of gray and white matter fol-
lowing ischemic injury. To study this, an APE1 conditional knockout (cKO) mouse 
line was generated under control of tamoxifen-dependent Cre recombinase, and 
induced deletion of APE1 was shown to dramatically enlarged infarct volume and 
impair the recovery of sensorimotor and cognitive deficits in a transient focal cere-
bral ischemia (tFCI) model (Stetler et  al 2016). APE1 cKO markedly increased 
postischemic neuronal and oligodendrocyte degeneration, demonstrating that 
endogenous APE1 preserves both gray and white matter after tFCI. Because white 
matter repair is instrumental in behavioral recovery after stroke, the author also 
examined the impact of APE1 cKO on demyelination and axonal conduction and 
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discovered that APE1 cKO aggravated myelin loss and impaired neuronal commu-
nication following tFCI. Furthermore, APE1 cKO increased AP sites and activated 
the prodeath signaling proteins, PUMA and PARP1, after tFCI in topographically 
distinct manners. These findings provide evidence that endogenous APE1 protects 
against ischemic infarction in both gray and white matter and facilitates the func-
tional recovery of the CNS after mild stroke injury. Thus, induction of DNA repair 
enzymes may be a unique strategy for neuroprotection against hippocampal injury.

 Microtubule-Based Neuroprotective Response to Axonal Injury

Axon injury elicits profound cellular changes, including axon regeneration. 
However, after axons of Drosophila dendritic arborization neurons were severed, 
dendrites were more resistant to injury-induced degeneration. Concomitant with 
stabilization, microtubule dynamics in dendrites increased, but dendrite stabiliza-
tion was suppressed when microtubule dynamics was dampened, which was 
achieved by lowering levels of the microtubule nucleation protein γ-tubulin (Chen 
et al 2012). Increased microtubule dynamics and global neuronal stabilization were 
also activated by expression of expanded polyglutamine (poly-Q) proteins SCA1, 
SCA3, and huntingtin. In all cases, dynamics were increased through microtubule 
nucleation and depended on JNK signaling, indicating that acute axon injury and 
long-term neuronal stress activate a common cytoskeleton-based stabilization pro-
gram. Reducing levels of γ-tubulin exacerbated long-term degeneration induced by 
SCA3 in branched sensory neurons and in a well-established Drosophila eye model 
of poly-Q-induced neurodegeneration. Thus, increased microtubule dynamics can 
delay short-term injury-induced degeneration, and, in the case of poly-Q proteins, 
can counteract progressive longer-term degeneration. The conclusion is that axon 
injury or stress triggers a microtubule-based neuroprotective pathway that stabilizes 
neurons against degeneration.

 Pathomechanisms of CNS Injury as Basis for Neuroprotection

The word injury is used here in a broad sense and implies damage to the CNS from 
a variety of diseases both acute and chronic. Although the cascades of molecular 
events following cerebral ischemia and trauma may differ, some basic pathological 
processes such as excitotoxic injury are common. The pharmacological strategies 
are aimed at one or more of these mechanisms. Some of these strategies are specific 
for conditions such as cerebral ischemia while others are applicable to several dis-
orders including ischemia trauma and neurodegeneration. Common features of 
pathology of diseases causes damage to the nervous system are shown in Table 1.3.

It is obvious that apoptosis, excitotoxicity and oxidative damage are common to 
all the diseases that cause damage to the CNS.
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 Biomarkers of Neurological Disorders and Neuroprotection

A biomarker is a characteristic that can be objectively measured and evaluated as an 
indicator of a physiological as well as a pathological process or pharmacological 
response to a therapeutic intervention. Classical biomarkers are measurable altera-
tions in blood pressure, blood lactate levels following exercise and blood glucose in 
diabetes mellitus. Any specific molecular alteration of a cell on DNA, RNA, metab-
olite or protein level can be referred to as a molecular biomarker.

Biomarkers are important for studying the pathomechanisms of neurological dis-
orders, as basis for diagnostics as well as evaluation of therapeutics and for discov-
ery of neuroprotective agents. A biomarker may serve as surrogate endpoint in a 
clinical trial, i.e. a substitute for a clinically meaningful endpoint, and is expected to 
predict the effect of a therapeutic intervention. Biomarkers of CNS disorders are 
discussed in detail in a chapter in the Handbook of Biomarkers (Jain 2017a). Several 
technologies have been used for discovery of biomarkers of CNS disorders, and 
proteomics plays an important role.

 CNS Biomarker Identification Using Proteomics

Antibody-based tests can measure proteins in the blood. Various biomarkers found 
in blood include S100 protein, neuron-specific enolase, myelin basic protein and 
C-tau. Concentrations of the S100 protein, an acidic calcium-binding protein found 
in the gray matter of the brain, are elevated in serum after brain damage. Several 
commercial ELISA assays are available for S100 protein and are useful biomarkers 
for the early assessment of brain damage by the quantitative determination of 
S100 in serum.

Cerebrospinal fluid (CSF) serves as a rich source of putative biomarkers that are 
not solely limited to neurologic disorders. Peptides, proteolytic fragments and 

Table 1.3 Common features of pathophysiology of brain damage in diseases

Disease Apoptosis
Excito- 
toxicity

Oxidative 
Damage

Vascular 
Factors

Toxic 
Proteins Inflammation

Alzheimer disease + + + + + +
Parkinson disease + + + + +
Huntington 

disease
+ + + +

Amyotrophic 
lateral sclerosis

+ + +

Vascular dementia + + + +
CNS trauma + + + +
Cerebral ischemia + + + + +

© Jain PharmaBiotech
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 antibodies can cross the BBB, thus providing a repository of pathologic informa-
tion. Proteomic technologies such as immunoblotting, isoelectric focusing, 2D gel 
electrophoresis and mass spectrometry have proven useful for deciphering this 
unique proteome. CSF proteins are generally less abundant than their corresponding 
serum counterparts, necessitating the development and use of sensitive analytical 
techniques.

Advances in clinical neuroproteomics have significantly expanded CNS bio-
marker discovery. The greatest impact is on neurodegenerative disorders. A triplet 
of biomarkers for AD – total and hyperphosphorylated tau and the 42 amino acid 
isoforms of Aβ – has already been established for early detection of AD before the 
onset of dementia. However, more biomarkers are needed both for AD and for other 
neurodegenerative disorders, such as PD, frontotemporal dementia and amyotrophic 
lateral sclerosis (ALS).

 Brain Imaging for Detection of Biomarkers

Imaging techniques enable the diagnosis of disease in  vivo. Several specialized 
techniques have evolved for imaging pathology in the living brain. These include 
CT, MRI, PET and SPECT. These are used in diagnostic workup of neurological 
patients, and in clinical trials. Changes in brain pathology, visualized by imaging, 
can be used as an in vivo guide to the treatment. Brain imaging has an important role 
to play in detection of biomarkers of neurodegenerative diseases.

 Neuroprotection in Cerebral Hypoxia

The term “hypoxia” generally means a reduced supply of oxygen in the living 
organism. Hypoxia may be either generalized, affecting the whole body, or local, 
affecting a region of the body. It is difficult to define hypoxia precisely, but it may 
be described as a state in which aerobic metabolism is reduced by a fall of pO2 
within the mitochondria. In this situation, the partial pressure of oxygen, which in 
dry air is 160 mmHg, drops to about 1 mmHg, by the time it reaches the mitochon-
dria of the cell. Below this value aerobic metabolism is not possible. Hypoxia is not 
always a pathological condition as variations in arterial oxygen concentrations can 
be physiological, e.g., during strenuous physical exercise.

Hypoxia inducible factors (HIFs), mediate the ability of the cell to cope with 
decreased oxygen tension senses and coordinate cellular responses to hypoxia. 
HIF-1α, the most well-established member of the HIF family, is a master regulator 
for the expression of genes involved in the response to hypoxia.

Heat shock proteins (Hsps), a family of proteins that are produced by cells in 
response to exposure to stressful conditions, can be induced by other stressful situ-
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ations such as hypoxia. A study on healthy volunteers subjected to transient normo-
baric hypoxia has shown that hypoxic conditions can trigger the release of Hsp70 
(Lichtenauer et al 2014).

 Effects of Hypoxia on the Brain

Although any part of the body can be affected by hypoxia, the effects are most 
marked on the cells of the central nervous system, for the following key reasons:

• The brain has unusually high resting energy requirements, which can only be met 
by oxidative breakdown of the exogenous substrate. Anaerobic production of 
energy by glycolysis is not adequate to maintain normal brain function.

• The brain cannot store oxygen. Its energy reserves are low and usually it cannot 
tolerate anoxia (due to lack of circulation) for more than 3 min.

• The brain, unlike muscle tissue, is incapable of increasing the number of capil-
laries per unit of volume.

• Neurons have a poor capacity to recover or regenerate after hypoxia.

 Cerebral Metabolism During Hypoxia

During tissue hypoxia, molecular oxygen or the final receptor of hydrogen is 
reduced. This results in diminution in the amount of hydrogen which can reach the 
molecular oxygen via the respiratory chain. As a sequel, not only is the oxidative 
energy production reduced, but the redox systems are shifted to the reduced side 
with ensuing tissue acidosis.

The reduction of oxidative adenosine triphosphate (ATP) formation leads to an 
increase of nonoxidative energy production, i.e., by glycolysis due to decrease of 
the ATP/AMP quotient. The increased glycolysis results in an accumulation of 
pyruvate and nicotinamide adenine dinucleotide reduced form (NADH) within the 
cytoplasm of the cell. Since triose phosphate dehydrogenase is an enzyme of gly-
colysis dependent on NAD, the activity of this enzyme, and thus of the glycolytic 
pathways, requires oxidized form NAD within the cytoplasm for maintenance of the 
cell function. Under hypoxic conditions NAD is provided within the cytoplasm by 
means of the following reaction catalyzed by lactate dehydrogenase:

 pyruvate NADH lactate NAD+ → +  

This causes a reduction of intracellular pyruvate and NADH concentration, and 
a supply of NAD and lactate. Whereas lactate, the final product of glycolysis, is 
bound, NAD is made available as hydrogen receptor to the triose phosphate dehy-
drogenase. This is how glycolysis, with its relatively low energy production, may be 
maintained even under hypoxic conditions. This biochemical process is extremely 
valuable for the structural conservation of the neurons under hypoxic conditions.
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Hypoxia also disturbs the acid-base balance of the tissues by an increase of H+ 
ion concentration and an excess of lactate as a result of intensified glycolysis. It 
affects the cytoplasmic NADH/NAD as well as lactate/pyruvate ratios, as expressed 
in the following equation:

 

lactate

pyruvate

K

H

NADH

NAD
× =

 

where K is an equilibrium constant. The redox system is shifted to the reduced side. 
There is increased pyruvate concentration, which, however, falls short of the 
increase in lactate.

In total anoxia the glycolysis increases four to seven times. There is decrease of 
glucose, glucose-6-phosphate, and fructose-hexose phosphate, and an increase of 
all substrates from fructose diphosphate to lactate. These changes can be interpreted 
as resulting from facilitation of phosphorylation of glucose to fructose-hexose 
phosphate.

Studies with labeled glucose uptake in the brain under hypoxic conditions show 
that the hippocampus, the white matter, the superior colliculi, and the geniculate 
bodies are the areas most sensitive to the effects of hypoxia. The relatively greater 
sensitivity of the white matter to hypoxia may lead to an understanding of the white 
matter damage in postanoxic leukoencephalopathy. The relative paucity of capillar-
ies in white matter may predispose them to compression by edema.

 Adaptive Mechanisms in Hypoxia

Mitochondria are involved in development of immediate and delayed molecular 
mechanisms for adaptation to hypoxic stress in brain cortex. Hypoxia induces 
reprogramming of respiratory chain function and switching from oxidation of 
NAD-related substrates (complex I) to succinate oxidation (complex II). Transient, 
reversible, compensatory activation of respiratory chain complex II is a major 
mechanism of immediate adaptation to hypoxia necessary for (1) succinate-related 
energy synthesis in the conditions of oxygen deficiency and formation of urgent 
resistance in the body; (2) succinate-related stabilization of HIF-1α and initiation 
of its transcriptional activity related with formation of long-term adaptation; and 
(3) succinate-related activation of the succinate-specific receptor, GPR91. This 
mechanism participates in at least four critical regulatory functions (Lukyanova 
and Kirova 2015):

 1. Sensor function related with changes in kinetic properties of complex I and com-
plex II in response to a gradual decrease in ambient oxygen concentration; this 
function is designed for selection of the most efficient pathway for energy sub-
strate oxidation in hypoxia.

 2. Compensatory function focused on formation of immediate adaptive responses 
to hypoxia and hypoxic resistance of the body.
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 3. Transcriptional function focused on activated synthesis of HIF-1 and the genes 
providing long-term adaptation to low pO2.

 4. Receptor function, which reflects participation of mitochondria in the intercel-
lular signaling system via the succinate-dependent receptor, GPR91.

In all cases, the desired result is achieved by activation of the succinate-depen-
dent oxidation pathway, which enables consideration of succinate as a signaling 
molecule. Mitochondria-controlled activation of GPR-91- and HIF-1-dependent 
reaction participate in cellular-intercellular-systemic interactions in hypoxia and 
adaptation.

 Neuroprotection in Hypoxia-Ischemia

Hypoxic-ischemic brain injury (HIBI) is a diagnostic term that encompasses a com-
plex constellation of pathophysiological and molecular injuries to the brain induced 
by hypoxia, ischemia, cytotoxicity, or combinations of these conditions. Sequel of 
events in hypoxia-ischemia is shown in Fig. 1.1.

The typical causes of HIBI – cardiac arrest, respiratory arrest, severe TBI, near- 
drowning, near-hanging, as well as other forms of incomplete suffocation, carbon 
monoxide or other poisonous gas exposures, and perinatal asphyxia – expose the 
entire brain to potentially injurious reductions of oxygen (hypoxia) and/or dimin-
ished blood supply (ischemia). The outcome for patients with HIBI is often poor. It 
is important to establish an accurate prognosis as soon as possible after the insult to 
guide management. Clinical assessment is not reliable and ancillary investigations, 
particularly imaging and EEG, are needed to understand the severity of brain injury 
and the likely outcome. MRI and EEG provided valuable information concerning 
prognosis in a retrospective study of patients with HIBI (Howard et al 2012). Some 
of the conditions causing HIBI are covered in other chapters.

Level

Circulation Energy availability
Glucose, oxygen

Diminished

Tissue hypoxia (pO2 fall)

Energy failure

Brain
Aerobic glycolysis (Krebs
cycle and oxidative
phosphorylation)
Gain: ATP + CO2 + H2O

ATP used for ion pumps which
maintain transmembrane
potential and deliver the
precursors for neurotransmitter
and enzyme systhesis

Loss of calcium
Cell edema
Cellular calcium uptake
Cell intoxication

Tissue cells

Function

Transport and metabolism Sequelae of ischemia - hypoxia

Fig. 1.1 A three-stage model of ischemic hypoxic disturbances of the brain
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 Neuroprotection in Neuroinflammation

Neuroinflammation is a common pathological process that underlies several neuro-
logical disorders. However, there is little agreement on the pathophysiological 
mechanisms that underlie the manifestations of neuroinflammation in the CNS 
compartment and how neuroinflammation operates as a driver and as a consequence 
of disease in the brain.

 Biomarkers of Neuroinflammation

There is a need for biomarkers that can be used as indicators, not only of disease 
progression, but of therapeutic efficacy as well to monitor clinical trials and guide 
regulatory paths. To address these gaps in understanding mechanisms and how to 
translate that understanding into therapeutics, the Forum on Neuroscience and 
Nervous System Disorders of the National Academies of Sciences, Engineering, 
and Medicine convened a workshop in 2017 to explore the role and mechanisms of 
neuroinflammation in a variety of CNS diseases. Proceedings of the workshop, 
which covered strategies to advance the identification and validation of biomarkers 
of neuroinflammation for accelerating development of therapies for disorders rang-
ing from neuroinflammatory diseases such as multiple sclerosis (MS) to neuropsy-
chiatric disorders such as depression, have been published (Bain et  al 2017). 
Highlights discussed were:

• Microglia are the resident immune cells of the CNS; however, there is more to 
neuroinflammation than microglia and there is still much to learn about microg-
lial biology. The primary function of microglia is homeostasis, but they also have 
other functions, including surveilling the brain for perturbations, pruning syn-
apses, and modulating neural systems and circuits.

• The observation that receptors such as TSPO (translocator protein) and TREM2 
(triggering receptor expressed on myeloid cells 2), and other proteins, such as 
Iba1 expressed by microglia are upregulated in almost all CNS disorders indicate 
that activation of microglia plays a prominent role in diseases of the brain.

• While synaptic pruning is a normal developmental process, aberrant synaptic 
pruning may underlie many neurological, neurodevelopmental, and neuropsy-
chiatric diseases, including schizophrenia and autism as well as diseases of 
aging. Identifying the signals involved in synaptic pruning may unveil biomark-
ers and therapeutic targets for many CNS diseases.

• Blood–brain barrier dysfunction is common in many neuroinflammatory CNS 
diseases, including stroke, brain trauma, epilepsy, and MS, possibly through 
common genetic and molecular mechanisms, which may be possible to exploit 
for the identification of biomarkers and therapeutics.

• Fibrinogen, a blood protein involved in coagulation, also is involved in activating 
neuroinflammation and neurodegeneration, and is important for communication 
between the peripheral immune system and the CNS.
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 Neuroprotection in Mental Stress

Mental stress is recognized as a factor in the etiology or aggravation of several dis-
eases, e.g., those involving the cardiovascular system. Little has been documented 
about the effect of stress on brain. Stress is a part of human life experiences as fight- 
or- flight response in stressful situations and certain amount of adaptation to stress 
occurs. During stress cortisol levels rise, which lead to higher blood glucose levels 
with enhanced utilization by the brain. High cortisol levels subside after the stress 
episode is over but may persist in maladaptation to chronic stress. High cortisol lev-
els have a deleterious effect on the heart and blood vessels and are also suspected to 
be associated with cognitive decline. A clinical study has assessed the relation of 
early morning serum cortisol to cognitive performance and brain structural integrity 
measured by MRI in dementia-free Framingham Heart Study (generation 3) partici-
pants (Echouffo-Tcheugui et al 2018). Results showed that higher serum cortisol was 
associated with lower brain volumes and impaired memory in asymptomatic younger 
to middle-aged adults, with the association being evident particularly in women.

The findings of this study indicate the need for neuroprotective measures against 
mental stress. Stress reduction can be achieved by improved sleep, meditation, yoga, 
physical exercise, relaxation techniques, or by use of cortisol-reducing medications 
such as aminoglutethimide, ketoconazole, metyrapone and mitotane, which are used 
in the treatment of Cushing’s disease (characterized by high levels of cortisol).

 Role of Neuroprotection in Various Neurological Disorders

Several approaches to neuroprotection, aimed at various steps in the cascades of 
events leading to damage or death of neurons, have been shown to be successful in 
the laboratory. Translation of this research into clinical practice remains largely 
unfilled. Despite several failed clinical trials, efforts continue to develop therapies 
aimed at ameliorating the process of traumatic and ischemic damage and to halt the 
neurodegenerative processes. The place of neuroprotection in the therapy of neuro-
logical diseases, which involve damage to the central nervous system, is shown in 
Table 1.4.

One of the examples of the application of the scheme shown in Table 1.4 is stroke 
where prevention may be instituted in high-risk procedures. Treatment of cause of 
stroke such as a thrombus is thrombolytic therapy, which should be supplemented 
with a neuroprotective therapy. In a chronic neurodegenerative disease such as PD, 
neuroprotection may continue in all the three phases of the disease. Drug-induced 
neurological disorders may require neuroprotective measures besides discontinua-
tion of offending medications and symptomatic treatment (Jain 2012). These mea-
sures are mentioned along with other methods of neuroprotection in various 
neurological disorders. Neuroprotective measures that have been used or investi-
gated in the indications shown in Table 1.5 are discussed in subsequent chapters.

 Role of Neuroprotection in Various Neurological Disorders
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Table 1.4 Place of neuroprotection in management of CNS disorders

I. Prevention
Management of risk factors
Institution of neuroprotection as prophylaxis
Before high risk procedures associated with hypoxia/ischemia
Anticipated exposure to neurotoxins
In early or asymptomatic stages of neurodegenerative disorders
II. Active phase of the disease
Symptomatic management
Treatment if available of the cause if known
Neuroprotection as a supplementary or the main treatment for the purpose of:
  Minimizing the impact of the initial insult, e.g. ischemia and trauma
  Interrupting the subsequent mechanisms of progression of damage
III. Chronic or recovery phase of the disease
Rehabilitation
Long-term neuroprotection in chronically recurring or evolving damage to the CNS

© Jain PharmaBiotech

Table 1.5 Indications for the use of neuroprotection

Cerebrovascular disorders
Carotid/vertebral arterial stenosis
Cerebral infarction
Cerebral hemorrhage
Central nervous system trauma
Traumatic brain injury
Spinal cord injury
Neurodegenerative disorders
Alzheimer disease
Amyotrophic lateral sclerosis
Huntington disease
Parkinson disease
Psychiatric disorders
Hypoxia/ischemia of the CNS
Carbon monoxide poisoning
Cardiac arrest
Delayed post-hypoxic leukoencephalopathy
Drowning
Infections of the nervous system
Bacterial meningitis
Viral encephalitis
Neurological complications of systemic disorders
Drug-induced neurological disorders

(continued)
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 Neuroprotection and Neuroregeneration

It is generally believed that neuroprotection is required in the acute phase whereas 
neuroregeneration is the long-term goal for restoring function following spinal cord 
injury, stroke, or neurodegenerative diseases. There is no clear-cut line of demarca-
tion between neuroprotection and neuroregeneration and the measures for achieving 
them overlap in accordance with the generally accepted concept that rehabilitation 
should start in the acute phase of neurological disease. No acute phase is identifiable 
in some chronic neurological disorders with an insidious onset and neuroregenera-
tion becomes one of the neuroprotective strategies to counteract the progressive 
deterioration of neurological function. Cell transplants and gene therapy methods 
for regeneration of the CNS may not be practical for application in the acute phase 
of injury but can have a long-term neuroprotective function.

 Acute Versus Chronic Neuroprotection

The nature of the disease or the process posing a danger of damage to the nervous 
system determines whether neuroprotection should be applied acutely or on a 
chronic long-term basis. Examples of acute injury are ischemic stroke and traumatic 
brain injury or spinal cord injury. Chronic diseases include AD, PD, and HD. The 
basic pathomechanisms of acute and chronic diseases may be similar but they differ 
in the rates of progression. Regardless of the rate of progression, the final objective 
of neuroprotection is the same, i.e. to save the brain or the spinal cord from further 
damage. Some methods of treatment may be used for both acute as well as chronic 
conditions, but the characteristics of the compounds and the methods of administra-
tion might vary.

Miscellaneous neurological disorders
Decompression sickness
Dementias due to aging, vascular disorders and HIV
Epilepsy
Hearing loss
Hydrocephalus
Mitochondrial encephalopathies
Multiple sclerosis
Optic nerve and retinal ischemia
Peripheral neuropathies
Progressive multifocal leukoencephalopathy
Radiation encephalopathy
Toxic encephalopathies
Neuroprotection during surgery and anesthesia
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Table 1.5 (continued)

 Acute Versus Chronic Neuroprotection
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Desirable characteristics of neuroprotective drugs for most acute conditions are:

• Possibility of administration by a route that leads to rapid entry into the body
• Passage across the BBB with targeted action on the CNS.
• Quick eliminated by the body after the intended effect has been achieved

Desirable characteristics of neuroprotective drugs for most chronic conditions are:

• They should be orally active for ease of administration over long periods of 
treatment.

• Therapeutic concentrations of the drug should be maintained with once daily dose.
• Compatibility with other drugs.
• Acceptable safety profile with a good risk:benefit ratio.

 Discovery and Evaluation of Neuroprotective Agents

 Neuroprotective Drug Discovery

The principles and methods of drug discovery for other therapeutic areas are appli-
cable to neurological disorders as well. These are discussed according to various 
categories of drugs and diseases in other chapters of this report. Combinatorial chem-
istry and high-throughput screening have greatly increased compound throughput in 
modern drug-discovery programs. Various pathways involved in diseases of the ner-
vous system may be targeted. An example is Rho kinases (ROCKs), which are ser-
ine/threonine kinases that are important in fundamental processes of cell migration, 
cell proliferation and cell survival. Abnormal activation of the Rho/ROCK pathway 
has been observed in various disorders of the CNS.  Injury to the adult vertebrate 
brain and spinal cord activates ROCKs, thereby inhibiting neurite growth and sprout-
ing. Inhibition of ROCKs results in accelerated regeneration and enhanced func-
tional recovery after SCI in mammals, and inhibition of the Rho/ROCK pathway has 
also proved to be efficacious in animal models of stroke, neuroinflammatory and 
demyelinating diseases, as well as AD. ROCK inhibitors, therefore, have potential 
for preventing neurodegeneration and stimulating neuroregeneration in various neu-
rological disorders.

High-throughput drug screening system can deliver drug molecules against all 
known drug targets in the brain slices, rather than against just the few targets that have 
previously been implicated in brain cell protection. Since there is no preselection bias, 
one is able to evaluate the widest possible range of drug targets. With use of genomic 
and proteomic technologies, several drug targets have now become available.

The capacity to generate neurons, from human embryonic stem cell (hESC) lines 
offers great potential for developing cell-based therapies and a potential opportunity 
for neuroscientists interested in mechanisms of neuroprotection and neurodegenera-
tion. Potentially unlimited generation of well-defined functional neurons from 
hESC and patient-specific induced pluripotent cells (iPSCs) offers new systems to 
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study disease mechanisms, receptor pharmacology, and potential targets for neuro-
protection within a human cellular environment.

Two major problems of neuroprotective drug discovery are discovery of drugs 
that penetrate the BBB and development of assays for evaluation of neuroprotective 
agents.

 Discovery of CNS Drugs That Penetrate the Blood-Brain 
Barrier

For CNS drugs, it is also important to determine permeability to the BBB.  Yet, 
given the increased pace of discovery, it difficult to conduct this screen in a timely 
fashion. Several innovations have been made in CNS permeability screens to enable 
robust determination of CNS permeability of multiple compounds. Drug delivery to 
the CNS is discussed in a special report on this topic (Jain 2019b).

Several drugs have been used in the past for treatment of neurological disorders. 
Many of these do not cross the BBB. Special drug delivery strategies will be needed 
for the newer large molecule protein drugs to enable them to cross the BBB and be 
effective as neuroprotective agents. Genes that are selectively expressed in neurons 
and glial cells are targets for CNS drug discovery, whereas genes that are selectively 
expressed at the brain capillary endothelium are targets for CNS drug delivery. 
Brain-targeted chemical delivery system is used to target drugs to their site of action 
by exploiting the special bidirectional properties of the BBB. Precursors of thera-
peutic compounds are smuggled across the BBB and locked inside the brain ready 
for sustained release of the active drugs.

 In Vitro Assays for the Evaluation of Neuroprotective Agents

In a mouse neuronal-glial cell coculture, injury can be provoked either by NMDA, 
glutamate, or oxygen deprivation and assessed by the release of lactate dehydroge-
nase into the culture medium. This model can be used for assessment of neuropro-
tective effect of NMDA antagonists.

Axons in the CNS white matter become damaged in various debilitating condi-
tions affecting humans, such as stroke, epilepsy, glaucoma, spinal cord injury and 
multiple sclerosis. The area of neuroprotection, both in gray matter and white mat-
ter, represents an enormous unmet medical need and thus also represents an area of 
immense commercial potential. Therapeutic strategies pursued to date are almost 
exclusively focused on gray matter, even though white matter damage is of equal 
clinical importance. This, at least in part, has been due to the technical difficulties 
associated with the study of white matter pathology when compared to gray matter. 
To date, the study of axon viability has relied upon electrophysiological and histo-
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chemical techniques that are labor intensive and time consuming, thus limiting their 
use in drug discovery.

In vitro biochemical assay to assess white matter damage can be used for the 
identification of neuroprotective agents. A sensitive biochemical assay of axon via-
bility is based on the observation that axons of the rat optic nerve produce cGMP in 
response to administered NO. An isolated rat optic nerve in vitro enables the test 
conditions to be designed to simulate the environment encountered by an axon dur-
ing periods of insult, such as transient ischemia and glucose deprivation. Such tran-
sient insults trigger progressive axonal degeneration beyond the time at which the 
insult is removed. This model system allows pharmacological agents to be tested 
post-insult for their ability to protect against further damage, a scenario most likely 
to be faced in the clinical setting where patients are not presented until after an event 
such as a stroke or spinal injury. This technology represents an opportunity to:

• Study the underlying cellular causes of axon degeneration following insult and 
thereby identify novel cellular therapeutic targets for primary screening.

• Screen potential therapeutic agents for their ability to protect against progressive 
axon degeneration following an insult.

 Oxidative Injury Model to Test Neuroprotective Drugs

Oxidative injury leading to death of neurons is a major factor involved in the patho-
genesis of several neurodegenerative diseases. Drugs are being developed to target 
this mechanism. Several FDA approved drugs have been tested against a hydrogen 
peroxide-induced oxidant injury model in neuroblastoma cells to identify neuropro-
tective compounds. Large-scale oligonucleotide microarray analysis has been used 
to identify genes modulated by these drugs that might underlie the cytoprotection. 
Five key genes are either uniformly upregulated or downregulated by all neuropro-
tective drug treatments, i.e. tissue inhibitor of matrix metalloproteinase (TIMP1), 
ret-proto-oncogene, clusterin, galanin, and growth associated protein (GAP43). 
This “interventional profiling,” represents a powerful strategy for identifying new 
bioactive agents for any biological process, as well as identifying key downstream 
genes and pathways that are involved.

 Apoptosis Model for Designing Neuroprotective Drugs

The human immunodeficiency virus type I (HIV-1) accessory protein Vpr has been 
associated with the induction of apoptosis and cell-cycle arrest. Studies have shown 
the apoptotic effect of Vpr on primary and established cell lines and on diverse tis-
sues including the CNS in vitro. Vpr generated by spleen necrosis virus (SNV) vec-
tors had less apoptotic effects on CNS cells compared with Vpr expressed by HIV-1 
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vectors. An in vivo study has suggested that viral particles, expressing Vpr gener-
ated by HIV-1-based vectors, when delivered through the cerebral ventricle, causes 
loss of neurons and dendritic processes in the cortical region (Cheng et al 2007). 
The apoptotic effect extends beyond the cortical region and affected the hippocam-
pus neurons, the lining of the choroid plexus, and the cerebellum. However, Vpr, 
when injected through the cortex, produces neuronal damage only around the site of 
injection. The number of apoptotic neurons is significantly higher with HIV-1 vec-
tors expressing Vpr than by the SNV vectors. This may be due to the differences in 
the proteins expressed by these viral vectors. These results suggest that Vpr induces 
apoptosis in CNS cells in vitro as well as in vivo. The apoptosis-inducing capabili-
ties of HIV-1Vpr in vivo in neonatal mice, an expensive animal model, may be use-
ful for designing targeted neuroprotective therapies.

 Transgenic Mouse Models of Neurological Disorders

Animal models of neurological diseases can be classified into two categories: (1) 
models, in which lesions of the neuronal pathways responsible for clinical symp-
toms are induced; and (2) transgenic models, in which the animals develop some of 
the neuropathological lesions characteristic of the disease. Transgenic mouse mod-
els, in which genes identified in familial forms of human brain diseases are expressed 
in mouse neurons and glia, offer opportunities to detect and follow pathologic pro-
gression as well as provide potential biomarkers by which to assess therapeutic 
interventions. A good example is that of transgenic mouse models of AD, which 
could enhance the likelihood of developing medications that would also be effective 
in humans.

 Evaluating Effects of Neuroprotective Drugs on Living Brain 
Slices

Direct observation of effects of drugs on living brain slices enables a better assess-
ment of their effect on the brain. The brain swells over the several minutes following 
stroke onset or acute hypo-osmotic stress because cells take up water. Measuring the 
volume responses of single neurons and glia in isolated or cultured cells provides 
limited information. Two-photon laser scanning microscopy enables real time visu-
alization of cells functioning deep within living neocortex in vivo or in brain slices 
under physiologically relevant osmotic and ischemic stress. Astrocytes and their pro-
cesses expressing green fluorescent protein in murine cortical slices swell in response 
to 20 min of overhydration and shrink during dehydration at 32–34 °C (Risher et al 
2009). Minute-by-minute monitoring revealed no detectable volume regulation dur-
ing these osmotic challenges, particularly during the first 5  min. Astrocytes also 
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rapidly swell in response to oxygen/glucose deprivation for 10 min, but astroglial 
volume recovers quickly when slices are re-supplied with oxygen and glucose, while 
neurons remain swollen. In vivo, rapid astroglial swelling is confirmed within 6 min 
following intraperitoneal water injection or during the 6–12 min following induced 
cardiac arrest in rats. While the astrocytic processes are clearly swollen, the extent of 
the astroglial arbor remains unchanged. Thus, in contrast to osmoresistant pyramidal 
neurons that lack known aquaporins, astrocytes passively respond to acute osmotic 
stress, reflecting functional aquaporins in their plasma membrane. Unlike neurons, 
astrocytes show better recovery following brief ischemic insult in cortical slices, 
probably because their aquaporins facilitate water efflux.

Further studies show that drug action can be studied on human brain slices 
removed during epilepsy surgery, which can serve as a model system to provide a 
missing link between animal models and patients and offers a unique chance to 
identify and study potentially useful therapeutics. A stroke can be replicated in this 
brain tissue by withholding oxygen and glucose. Waves of anoxic depolarization, 
which primarily results from the brain getting insufficient blood and oxygen after a 
stroke, are responsible for much of the immediate brain cell death in the core of a 
stroke. Milder waves may continue to pound contiguous areas for hours or days, 
potentially increasing stroke size and damage in the penumbra where cells get a 
little more oxygen so there is the potential for recovery if the waves can be silenced. 
The role of neuroprotective drugs in preventing the progression of damage can be 
tested in the brain slice model. One of the drugs being tested is dibucaine, a local 
anesthetic known to impact ion channels, which regulate the flow of negatively and 
positively charged molecules in and out of cells. For example, positively charged 
potassium normally leaks out through ion channels. With anoxic depolarization, 
there is too much sodium and too little potassium inside cells. Two sigma receptor 
ligands, dextromethorphan and carbetapentane, are also under investigation to see 
whether they inhibit anoxic depolarization.

 Role of Brain Imaging in Neuroprotective Drug Discovery 
and Development

Brain imaging plays an important role in research and development (R&D) of drugs 
for neurological disorders such as neuroprotective agents. Brain imaging provides 
important biomarkers of neurological disorders that can be used for diagnosis as 
well as monitoring treatment effects in clinical trials (Jain 2017a). Brain imaging 
findings, combined with clinical correlations, can be used as surrogate biomarkers 
of response even for the later stages of drug development. Technological advances 
in imaging have made it possible to noninvasively extract information from the 
human brain regarding a drug’s mechanism and site of action. The tools include 
positron emission tomography (PET), single photon emission computed tomogra-
phy (SPECT), computed tomography (CT), and functional magnetic resonance 
imaging (fMRI).
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 Positron Emission Tomography

Distribution, density, and activity of receptors in the brain can be visualized by 
radioligands labeled for PET, and the receptor binding can be quantified by appro-
priate tracer kinetic models. PET has been used for determining indirect drug- 
induced metabolic changes and for characterization of functional interactions of 
neurotransmitter systems by assaying drug-induced displacement of specific recep-
tor ligands. With PET, compounds labeled with appropriate isotopes can be used to 
determine the amount of a drug that reaches the target in the brain, the minimum 
effective dose, and the duration of action required to elicit the desired therapeutic 
response. PET can also measure neural receptors in the brain quantitatively and can 
calculate the receptor occupancy of target drugs. Several clinical trials have used 
neuroimaging biomarkers to assess the rate of dopamine neuron loss in dopamine 
agonist-treated versus levodopa-treated patients using fluoro-dopa PET or beta-CIT 
SPECT. Ropinirole slows the decline of putaminal dopamine storage capacity and 
pramipexole reduces decline in striatal beta-CIT uptake to a similar extent, com-
pared to levodopa, indicating neuroprotective effect.

 Role of Single Photon Emission Computed Tomography

SPECT, a cheaper alternative to PET, plays an import role in drug R&D. Its usefulness 
in the development of CNS drugs, such as neuroprotective agents, is as follows:

• Both perfusion (functional) and neurotransmission (biochemical) SPECT modal-
ities can contribute to R&D. Cerebral perfusion SPECT has been demonstrated 
to provide insight into the pathophysiology of neurological diseases and contrib-
utes to the study of pharmacological effects on the human brains.

• Biochemical SPECT imaging has big potential in R&D, particularly in the study of 
CNS drugs, more than 90% of which act in the synapse. It is also useful in identify-
ing new targets and therefore suggesting new opportunities for treatment.

• The central effects of drugs can be demonstrated with SPECT imaging, by iden-
tifying occupancy of receptors/transporters, and by drug-radioligand displace-
ment studies.

• Metabolic changes can also be identified with SPECT, namely cerebral blood 
flow changes, which determine the final effect for CNS drugs.

• Although several neurotransmission systems can already be imaged by SPECT, 
synthesis of new radioligands for neurotransmission will certainly contribute to 
the usefulness of this technique.

 Functional CT Scanning to Evaluate Cerebrovascular Protection

A temporal correlation mapping (TCM) technique in combination with high- 
resolution functional CT scanning has been established to analyze the temporal 
changes in bolus transit dynamics of iodinated contrast agents in focal cerebral 
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ischemia. Based on changes in the temporal dynamics of blood flow, a new kind of 
penumbra and core can be defined in focal ischemia: the hemodynamic penumbra 
and hemodynamic core. A larger hemodynamic core and smaller hemodynamic 
penumbra can be seen in endothelial NOS knockout mice than early after focal 
ischemia by using the TCM analysis technique. In addition, neuroprotective effects 
of the water-soluble AMPA receptor antagonist YM872 have been observed in the 
hemodynamic penumbra after focal ischemia. Early TCM analysis can thus be used 
to directly and quantitatively evaluate the effects of neuroprotective therapy and the 
evolution of neuronal damage in the hemodynamic penumbra.

 Magnetic Resonance Imaging for the Evaluation of Neuroprotectives

MRI is a powerful tool for studying the action of drugs used in the treatment of 
neurologic disorders. The strengths of MRI are the unique contrast that can be 
obtained, and the fact that it is not harmful and that it can be readily applied to 
human and animal models. Effect of neuroprotectives following focal ischemia in 
animals can be evaluated by measurement of ischemic penumbra, which is defined 
as the difference between a large abnormal area on perfusion-weighted imaging 
(PWI) and a smaller lesion on diffusion-weighted imaging (DWI).

Apart from the use of MRI in monitoring the effect of treatment on brain lesions, 
functional MRI (fMRI) has been used to study gene expression in the brain in vivo. 
fMRI provides the means to image molecular processes and screen active drugs 
in  vivo. It can also demonstrate evolution of brain pathology following soman- 
induced convulsions in experimental animals and the attenuation of these by neuro-
protective intervention.

One of the limitations is that drugs might interfere with the mechanisms that give 
rise to the pharmacological fMRI signal. Another pitfall, which needs to be avoided, 
is failure to interpret the imaging data in an appropriate disease- and drug-specific 
manner. Simultaneous EEG-fMRI, cerebral blood volume, and rate of metabolic 
oxygen consumption measurements can be used to improve the interpretability of 
blood oxygen level-dependent fMRI studies for investigating the effect of diseases 
and pharmacological agents on brain activity.

 Application of Nanotechnology to Neuroprotection

Nanotechnology concerns the design, synthesis, and characterization of materials 
and devices that have a functional organization in at least one dimension on the 
nanometer (i.e. one-billionth of a meter) scale. Application of nanobiotechnologies 
in neurosciences including neuroprotection has been discussed elsewhere (Jain 
2009, 2017, 2019c). Nanoparticles can improve drug delivery to the CNS and facili-
tate crossing of the BBB and more precisely target a CNS injury site. Quantum dot 
(QD) carrying bioactive molecules might spur growth of neurites in a directed way.
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There is generally a concern about neurotoxicity of nanoparticles, but neuropro-
tective effect is often ignored. Nanoparticle-mediated delivery of antioxidant and 
antiinflammatory-based neuroprotectants to the brain for neuroprotection in neuro-
degenerative diseases has not achieved its full potential due to a combination of 
factors such as:

• Lack of a delivery vehicle to reproducibly and efficiently transport nanoparticles 
through the brain capillary endothelium.

• Insufficient uptake of therapeutic nanoparticles by the neurons.
• Limited ability of a single nanoparticle to cross the two most-impermeable bio-

logical barriers, the BBB and mitochondrial double membrane to allow a nanopar-
ticle to reach mitochondria of target cells where oxidative damage occurs.

To overcome these limitations, a biodegradable nanoparticle has been optimized 
for efficient accumulation in the brain for protection of astrocytes from oxidative 
damage and mitochondrial dysfunctions to enhance the neuroprotection ability of 
astrocytes toward neurons using neurodegeneration characteristics in SOD1G93A 
rats (Surnar et al 2018). This biodegradable nanoplatform with the ability to accu-
mulate in the brain has the potential to ameliorate neurodegenerative diseases by 
modulating astrocytes in the brain to enhance their neuroprotective actions. Some 
nanoparticles that are neuroprotective agents are shown in Table 1.6.

 Anthocyanin-Loaded PEG-Gold Nanoparticles

The neuroprotective Efficacy of anthocyanin-loaded polyethylene glycol-gold 
nanoparticles (PEG-AuNPs) for enhancing the neuroprotective efficacy of antho-
cyanins has been investigated in an Aβ1–42 mouse model of AD and shown to 

Table 1.6 Neuroprotective nanoparticles

Nanomaterial Mechanism of neuroprotective effect

Cadmium Telluride NPs Prevent Aβ formation in AD based on the multiple binding to Aβ 
oligomers.

Carbon NP-based 
antioxidants

PEG-functionalized hydrophilic carbon cluster carbon nanoparticles 
show antioxidant activity.

Ceria NPs Protect neurons from free radical-mediated damage.
Fullerene derivatives ABS-75, attached to an NMDA receptor antagonist, combines 

antioxidant and anti-excitotoxic properties and can block axonal 
damage.

Gold NPs Immunosuppressive effect to control damage from neuroinflammation 
as secondary effect of TBI.

PLGA nanoparticles 
loaded with SOD

Stability of the encapsulated enzyme and its better neuronal uptake.

Redox polymer NPs Ameliorates brain edema and oxidative damage.
Yttrium oxide NPs More effective free radical scavengers than ceria NPs.

© Jain PharmaBiotech
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ameliorate memory impairment (Ali et al 2017). However, the anthocyanin-loaded 
PEG-AuNPs were more effective than free anthocyanins. Anthocyanin-loaded 
PEG-AuNPs protected pre- and post-synaptic proteins from Aβ1–42-induced synap-
tic dysfunction. The anthocyanin-loaded PEG-AuNPs also regulated the p-PI3K/p- 
Akt/p-GSK3β pathway and, as a result, prevented the hyperphosphorylation of tau 
protein at serines 413 and 404 in the Aβ1–42-injected mice. Western blot results of 
cytochrome c, Bax/Bcl2, caspases and poly (ADP-ribose) polymerase-1 expression 
levels, and immunohistochemical Nissl and Fluoro-Jade B staining also indicated 
that the anthocyanin-loaded PEG-AuNPs inhibited apoptosis and neurodegenera-
tion in the Aβ1–42-injected mice. These results suggest that the conjugation of dietary 
polyphenolic compounds with gold nanoparticles, such as anthocyanin-loaded 
PEG-AuNPs, is a novel and promising nanomedicine strategy to prevent age- 
associated neurodegenerative diseases.

 Buckminsterfullerene C60 Derivatives

Water-soluble derivatives of buckminsterfullerene C60 derivatives are a unique 
class of nanoparticle compounds with potent antioxidant properties. Studies on one 
class of these compounds, the malonic acid C60 derivatives (carboxyfullerenes), 
indicated that they can eliminate both superoxide anion and H2O2, and were effec-
tive inhibitors of lipid peroxidation, as well. Carboxyfullerenes demonstrated robust 
neuroprotection against excitotoxic, apoptotic and metabolic insults in cortical cell 
cultures. They were also capable of rescuing midbrain dopaminergic neurons from 
both MPP(+) and 6-hydroxydopamine-induced degeneration. Although there is lim-
ited in vivo data on these compounds, systemic administration of the C3 carboxy-
fullerene isomer has been shown to delay motor deterioration and death in a mouse 
model familial ALS. Ongoing studies in other animal models of CNS disease states 
suggest that these novel antioxidants are potential neuroprotective agents for other 
neurodegenerative disorders including PD.

 Cadmium Telluride Nanoparticles Prevent Aβ Fibril Formation

Cadmium telluride (CdTe) nanoparticles (NPs) can efficiently prevent Aβ fibril for-
mation based on the multiple binding to Aβ oligomers CdTe NPs (Yoo et al 2011). 
By introducing tetrahedral CdTe NPs that were comparable in size with growing 
fibrils, the researchers discovered that the Aβ plaque readily bonded to them, and 
CdTe NP geometry was strongly distorted resulting in complete inhibition of further 
growth of Aβ fibrils. CdTe NPs can inhibit the Aβ fibril formation in minute quanti-
ties with much greater efficiency; 1 CdTe NP can capture more than 100 amyloid 
peptides. This high efficiency of CdTe NPs is similar to some proteins that human 
body uses to prevent formation of Aβ fibrils and protect itself against the progres-
sion of AD. These findings provide new opportunities for the development of drugs 
to prevent AD.
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Poly-Lactic-Co-Glycolic Acid (PLGA) nanoparticles loaded with superoxide 
dismutase (SOD) have neuroprotective effect seen up to hours after H2O2-induced 
oxidative stress, which is due to the stability of the encapsulated enzyme and its 
better neuronal uptake after encapsulation (Reddy et al 2008).

 Ceria Nanoparticles as Antioxidants

Three of the most-studied nanoparticle redox reagents at the cellular level, are rare 
earth oxide nanoparticles (particularly cerium), fullerenes and carbon nanotubes. 
Ceria nanoparticles from anthanide series have several unique properties that make 
them highly efficient redox reagents. Several studies have reported the ability of 
ceria nanoparticles to mitigate oxidative stress at the biological level. Ceria nanopar-
ticles also protect neurons from free radical-mediated damage initiated by ultravio-
let (UV) light, H2O2 and excitotoxicity, leading to the possibility that the mechanism 
of action is one of free radical scavenging. When compared with single doses of 
other free radical scavengers, such as vitamin E, melatonin and n-acetyl cysteine, 
ceria nanoparticles demonstrate significantly greater neuroprotection after a 5- and 
15-min UV insult. A single dose of nanoparticles delivered up to 3 h post-injury can 
also afforded neuroprotection. Ceria nanoparticles were also effective in reducing 
cell death associated with γ-irradiation and directly decrease free radical produc-
tion. No toxicity is observed with ceria nanoparticle 6–12 nm in size. Yttrium oxide 
nanoparticles were even more effective than ceria. Ceria nanoparticles larger than 
30 nm or nitrates and sulfates of cerium do not have any significant effects. Several 
studies also suggest that ceria nanoparticles are potent antiinflammatory agents.

Microglial cells, the immune cells of the brain, are ‘activated’ in response to 
neuronal damage and show an inflammatory response with release NO as well as 
IL-1β. Treatment of injured organotypic cultures with ceria nanoparticles reduced 
their ability to activate microglia. Further, treatment of activated microglia with 
ceria nanoparticles reduces production of soluble factors that promoted death in 
uninjured neurons, including NO and IL-1β. Delivery of nanoparticles to the 
 uninjured neurons also directly affords neuroprotection from the damaging effects 
of activated microglia. Thus, it appears that nanoparticles may blunt the inflamma-
tory response in immune cells, as well as reduce inflammatory injury to non-immune 
cells. Study in a mouse hippocampal brain slice model of cerebral ischemia has 
shown that ceria nanoparticles reduce ischemic cell death by ~50%. The neuropro-
tective effects of nanoceria were due to a modest reduction in ROS in general, and 
~15% reductions in the concentrations of superoxide and NO, specifically (Estevez 
et al 2011). Nanoceria may be useful as a therapeutic intervention to reduce oxida-
tive and nitrosative damage after a stroke.

Usefulness of cerium oxide nanoparticles at therapeutic doses has been demon-
strated in neurodegenerative disease (Rzigalinski et al 2017). These nanoparticles 
accumulate mainly in liver, kidney, and spleen, but levels remain low, in the ng/g 
range with little or no toxicity.
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 Chitosan Nanoparticles Against Oxidative Stress

Chitosan is a commonly used polymer nanoparticle due to its good biodegradability and 
biocompatibility. In cell cultures exposed to oxidative stress, chitosan nanoparticles 
have been shown to rescue from death rat BV-2 glial cells undergoing necrosis, which 
emulate the characteristics of primary microglia, and display similar inflammatory 
response and phagocytic capacity (Chen et al 2018). According to authors of this study, 
chitosan neuroprotection arises from its membrane sealing effects, because apoptotic 
cells did not exhibit early stage membrane damage. These in vitro results indicate the 
mechanisms by which membrane fusogens may provide therapeutic benefit.

 Nanoparticles as Carriers of Neuroprotective Agents into the Brain

Several neuroprotective agents are large peptides that do not cross the BBB. A large 
peptide such as the basic fibroblast growth factor and a small peptide inhibitor of 
caspase-3 have been shown to effectively enter the brain after systemic administra-
tion by incorporating these peptides to brain-targeted nanoparticles. Chitosan 
nanoparticles, loaded with peptides and then functionalized by conjugating with 
antibodies directed against the transferrin receptor-1 on endothelial cells, induce 
receptor-mediated transcytosis can cross the BBB. Pre-ischemic systemic adminis-
tration of these nanoparticles has been shown to reduced the infarct volume after 
middle cerebral artery occlusion (Yemisci et  al 2015). Nanoparticles targeted to 
brain are promising drug carriers to transport large as well as small BBB- 
impermeable therapeutics for neuroprotection against stroke.

 Polymer Nanoparticles

Animal studies with 1-MHz focused ultrasound coupled with microbubble pro-
duced intracerebral hemorrhage, showed that the redox polymer nanoparticle 
ameliorates brain edema, neurological deficit and oxidative damage 
(Chonpathompikunlert et  al 2012). The results suggest that redox polymer 
nanoparticle is a potential neuroprotective agent.

PEG-functionalized hydrophilic carbon cluster carbon (PEG-HCCs) nanoparticles 
show antioxidant activity (Nilewski et al 2015). PEG-HCCs can be targeted through 
noncovalent antibody delivery or through covalently bound peptide recognition, 
thereby minimizing nanoparticle dosages. PEG-HCCs have demonstrated neuropro-
tective in preclinical models of TBI and stroke indicating their clinical potential.

 Squalenoyl Adenosine Nanoparticles

Adenosine, a nucleoside with potential neuroprotective effects, has not been used 
clinically because of a short plasma half-life, side effects, and its inability to cross 
the BBB.  A method has been described for bioconjugation of adenosine with 
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squalene, a natural and biocompatible lipid, to form an amphiphilic prodrug leading 
to the spontaneous formation of squalene nanoparticles (SQAd NPs) with a size of 
~120 nm enabling prevention of rapid metabolization, prolonged drug interaction 
with the neurovascular unit without inducing systemic toxicity for neuroprotective 
effect in rat models of ischemia-reperfusion and SCI (Gaudin et  al 2014). This 
«squalenoylation» technology has already been used for intravenous administration 
of anticancer and antiretroviral drugs. Plasma reservoir effect enables improvement 
of microcirculation leading to secondary parenchyma neuroprotection. Further 
studies are needed to more precisely determine the mechanism of action and how 
dosage as well as frequency of administration of SQAd NPs may affect the clinical 
outcome.

 Evaluation Criteria for Potential Neuroprotective Agents

Criteria used to advance neuroprotective agents from preclinical to clinical use 
include:

• Scientific rationale. Preclinical data should be consistent with credible mecha-
nism of action although the mechanism may be unknown in some cases.

• Safety and tolerability. The dose needed for the proposed effect and route of 
administration should be safe and tolerable in humans.

• Efficacy. This should be demonstrated in relevant animal models of the disease.
• Reasonable indication of benefit human patients. This could be in the form of 

evidence from previous clinical trials that is suggestive of a neuroprotective 
effect or epidemiologic data fulfilling criteria for causal inference.

Circadian rhythms govern nearly every physiological process in our brains and 
bodies. At the most basic level, the molecular clockwork in each cell interacts with 
metabolic cycles to influence the redox state, allowing for increased cellular activity 
at specific times of day.
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 Classification of Neuroprotective Agents

A pharmacological classification of various neuroprotective agents is shown in 
Table 2.1. Approximately 80 categories are listed and include examples of over 500 
neuroprotective agents. These approaches have been tested in animal experiments 
and clinical trials but some of the trials have not been successful. A few of the agents 
that are approved for non-neurological disorders have been used empirically as 
neuroprotectives in clinical practice. Some of these products will be described 
briefly in the following text.

 α2 Adrenoreceptor Agonists

α2 adrenoceptor is a G protein-coupled receptor (GPCR) in the nervous system is 
the site for signaling by catecholamines such as norepinephrine (noradrenaline) and 
epinephrine (adrenaline). α2 receptor mediates synaptic transmission in pre- and 
postsynaptic nerve terminals. It decreases release of acetylcholine and inhibits 
norepinephrine system in the brain. There are several drugs that are non-specific 
agonists of this receptor and a few that are specific, e.g. dexmedetomidine.

 α2 Adrenoreceptor Agonists
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Table 2.1 A classification of neuroprotective agents

Category Examples

α2 adrenoreceptor agonists Dexmedetomidine
Adenosine re-uptake blockers Dipyridamole

Propentofylline
Anesthetics Barbiturates

Etomidate
Gaseous anesthetics: isoflurane, xenon
Local anesthetics: lidocaine
Propofol

Angiotensin converting enzyme 
inhibitors/non-antihypertensive 
Angiotensin-II inhibitors

Irbesartan (central AT1 receptor blocker)
Perindopril
Aliskiren

Antibiotics β-lactam antibiotics
Antidepressants All categories
Antiepileptic agents Phenytoin

Topiramate
Zonismide

Antiinflammatory agents Acetylsalicylic acid (aspirin)
Alpha-phenyl-tert-butylnitrone
COX-2 inhibitors: nimesulide
Dipyrone
Doxycyline
Gabexate mesilate
Interleukin-1 antagonists
Methylprednisolone
Proteosome Inhibitor MLN519
Synthetic fibronectin peptides

Apoptosis inhibitors Activated protein C
Calpain inhibitors
Caspase inhibitors: e.g., minocycline
Cycloheximide
DNA binding drugs: mithramycin A and chromomycin 

A3
Dopamine, noradrenaline and ovarian steroid receptor 

agonists
DP-b99 (metal ion chelator)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

ligands
JNK inhibitors
L-acetylcysteine
Lithium
Omega-3 fatty acids: docosahexaenoic acid (DHA)
p53 inhibitors
PARP (poly-(ADP-ribosyl) polymerase) inhibitors
Transcription factor NF-κB
TRO19622: prevents release of apoptotic factors from 

mitochondria

(continued)
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Table 2.1 (continued)

Category Examples

Antioxidants /Free radical scavengers α-tocopherol (vitamin E)
Ascorbic acid (vitamin C)
Beta carotene (precursor of vitamin A)
Cannabidiol (a canabis compound)
Cerovive
Dexanabinol
Dopamine D2 receptor agonists
Dihydroergocryptine
Ebselen
Edaravone
Flavonoids
Glutathione peroxidase
Idebenone (analog of coenzyme Q10)
NADPH oxidase 4 (NOX4) inhibitors
Neuroleptics: e.g. chlorpromazine
Nicaraven
Nitrones
Pegorgotein
Pyrrolopyrimidines
Quercetin
Tirilazad mesylate
Tauroursodeoxycholic acid

Atypical antipsychotics Olanzapine
Cannabis-based drugs Cannabinoids, dexanabinol
Cardiac glycosides Neriifolin
CNS stimulants Modafinil
Cytokines Darbepoietin alfa

Erythropoietin
Granulocyte colony-stimulating factor
Monocyte chemoattractant protein-1

Cell therapy Cell transplants: neuronal stem cells, adult stem cells
Cell transplants secreting neuroprotective substances

Dichloroacetate/stimulates pyruvate 
dehydrogenase and

lowers lactate

Ceresine

Dopamine pathway inhibitor Tetrabenazine
Endogenous vasoactive gases Carbon monoxide

Nitric oxide
Flavones Epicatechin: found in cocoa and tea
GABA agonists Clomethiazole
Gene therapy Delivery of neurotrophic factors by genetically 

engineered cells
CNTF delivered via tetracycline-regulated lentiviral 

vectors
HSV vectors expressing virally derived antiapoptotic 

agents
Oral genetic vaccine that targets a subunit of the NMDA 

receptor

(continued)
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Table 2.1 (continued)

Category Examples

Glucagon-like peptide-1 (GLP-1) Extendin-4 (Exenatide), geniposide (GLP-1 agonist)
Glutamate transport promoters (R)-(-)-5-methyl-1-nicotinoyl-2-pyrazoline

N-(4-acetyl-1-piperazinyl)-p-fluorobenzamide 
monohydrate

Citicoline
Ceftriaxone

Glutamate antagonists acting by 
multiple mechanisms

L-phenylalanine
N-acylethanolamines

Glutamate blockade: presynaptic 619C89 [4-amino-2-(4-methyl-1-piperazinyl)-5-(2,3,5- 
trichlorophenyl)pyrimidine]

Enadoline
NAALADase (N-Acetylated-Alpha-Linked-Acidic-

Dipeptidase) inhibitors
Glutamate modulators: AMPA site AMPA/kainate agonists

AMPA/kainate antagonist
AMPA receptor modulators

Glycine-proline-glutamate analogs 
(IGF-1 derivatives)

NNZ-2566 (Neuren Pharmaceuticals)

Heat shock proteins (HSPs) HSP 40, HSP60, HSP70, HSP-90
Heme-degrading enzymes Hemeoxygenase-1
Herbal preparations Rb extract of ginseng (Panax quinquefolius)

Flavonoid wogonin (root of Scutellaria baicalensis Georgi)
Histamine H2 antagonists Ranitidine
Hormones and related receptors Corticosteroids

Corticotrophin-releasing hormone
Estrogens
Insulin
Melatonin
Progesterone
SERMs (selective estrogen receptor modulators)
Thyrotropin-releasing hormone analogs

Hydrogen sulfide-based Sodium sulfide
Ion channel blockers:
Ca++ channel blockers

Nimodipine
Flunarizine

Ion channel blockers:
Na+ channel blockers

Carbamazepine
Fosphenytoin
Lamotrigine
Phenytoin
Riluzole

Ion channel blockers:
Ca++ and Na+ channel blocker

Enecadin

Ion channel blockers:
Acid-sensing ion channel blockers

Amilorid

Ion channel blockers:
K+ channel blockers

3-bicyclo[2.2.1]hept-2-yl-benzene-1,2-diol

Immunosuppressants Mycophenolate
Neuroimmunophilins (separate listing)
Rapamycin

(continued)

2 Neuroprotective Agents



53

Table 2.1 (continued)

Category Examples

Iron chelator Desferoxamine
Keap1/Nrf2 pathway activators Neurite outgrowth-promoting prostaglandin compounds
Leukocyte adhesion inhibitors Anti-ICAM antibody (Enlimomab)

Neutrophil inhibitory factor
Synthetic fibronectin peptides

MAO-A & B inhibitors Lazabemide
Selegiline

Mitochondrial protective agents Methylene blue
Monoclonal antibodies (MAbs) Several MAbs for autoimmune neurological disorders: 

multiple sclerosis
Nanoparticulate neuroprotectives Fullerene C60 (Buckyballs)
Neural regeneration protein NNZ-4291
Neuroactive polyunsaturated lipids LAX-101 (an ethyl-ester of eicosapentaenoic acid)
Neuroimmunophilins (see 

immunosuppressants also)
Cyclosporine
GPI 1485
Tacrolismus (FK-506)
FKBP (FK binding proteins)

Neuropeptides α-melanocyte stimulating hormone (MSH)
Corticotropin-releasing hormone (CRH)
Thyrotropin-releasing hormone (TRH)
Vasoactive intestinal peptide (VIP)

Neurotrophic factors and enhancing 
agents

Activity-dependent neurotrophic factor (ADNF)
Activity-dependent neurotrophic protein (ADNP)
Angiogenesis growth factor -1
Brain derived neurotrophic factor (BDNF)
Ciliary neurotrophic factor (CNTF)
Fibroblast growth factors (FGF)
Insulin-like growth factor (IGF)
Leukemia inhibitory factor (LIF)
Nerve growth factor (NGF)
Neurotrophin (NT) 4/5
Pigment epithelium-derived factor (PEDF)

Neurotrophic factor-like 
neuroprotective agents

Clenbuterol (β2-adrenoceptor agonist)
Colivelin
Gambogic amide
Inosine
Meteorin
Neuregulin-1
Oxygen-regulated protein 150 kD (ORP150)
Prosaptide
Siagoside (GM1 ganglioside)

Neurosteroids Dehydroepiandrosterone
Pregnenolone and allopregnanolone

Nicotine and nicotinic receptor 
agonists

Nicotine
GTS-21 [3-(2,4-dimethoxybenzylidene)-anabaseine 

dihydrochloride]
Nitric oxide (NO) therapeutics NO inhibitors: aminoguanidine, lubeluzole, selective 

nNOS inhibitors
NO mimics: GT 015, GT 403, GT 094

(continued)
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Table 2.1 (continued)

Category Examples

NMDA antagonists: glycine site ACEA 1021
Gavestinel

NMDA antagonists: polyamine site Eliprodil
Ifenprodil

NMDA receptor antagonists: 
competitive

1-cis-2-carboxypiperidine-4-yl)-propyl-1-phosphonate
2-amino-5-phosphonovalerate (APV)
2-amino-7-phosphoheptanoate (APH)
6-cyano-7-nitroquinoxaline-2,3-dine (CNQX)
Kynurenic acid derivatives

NMDA receptor antagonists:
non-competitive

3,3-bis (3-fluorophenyl) propylamine
5-aminocarbonyl-10, 11-dihydro-5h-dibenzo [a,d]

cyclohepten-5,10-imine)
Amantadine
Aptiganel (previously known as Cerestat)
Dextrophan
Dextromethorphan
Dizolcipine maleate (MK-801)
Gacyclidine (GK-11)
Ketamine
Magnesium
Memantine and neramexane
Phencyclidine
Remacemide
Traxoprodil

Non-NMDA excitatory amino acid 
antagonists

5-HT agonists
Opioid receptor antagonists: naloxone, nalmefene

Nootropics Cerebrolysin
Pyrrolidine derivatives: e.g. piracetam
Ginko biloba

Nutraceuticals and food constituents Creatine
Cinnamon
Curcumin
Glyceryl triacetate
Nicotinamide
Reservatrol

Opioids Delta opioid peptides
Selective κ-opioid agonists

Osmotic diuretics Frusemide
Mannitol

Oxygen therapeutics Hemoglobin-based oxygen carriers
Hyperbaric oxygen
Normobaric oxygen
Perfluorocarbons

P7C3 compounds P7C3-S243 and P7C3-A20: novel neuroprotective small 
molecules

Phenothiazine-derivatives Chlorpromazine, flufenazine, prochlorperazine, 
promazine, promethazine, propiomazine, 
thioridazine, trifluoperazine, trifluopromazine

(continued)
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Table 2.1 (continued)

Category Examples

Phosphodiesterase inhibitors Ibudilast, denbufylline, sildenafil (Viagra)
Phosphatidylcholine precursor Citicoline (CDP-choline)
Phytopharmaceuticals/or natural 

derivatives
PYM50028 (Phytopharm plc), a phytosynthetic 

compound
Sulforaphane (stimulates the expression of 

cytoprotective genes in brain)
Protease-activated receptor (PAR1) 

antagonist
BMS-200261

Proteins and peptides Activated protein C
Albumin (high dose)
Amyloid precursor protein (APP)
Cethrin™: a Rho antagonist recombinant protein
C3: third complement component-derived peptide
Fused protein transduction domain of the HIV Tat 

protein with FNK
Glatiramer acetate
Osteopontin
PACAP38 (adenylate cyclase-activating polypeptide)
Sir 2 group of proteins
Uncoupling protein-2

Serine racemase antagonists D-amino acid oxidase
Signaling pathway activator Fructose-1,6-bisphosphate
Statins: HMG-CoA (beta-hydroxy- 

beta-methylglutaryl coenzyme A 
reductase) inhibitors

Lovastatin
Pravastatin

Thrombolytic agents for clots in 
cerebral arteries

Tissue plasminogen activator
Desmoteplase

Toxins Tetanus toxin
Tyrosine kinase inhibitors (TKIs) Masitinib for neurodegenerative disorders
Vaccines For autoimmune disorders such as multiple sclerosis

For neurodegenerative disorders such as Alzheimer’s 
disease

Vitamins Vitamins A, B6, B12, C, D, and E
Unconventional biologicals Actovegin
Non-pharmacological Controlled hypoxia induced by sublethal doses of 

carbon monoxide
Environmental enrichment
Exercise
Hypothermia
Ketogenic diet
Preconditioning-induced neuroprotection
Transcranial magnetic stimulation

© Jain PharmaBiotech
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 Dexmedetomidine

Dexmedetomidine, a selective α2-adrenoreceptor agonist with sedative, analgesic and 
sympatholytic properties, is approved for short-term sedation of patients in intensive 
care units and non-intubated patients prior to and during surgical procedures. 
Dexmedetomidine is known to provide neuroprotection under ischemic conditions. In 
a study on traumatically injured cells in hippocampal slice cultures, dexmedetomidine 
showed a neuroprotective effect, which was maximal at a dosage of 1 μM (Schoeler 
et al 2012). This effect was partially reversed by the simultaneous administration of 
the ERK inhibitor PD98059 suggesting that activation of ERK might be involved in 
mediating dexmedetomidine’s protective effect. Dexmedetomidine had a protective 
effect even if application after TBI was delayed by 2–3 h.

 Activated Protein C

Activated protein C (APC), a serine protease with anticoagulant and antiinflamma-
tory activities, exerts direct cytoprotective effects on endothelium via endothelial 
protein C receptor-dependent activation of PAR1. A modified version of activated 
protein C or APC is used to reduce inflammation or increase blood flow in patients 
with severe sepsis.

APC protects mouse cortical neurons from NMDA-induced apoptosis by block-
ing several steps downstream to nitric oxide, i.e. caspase-3 activation, nuclear trans-
location of apoptosis-inducing factor, and induction of p53. Direct neuronal 
protective effects of APC in vitro and in vivo require PAR1 and PAR3. Thus, PAR1 
and PAR3 mediate antiapoptotic signaling by APC in neurons, which may suggest 
novel treatments for neurodegenerative disorders.

Advantages of APC are that it is naturally present in the human body and it is 
already being used to treat patients. A major side effect of APC is increase in 
bleeding, but neuroprotective effect of APC is separate from its ability to increase 
blood flow and reduce inflammation. This finding opens the possibility of creating 
a new compound that would protect brain cells without causing major side effects 
like increased bleeding.

 Activity-Dependent Neuroprotective Protein

Activity-dependent neuroprotective protein (ADNP) is an essential protein for brain 
function and plays a role in normal cognitive performance. ADNP contains a 
homeobox profile and a peptide motif providing neuroprotection against a variety of 
cytotoxic insults. ADNP mRNA and protein expression responds to brain injury and 
fluctuates with phases of the estrus cycle. ADNP expression is the focal point of an 
association between neuroendocrine regulation and. ADNP differentially interacts 
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with chromatin to regulate essential genes. ADNP(+/−) mice exhibit cognitive 
deficits, significant increases in phosphorylated tau, tangle-like structures, and 
neurodegeneration compared with ADNP(+/+) mice. Increased tau 
hyperphosphorylation is known to cause memory impairments in neurodegenerative 
diseases associated with tauopathies, including AD. ADNP-deficient mice offer an 
ideal paradigm for evaluation of cognitive enhancers. Structure-activity studies 
have identified a short 8 amino acid peptide in ADNP, NAPVSIPQ (NAP), which 
interacts with microtubules and provides potent neuroprotection. NAP treatment 
partially ameliorates cognitive deficits and reduced tau hyperphosphorylation in the 
ADNP(+/−) mice.

 Davunetide

Davunetide, an octapeptide from ADNP, has antiinflammatory effect, antioxidant 
activity, inhibition of protein aggregation and interaction with microtubules, which 
are characteristic features of most neurological/neurodegenerative disorders (Magen 
and Gozes 2014). Davunetide, probably by enhancing PI3K/AKT pathway, plays an 
important positive role in attenuating Aβ1-42-induced impairments in spatial memory 
and synaptic plasticity in rat models of AD, suggesting that it could be an effective 
therapeutic candidate for the prevention and treatment of neurodegenerative disease 
such as AD (Zhang et al 2017). Phase IIa studies of davunetide in patients with MCI 
did not show efficacy. In a controlled phase III clinical trial, davunetide was 
ineffective for treatment for progressive supranuclear palsy.

 Adenosine Analogs

Adenosine (A), an inhibitory neuromodulator, is an endogenous neuroprotective 
agent. It is a link between brain energy and neuronal signaling. Adenosine receptors 
modulate neuronal and synaptic function in a range of ways that may make them 
relevant to the occurrence, development and treatment of brain ischemic damage 
and degenerative disorders. A1 adenosine receptors tend to suppress neural activity 
by a predominantly presynaptic action, while A2A adenosine receptors are more 
likely to promote transmitter release and postsynaptic depolarization. Stimulation 
of A1 receptors decreases excitatory amino acid transmission and stimulation of A2 
receptors inhibits platelet and neutrophil activation, thus promoting vasodilatation. 
In addition to affecting respiration and vascular tone, deviations from normal CO2 
alter pH, consciousness, and seizure propensity. In the hippocampal slice 
preparations, increasing CO2, and thus decreasing pH, increases the extracellular 
concentration of the endogenous neuromodulator adenosine and inhibits excitatory 
synaptic transmission. These effects involve adenosine A1 and ATP receptors and 
depend on decreased extracellular pH. In contrast, decreasing CO2 levels reduces 
extracellular adenosine concentration and increases neuronal excitability via 
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adenosine A1 receptors, ATP receptors, and ATPase. Thus CO2-induced changes in 
neuronal function arise from a pH-dependent modulation of adenosine and ATP 
levels. ATP breakdown during ischemia produces adenosine which effluxes out of 
the neurons.

The combined effects of adenosine on neuronal viability and inflammatory pro-
cesses have also led to considerations of their roles in Lesch-Nyhan syndrome, 
Creutzfeldt-Jakob disease, Huntington disease and multiple sclerosis, as well as the 
brain damage associated with stroke. In addition to the potential pathological 
relevance of adenosine receptors, there are attempts to generate ligands that will 
target adenosine receptors as therapeutic agents to treat some of these disorders. 
Propentofylline, an old drug, is a weak adenosine A1-receptor antagonist with 
neuroprotective effect.

 Propentofylline

This is a neuroprotective glial cell modulator with multiple functional effects. The 
molecular mechanisms of action are by blocking adenosine transport and inhibition 
of cAMP and cGMP-Phosphodiesterase. Thus, it reinforces the multiple cellular 
actions of endogenous adenosine and cellular second messengers, cAMP and 
cGMP.  Propentofylline inhibits cytotoxic functions of activated microglia and 
modulates astrocytic functions by stimulating NGF synthesis and secretion. The 
drug was shown to exert neuroprotective effects in experimental models of global 
and focal brain ischemia. Post-ischemic administration of Propentofylline increases 
adenosine levels in the brain, reduces glutamate release and improves glucose 
metabolism in all regions of the brain. There is a therapeutic window of opportunity 
during which activation of an adenosine A1 receptor is beneficial to ischemic 
neurons. This product reached phase III trials for vascular dementia and AD, but 
further development was discontinued due to lack of efficacy.

 Antidepressants

Antidepressants are used routinely in the management of neurodegenerative disor-
ders. Several preclinical studies, using a variety of antidepressants, have shown neu-
roprotective effect but there is paucity of clinical evidence.

 Antidepressant-Induced Neurogenesis

New neurons are generated in the adult hippocampus of many species including 
rodents, monkeys, and humans. Conditions associated with major depression, such 
as social stress, suppress hippocampal neurogenesis in rodents and primates. 
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In  contrast, all classes of antidepressants stimulate neuronal generation, and the 
behavioral effects of these medications are abolished when neurogenesis is blocked. 
These findings generated the hypothesis that induction of neurogenesis is a necessary 
component in the mechanism of action of antidepressant treatments. Increase of 
neurogenesis has been shown in nonhuman primates after antidepressant treatment.

 Neurogenesis Induced by Electroconvulsive Therapy

Adult monkeys have been subjected to repeated electroconvulsive shock (ECS), 
which is the animal analog of electroconvulsive therapy (ECT), the most effective 
short-term antidepressant. Compared with control conditions, ECS robustly 
increases precursor cell proliferation in the subgranular zone (SGZ) of the dentate 
gyrus in the monkey hippocampus. A majority of these precursors differentiate into 
neurons or endothelial cells, while a few mature into glial cells. The ECS-mediated 
induction of cell proliferation and neurogenesis is accompanied by increased 
immunoreactivity for the neuroprotective gene product BCL2 (B cell chronic 
lymphocytic lymphoma 2) in the SGZ. The ECS interventions are not accompanied 
by increased hippocampal cell death or injury. Thus, ECS is capable of inducing 
neurogenesis in the nonhuman primate hippocampus and supports the possibility 
that antidepressant interventions produce similar alterations in the human brain.

 Neuroprotective Effect of Selective Serotonin Reuptake 
Inhibitors

Selective serotonin reuptake inhibitors (SSRIs) increase the extracellular level of the 
neurotransmitter serotonin by inhibiting its reuptake but also have interactions with 
other receptors and neurotransmitters (Jain 2019a). Although the main action is on 
5-HT receptors, a PET study has demonstrated that oral administration of fluvox-
amine, but not paroxetine, could result in its binding to sigma-1 receptors in the 
healthy human brain, implicating these receptors in the neuroprotective mechanism 
of action of fluvoxamine (Hashimoto 2009). SSRI’s are mainly used as antidepres-
sants but are indicated for several other neuropsychiatric disorders. SSRIs may pro-
tect against neurotoxicity caused by several toxic compounds. SSRIs may promote 
the growth of new neural pathways or neurogenesis in experimental animals. The 
neuroprotective effect has not been demonstrated in humans. Neuroprotection and 
neurite outgrowth induced by SSRIs can contribute to the improvement of various 
neuropsychiatric diseases as shown schematically in Fig. 2.1.

Currently approved SSRIs include the following:

• Citalopram
• Dapoxetine (approved only in some European countries; in phase III trials 

elsewhere)
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• Escitalopram
• Fluoxetine
• Fluvoxamine
• Paroxetine
• Sertraline
• Zimelidine

 Fluoxetine as a Neuroprotective Agent

Fluoxetine suppresses kainic acid-induced neuronal loss in the rat hippocampus, 
and the neuroprotective effect is associated with its antiinflammatory effects (Jin 
et al 2009). In studies on rats, a single dose of fluoxetine provides long-lasting pro-
tection against MDMA-induced loss of serotonin transporter and this neuroprotec-
tion is detectable in vivo by 4-18F-ADAM micro-PET (Li et al 2010).

Age-related cognitive decline is associated with changes in excitatory neuron 
and synapse structure and impaired visual cortical plasticity as shown in experimental 
studies in rats whereas chronic treatment with fluoxetine reversed deficits in 
interneuron structural dynamics and restored stimulus-selective response for poten-
tiation visual cortical plasticity in aged animals (Eavri et al 2018).

Fig. 2.1 Mechanism of 
neuroprotective effect of 
sigma-1 receptor agonists
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 Antiepileptic Drugs as Neuroprotectives

Some of the currently approved antiepileptic drugs (AEDs) also happen to have a 
neuroprotective effect. The neuroprotective effect of antiepileptic drugs is classified 
according to their mechanism of action as shown in Table 2.2. Some of these drugs 
have an antiglutamate effect. Neuroprotective actions of tiagabine, topiramate and 
zonisamide in cerebral ischemia are described in Chap. 3. The effect of remacemide 
as a neuroprotective in PD is discussed in Chap. 7.

 BIS-001

BIS-001 (Supernus Pharmaceuticals) is a synthetic form of huperzine A, which is 
extracted from a traditional Chinese medicine that was originally developed for 
Alzheimer disease (AD), but also has an antiepileptic effect. Although available 
AEDs may suppress seizures in patients with AD, they may also worsen cognitive 
dysfunction and increase the risk of falls. Preclinical studies have shown that huper-
zine A, a safe and potent AChE inhibitor with potentially disease-modifying qualities 
in AD, may have a realistic role as an AED in AD (Damar et al 2017). BIS-001 has 
demonstrated exceptional antiseizure activity preclinically and an encouraging safety 
profile in a phase Ia trial. A phase Ib trial is evaluating an extended-release formula-
tion of BIS-001 in adult patients with refractory complex partial seizures and Dravet 

Table 2.2 The neuroprotective effect of antiepileptic drugs

Mode of action Drugs Status

Na+ channel blockers Carbamazepine, fosphenytoin, 
lamotrigine and phenytoin.

Old, marketed

Interaction with voltage sensitive 
calcium channels

Felbamate, lamotrigine, topiramate 
and gabapentin.

New, marketed

Ion channel modulation and 
selective binding to a synaptic 
vesicle protein

Levetiracetam New, marketed

GABA agonists Barbiturates, benzodiazepines, 
valproic acid

Old, marketed

Gabapentin, felbamate, topiramate, 
tiagabine, vigabatrin and 
zonisamide.

New, marketed

Anti-glutamate action Felbamate and topiramate New, marketed
Remacemide hydrochloride Phase III for 

refractory partial 
epilepsy.

ADCI, a NMDA receptor channel 
blocker

Phase II clinical 
trials

AChE inhibitor antiepileptic BIS-001 (synthetic form of huperzine 
A, Chinese med)

Phase Ia in 2017
Phase II in 2018

© Jain PharmaBiotech
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syndrome, a childhood seizure disorder. BIS-001 exhibits high levels of brain pene-
tration. The extended-release formulation of BIS-001 is designed to improve tolera-
bility and patient compliance across different dose ranges. In addition to its powerful 
antiseizure activity in preclinical models of severe epilepsy, BIS-001 has exhibited 
the cognition-enhancing properties seen with other AChE drugs, but with much bet-
ter CNS and systemic tolerability than currently available agents.

 Levetiracetam

Levetiracetam is a pyrrolidone derivative and not related to any of the AEDs cur-
rently in use. It is indicated as an adjunctive therapy in the treatment of partial sei-
zures with or without secondary generalization in adults. It is approved as adjunctive 
therapy in the treatment of myoclonic seizures in adults and adolescents from 
12 years of age with juvenile myoclonic epilepsy.

Levetiracetam has been demonstrated to have neuroprotective effect in the rat 
middle cerebral artery model of stroke, which may be relevant to its antiepileptic 
effect (Jain 2019b). It has a neuroprotective effect, which is relevant to prophylactic 
use of antiepileptic drugs following subarachnoid hemorrhage (SAH) and traumatic 
brain injury (TBI). However, commonly used antiepileptic drugs have multiple drug 
interactions, require frequent monitoring of serum levels, and are associated with 
adverse effects that may prompt discontinuation. Levetiracetam, but not phenytoin, 
improves functional and histological outcomes after TBI.  Treatment with 
levetiracetam also improves functional outcomes and reduces vasospasm following 
SAH. Levetiracetam may be a therapeutic alternative to phenytoin following TBI in 
the clinical setting when seizure prophylaxis is indicated. It is now in a clinical trial 
to prevent seizures in TBI (see Chap. 4).

 Phenytoin

Phenytoin is one of the earliest AEDs. Cerebral protection with phenytoin has been 
reported in a variety of animal models of reduced oxygen delivery including 
incomplete ischemia and global ischemia. Uncontrolled studies have investigated 
the use of phenytoin for its neuroprotective effect in patients with cardiac arrest, but 
the results are controversial. Phenytoin decreases cerebral blood flow but does not 
reduce cerebral metabolism. However, it stabilizes neuronal membranes, slows the 
release of K+ from ischemic neurons and attenuates free fatty acid accumulation 
during complete global ischemia, thus preventing the cascade leading to formation 
of free radicals. A study using DNA microarrays has shown that phenytoin exerts an 
effect on neuroprotection-related genes, namely the survival-promoting and 
antioxidant genes v-akt murine thymoma viral oncogene homolog 1, FK506 binding 
protein 12-rapamycin associated protein 1 (Frap1), glutathione reductase and gluta-
mate cysteine ligase catalytic subunit (Mariotti et al 2010).
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A randomized trial supports neuroprotective effect of phenytoin in patients with 
acute optic neuritis at concentrations at which it blocks voltage-gated Na channels 
selectively (see section on optic neuritis). Clinical role of phenytoin as a 
neuroprotective has not been established. Fosphenytoin was investigated as 
neuroprotective in ischemic stroke in phase III clinical trials but found to be 
ineffective. The newer antiepileptic drugs have a neuroprotective effect, but no 
clinical trials are currently in progress to explore the neuroprotective effect in indi-
cations other than epilepsy.

 Valproic Acid

Valproic acid (VPA), a drug widely used for the treatment of epilepsy, is also used 
for bipolar disorder and migraine prophylaxis (Jain 2019c). Phosphatidylinositol 
3-kinase/Akt pathway and Sp1 are likely involved in heat shock protein (HSP)70 
induction by histone deacetylase (HDAC) inhibitors, and induction of HSP70 by 
VPA in cortical neurons may contribute to its neuroprotective and therapeutic 
effects (Marinova et al 2009). Valproic acid inhibits Aβ production, neuritic plaque 
formation, and behavioral deficits in AD mouse models, suggesting potential 
application for prevention and treatment of the disease in humans. Valproic acid has 
a potential neuroprotective effect in AD as it can induce neurogenesis of neural stem 
cells via multiple signaling pathways (Zhang et al 2010).

 Anti-neuroinflammatory Agents

Several antiinflammatory agents have been investigated for their neuroprotective 
effect. Non-steroidal antiinflammatory drugs (NSAIDs) have been reported to 
reduce the development of dementia in elderly subjects. One antiinflammatory 
agent, which has been used and investigated extensively as a neuroprotective, is 
methylprednisolone but its beneficial effect may also due to free radical scavenging. 
Methylprednisolone is a synthetic glucocorticoid, which has been used, extensively 
in clinical trials as a high-dose neuroprotective in spinal cord injury and brain injury 
patients. Despite the controversy, this approach is still used in clinical practice.

 Aspirin

Aspirin (acetylsalicylic acid) is a commonly prescribed drug with a wide pharmaco-
logical spectrum. At concentrations compatible with amounts in plasma during 
chronic antiinflammatory therapy, acetylsalicylic acid and its metabolite sodium 
salicylate were found to be protective against neurotoxicity elicited by the excit-
atory amino acid glutamate in neuronal cultures and hippocampal slices. The site of 
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action of the drugs appears to be downstream of glutamate receptors and to involve 
specific inhibition of glutamate-mediated induction of nuclear factor kappa B (NF-
κB). Additional studies that directly manipulate NF-κB will be needed to prove that 
a decrease in NF-κB activity is causally related to aspirin’s neuroprotective effect. 
These findings are at conflict with other studies that indicate that activation of 
NF-κB prevents neuronal cell death.

A study has demonstrated that salicylic acid (SA), which is the primary metabo-
lite of aspirin (acetyl SA) and is likely responsible for many of its pharmacological 
effects, also suppresses nuclear translocation of human glyceraldehyde 3-phosphate 
dehydrogenase (HsGAPDH) and cell death (Choi et al 2015). GAPDH is a central 
enzyme in glucose metabolism, but plays additional roles in the cell. GAPDH is 
modified under oxidative stress and then enters the nucleus of neurons, where it 
enhances protein turnover, leading to cell death. The authors showed that SA 
suppresses nuclear translocation of HsGAPDH and cell death. This is similar to the 
mechanism of action of the anti-Parkinson’s drug deprenyl that suppresses nuclear 
translocation of HsGAPDH, an early step in cell death and the resulting cell death 
induced by the DNA alkylating agent N-methyl-N’-nitro-N-nitrosoguanidine. 
Analysis of 2 synthetic SA derivatives and 2 classes of compounds from the Chinese 
medicinal herb Glycyrrhiza foetida (licorice), glycyrrhizin and the SA-derivatives 
amorfrutins, showed that they not only bind HsGAPDH more tightly than SA, but 
also exhibit a greater ability to suppress translocation of HsGAPDH to the nucleus 
and cell death.

Peroxisome proliferator-activated receptor alpha (PPARα), a nuclear hormone 
receptor involved in fatty acid metabolism, serves as a receptor of aspirin. Aspirin 
binds to PPARα ligand-binding domain at the Tyr314 residue to up-regulate 
hippocampal plasticity via transcription of cAMP response element-binding protein 
(CREB) and has been shown to improve hippocampal function in an animal model 
of AD (Patel et al 2018).

 Interleukin-1 Antagonists

Interleukin-1 (IL-1) is induced immediately after insults to the brain, and elevated 
levels of IL-1 have been strongly implicated in the neurodegeneration that 
accompanies stroke, Alzheimer’s disease (AD), and multiple sclerosis (MS). When 
IL-1 is released into a tissue, it activates macrophages to move into the injury site 
and cause inflammation. Macrophages release substances that kill bacteria and 
viruses, and they ingest dead cells. They also release IL-1, which signals more 
macrophages to invade the damaged tissue. The macrophage reaction is beneficial 
in regenerating tissues, but in a poorly regenerating tissue like the brain, it can be 
devastating. When macrophages release IL-1 and attract more of the scavenger cells 
to the brain, they become exited and overactive, causing harm to other cells nearby. 
This adds to the damage caused by the initial injury and destroys more healthy 
neurons.
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Previous studies by several investigators have shown that IL-1 is elevated after 
TBI, MS, AD, and Down’s syndrome and that mice with reduced IL-1 are 
significantly protected from ischemic injury. Antagonists of IL-1 protects neural 
cells in experimental models of stroke and multiple sclerosis by abrogating 
microglial/macrophage activation and the subsequent self-propagating cycle of 
inflammation. Cyclooxygenase (COX)-2 inhibitors have been shown to slow the 
onset of AD and IL-1 is upstream of COX-2. If IL-1 is knocked out, not only are the 
effects of COX-2 lost, but also other events that recruit cells to the brain are 
abrogated. The ideal candidates to block IL-1 would be antibodies to IL-1 or small 
molecular inhibitors of this signaling cascade.

 COX-2 Inhibitors

Cyclooxygenase (COX)-2 has been localized to neurons and in cells associated with 
the cerebral vasculature, where it is involved in the inflammatory component of the 
ischemic cascade, playing an important role in the delayed progression of the brain 
damage. Selective COX-2 inhibitors were developed for the treatment of 
inflammatory pain as an improvement on non-selective COX inhibitor NSAIDs, 
which have undesirable gastrointestinal complications including ulceration. Some 
COX-2 inhibitors such as nimesulide and NS-398 have neuroprotective properties. 
COX-2 inhibitors act as a neuroprotective in vivo by suppressing toxic actions of 
microglia/macrophages, and NS-398 may rescue neurons from hypoxia/reoxygen-
ation damage by a mechanism independent of COX-2 inhibition. NS-398-induced 
phosphorylation through extracellular signal-regulated kinase pathway may con-
tribute to the increased neuronal survival. Certain products of COX-2 can both pro-
tect and damage the brain. Interest in the use of COX-2 as antiinflammatory 
neuroprotective agents is declining now.

 Nimesulide

Nimesulide, a selective COX-2 inhibitor, has been shown to delay neuronal death of 
hippocampal CA1 neurons following transient global cerebral ischemia in animal 
models. Nimesulide also rescues CA1 pyramidal neurons from ischemic death even 
when treatment is delayed until 24  h after ischemia. Neuroprotective effect of 
nimesulide is still evident a month after the ischemic episode, providing experimental 
evidence that COX-2 inhibitors confer a long-lasting neuroprotection. Oral 
administration of nimesulide is also able to significantly reduce brain damage, 
suggesting that protective effects are independent of the route of administration.

Nimesulide has neuroprotective effects against kainate excitotoxicity in vivo but 
these are not mediated by direct free radical scavenging ability of this compound. It 
is much more likely that these effects are mediated by the inhibition of COX-2, a 
key source of free radicals during injury to the brain.

 Anti-neuroinflammatory Agents
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 Gold Microparticles as Anti-neuroinflammatory Agents

Gold is a traditional remedy against inflammatory disorders such as rheumatoid 
arthritis. Auromedication by intracerebral application of metallic gold microparticles 
as a pharmaceutical source of gold ions represents a new medical concept that 
bypasses the BBB and enables direct drug delivery to inflamed brain tissues 
(Danscher and Larsen 2010). The systemic use of gold salts is limited by 
nephrotoxicity. However, implants of pure metallic gold release gold ions, which do 
not spread in the body, but are taken up by cells near the implant. This is a safer 
method of using to reduce local neuroinflammation. Release or dissolucytosis of 
gold ions from metallic gold surfaces requires the presence of disolycytes i.e. 
macrophages and the process is limited by their number and activity. The method of 
delivery, however, is invasive and a gold implant could produce foreign body 
reaction leading to an epileptic focus. This can be refined by using gold nanoparticles. 
The metallic gold treatment significantly increases the expression of the growth 
factors VEGF, FGF, LIF and neurotrophin-4 (Pedersen et al 2010). Furthermore, 
metallic gold has been found to reduce TNF-α expression, oxidative DNA damage 
and pro-apoptotic signals after experimental brain injury, resulting in an overall 
neuroprotective effect.

 Matrix Metalloproteinase Inhibitors as Anti-neuroinflammatory 
Agents

Alterations in matrix metalloproteinase (MMP) expression and activity are recog-
nized as key pathogenetic events in several neurological disorders making them 
possible therapeutic targets. MMPs are emerging as pivotal fine-tuners of cell func-
tion in tissue homeostasis and in various pathologies, particularly inflammation. In 
a murine neuroinflammatory model, compound 2 was shown to be a highly effective 
in vivo inhibitor of both MMP-2 and MMP-9 activity with little or no adverse effects 
even after long-term daily oral administration (Beutel et al 2018).

Marine bioprospecting is promising for the discovery of marine natural products 
with anti-MMP activities for the treatment of neuroinflammation, but this field is 
still under investigation (Gentile and Liuzzi 2017).

 Minocycline

Minocycline, a tetracycline derivative that is approved by the FDA for treatment of 
infections, has a high CNS penetration when taken orally. Minocycline is a 
neuroprotective agent that exerts its effects by several mechanisms. It is an 
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antiapoptotic agent (see the following section). It also suppresses inflammation in 
the nervous system. Lipopolysaccharide-induced inflammation, which gives rise to 
microglia activation in the area where the new neurons are born, strongly impairs 
basal hippocampal neurogenesis in rats. Activated microglia contribute to cognitive 
dysfunction in aging, dementia, epilepsy, and other conditions leading to brain 
inflammation. The increased neurogenesis triggered by a brain insult is reduced if it 
is associated with microglia activation caused by tissue damage or lipopolysaccharide 
infusion. The impaired neurogenesis in inflammation is restored by systemic 
administration of minocycline, which inhibits microglia activation. Minocycline 
affords substantial neuroprotection against hypoxic cell death, assessed by lactate 
dehydrogenase release and flow cytometry, while suppressing oxygen glucose 
deprivation-induced p38 MAP kinase activation.

Microglial activation contributes to NMDA excitotoxicity. Minocycline prevents 
the NMDA-induced proliferation of microglial cells and inhibits IL-1beta-converting 
enzyme and iNOS up-regulation in animal models of ischemic stroke and 
HD. Intravenous minocycline at doses that likely are safe in humans reduces infarct 
size in a rat temporary MCAO model. The therapeutic time window of minocycline 
is 4–5  h, which would extend its potential therapeutic benefit to many stroke 
patients. The neuroprotective effect as well as safety profile of minocycline indicate 
that it may be an effective agent in acute ischemic stroke and support initiation of 
phase I trials of minocycline. In vivo, minocycline reduces infarct volume and 
neurological deficits and markedly reduces BBB disruption and hemorrhage in mice 
after experimental stroke. This effect is attributed to inhibition of microglial activa-
tion by minocycline.

Nanomolar concentrations of minocycline protect neurons in mixed spinal cord 
cultures against NMDA excitotoxicity. There is evidence for the neuroprotective 
effect of minocycline in several animal models of neurological diseases. Oral 
minocycline alleviates neuronal damage induced by the AIDS virus in monkeys 
(Ratai et al 2010). High penetration of the BBB, safety and multiple mechanisms of 
make it a desirable candidate as therapy for acute neurologic injury. Neuroprotective 
affect of minocycline in animal models is shown in Table  2.3. Neuroprotective 
effect of minocycline in SCI is described in Chap. 5 and in ALS in Chap. 10.

 Prostaglandin Receptor Antagonists

Prostaglandins are involved in a wide variety of bodily activities including relax-
ation and contraction of muscles and blood vessels, control of blood pressure and 
inflammation. Prostaglandin receptors provide alternative targets for the treatment 
of COX-2–mediated pathological conditions in both the periphery and the 
CNS.  Defining which prostaglandin pathways are beneficial and which promote 
disease would help to design more specific therapeutics.
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Prostaglandin PGD2, the most-produced prostaglandin in the brain, has either a 
protective or a harmful effect in the brain depending on where it docks on a brain 
cell’s surface. After brain cells experience the laboratory equivalent of a stroke, 
PDG2 can protect them from being killed if it binds to one receptor, on the cells’ 
surface, but causes them to die in greater numbers if it binds to a second receptor 
instead. After strokes and other injuries to the brain, levels of glutamate rise, 
triggering several chemical reactions including an increase in COX-2 production 
and prostaglandin production. Increased COX-2 activity then leads to further neuron 
death. Because PGD2’s positive effects generally outweigh its negative ones, it may 
provide a potential target for medicines to combat conditions involving brain 
damage, including stroke, PD and AD. Further investigations will determine if these 
prostaglandins have a similar protective effect in mouse models of ALS, in which 
excessive glutamate is believed to damage neurons and if the beneficial side of 
PGD2 activity can outweigh its toxic activity.

Activation of prostaglandin E2 receptor (PGE2) subtype EP2 promotes inflam-
mation and is being explored as a therapeutic target. To better understand physio-
logical and pathological functions of the prostaglandin EP2 receptor, small 
molecules with 3-aryl-acrylamide scaffold have been developed as selective EP2 
antagonists (Jiang et al 2012). The 12 most potent compounds displayed competi-
tive antagonism of the human EP2 receptor. A brain-permeant compound com-
pletely suppressed the up-regulation of COX-2 mRNA in rat cultured microglia by 
EP2 activation and significantly reduced neuronal injury in hippocampus when 
administered in mice beginning 1 h after termination of pilocarpine-induced status 
epilepticus. The actions of this group of antagonists raise the possibility that 
selective block of EP2 signaling via small molecules can be an innovative therapeutic 
strategy for protection against inflammation-related brain injury.

Table 2.3 Neuroprotective affect of minocycline in animal models

Disease model Effect of minocycline on lesions and disease outcome

Amyotrophic lateral 
sclerosis

Increases lifespan of mice

Experimental autoimmune 
encephalopathy

Attenuates the extent of neuroinflammation encephalomyelitis  
and demyelination

HIV encephalitis Reduces the severity of encephalitis, suppresses viral load in the 
brain, and decreases the expression of CNS inflammatory 
biomarkers

Huntington’s disease Delays progression of disease and extends lifespan
Intracerebral hemorrhage Reduces volume of hemorrhagic lesion
Ischemic stroke Decreases the size of infarcts
Parkinson’s disease Protects the nigrostriatal pathway
Spinal cord injury Produces functional recovery, and decreases axonal, neuronal,  

and oligodendroglial loss
Traumatic brain injury Decreases lesion size and improves performance on a rotarod test

© Jain PharmaBiotech
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 Anti-apoptosis Agents

Apoptosis is inherently programmed cell death and is distinct from cell necrosis. 
Apoptosis mediates cell deletion in tissue homeostasis, embryological development 
and in pathological conditions such as cerebral infarction and neurodegenerative 
diseases. During conditions of degeneration, the cascade of events that is believed 
to result in cell death is initiated by an increase in synaptic glutamate levels, which 
results in an over-stimulation of post-synaptic glutamate receptors. This results in a 
dramatic increase in intracellular calcium, which leads to the formation of free 
radicals, such as nitric oxide. The excitatory amino acids – N-methyl-D-aspartate 
and glutamic acid (NMDA) – believed to be a causal factor in many neurodegenerative 
diseases, have been found to induce apoptosis in neurons. Oxidative stress can also 
lead to apoptosis. There are several approaches to block apoptosis and some of the 
strategies mentioned under other categories of neuroprotectives have an antiapoptotic 
effect.

Neuronal apoptosis probably underlies the damage caused by neurodegenerative 
disorders ranging from PD to MS. Therefore, strategies that inhibit components of 
the apoptotic pathway may prove useful in treating such conditions. Several anti-
apoptosis agents are under investigation. Some of these are:

• Activated protein C
• Immunosuppressants: FK-506 and cyclosporine A
• Gene therapy: increasing the localized expression of bcl-2 protein in the brain.
• Neurotrophic factors
• Antisense therapy: modulation of p53 expression by
• Apoptosis inhibitors: caspase inhibitors, calpain inhibitors and poly (ADP-

ribose) polymerase inhibitors (PARPs)
• Lithium

 Activated Protein C

Activated protein C (APC) is a systemic anticoagulant and antiinflammatory factor. 
It reduces organ damage in animal models of sepsis, ischemic injury and stroke and 
substantially reduces mortality in patients with severe sepsis. APC directly prevents 
apoptosis in hypoxic human brain endothelium through transcriptionally dependent 
inhibition of tumor suppressor protein p53, normalization of the pro-apoptotic Bax/
Bcl-2 ratio and reduction of caspase-3 signaling. These mechanisms are distinct from 
those involving upregulation of the genes encoding the antiapoptotic Bcl-2 homolog 
A1 and inhibitor of apoptosis protein-1 (IAP-1) by APC in umbilical vein endothelial 
cells. Cytoprotection of brain endothelium by APC in vitro requires endothelial pro-
tein C receptor (EPCR) and protease-activated receptor-1 (PAR-1), as does its in vivo 
neuroprotective activity in a stroke model of mice with a severe deficiency of 
EPCR. This is consistent with work showing the direct effects of APC on cultured 
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cells via EPCR and PAR-1. Moreover, the in vivo neuroprotective effects of low-dose 
mouse APC seemed to be independent of its anticoagulant activity. Thus, APC pro-
tects the brain from ischemic injury by acting directly on brain cells.

 Calpain Inhibitors

Calpain, a primary protease, was discovered more than 30  years ago as a Ca2+-
activated protease. Calpain activity is increased in TBI, cerebral ischemia, SCI, sev-
eral neuromuscular disorders, and neurodegenerative diseases. Calpain proteolysis 
represents a later component of a pathway mediating apoptosis initiated by excito-
toxicity and elevated Ca2+ levels. This would provide an advantage for calpain 
inhibitors over drugs with conventional targets such as ion channels blockers and 
glutamate antagonists.

 Caspase Inhibitors

Apoptosis can be inhibited by agents that caspase activity. Caspases are an evolu-
tionary conserved family of cysteine-dependent aspartate-directed proteases that 
cleave proteins after aspartic acid. Caspases comprise a family of 11 structurally 
related human enzymes, which are known to play specific roles in apoptosis 
(programmed cell death) and inflammation. Biochemical and genetic evidence 
indicates that initiator caspases proteolytically activate effector caspases resulting in 
a proteolytic cascade that ultimately cleaves the cell to death. Caspase inhibitors are 
peptides resembling the cleavage site of known caspase substrates. Apart from 
naturally occurring caspase inhibitors, pharmacological caspase inhibitors can be 
reversible or irreversible. Several caspase inhibitors are being evaluated for 
neuroprotective effects in animal models of cerebral ischemia and various 
neurodegenerative diseases. Minocycline, an antibiotic, has a neuroprotective effect 
attributed to inhibition of caspase-3.

 DNA Binding Drugs

Global inhibitors of RNA or protein synthesis such as actinomycin D or cyclohexi-
mide prevent neuronal apoptosis induced by numerous pathological stimuli in vitro 
and in vivo but clinical application to human neurological disease has been limited 
by the toxicities of these agents. Two sequence-selective DNA binding drugs  – 
mithramycin A and its structural analog chromomycin A3 – potently inhibit apopto-
sis and DNA damage in cortical neurons caused by oxidative stress induced by 
DNA-damaging agents. This class of agents is believed to act, in part, by selectively 
inhibiting gene expression by displacing transcriptional activators that bind to 
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G-C-rich regions of promoters. The complete prevention of cell death by this 
approach is probably by selective inhibition of the synthesis of one or more apoptotic 
pathway proteins.

 Lithium

Lithium was introduced into psychiatry 50 years ago and remains a preferred treat-
ment for acute mania and preferred prophylactic therapy for manic-depressive ill-
ness. The therapeutic mechanisms of lithium for treating bipolar mood disorder 
remain poorly understood. Recent studies demonstrate that lithium chloride (LiCl), a 
glycogen synthase kinase 3β (GSK3β) inhibitor, has neuroprotective actions against 
a variety of insults. Neuroprotective effects of lithium against excitotoxicity have 
been demonstrated in cultured cerebral cortical neurons coinciding with inhibition of 
NMDA receptor-mediated calcium influx. This action could also be relevant to its 
clinical efficacy for bipolar patients. Lithium has also shown neuroprotective effect 
against striatal lesion formation in a rat model of HD and is associated with an 
increase in Bcl-2 protein levels. These results indicate that lithium may be consid-
ered as a neuroprotective agent in treatment of neurodegenerative diseases such as 
HD and ALS (see Chap. 10). Lithium also has a neuroprotective effect in cerebral 
ischemia (see Chap. 3). Lithium chloride protects the retinal neural cells cultured 
with serum-free media to simulate the nutrient deprived state resulting from ischemic 
insult, which may be like the mechanism of cell death in glaucoma, and the improve-
ment in DNA repair pathway involving ligase IV might have an important role in this 
neuroprotective effect (Zhuang et al 2009).

Treatment of adult mice with LiCl after facial nerve crush injury stimulates the 
expression of myelin genes, restores the myelin structure, and accelerates the recov-
ery of whisker movements (Makoukji et  al 2012). LiCl treatment also promotes 
remyelination of the sciatic nerve after crush. It was also demonstrated that periph-
eral myelin gene MPZ and PMP22 promoter activities, transcripts, and protein levels 
are stimulated by GSK3β inhibitors (LiCl and SB216763) in Schwann cells as well 
as in sciatic and facial nerves. LiCl exerts its action in Schwann cells by increasing 
the amount of β-catenin and provokes its nuclear localization. LiCl treatment drives 
β-catenin to bind to T-cell factor/lymphoid-enhancer factor response elements identi-
fied in myelin genes. These findings show potential treatment of nerve demyelination 
by administering GSK3β inhibitors such as lithium.

 Melatonin

Melatonin, a hormone produced by the pineal gland, is best known for its role in 
sleep regulation. Screening of numerous FDA-approved drugs has revealed that 
melatonin is a powerful antioxidant that blocks the release of enzymes that acti-
vate apoptosis. Experimental studies that show its neuroprotective effect in 
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neurodegenerative disorders such as PD, AD, HD and ALS are described in 
 various chapters relevant to these diseases. It is also a neuroprotective agent in 
neonatal hypoxic-ischemic injury. Neuroprotective effect in multiple sclerosis is 
described in Chap. 11.

 Olesoxime

Olesoxime (Roche TRO19622) is a cholesterol-like small molecule with remark-
able neuroprotective properties in vitro, as well as in vivo. Olesoxime appears to act 
on mitochondria, possibly at the mitochondrial permeability pore (mPTP). Proteins 
associated with the mPTP are known to be enriched in motor neurons and the 
genetic deletion of a major regulator of the mPTP has robust effects in ALS 
transgenic mice, delaying disease onset and extending survival (Martin 2010). 
Olesoxime has demonstrated activity in four animal models, preventing 
neurodegeneration and accelerating neuroregeneration following neurotrauma. 
Investigation of its pharmacological action has identified two potential mechanisms 
of action associated with binding sites for neurosteroids, GABAA receptors and 
mitochondria.

In preclinical studies, olesoxime accelerated oligodendrocyte maturation with 
enhancement of myelination in vitro and in vivo in naive animals during development 
as well as also in the adult brain without affecting oligodendrocyte survival or 
proliferation (Magalon et al 2012). In mouse models, olesoxime favored the repair 
process, promoting myelin formation with consequent functional improvement. 
These observations support the strategy of promoting oligodendrocyte maturation 
and myelin synthesis to enhance myelin repair and functional recovery. It also 
provides proof of concept that olesoxime could be useful for the treatment of 
demyelinating diseases. Further development was discontinued in July 2018 due 
failure in phase III clinical trials for spinal muscular atrophy.

 Omega-3 Fatty Acids

Omega-3 polyunsaturated fatty acids, eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA), regulate signal transduction as well as gene expression, and 
protect neurons from death. Omega-3 fatty acids demonstrate pronounced neuro-
protective actions in rodent models and have been shown to mitigate cognitive dys-
function. In a randomized, placebo-controlled clinical trial in UK, cognitively 
healthy adults, aged 70–79 years, received daily capsules providing 200 mg EPA 
plus 500 mg DHA or olive oil for 2 years (Dangour et al 2010). Cognitive function 
did not decline in either study arm over the study period. The lack of decline in the 
control arm and the relatively short intervention period may have limited detection 
of any potential beneficial effect of fish oil on cognitive function.
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 Docosahexaenoic Acid

Phosphatidylinositol 3-kinase (PI 3K)/Akt signaling is a critical pathway in cell 
survival. Membrane alteration by the n-3 fatty acid status affects Akt signaling and 
is essential for neuronal survival. DHA is abundant in neuronal membranes and 
promotes neuronal survival by facilitating membrane translocation/activation of Akt 
through its capacity to increase phosphatidylserine (PS), the major acidic 
phospholipid in cell membranes. The activation of PI3K and phosphatidylsinositol 
triphosphate formation are not affected by DHA, indicating that membrane 
interaction of Akt is the event responsible for the DHA effect. In vivo reduction of 
DHA by dietary depletion of n-3 fatty acids decreases hippocampal PS and increases 
neuronal susceptibility to apoptosis in cultures. This mechanism may contribute to 
neurological deficits associated with n-3 fatty acid deficiency and support protective 
effects of DHA in pathological models such as brain ischemia or AD.

Several studies demonstrate that in brain ischemia-reperfusion and in retinal pig-
ment epithelial cells exposed to oxidative stress stereospecific DHA-oxygenation 
pathways are activated and lead to the formation of docosanoid messengers. In 
studies on cytokine-stressed human neural cells, DHA attenuates Aβ secretion, an 
effect accompanied by the formation of the neuroprotective D1 (NPD1), a DHA-
derived 10,17S-docosatrien. DHA and NPD1 are reduced in AD hippocampal 
region but not in the thalamus or occipital lobes from the same brains. The expression 
of key enzymes in NPD1 biosynthesis, cytosolic phospholipase A2 and 
15-lipoxygenase, are altered in AD hippocampus. NPD1 represses Aβ42-triggered 
activation of proinflammatory genes while upregulating the antiapoptotic genes 
encoding Bcl-2, Bcl-xl, and Bfl-1(A1). Soluble APP-α stimulated NPD1 biosynthesis 
from DHA. These results indicate that NPD1 promotes brain cell survival via the 
induction of antiapoptotic and neuroprotective gene-expression programs that 
suppress Aβ42-induced neurotoxicity. This response aims to counteract 
proinflammatory, cell-damaging events triggered by multiple, converging cytokine 
and in the case of AD, of amyloid peptide factors. Agonists of NPD1 biosynthesis, 
including dietary regimens enriched in omega-3 fatty acids or NPD1 analogs, may 
be useful for exploring new therapeutic strategies for stroke, head injury, AD and 
related neurodegenerative diseases.

 Poly(ADP-Ribose) Polymerase Inhibitors

Poly(ADP-ribose) polymerase (PARP) is an enzyme involved in the repair of dam-
aged DNA and is very energy-intensive. NO generation can cause excessive activa-
tion of PARP which rapidly leads to a complete depletion of a cell’s energy levels, 
resulting in cell death. PARP activation appears to be one of the final common steps 
in the neurotoxicity cascade which results in neuronal cell death in stroke and neu-
rodegenerative disorders. Thus, the inhibition of PARP offers a unique approach to 
the development of novel neuroprotective agents. Novel PARP inhibitors are being 
developed as neuroprotective agents for stroke and other disorders.
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The activation of PARP by free radical-damaged DNA plays a pivotal role in 
mediating ischemia-reperfusion injury. In experimental studies, 3-aminobenzamide 
(a PARP inhibitor) has a neuroprotective effect if administered prior to reperfusion 
but treatment after the reperfusion fails to produce a reduction in the volume of the 
damaged brain. These findings suggest that PARP activation enough to produce 
cellular damage occurs immediately after the reperfusion following cerebral 
ischemia.

In TBI, generation of NO and oxidative stress promotes PARP activation contrib-
uting in posttraumatic motor, cognitive and histological sequelae. Inactivation of 
PARP, either pharmacologically or using PARP null mice, induces neuroprotection 
in experimental models of TBI. The mechanisms by which PARP inhibitors provide 
protection might not entirely be related to the preservation of cellular energy stores 
but might also include other PARP-mediated mechanisms that needed to be explored 
in a TBI context.

Excessive activation of PARP1 leads to nicotinamide adenine dinucleotide 
(NAD+) depletion and cell death during ischemia and other conditions that generate 
extensive DNA damage. When activated by DNA strand breaks, PARP1 uses NAD+ 
as substrate to form ADP-ribose polymers on specific acceptor proteins. These 
polymers are in turn rapidly degraded by poly(ADP-ribose) glycohydrolase (PARG), 
a ubiquitously expressed exo- and endoglycohydrolase. PARG inhibitors do not 
inhibit PARP1 directly, but instead prevent PARP1-mediated cell death by slowing 
the turnover of poly(ADP-ribose) and thus slowing NAD+ consumption. Thus 
PARG is a necessary component of the PARP-mediated cell death pathway, and 
PARG inhibitors may be promising neuroprotective agents.

 Prevention of Apoptosis by Binding of proNGF to Sortilin

Sortilin, a protein whose function has been incompletely understood, plays a key 
role in conveying the message of apoptosis. Sortilin as a receptor for an unusual 
form of messenger proteins called proneurotrophins. These two proteins work 
together with a well-known receptor called p75 to initiate the death of both neurons 
and glia. There are complex and even opposing actions of this class of neurotrophin 
messenger proteins. p75NTR acts as a molecular signal switch that determines cell 
death or survival by three processes: (1) pro-nerve growth factor (proNGF) triggers 
cell apoptosis by its high affinity binding to p75NTR (neurotrophin receptor), while 
NGF induces neuronal survival with low-affinity binding; (2) p75NTR mediates 
cell death by combining with co-receptor sortilin, whereas it promotes neuronal 
survival through combination with proNGF; and (3) release of the intracellular 
domain chopper or cleavaged short p75NTR can independently initiate neuronal 
apoptosis.

Adding inhibitors that block binding of proNGF to sortilin can rescue cells from 
apoptosis, which occurs following TBI, SCI, MS, and neurodegenerative diseases 
like AD. It may be possible to develop a drug that can save healthy neurons from 
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apoptosis by shutting down this cell death pathway over a period of hours to days 
but not years. This opens avenues for drug development that strongly contrast with 
past efforts to exploit neurotrophin actions. Earlier trials using chronic delivery of 
neurotrophins to promote neuronal survival in ALS patients were disappointing. 
The goal would be to acutely inhibit the harmful signaling, rather than to chronically 
support survival actions.

The cell self-destructive proNGF-p75NTR-sortilin signaling apparatus has been 
identified in ventral tier dopamine neurons of the substantia nigra, suggesting that 
p75NTR signaling might be involved in selective cell death mechanisms of substan-
tia nigra neurons or disease progression of PD. The proNGF-p75NTR-sortilin sig-
naling complex may thus provide new target for neuroprotection of substantia nigra 
neurons and the therapeutic treatment of PD.

 Antioxidants/Free Radical Scavengers

 Free Radical Generation

Free radicals are formed during normal respiration and oxidation. Oxidation is a 
chemical reaction in which a molecule transfers one or more electrons to another. 
Biologically important oxygen-derived species include superoxide, hydrogen 
peroxide, hydroxyl radical, hypochlorous acid, heme-associated ferryl species, 
radicals derived from activated phagocytes and peroxyl radicals, both lipid-soluble 
and water-soluble. Stable molecules usually have matched pairs of protons and 
electrons whereas free radicals have unpaired electrons and tend to be highly 
reactive, oxidizing agents. Free radicals vary in their reactivity, but some can cause 
severe damage to biological molecules, especially to DNA, lipids and proteins.

 Natural Defenses Against Oxidative Stress

Antioxidant defense systems (SOD, H2O2-removing enzymes, and metal binding 
proteins) scavenge and minimize the formation of oxygen-derived species, but they 
are not 100% effective. Mild oxidative stress often induces these antioxidant defense 
enzymes, but severe stress can cause oxidative damage to lipids, proteins, and DNA 
within cells, leading to such events as DNA strand breakage and disruption of Ca2+ 
metabolism. Prolonged oxidative stress including superoxide production may 
contribute to neuronal loss, as is probably the case in AD or the damaging effect of 
ischemia-reperfusion, although the latter may also involve the balance between 
nitric oxide and superoxide generation.

The enzyme SOD breaks down the free radical superoxide and plays a critical 
role in protecting the body against attack by reactive oxygen species. However, the 

 Antioxidants/Free Radical Scavengers



76

natural enzyme’s high molecular weight, short half-life in circulation, inability to 
penetrate cells and high cost of production limit its usefulness as a drug. Numerous 
attempts by many pharmaceutical companies in the past using various forms of the 
SOD enzyme failed to demonstrate the expected efficacy.

Stem cells reside in specialized microenvironments known as niches. During 
Drosophila development, glial cells provide a niche that sustains the proliferation of 
neural stem cells (NSCs) during starvation. A study has found that the glial cell 
niche also preserves neuroblast proliferation under conditions of hypoxia and 
oxidative stress (Bailey et al 2015). Lipid droplets that form in niche glia during 
oxidative stress limit the levels of reactive oxygen species (ROS) and inhibit the 
oxidation of polyunsaturated fatty acids (PUFAs). These droplets protect glia and 
NSCs from peroxidation chain reactions that can damage many types of 
macromolecules. The underlying antioxidant mechanism involves diverting PUFAs, 
including diet-derived linoleic acid, away from membranes to the core of lipid 
droplets, where they are less vulnerable to peroxidation. This study reveals an anti-
oxidant role for lipid droplets that is relevant to neuroprotection.

 Effects of Oxidative Damage

 Oxidative Damage and Aging

Oxidative stress and production of free radicals tends to increase with aging whereas 
the body’s natural antioxidant defenses decline. Cell damage caused by oxidative 
stress, therefore, tends to increase with age. This effect is most marked in the brain 
because of its high metabolic rate, the relatively low level of antioxidant protection 
in the brain, and the inability of neurons to regenerate. One of the consequences of 
this higher level of oxidative stress is that a significant percentage of the enzymes 
critical to normal neuron function may become oxidized, increasing susceptibility 
to debilitating and potentially fatal degenerative diseases such as PD and AD. In 
addition, age-associated changes may bring about increases in inflammation causing 
cytokines and other cellular mediators in the brain that may induce certain genes to 
produce higher levels of neuronal toxins. These toxins may result in older individuals 
becoming more susceptible to sudden increases in oxidative stress caused by acute 
events such as stroke and trauma.

Exposure of brain neurons to oxidative-stress signals stimulates the activity of 
the protein MST1, which instructs neurons to die. There is a tight link between 
MST1 and another family of molecules called FOXO proteins, which turn on genes 
in the nucleus. Once stimulated by oxidative stress, MST acts in its capacity as an 
enzyme to modify and thereby activate the FOXO proteins, instructing the FOXO 
proteins to move from the periphery of the cell into the nucleus of neurons. Once in 
the nucleus, the FOXO proteins turn on genes that commit neurons to apoptosis. 
The discovery of the MST-FOXO biochemical switch mechanism fills a gap in our 
understanding of how oxidative stress elicits biological responses in neurons, and 
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may include besides cell death, neuronal dysfunction and neuronal recovery. Since 
oxidative stress in neurons and other cells in the body contribute to tissue damage in 
a variety of disorders, including stroke, ischemic heart disease, neurodegenerative 
diseases, and diabetes, identification of the MST-FOXO switch mechanism could 
provide potential new targets for the diagnosis and treatment of many common age-
associated diseases.

Memory-related behavioral performance has been studied in transgenic mice 
overexpressing extracellular SOD (EC-SOD) and their wild-type littermates at 
different ages. EC-SOD transgenic mice exhibit better hippocampus-dependent 
spatial learning compared with their wild-type littermates. At the molecular level, 
aged EC-SOD transgenic mice have lower superoxide levels, a decrease in protein 
carbonyl levels, and a decrease in p38 and extracellular signal-regulated kinase 2 
phosphorylation compared with aged wild-type mice. These findings suggest that 
elevated levels of SOD contribute to aging-related impairments in memory, and that 
these impairments can be alleviated by overexpression of EC-SOD. Thus, there is 
an age-dependent alteration in the role of SOD in modulating synaptic plasticity and 
learning and memory. Thus, that high antioxidant levels, within reasonable limits, 
could promote longevity as well as reduce the risk of dementia associated with 
normal aging and neurodegenerative disorders such as AD.

 Neuronal Damage by Free Radicals

Damage to cells caused by free radicals includes protein oxidation, DNA strand 
destruction, increase of intracellular calcium, activation of damaging proteases and 
nucleases, and peroxidation of cellular membrane lipids. Furthermore, such 
intracellular damage can lead to the formation of prostaglandins, interferons (IFNs), 
TNF-α, and other tissue damaging mediators, each of which can lead to disease if 
overproduced in response to the oxidative stress. Free radicals have been linked to 
numerous human diseases including neurodegenerative diseases and ischemia 
reperfusion injury resulting from stroke.

 Oxidative Damage and Neurodegenerative Disorders

The presence of nitrated α-synuclein in a variety of cells directly links oxidative 
damage to various neurodegenerative disorders. Aggregated α-synuclein proteins 
form brain lesions that are hallmarks of neurodegenerative synucleinopathies, and 
oxidative stress has been implicated in the pathogenesis of some of these disorders. 
Using antibodies to specific nitrated tyrosine residues in α-synuclein, extensive and 
widespread accumulations of nitrated α-synuclein has been demonstrated in the 
signature inclusions of PD, dementia with Lewy bodies, the Lewy body variant of 
AD, and multiple system atrophy brains. Nitrated α-synuclein is present in the 
major filamentous building blocks of these inclusions, as well as in the insoluble 
fractions of affected brain regions of synucleinopathies. The selective and specific 
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nitration of α-synuclein in these disorders provides evidence to directly link 
oxidative and nitrative damage to the onset and progression of neurodegenerative 
synucleinopathies. These findings may pave the way for developing therapies to 
stop or slow the oxidative damage, and thus slow or reverse the progression of these 
diseases.

 Measures to Control Oxidative Stress

Damaging effect of free radicals is controlled to some extent by the antioxidant 
defense systems and cellular repair mechanisms of the body but at times it is 
overwhelmed. Enzymes such as superoxide dismutase, catalase and glutathione per-
oxidase, and vitamins such as α-tocopherol, ascorbate and beta carotene act to 
quench radical chain reactions. Many of these agents have been investigated as 
potential therapeutic agents. Unfortunately, most studies testing naturally occurring 
antioxidants have resulted in disappointing results. Generally, natural antioxidants 
must be produced on site within the cell to be effective for disease prevention. 
Several of the synthesized antioxidant compounds have been tested in clinical trials. 
Some have failed to demonstrate efficacy as neuroprotectives in stroke and head 
injury while others are still undergoing clinical trials or have completed the trials 
but none has been approved as yet (see Chaps. 3 and 4). However, some of the drugs 
used clinically are known to have neuroprotective effect, e.g., dopamine agonists 
used for the treatment of Parkinson’s disease.

 Categories of Therapeutic Antioxidants

Apart from the endogenous antioxidants, several other substances have antioxidant 
effect and have potential use as neuroprotectives. A classification of these is shown 
in Table 2.4.

 Alpha-Phenyl-tert-Butylnitrone

Alpha-phenyl-tert-butylnitrone (PBN), a nitrone-based free radical trap, has shown 
neuroprotective activity in several experimental neurodegenerative models. The 
basis of the neuroprotective activity of PBN is not its general free radical trapping 
or antioxidant activity per se, but its activity in mediating the suppression of genes 
induced by pro-inflammatory cytokines and other mediators associated with 
enhanced neuroinflammatory processes. Neuroinflammatory processes, induced in 
part by pro-inflammatory cytokines, yield enhanced reactive oxygen species and 
reactive nitric oxide species as well as other unknown components that have neuro-
toxic properties.
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Table 2.4 Classification of 
antioxidants or free radical 
scavengers with 
neuroprotective potential

Precursors or derivatives of endogenous 
antioxidant compounds

Acetylcysteine
Polyethylene glycol superoxide dismutase
Transcription factors: NRF2 and/or PGC1a
Flavonoids
Metal chelators
Nanoparticles: e.g. fullerene C60
Desferoxamine
Substances derived from plants
Ginko biloba
Lycopene (in tomatoes)
Turmeric
Synthetic free radical compounds
21-aminosteroids
Cerovive (NXY-059)
Ebselen
Idebenone (coenzyme Q10)
Nitrones
Pyrrolopyrimidines
Compounds with other effects but secondary 

antioxidant properties
Aspirin
Dihydroergocryptamine
Magnesium
Selegiline

© Jain PharmaBiotech

 Coenzyme Q10

Coenzyme Q10 (CoQ10) serves as the electron acceptor for complexes I and II of 
the mitochondrial electron transport chain and acts as an antioxidant and neuropro-
tective. CoQ10 has the potential to be a beneficial agent in neurodegenerative dis-
eases in which there is impaired mitochondrial function and/or excessive oxidative 
damage (Jain 2019d). The following are some of the effects that have been demon-
strated in experimental studies:

• In animal models of PD, ALS, and HD, CoQ10 can protect against striatal lesions 
produced by the mitochondrial toxins malonate and 3-nitropropionic acid. These 
toxins have been utilized to model the striatal pathology, which occurs in HD.

• It also protects against 1-methyl-1,2,3,6-tetrahydropyridine toxicity in mice. 
CoQ10 significantly extended survival in a transgenic mouse model of ALS.

• Administration of CoQ10 combined with mild hypothermia increases survival 
and could improve neurologic outcome following cardiac arrest and 
cardiopulmonary resuscitation.

 Antioxidants/Free Radical Scavengers
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CoQ10 is currently under investigation for the treatment of neurodegenerative 
disorders. It is approved by the European Medicines Agency for Leber hereditary 
optic neuropathy. Although not yet approved by the FDA, the product is available 
from health food stores.

Idebenone [2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone] is 
a synthetic analogue of CoQ10, the vital cell membrane antioxidant and essential 
constituent of the ATP-producing mitochondrial electron transport chain (ETC). 
Idebenone is a potent antioxidant, with the ability to operate under low oxygen 
tension situations. Because of its ability to inhibit lipid peroxidation, idebenone 
protects cell membranes and mitochondria from oxidative damage. Its antioxidant 
properties protect against cerebral ischemia and nerve damage in the CNS. Idebenone 
also interacts with the ETC, preserving ATP formation in ischemic states. It has 
been tested in phase III clinical trials in the treatment of AD and other 
neurodegenerative diseases but has not approved by the FDA for use in any of these.

 Dihydroergocryptine

Dihydroergocryptine (DHEC, hydergine) is a hydrogenated ergot derivative with 
pharmacological actions mainly related to its dopaminomimetic activity. In 
experimental studies DHEC antagonizes both the neuronal death produced by acute 
exposure to glutamate as well as the normal age-dependent degeneration in culture. 
The effect of DHEC might be mediated by a free radical scavenger action as sug-
gested by the finding that the compound reduces the formation of intracellular per-
oxides formed following exposure to glutamate. This action is apparently not 
mediated entirely by interactions with the dopamine D2 receptors. DHEC is now 
classified as an antioxidant. The neuroprotective action suggests that DHEC might 
be a potential useful drug in the therapy and/or prophylaxis of acute and chronic 
neurodegenerative diseases related to excitotoxic damage.

DHEC is used almost exclusively for treating patients with either dementia, or 
‘age-related’ cognitive symptoms. Since the early 1980s there have been over a 
dozen more clinical trials, yet hydergine’s efficacy remains uncertain. However, 
hydergine shows significant treatment effects when assessed by either global ratings 
or comprehensive rating scales. The activity in slowing disease progression was 
shown in 1998 in a double-blind, randomized, placebo-controlled study in patients 
with AD but no recent clinical trial results have been reported. Studies of the use of 
α-DHEC in combination with levodopa in patients with PD show that this is a well-
tolerated and efficacious treatment option. DHEC is a promising compound for 
dementia of PD for which there is no approved therapy.

 Flavonoids

Flavonoids are naturally occurring polyphenolic compounds that are present in a 
variety of fruits, vegetables, cereals, tea, and wine, and are the most abundant 
antioxidants in the human diet. Several studies report the neuroprotective actions of 
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dietary flavonoids. While there has been a major focus on the antioxidant properties, 
there is an emerging view that flavonoids and their in vivo metabolites do not act as 
conventional hydrogen-donating antioxidants but may modulate cell functions 
through actions at protein kinase and lipid kinase signaling pathways. Flavonoids, 
and more recently their metabolites, have been reported to act at PI 3-kinase, Akt/
protein kinase B (Akt/PKB), tyrosine kinases, protein kinase C (PKC), and mitogen 
activated protein kinase (MAP kinase) signaling cascades. Inhibitory or stimulatory 
actions at these pathways are likely to affect cellular function profoundly by altering 
the phosphorylation state of target molecules and by modulating gene expression. 
An understanding of the mechanisms of action of flavonoids, either as antioxidants 
or modulators of cell signaling, is a key to the evaluation of these potent biomolecules 
as inhibitors of neurodegeneration.

 Mitochondria-Targeted Antioxidants

These compounds are accumulated by mitochondria within living tissue due to the 
presence of a triphenylphosphonium cation attached, through an alkyl chain, to the 
antioxidant component. The delocalized nature of these lipophilic phosphonium 
cations enables them to permeate lipid bilayers easily and they accumulate several 
hundred-fold within mitochondria driven by the large membrane potential across 
the mitochondrial membrane. Mitochondrial membrane potential is central to 
mitochondrial biology. It defines the transport of ions and provides the driving force 
for oxidative phosphorylation. This selective uptake of bioactive molecules should 
greatly enhance their efficacy and specificity of molecules whilst also decreasing 
harmful side effects.

Mitoquinone Q (MitoQ) is a potent, orally active antioxidant that targets 
Coenzyme Q in the mitochondria, where it blocks oxidative reactions that may lead 
to neurodegeneration with an increase in potency over 1000-fold. In contrast to 
current treatments that have no impact on disease progression, mitoquinone shows 
the potential to become the first disease-modifying agent to treat neurodegenerative 
disorders. A phase II trials for PD was conducted several years ago but results have 
not been published. Findings of a randomized, placebo-controlled, double-blind, 
crossover design study in older adults with impaired endothelial function indicate 
that MitoQ and other therapeutic strategies targeting mitochondrial ROS species 
may hold promise for treating age-related vascular dysfunction (Rossman et  al 
2018). A phase II trial of MitoQ for fatigue is ongoing (NCT03166800).

 Neuroleptics as Antioxidants

Neuroleptic drugs such as chlorpromazine, prochlorperazine, metoclopramide, 
methotrimeprazine and haloperidol may be able to exert antioxidant and/or pro-
oxidant actions in vivo and in vitro. All except haloperidol are very powerful scav-
engers of hydroxyl radicals, reacting at an almost diffusion-controlled rate with 
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little reaction with the superoxide radical. Chlorpromazine shows some ability to 
inhibit iron ion-dependent hydroxyl radical formation. Chlorpromazine, 
methotrimeprazine, promethazine and prochlorperazine are also powerful inhibitors 
of iron ion-dependent liposomal lipid peroxidation, scavengers of organic peroxyl 
radicals and inhibitors of hem protein/hydrogen peroxide-dependent peroxidation 
of arachidonic acid.

 Nitrones

Specific nitrones have been used for >30 years in analytical chemistry and biochem-
istry to trap and stabilize free radicals for the purpose of their identification and 
characterization. PBN (alpha-phenyl-tert-butyl nitrone), one of the more widely 
used nitrones for this purpose, has been shown to have potent pharmacologic 
activities in models of several aging-related diseases, most notably the 
neurodegenerative diseases of stroke and AD. Studies in cell and animal models 
strongly suggest that PBN has potent antiaging activity. It has also shown efficacy 
in the prevention of memory dysfunction associated with normal aging in a mouse 
model. Mechanistic studies have shown that the neuroprotective activity of nitrones 
is not due to mass-action free radical-trapping activity, but due to cessation of 
enhanced signal transduction processes associated with neuroinflammatory 
processes known to be enhanced in several neurodegenerative conditions. Enhanced 
neuroinflammatory processes produce higher levels of neurotoxins, which cause 
death or dysfunction of neurons. Therefore, quelling of these processes is considered 
to have a beneficial effect allowing proper neuronal functioning. The possible 
antiaging activity of nitrones may reside in their ability to quell enhanced production 
of reactive oxygen species associated with age-related conditions. Based on novel 
ideas about the action of secretory products formed by senescent cells on bystander 
cells, it is postulated that nitrones will mitigate these processes and that this may be 
the mechanism of their antiaging activity.

 NRF2 for Augmenting Neuroprotection Against Oxidative Stress

Oxidative stress contributes to the loss of neurons in many disease conditions as 
well as during normal aging; however, small-molecule agents that reduce oxidation 
have not been successful in preventing neurodegeneration. Moreover, even if an 
efficacious systemic reduction of reactive oxygen and/or nitrogen species (ROS/
NOS) could be achieved, detrimental side effects are likely, as these molecules 
regulate normal physiological processes. A more effective and targeted approach 
might be to augment the endogenous antioxidant defense mechanism only in the 
cells that suffer from oxidation. Several AAV vectors have been created to deliver 
genes that combat oxidation. These vectors encode the transcription factors NRF2 
and/or PGC1a, which regulate hundreds of genes that combat oxidation and other 
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forms of stress, or enzymes such as SOD2 and catalase, which directly detoxify 
ROS (Xiong et al 2015). Effectiveness of this approach was tested in 3 models of 
photoreceptor degeneration and in a nerve crush model. AAV-mediated delivery of 
NRF2 was more effective than SOD2 and catalase, while expression of PGC1a 
accelerated photoreceptor death. Since the NRF2-mediated neuroprotective effects 
extended to photoreceptors and retinal ganglion cells, which are 2 very different 
types of neurons, these results suggest that this targeted approach may be broadly 
applicable to many diseases in which cells suffer from oxidative damage.

 Nrf2/ARE-Mediated Antioxidant Actions of Pro-electrophilic Drugs

Pro-electrophilic drugs (PEDs) as well as compounds that are pathologically acti-
vated therapeutics (PATs) are chemically converted to their active form by the 
very oxidative stress that they are designed to combat. The chemical basis for 
PED and PAT antioxidant drugs is embodied in the ortho- and para-hydroquinone 
electrophilic cores of the molecules, which are oxidized by the cycling pathway, 
is under stringent regulation by the cell redox state. Redox-dependent quinone 
formation is the predominant mechanism for generation of the active form of PED 
and PAT drugs from their precursors (Satoh et al 2013). The “pro-form” of these 
drugs distinguishes this therapeutic approach from traditional drugs such as cur-
cumin, and results in a decrease in side effects at therapeutic concentrations, e.g., 
lack of reaction with other thiols such as glutathione resulting in lowering gluta-
thione and oxidative stress in normal cells. The pro-drug quality of PED/PAT 
compounds is a key factor in producing drugs to be used to combat neurodegen-
erative diseases that will be clinically tolerated. Because of the contribution of 
oxidative stress to the pathology of multiple neurodegenerative diseases, the 
Keap1 (Kelch-like ECH-associated protein 1)/Nrf2 (nuclear factor erythroid-
derived 2)/ARE (antioxidant-response element) pathway is a promising drug tar-
get for these PED/PAT agents.

 Quercetin

Several studies in vitro, in experimental animals as well as humans have provided 
supportive evidence for neuroprotective effects of quercetin, a polyphenol found in 
many fruits and vegetables, in various models of neuronal injury and 
neurodegenerative diseases. The mechanisms of such protective effects are not 
clear. In addition to a direct antioxidant effect, quercetin may also act by stimulating 
cellular defenses against oxidative stress such as induction of nuclear factor 
erythroid-derived 2-antioxidant response elements and antioxidant/antiinflammatory 
enzyme paraoxonase 2 pathways (Costa et al 2016). In addition, quercetin has been 
shown to activate sirtuins (SIRT1), to induce autophagy, and to act as a phytoestrogen, 
all mechanisms by which quercetin may provide neuroprotection.
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 Translation of Antioxidant Neuroprotection from Preclinical 
to Clinical

Numerous studies of antioxidant agents in animal models of neurological condi-
tions with significant oxidative stress components generally show neuroprotective 
effects. In contrast, antioxidant efficacy in human clinical trials has been mostly 
disappointing. Some of the explanations for the poor translation of results are:

• Many substances can be antioxidant in vitro under conditions that are not rele-
vant in vivo.

• Dosages used in animal models may not be achieved safely and practically in a 
human.

• There is problem in identification and extrapolation of the key biomarkers of 
disease from animal research to humans.

• Design of experiments in animals with early intervention does not reproduce the 
course of chronic neurodegenerative diseases and changes that may be 
irreversible.

 Carbon Monoxide and Heme Oxygenase

Carbon monoxide (CO), a chemically stable gas, occurs in nature as a product of the 
oxidation or combustion of organic materials. CO also arises in cells and tissues as 
a byproduct of heme oxygenase (HO), a rate-limiting enzyme that degrades heme 
into CO, iron, and antioxidants biliverdin/bilirubin. CO acts as a vasorelaxant and 
may regulate other vascular functions such as platelet aggregation and smooth 
muscle proliferation. CO has also been implicated as a neurotransmitter in the 
CNS. Many of the effects of CO depend on the activation of guanylate cyclase, 
which generates guanosine 3′,5′-monophosphate (cGMP), and the modulation of 
mitogen-activated protein kinase (MAPK) signaling pathways. Poisoning by CO 
inhalation is associated with disorders of the nervous system (see Chap. 11). Actions 
of CO in the nervous system thus range from the physiological to the pathological.

HO has two active isoforms: HO-1 and HO-2. HO-2 is highly expressed in cere-
bral microvessels as a constitutive isoform, whereas the inducible form, HO-1, is 
not detectable. HO-1, however, can be induced by various insults. Several investiga-
tors have postulated that it has cytoprotective activities, although its role in the ner-
vous system is not fully understood, especially considering that normally HO-2 
accounts for the vast majority of heme oxygenase activity in the brain. Both HO-1 
and HO-2 have antiapoptotic effects against oxidative stress-related glutamate tox-
icity in cerebral vascular endothelium.

CO, when applied at low concentration, exerts potent cytoprotective effects 
mimicking those of HO-1 induction, including down-regulation of inflammation 
and suppression of apoptosis. HO-1 has been shown to provide neuroprotection 
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against acute excitotoxicity suggesting that potential intervention that can increase 
HO-1 activity within the brain should be considered as a therapeutic target in acute 
and potentially chronic neurological disorders. Brain damage is reduced by as much 
as 62.2% in mice who inhale low amounts of CO after an induced stroke (Zeynalov 
and Doré 2009).

 Cell Transplants

 Cells Secreting Neuroprotective Substances

Transplantation of cells with specific functions is a recognized procedure for the 
treatment of human diseases, particularly for those in which a specific hormone or 
other substance secreted by the cells is missing. When applied to the CNS, the 
procedure is referred to as neurotransplantation and is described in more detail 
elsewhere (Jain 2019n). The beneficial effect is explained by two mechanisms: (1) 
a diffusible factor within the transplanted tissue; and (2) establishment of neural 
connections between the transplanted tissue and the host. Use of genetically 
engineered encapsulated cells is a form of gene therapy.

Several neurodegenerative disorders can be potentially treated by the administra-
tion of neuroactive agents in a controlled manner by the use of living cells that 
secrete these molecules. Cells can function as biological pumps for the release of 
neuroactive compounds such as neurotransmitters and neurotrophic factors. 
Neurotransplantation can be used as a neuroprotective measure for stroke, neurode-
generative conditions and CNS injury. Following are some of the tissue types used 
for neurological disorders:

Fetal Tissues Human neural fetal tissue has been used for transplantation into the 
striatum of patients with neurodegenerative disorders such as PD. The limiting fac-
tors are the ethical issues involved in obtaining human fetal tissues and the need for 
immunosuppression for the transplanted tissue to survive.

Neurons Clinical grade human neuronal cells are available for potential therapeu-
tic use in a variety of CNS diseases including stroke and neurodegenerative 
disorders.

 Stem Cells

An alternative to fetal tissue transplants is the use of neural-derived stem cells that 
have been made to proliferate in culture under the influence of bFGF prior to 
transplantation into the CNS. These can differentiate into either glial or neuronal 
cells to replace the neurons that degenerate in AD and PD.

 Cell Transplants
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An in vitro model of neuronal hypoxia that affords the possibility to investi-
gate both, apoptotic neuronal cell death and neuroprotective therapies has been 
used to study neuroprotective properties of human umbilical cord blood (UCB) 
cells. Therapeutic influence of human UCB mononuclear cells (MNCs) was 
investigated on the progression of apoptotic cell death. The neuroprotective 
effect of MNC is due to antiapoptotic mechanisms related to direct cell-cell con-
tacts with injured neuronal cells and distinct changes in neuroprotective, inflam-
matory cytokines as well as to the upregulation of chemokines within the 
co-cultures.

 Stem Cell Activation for Neuroprotection/Regeneration 
by Glucocorticoids

Regenerative medicine holds the promise of replacing damaged tissues largely 
by stem cell activation. Hedgehog signaling through the plasma membrane 
receptor Smoothened (Smo) is an important process for regulating stem cell pro-
liferation. The development of hedgehog-related therapies has been impeded by 
a lack of FDA-approved Smo agonists. Using a high-content screen with cells 
expressing Smo receptors and a β-arrestin2-GFP reporter, four FDA-approved 
drugs have been identified as Smo agonists that activate hedgehog signaling: 
halcinonide, fluticasone, clobetasol, and fluocinonide (Wang et al 2010a). These 
drugs demonstrated an ability to bind Smo, promote Smo internalization, activate 
Gli, and stimulate the proliferation of primary neuronal precursor cells alone and 
synergistically in the presence of sonic hedgehog protein. Halcinonide, flutica-
sone, clobetasol, and fluocinonide provide an opportunity to promote and protect 
neural stem cell populations involved in tissue repair in conditions such as SCI 
and PD.

 Use of Neural Stem Cells to Construct the Blood Brain Barrier

A rudimentary BBB can be devised in the laboratory using neural stem cells (NSCs) 
derived from the fetal brains of rats. This model has been used to show that 
interactions of neural progenitor cells with brain microvascular endothelial cells 
(BMECs) are prevalent and that NSCs are capable of inducing BBB properties. 
NSCs grown as “neurospheres” can be used to coax BMECs to form a tighter, 
denser barrier to small molecules that would otherwise diffuse through the blood 
vessel cells. Understanding how BBB forms in early development might provide 
clues about how to mend the BBB when it is damaged through disease or events 
such as stroke to restore its neuroprotective function.
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 Cytokines

 Erythropoietin

Erythropoietin (EPO) and its receptor function as primary mediators of the normal 
physiological response to hypoxia. EPO is approved by the FDA for the treatment 
of anemia that may result from a variety of conditions, including the anemia 
associated with chronic renal failure. EPO modulates a broad array of cellular 
processes that include progenitor stem cell development, cellular integrity, and 
angiogenesis. As a result, cellular protection by EPO is robust and EPO inhibits the 
apoptotic mechanisms of injury, including the preservation of cellular membrane 
asymmetry to prevent inflammation. Role of erythropoietin in the nervous system is 
shown in Table 2.5.

As further investigations are planned for clinical applications for EPO that maxi-
mize efficacy and minimize toxicity progresses, a deeper appreciation for the novel 
roles that EPO plays in the brain and heart and throughout the entire body should be 
acquired. Studies in which recombinant human EPO (rhEPO, epoetin alfa) is 
injected directly into ischemic rodent brain show that erythropoietin also mediates 
neuroprotection. Abundant expression of the erythropoietin receptor has been 
observed at brain capillaries, which could provide a route for circulating erythropoi-
etin to enter the brain. Systemic administration of epoetin alfa before or up to 6 h 
after experimental focal brain ischemia reduces injury by 50–75%. Epoetin alfa also 
limits the extent of concussive brain injury, the immune damage in experimental 
autoimmune encephalomyelitis and excitotoxicity induced by kainate. Thus, sys-
temically administered epoetin alfa in animal models has neuroprotective effects, 
demonstrating its potential use after TBI and in multiple sclerosis. It is evident that 
EPO has biological activities in addition to increasing red cell mass.

Table 2.5 Role of erythropoietin in the nervous system

Clinical condition Role of erythropoietin

Cerebral ischemia Increase of neuronal survival and development of ischemic tolerance
Retinal ischemia Decrease of apoptosis in retinal ganglion cell
Spinal cord injury Decrease of motor neuronal apoptosis and inflammation

Improvement of neuronal function
Subarachnoid 

hemorrhage
Improvement of neuronal function and blood flow

Peripheral nerve injury Decrease of spinal neuronal apoptosis and improvement of myelin 
repair

Oxidative stress injury DNA fragmentation, free radical production, and caspase activity 
decreased

Glutamate toxicity Glutamate release decreased, and neuronal survival increased
Cerebral inflammation Microglial inflammation decreased, and cytokine release diminished

© Jain PharmaBiotech
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Epo receptor (EpoR) binding mediates neuroprotection by endogenous Epo or 
by exogenous recombinant human (rh) Epo. The mechanisms underlying the 
protective effects of EPO on ischemic/hypoxic neurons are not fully understood. 
Activation of EPO receptor suppresses ischemic cell death by inhibiting the reduced 
Ca2+-induced glutamate release from cultured cerebellar granule neurons. 
Pretreatment with EPO protects neurons in models of ischemic and degenerative 
damage due to excitotoxins and consequent generation of free radicals, including 
NO. Activation of neuronal EPO receptors prevents apoptosis induced by NMDA or 
NO by triggering cross talk between the signaling pathways involved in transcription 
of neuroprotective genes. In vitro experiments, which showed that EPO attenuated 
neuronal damage caused by chemical hypoxia at lower extracellular concentrations 
suggest that EPO prevents delayed neuronal death possibly through up-regulation of 
Bcl-x(L), which is known to facilitate neuron survival. Features of EPO as a 
neuroprotective agent can be summarized as follows:

• It is expressed in the human CNS.
• The transcription factor hypoxia-inducible factor-1 (HIF-1) upregulates EPO 

following hypoxic stimuli.
• It has demonstrated remarkable neuroprotective potential in cell culture and ani-

mal models of disease.
• It has multiple protective effects (antiapoptotic, neurotrophic, antioxidant, anti-

inflammatory, angiogenic).
• EPO+IGF-I exert cooperative actions that afford acute neuroprotection via acti-

vation of the PI3-K-Akt pathway.
• Neuroprotective effect has been demonstrated in CNS as well as diabetic periph-

eral neuropathy.

The level of EpoR gene expression may determine tissue responsiveness to Epo. 
Thus, harnessing the neuroprotective power of Epo requires an understanding of the 
Epo-EpoR system and its regulation. A study, using environmental manipulations in 
normal rodents, demonstrates the strict requirement for induction of EpoR 
expression in brain neurons to achieve optimal neuroprotection (Sanchez et  al 
2009). The results indicate that regulation of EpoR gene expression may facilitate 
the neuroprotective potential of rhEpo.

Thrombopoietin (TPO), a stimulator of platelet formation, acts in the brain as 
a counterpart of EPO.  During hypoxia, EPO and its receptor are rapidly re-
expressed, whereas neuronal TPO and its receptor are down-regulated. TPO is 
strongly pro-apoptotic in the brain, causing death of newly generated neurons 
through the Ras-extracellular signal-regulated kinase 1/2 pathway. This effect is 
inhibited by EPO.

Given the excellent safety profile of epoetin alfa, a clinical trial was conducted 
to evaluate systemically administered epoetin alfa as a neuroprotective treatment 
in stroke but failed to protect from damages induced by cerebral ischemia (see 
Chap. 3).
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 Non-erythropoietic EPO Variants and Mimics

Enthusiasm for rhEPO as a potential neuroprotective therapeutic is tempered, how-
ever, by the knowledge it also enlarges circulating red cell mass and increases plate-
let aggregability. Asialoerythropoietin (asialoEPO), generated by total enzymatic 
desialylation of rhEPO, possesses a very short plasma half-life and is fully neuro-
protective. In contrast with rhEPO, this molecule does not increase the hematocrit 
of mice or rats at doses and frequencies at which rhEPO exhibited erythropoiesis. 
Radioiodine-labeled asialoEPO appears promptly within the CSF after intravenous 
administration and binds to neurons within the hippocampus and cortex in a pattern 
corresponding to the distribution of the EPO receptor. It exhibits a broad spectrum 
of neuroprotective activities, as demonstrated in models of cerebral ischemia, spinal 
cord compression, and sciatic nerve crush. These data suggest that nonerythropoi-
etic variants of rhEPO can cross the BBB and provide neuroprotection.

Darbepoietin alfa is a novel erythropoiesis-stimulating protein developed for 
treating anemia. In rat models of stroke, darbepoietin significantly reduces infarct 
volume and total infarct areas at multiple levels focal cerebral ischemia.

Carbamylated erythropoietin (CEPO) is a modified erythropoietin molecule not 
affecting hematocrit. Extensive preclinical studies have shown that CEPO is a 
neuroprotective agent. A proprietary preparation, Lu AA24493 (Lundbeck), has 
completed a phase II clinical trial for Friedreich ataxia (NCT01016366).

Tissue-protective domains within EPO have been narrowed down to short pep-
tide sequences. Helix B (amino acid residues 58–82) of EPO, which faces the aque-
ous medium when EPO is bound to the receptor homodimer, is both neuroprotective 
in  vitro and tissue protective in  vivo in a variety of models, including ischemic 
stroke, diabetes-induced retinal edema, and peripheral nerve trauma. A 11-aa 
peptide composed of adjacent amino acids forming the aqueous face of helix B is 
also tissue protective, as confirmed by its therapeutic benefit in models of ischemic 
stroke. Further, this peptide simulating the aqueous surface of helix B also exhibits 
EPO’s trophic effects by accelerating wound healing and augmenting cognitive 
function in rodents. Neither helix B nor the 11-aa peptide is erythropoietic in vitro 
or in  vivo. Thus, the tissue-protective activities of EPO are mimicked by small, 
nonerythropoietic peptides that simulate a portion of EPO’s 3D structure.

EPO, CEPO and helix B peptide EPO analogs have significant neuroprotective 
activity is preclinical stroke models. However, in view of the adverse effect of EPO 
in a clinical trial, preclinical safety studies of EPO molecules in embolic stroke 
models that parallel acute ischemic stroke in humans are warranted (Lapchak 2010).

 Granulocyte Colony-Stimulating Factor

Granulocyte colony-stimulating factor (G-CSF) is a hematopoietic factor that is 
used to treat neutropenia associated with chemotherapy. G-CSF is a cytokine that 
has effects on the nervous system as well. G-CSF displays strong antiapoptotic 
activity in mature neurons and activates multiple cell survival pathways. Both 
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G-CSF and its receptor are widely expressed by neurons in the CNS, and their 
expression is induced by ischemia, which suggests an autocrine protective signaling 
mechanism. G-CSF receptor is also expressed by adult neural stem cells, and G-CSF 
induces neuronal differentiation in vitro. In cell culture experiment, G-CSF exhibits 
a significant neuroprotective effect after glutamate-induced excitotoxicity. G-CSF 
also passes the intact BBB and reduces infarct volume in rat models of acute stroke. 
G-CSF markedly improves long-term behavioral outcome after cortical ischemia, 
while stimulating neural progenitor response in vivo, providing a link to functional 
recovery. Thus, G-CSF is an endogenous ligand in the CNS that has a dual activity 
beneficial both in counteracting acute neuronal degeneration and contributing to 
long-term plasticity after cerebral ischemia. G-CSF is a potential new drug for 
stroke and neurodegenerative diseases.

 Delta-Opioid Receptor Agonists

Mammalian cortical neurons are highly sensitive to hypoxic stress. Depending on 
severity and duration, hypoxia can lead to serious neurological disease. A poor 
understanding of the mechanisms underlying hypoxic neuronal injury has hampered 
the development of adequate therapies.

Delta-opioid receptor (DOR) activation protects cortical neurons against gluta-
mate-induced injury. Because glutamate is a mediator of hypoxic injury in neurons, 
it is hypothesized that DOR is involved in neuroprotection during oxygen depriva-
tion and that its activation/inhibition may alter neuronal susceptibility to hypoxic 
stress. DOR antagonists, on the other hand, exacerbate damage caused by hypoxic 
stress. This mechanism of neuronal protection may be useful in the development of 
novel solutions for diseases related to hypoxic injury. DOR agonists may prevent 
and treat injury related to hypoxia. The following strategies could be implemented:

• Develop small molecule agonists to specifically target DOR in the brain.
• Increase DOR expression in the brain through gene therapy.

 Delta Opioid Peptide-Induced Hibernation for Neuroprotection

DOR plays an essential role in hibernation in some species, which protects animals 
from starving to death. The compound that triggers hibernation in ground squirrels, 
[D-Ala2,D-Leu5]enkephalin (DADLE), is a delta opioid peptide that also protects 
neurons under other adverse conditions. In one study adult rats pretreated with 
DADLE prior to unilateral occlusion of the middle cerebral artery did not show any 
significant behavioral dysfunctions compared with saline-treated ischemic animals 
(Borlongan et  al 2009). Histological examination of brains from animals treated 
with DADLE showed almost completely intact striata in contrast to significant 
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infarction in the lateral striatum of brains from animals that received saline. This 
protective effect was accompanied by significant increments in levels of GDNF in 
the striatum of DADLE-treated ischemic animals. These results indicate that 
DADLE protected against apoptotic cell death associated with ischemia-reperfusion 
injury. It also shows that delta opioids are crucially involved in stroke, suggesting 
that the opioid system is important in the study of brain injury and neuroprotection.

 FK960

FK960 with the chemical structure [N-(4-acetyl-1-piperazinyl)-p-fluorobenzamide 
monohydrate] is a putative anti-dementia drug with a novel mechanism of action. 
FK960 facilitates hippocampal neurotransmission in normal mice, and also in mice 
lacking the glial glutamate transporter, GLT-1, but to a lesser extent. FK960 
enhanced glutamate release from cultured hippocampal astrocytes from normal rats 
and mice, while the drug had no effect on the release from cultured rat hippocampal 
neurons. FK960 causes an increase in intracellular Ca2+ concentrations by stored 
Ca2+ release in cultured rat hippocampal astrocytes. FK960 stimulates glutamate 
release from astrocytes, likely as a result of raising intracellular Ca2+ concentrations 
via a PKA pathway. The FK960 action would increase synaptic glutamate 
concentrations, in part responsible for the facilitation of hippocampal 
neurotransmission. These findings provide a new idea that agents targeting astrocytes 
could serve as anti-dementia drugs. FK680 showed signs of clinical efficacy in 
phase II clinical trials for AD and there were no safety concerns. However, the 
manufacturer (Fujisawa) decided to put these studies on a hold and develop this 
drug for prevention of cognitive decline in schizophrenia.

 Gene Therapy

Gene therapy is defined as the transfer of defined genetic material to specific target 
cells of a patient for the ultimate purpose of preventing or altering a particular 
disease state. It has three components; (1) identification of the gene that is mutated 
in the disease and to obtain a healthy copy of that gene; (2) carrier or delivery 
vehicle called vectors to deliver the healthy gene to a patient’s cells; and (3) 
additional DNA elements that turn on the healthy gene in the right cells and at the 
right levels. Gene therapy usually involves in situ production of therapeutic proteins 
but some approaches require suppression of gene expression to achieve therapeutic 
effects. Applications of gene therapy would be narrow if confined only to transfer of 
defined genetic material to specific target cells using vectors, which are usually viral 
but several nonviral vectors are used as well. Genes and DNA can be introduced 
without the use of vectors and various techniques are being used to modify the 
function of genes in vivo without gene transfer, e.g. gene repair. Gene medicines 
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may modify the effects of genes. If one includes cell therapy, particularly with use 
of genetically modified cells, the scope of gene therapy becomes much broader. 
Gene therapy can now be combined with antisense and RNA interference (RNAi), 
further increasing the therapeutic scope. Techniques of gene therapy are described 
in a special report on this topic (Jain 2019e).

Herpes simplex virus (HSV) has been extensively genetically modified for gene 
transfer to nerve and other tissues, to create vectors that are devoid of viral gene 
expression and toxicity. Recombinant vectors have been engineered to express 
genes, which protect neurons against toxic insults resulting in cell death, including 
nerve growth factor (NGF) and antiapoptotic genes (e.g. bcl-2). HSV vectors 
expressing these gene products and their potential protective role in ameliorating 
neurodegenerative processes has been demonstrated in animal model systems.

Increasing knowledge of neuron death mediators has led to gene therapy tech-
niques for neuroprotection. Overexpression of numerous genes enhances survival 
after necrotic or neurodegenerative damage. Nonetheless, although encouraging, 
little is accomplished if a neuron is spared from death, but not from dysfunction. 
Variations in gene delivery systems, including virus-type and latency between dam-
age onset and vector delivery, probably impact the therapeutic outcome. Additionally, 
functional sparing might depend on factors related to insult severity, neuron type 
involved or the step in the death cascade that is targeted. There are many instances 
in which gene therapy could spare neurons from insult-induced dysfunction. 
Overexpression of antinecrotic and antiapoptotic proteins, growth factors and 
enzymes involved in neurotransmitter system can protect biochemical pathways, 
promote neurite regrowth, preserve synaptic plasticity and reinstate normal 
behavior.

Gene transfer technologies have been applied to define the exact nature of cell 
death following a neurological insult and devise neuroprotective strategies. The role 
of particular apoptotic signals in cultured rat hippocampal neurons, following acute 
excitotoxicity, metabolic poisoning, and heat stress has been investigated by using a 
modified HSV vector to specifically deliver viral antiapoptotic genes. A battery of 
viral genes that have evolved to suppress suicidal host responses to infection, were 
examined as inhibitors of various apoptotic insults. Each viral agent tested had a 
unique profile in its ability to protect hippocampal neurons following acute 
neurological insults. No genes tested have been shown to protect against metabolic 
poisoning by cyanide.

Gene therapy is under investigation as a neuroprotective in cerebrovascular dis-
ease (Jain 2019g). Gene therapy can also be applied to repair, regenerate and protect 
the CNS following trauma.
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 Glucagon-Like Peptide

Glucagon-like peptide-1 (GLP-1) is a gut peptide that, together with its receptor, 
GLP-1R, is expressed in the brain. It is a hormone-derived from tissue-specific post-
translational processing of proglucagon gene in intestinal L cells and exerts effects 
on glucose-dependent insulin secretion. GLP-1R-deficient mice have a phenotype 
characterized by a learning deficit that is restored after hippocampal Glp1r gene 
transfer. In addition, rats overexpressing GLP-1R in the hippocampus show 
improved learning and memory. It has been suggested that molecules, which 
facilitate learning and memory, may also help to protect the brain against various 
insults. Exendin-4, a GLP-1 like receptor agonist has been used as a neuroprotectant 
in animal models of stroke.

GLP-1R-deficient mice also have enhanced seizure severity and neuronal injury 
after kainate administration. Systemic administration of [Ser(2)]exendin(1-9) in 
wild-type animals prevents kainate-induced apoptosis of hippocampal neurons. 
Brain GLP-1R thus represents a promising new target for both cognitive-enhancing 
and neuroprotective agents. Exendin-4 is also in clinical trials for AD.

 Glatiramer Acetate

Glatiramer acetate, approved for the treatment of MS, consists of synthetic polypep-
tides containing four naturally occurring amino acids: L-glutamic acid, L-lysine, 
L-alanine, and L-tyrosine (Jain 2019h). The rationale for its use is that it stimulates 
myelin basic protein, a natural component of the myelin sheath. A phase III multi-
center, randomized, placebo-controlled trial, PreCISe, assessed effects of glatiramer 
acetate in patients with clinically isolated syndromes that were suggestive of MS 
(Arnold et al 2013). Measurement of N-acetylaspartate (NAA) by proton magnetic 
resonance spectroscopy, a biomarker of neuronal integrity, and increase of NAA/
creatine ration indicated a neuroprotective effect of glatiramer acetate- It is being 
investigated as a potential neuroprotective agent in various neurodegenerative disor-
ders, e.g. ALS.

Unlike other antigens, glatiramer acetate induces T-cell mediated neuroprotec-
tion without the risk of causing autoimmune disease. Multiple animal models of 
neurological diseases including models of SCI, optic nerve injury, TBI and ALS 
have demonstrated that glatiramer acetate formulated as a vaccine can induce a 
beneficial T cell-mediated effect. The regimen for glatiramer administration in 
individuals with autoimmune disease (daily injection) differs from that required for 
treatment after CNS injury. Future studies will aim to establish the optimal regimen 
for glatiramer administration in individuals with diseases that are both autoimmune 
and neurodegenerative, to achieve both neuroprotection against degeneration and 
prevention of disease by arrest of the demyelination process. Emerging data from 
immunological and imaging studies that quantify axonal injury in the brain point 
towards neuroprotective abilities of glatiramer acetate.

 Glatiramer Acetate
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 Glutamate Antagonists

Glutamate is the principal excitatory neurotransmitter in the CNS. Transmitter glu-
tamate is taken up and stored in synaptic vesicles by an ATP-dependent process and, 
upon depolarization, it is released into the synaptic cleft in a calcium dependent 
fashion. Glutamate is rapidly cleared from the extracellular space by sodium-depen-
dent transporters located on glial and neuronal cell membranes. However, during 
cerebral ischemia, there is increased synaptic release and impaired cellular reuptake 
of glutamate, resulting in large increases in extracellular glutamate.

Neuronal death following excessive glutamate-mediated excitation, often 
referred to as excitotoxicity, is a critical feature of acute cerebral infarction. Increase 
in synaptic glutamate levels mediates apoptosis in neurodegenerative disorders. 
Overactivity of the excitatory amino acid neurotransmission is also associated with 
traumatic injuries of the CNS.

Glutamate receptors comprise 2 large families: (1) ligate gaited ion channels 
called ionotropic glutamate (iGlu) receptors (Table  2.6) and G-protein coupled 
receptors (GPCRs) called metabotropic glutamate receptors (mGlu) which are 
divided into 8 subtypes (mGluR1 – GluR8) that have been cloned and classified into 
3 groups according to sequence homology, signal transduction mechanism and 
agonist selectivity (Table 2.7).

iGluRs mediate neurotransmission within milliseconds of activation by direct 
action on ion channels, whereas mGluRs exert a less direct and much slower effect. 
mGluRs are G-protein-coupled receptors (GPCRs) that activate a second-messenger 
mechanism (i.e. the G-protein on the inner surface of the post-synaptic membrane). 
mGluRs modulate processes in the neuronal cell body that are far downstream from 
the synapse; and their effects on metabolic processes, gene expression and ionic dif-
fusion may require from seconds to (possibly) hours to occur. The difference in mech-
anisms of action – iGluRs mediate glutamate neurotransmission; mGluRs modulate 
glutamate neurotransmission – may prove to be the chief factor that enables success-
ful launch of a new class of neuropharmacologic agents based on mGluRs.

The largest segment of the pharmaceutical neuroprotective drug development 
activity is focused on the anti-excitotoxicity approach. Stroke was the first therapeu-
tic area to be investigated. Some of the antiglutamate agents still in clinical develop-
ment are described here briefly whereas others are discussed in chapters dealing 
with neuroprotection in various conditions such as cerebral ischemia and neurode-
generative disorders.

Table 2.6 Ionotropic glutamate receptors

Receptor Agonists Effector system

NMDA 
(N-methyl-D-aspartate)

Glutamate, aspartate, NMDA, quinolinate, 
ibotenate

Ion channels:
Na+, K+, Ca2+

Kainate Kainate, domoate, glutamate, acromelate Ion channels: Na+, K+

AMPA AMPA, quisqualate, glutamate Ion channels: Na+, K+

© Jain PharmaBiotech
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 Neuroprotection by Scavenging Blood Glutamate

Excess glutamate in brain fluids characterizes acute brain insults such as TBI and 
stroke. Its removal could prevent the glutamate excitotoxicity that causes long-last-
ing neurological deficits. Blood glutamate scavenging has been demonstrated to 
increase the efflux of excess glutamate from brain into blood. The hypothesis that 
oxaloacetate-mediated blood scavenging causes neuroprotection has been tested in 
a pathological situation such as TBI, in which there is a well established deleterious 
increase of glutamate in brain fluids. Highly significant improvements was observed 
of the neurological status of rats submitted to TBI following an intravenous treat-
ment with oxaloacetate, a glutamate scavenger, which decreases blood glutamate 
levels. Therefore, blood glutamate scavenging affords neuroprotection, which has 
so far not been observed for glutamate receptor antagonists. One possible benefit is 
that the enhanced brain-to-blood glutamate efflux produced by blood glutamate 
scavenging is self-limiting since it slows down in parallel with the decrease of brain 
glutamate. Thus, it will eliminate excess glutamate without preventing glutamate 
from exerting a role in neurorepair, a factor that has been suggested to account for 
the failure of glutamate receptor antagonists in human clinical studies.

 Glutamate Transporters

Five human glutamate transporters that have been isolated and named are:

• EAAT1 and EAAT2, found in cortical astroglia, are associated with ALS, AD, 
HD and PD.

• EAAT3, found in cortical neurons and astroglia, is associated with epilepsy
• EAAT4, found in cerebellar Purkinje cells, is associated with spinocerebellar 

ataxia
• EAAT5, found in retinal neurons, is associated with glaucomatous 

neurodegeneration

The gene promoter responsible for EAAT2 production can be significantly acti-
vated by small molecule compounds resulting in the desired measurable transcrip-
tion, translation, trafficking of protein to the cell surface, and functional activity 

Table 2.7 Classification of metabotropic glutamate receptors (mGluRs)

Group mGluRs Signal transduction/coupling

I mGluR1, mGluR5 Phosphoinositide hydrolysis/Ca2+ 
mobilization – stimulatory

II mGluR2, mGluR3 Adenyl cyclase – inhibitory
III mGluR4, mGluR6, mGluR7, mGluR8 Adenyl cyclase – inhibitory

© Jain PharmaBiotech
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in vitro and in vivo. Experimental data suggest that if one can significantly increase 
the density of functional EAAT2 glutamate transporters then one may slow the 
destruction of neurons and the progression of the neurodegenerative process. This 
needs to be reproduced in humans.

 Glutamate Transporter-Mediated Neuroprotective Effect 
of Drugs

Reducing plasma glutamate is difficult and an alternative approach is to stimulate 
the EAAT of the BBB that remove glutamate from the extracellular fluid. Glutamate 
transporters are important in preventing glutamate neurotoxicity by removing 
glutamate from nerves. Several well known drugs, mentioned in other parts of this 
report, act via glutamate transporters. These include citicoline, ceftriaxone, FK960, 
Isoflurane and valproic acid. Many β-lactam antibiotics are potent stimulators of 
GLT1 expression. One of these, ceftriaxone, is neuroprotective in vitro when used 
in models of ischemic injury and motor neuron degeneration.

Search for compounds that increase EAAT2 translation has focused on transla-
tional activation, because (a) loss of EAAT2 protein in ALS or AD patients is most 
likely due to disturbances at the post-transcriptional level, since EAAT2 mRNA is 
not decreased; (b) greater selectivity may be achieved; and (c) immediately increas-
ing EAAT2 protein and function can be achieved, which is critical for an effective 
therapeutic response. Screening efforts have resulted in the discovery of 16 classes 
of compounds that can activate EAAT2 translation. After intensive studies of these 
compounds, LDN/OSU-0212320 a representative of pyridazine-based series was 
selected for further investigation. In a murine model, LDN/OSU-0212320 showed 
good potency, adequate pharmacokinetic properties, no observed toxicity at the 
doses examined, and low side effect/toxicity potential (Kong et al 2014). Moreover, 
LDN/OSU-0212320 protected cultured neurons from glutamate-mediated excito-
toxic injury and death via EAAT2 activation. Importantly, LDN/OSU-0212320 
markedly delayed motor function decline and extended lifespan in an animal model 
of ALS. LDN/OSU-0212320 also substantially reduced mortality, neuronal death, 
and spontaneous recurrent seizures in a pilocarpine-induced temporal lobe epilepsy 
model. These studies demonstrate that LDN/OSU-0212320 treatment results in 
activation of PKC and subsequent Y-box–binding protein 1 activation, which regu-
lates activation of EAAT2 translation. Thus use of small molecules to enhance 
EAAT2 translation may be a useful for treatment of neurodegenerative diseases.

 Neuroprotection by Targeting KAI Subunit of Kainate Receptor

To study the mechanism of excitotoxic cell death in the hippocampus following 
ischemic brain injury, laminin gamma1 (lamgamma1) expression is disrupted in the 
hippocampus (of a mouse. Lamgamma1 knockout (KO) and control mice have 
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similar basal expression of kainate (KA) receptors, but the lamgamma1 KO mice 
are resistant to KA-induced neuronal death. After KA injection, KA1 subunit levels 
increased in control mice but are unchanged in lamgamma1 KO mice. KA1 levels 
in tissue plasminogen activator (tPA)-KO mice are also unchanged after KA, 
indicating that both tPA and laminin are necessary for KA1 up-regulation after KA 
injection. Infusion of plasmin-digested laminin-1 into the hippocampus of 
lamgamma1 or tPA KO mice restores KA1 up-regulation and KA-induced neuronal 
degeneration. Interfering with KA1 function with a specific anti-KA1 antibody 
protected against KA-induced neuronal death both in vitro and in vivo. The treated 
mice do not suffer the severe side effects that come with blocking the entire 
glutamate receptor. This finding suggests that drugs targeting a specific subunit of 
the complex glutamate receptor might be able to slow brain damage without 
disrupting other crucial brain functions such as consciousness, which is involved in 
coma induced for neuroprotection by complete blockade of glutamate receptors. 
Whether this discovery would translate into neuroprotection in stroke patients 
remains uncertain at present.

 Glycine-Proline-Glutamate Analogs

Glycine-proline-glutamate is an endogenous neuroprotective tripeptide. A series of 
glycine-proline-glutamate analogs, including modifications at the Pro and/or Glu 
residues, was prepared and evaluated for their NMDA binding and neuroprotective 
effects. Results suggest that the pyrrolidine ring puckering of the Pro residue plays 
a key role in the biological responses, while the preference for cis or trans rotamers 
around the Gly-Pro peptide bond is not important. Glycine-proline-glutamate is the 
N-terminal tripeptide of IGF-1, which is naturally cleaved in the plasma and brain 
tissues. Glycine-proline-glutamate reduces neuronal loss from hypoxic-ischemic 
brain injury following systemic administration as it crosses the blood-CSF and the 
functional CSF-brain barriers. The longer half-life in the CNS may be due to its 
unique enzymatic stability.

Trofinetide (Neuren Pharmaceuticals), formerly, NNZ-2566 is a proprietary 
small molecule analog of glycine-proline-glutamate with good oral bioavailability 
and high neuroprotective potency. Phase II trials in Rett syndrome, charterized by 
motor impairment, speech difficulty and seizures in female children, have shown 
considerable improvement. The FDA has granted Fast Track as well as Orphan 
Drug designations to Trofinetide for Rett syndrome.

 Hydrogen Sulfide

Hydrogen sulfide (H2S) is an endogenously produced gas in the CNS and is considered 
to be the body’s third gaseous signaling molecule after NO and CO. H2S is involved in 
the regulation of: (1) intracellular signaling molecules such as protein kinase A, 

 Hydrogen Sulfide



98

receptor tyrosine kinases, mitogen kinases and oxidative stress signaling; (2) ion chan-
nels such as calcium (L-type, T-type and intracellular stores), potassium (KATP and 
small conductance channels) and cystic fibrosis transmembrane conductance regulator 
chloride channels; and (3) the release and function of neurotransmitters such as GABA, 
NMDA, glutamate and catecholamines (Tan et al 2010). The role of H2S as an impor-
tant mediator of numerous neural functions has potential for neuroprotection.

Deliberate exposure to sublethal doses of H2S in ischemia-hypoxia in rats, pre-
vents oxygen radical-induced tissue damage by replacing oxygen, providing an 
opportunity for later resuscitation. Further studies are in progress with injectable 
sodium sulfide.

 Hibernation Induced by Hydrogen Sulfide

Hydrogen sulfide (H2S) gas is an environmental toxin but small amounts are pro-
duced in the body naturally, which helps regulate normal body temperature by 
adjusting how much oxygen cells burn to produce energy. H2S can induce a 
suspended animation-like state in nonhibernating animals such as house mice, force 
them into a state of hibernation for 6 h. Within minutes of inhaling a small amount 
of H2S, the mice became unconscious, their body temperature drops from the 
normal down to 15 °C, and their respiratory rate slows to >10/min, down from a 
normal of 120/min. The metabolic rate drops by 90%, i.e. the normal cellular 
activity slows to almost a standstill, reducing the need for oxygen. Fresh air revives 
the mice, and testing shows no differences in behavior or functional ability between 
treated and untreated mice. This approach has potential for neuroprotection.

However, in larger mammals, the effect of H2S is less consistent. Attempts to 
induce a suspended animation-like state in anesthetized piglets with different levels 
of H2S have failed. Higher concentration of H2S are toxic. Although studies 
regarding the ability of H2S to induce a torpor/hibernation-like state in larger 
mammals appear to be conflicting, it is still a promising candidate and elucidating 
the mechanisms by which H2S acts is necessary to assess the viability of hibernation 
induction in humans.

 NMDA Receptor Ion Channel Complex

The NMDA receptor is coupled to a membrane permeable to either Na+ or K+ that 
can be blocked by magnesium (Mg2+) attached within the ion channel (Fig. 2.2).

Glutamate binding sites can be competitive or non-competitive such as the gly-
cine binding site and ion channel binding sites. Increase of glutamate and aspartate 
levels after ischemia allows Ca2 and water influx into the neurons via the NMDA 
receptors resulting in cellular edema and neuronal death. Thus, the NMDA receptor 
could be involved in many neurological disorders including stroke, Alzheimer’s dis-
ease, and epilepsy, making it an important drug target.
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There are three sites of action for the attenuation of damage mediated by excit-
atory amino acids such as glutamate.

• Upstream from membrane receptors or presynaptic, e.g. to reduce the release or 
enhance the uptake of glutamate.

• At receptor level to antagonize the effect of glutamate.
• Downstream or postsynaptic, i.e. drugs could be used to offset the neurotoxic 

events set in motion following glutamate receptor stimulation.

One site which is particularly attractive for intervention is in the channel itself. 
Some drugs act only if the channel is open because the antagonist can gain access 
to the channel only in the open state. The agent also needs to remain in the channel 
for some time to block the effect of glutamate overstimulation.

Modulation of the NMDA receptor carries some risk. Total receptor blockade with 
drugs such as MK801 (dizocilpine, Merck & Co) leads to unacceptable neurobehav-
ioral adverse effects. Glycine site antagonists were developed to avoid this problem. 
Although they were promising in experimental studies, they did not prove to be effec-
tive in controlled clinical trials. An example of this is gavestinel. Development of ago-
nists of NMDA receptor is also problematic. These compounds could enhance memory 
in early stages of AD, but they are not neuroprotective and carry the risk of producing 
neuronal damage associated with excessive calcium flow through the NMDA receptor 
channel. Partial NMDA agonists at glycine site might be safer and more effective. 
Some modulators of NMDA receptor will be described in the following pages.

Fig. 2.2 NMDA receptor ion channel complex. Glutamate binding is facilitated by glycine and 
antagonized by competitive antagonists. (© Jain PharmaBiotech)
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 NMDA Receptor Antagonists

NMDA antagonists block the harmful effects of glutamate and are divided into 
competitive and non-competitive antagonists. Competitive NMDA antagonists bind 
competitively and directly to the postsynaptic glutamate receptor. In contrast, 
noncompetitive NMDA antagonists bind to the NMDA-linked receptor channel. 
Most competitive NMDA antagonists are hydrophilic and require direct cerebral 
administration to obtain high levels in the brain. Non-competitive antagonists are 
extremely lipophilic and reach high levels in the brain after systemic administration. 
Some of these compounds are described in the following pages and others are 
described in relevant therapeutic areas, e.g. magnesium in chapter on cerebrovascular 
disease.

 NMDA NR2B Subunit Receptor Antagonists

NMRD NR2B subunits contribute to the striatal damage caused by in  vivo and 
in vitro ischemia and play a critical role in the induction of postischemic long term 
potentiation (LTP) as well as in the suppression of activity-dependent LTP in the 
ischemic penumbra. A number of NMDA NR2B subunit receptor antagonists have 
been investigated as neuroprotectives including ifenprodil, traxoprodil (CP101,606), 
Ro 25-6981 as well as Ro 63-1908 for various conditions including traumatic brain 
injury and cerebral ischemia.

 Ifenprodil

Ifenprodil is a novel NMDA receptor antagonist that selectively inhibits receptors 
containing the NR2B subunit. As such, it has become widely used as a tool to study 
subtypes of NMDA receptors both in vitro and in vivo, and as a tool for molecular 
studies of the properties and regulation of NMDA receptors. Ifenprodil has an 
unusual form of activity-dependence and its mechanism of action may involve an 
increase in proton inhibition of NMDA receptors. These properties are shared by 
analogs or derivatives of ifenprodil, some of which may be lead compounds for 
therapeutically useful NMDA antagonists. Such antagonists have potential as 
neuroprotectants, anticonvulsants, analgesics, and for the treatment of PD and other 
disorders of the nervous system. The location of the ifenprodil binding site on 
NMDA receptors and the structural and mechanistic basis of its effects are still 
unknown, but that at least part of the ifenprodil binding site is in the R1/R2 domain 
of the NR1 subunit. This region, like the S1/S2 agonist binding domain, shares 
homology with bacterial periplasmic binding proteins.
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 Memantine as a Neuroprotective Agent

Memantine is approved for the treatment of AD and has a good safety record. The 
molecular basis for memantine efficacy in neurological diseases is at least in part, 
correction of overactivation of NMDA receptors (Rs) that causes excessive Ca2+ 
influx through the receptor’s associated ion channel and consequent free radical 
formation. Memantine is a non-competitive and low-affinity NMDA antagonist, 
with a high voltage dependency and fast receptor kinetics, but none of the undesirable 
effects associated with NMDA antagonists. In experimental studies in rats, it was 
shown that memantine infusion at low doses leads to steady-state serum levels 
within a therapeutic range and provides neuroprotection as well as cognitive 
enhancement. A nitro group is attached to memantine to target NMDA receptors of 
overly active neurons. These drugs, called nitromemantines, represent second- 
generation memantine derivatives that are designed to have enhanced neuroprotec-
tive efficacy without sacrificing safety. Use of memantine in AD is described in 
Chap. 8. Other potential clinical uses include vascular dementia and AIDS dementia 
complex.

 NAALADase Inhibitors

These compounds act as anti-glutamate agents by inhibition of the enzyme 
NAALADase (N-Acetylated-Alpha-Linked-Acidic-Dipeptidase at presynaptic 
level and have been shown to protect against neurodegeneration in several in vitro 
as well as in vivo animal models. A newly described NAALADase inhibitor 
-2-PMPA (2-(phosphonomethyl)pentanedioic acid)  – protects against ischemic 
injury in a neuronal culture model of stroke and in rats after transient middle cerebral 
artery occlusion. Neuroprotection has been shown in a rodent model of MPTP 
Parkinson’s disease as well. Because NAALADase inhibitors do not interact with 
post-synaptic glutamate receptors, they are devoid of the behavioral toxicity 
associated with post-synaptic glutamate antagonists.

 Gacyclidine

Gacyclidine (G-11), a phencyclidine derivative, is a non-competitive NMDA antag-
onist. As a neuroprotective agent, it has been investigated for the treatment of SCI 
but was discontinued in development for this indication due to lack of efficacy in 
phase III clinical trials. It has also been considered for the treatment of organophos-
phate poisoning based on the concept that excitatory amino acid glutamate also 
plays a prominent role in the maintenance of organophosphate- induced seizures and 
in the subsequent neuropathology especially through an overactivation of the 
NMDA receptor subtype.

 NMDA Receptor Ion Channel Complex



102

 N-Alkylglycines

A family of N-alkylglycines has been identified that selectively blocks the NMDA 
receptor. Notably, compound 3,3-diphenylpropyl-N-glycinamide (referred to as 
N20C) inhibited NMDA receptor channel activity with micromolar affinity, fast 
on-off blockade kinetics, and strong voltage dependence. Molecule N20C did not 
act as a competitive glutamate or glycine antagonist. In contrast, saturation of the 
blocker binding site with N20C prevents dizolcipine (MK-801) blockade of the 
NMDA receptor, implying that both drugs bind to the same receptor site. The 
N-alkylglycine efficiently prevents in vitro excitotoxic neurodegeneration of cer-
ebellar and hippocampal neurons in culture. Attenuation of neuronal glutamate/
NMDA-induced Ca2+ overload and subsequent modulation of the glutamate-nitric 
oxide-cGMP pathway seems to underlie N20C neuroprotection. Noteworthy, this 
molecule exhibited significant in vivo neuroprotectant activity against an acute, 
severe, excitotoxic insult. Taken together, these findings indicate that 
N-alkylglycine N20C is a novel, low molecular weight, moderate-affinity NMDA 
receptor open channel blocker with in vitro and in vivo neuroprotective activity, 
which may become a tolerated drug for the treatment of neurodegenerative 
diseases.

 AMPA Receptor Modulators

AMPAKINEs (RespireRx) are proprietary AMPA receptor modulators. They 
enhance the functioning of the AMPA type glutamate receptor by increasing the 
amount of current flow that takes place when glutamate binds to the receptor. Both 
CX717 and CX1739 have potential utility in the treatment and management of SCI 
to enhance respiration, potentiate motor function for rehabilitation, and improve the 
quality of life for SCI patients. Ampakine-induced upregulation is broadly 
suppressed by AMPA, but not NMDA receptor antagonists. These findings raise the 
possibility of using positive AMPA modulators to regulate neurotrophin levels in 
the aged brain. AMPA modulators have potential for use as neuroprotectants in 
acute insults to the brain such as stroke, trauma and prolonged status epilepticus but 
some of the limitations of the use of are:

• Prophylactic use of AMPAKINEs as neuroprotectants in chronic degenerative 
diseases is problematic

• AMPAKINEs have potential to modify other brain functions such as memory 
and cognition but further studies are needed to determine the receptor subtypes 
and the circuits.

• Potential toxic effects of AMPA/kainate receptor manipulation, particularly neu-
ronal death due to activation.
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 Metabotropic Glutamate Receptor Modulators

Metabotropic glutamate (mGlu) receptors have been considered as potential targets 
for neuroprotective drugs, but the lack of specific drugs has limited the development 
of neuroprotective strategies in experimental models of acute or chronic CNS 
disorders in the past. The advent of potent and centrally available subtype-selective 
ligands has overcome this limitation, leading to an investigation of the role of mGlu 
receptor subtypes in neurodegeneration. Pharmacologic blockade of mGlu1 or 
mGlu5 receptors or pharmacologic activation of mGlu2/3 or mGlu4/7/8 receptors 
produces neuroprotection in a variety of in vitro or in vivo models. MGlu1 receptor 
antagonists are promising drugs for the treatment of cerebral ischemia. MGlu5 
receptor antagonists may limit neuronal damage induced by a hyperactivity of 
NMDA receptors, because mGlu5 and NMDA receptors are physically and 
functionally connected in neuronal membranes.

There are potential applications of mGlu5 receptor antagonists in chronic neuro-
degenerative disorders, such as ALS and AD. MGlu2/3 receptor agonists not only 
inhibit glutamate release, but also promote the synthesis and release of neurotrophic 
factors in astrocytes. These drugs may therefore have a broad application as neuro-
protective agents in a variety of CNS disorders. The advantage of all these drugs 
with respect to NMDA or AMPA receptor agonists derives from the evidence that 
mGlu receptors do not “mediate,” but rather “modulate” excitatory synaptic trans-
mission. Therefore, it can be expected that mGlu receptor ligands are devoid of the 
undesirable effects resulting from the inhibition of excitatory synaptic transmission, 
such as sedation or an impairment of learning and memory.

Efforts are being made toward finding and optimizing novel mGluR4 positive 
allosteric modulators (PAMs). Preclinically in rodent models, mGluR4 activation 
has offered much promise as a novel treatment of PD (Lindsley et al 2009). It is 
anticipated that continued progress in this area will further our understanding of the 
potential of mGluR4 modulation as a novel symptomatic and potentially disease- 
modifying treatment for PD. Although several mGlu5 receptor antagonists are in 
development for psychiatric disorders, no drug of this category has been translated 
into a clinical neuroprotective agent.

 Cannabinoids

Endocannabinoids are involved in neuroprotection through numerous biochemical 
pathways. Endocannabinoid 2-arachidonoyl glycerol (2-AG) is released in mouse 
brain after closed head injury, and treatment with exogenous 2-AG exerts 
neuroprotection via the central cannabinoid receptor CB1. This process involves 
inhibition of inflammatory signals that are mediated by activation of the transcription 
factor NF-kB 2-AG decreases BBB permeability and inhibits the acute expression 

 NMDA Receptor Ion Channel Complex



104

of the main proinflammatory cytokines: TNF-lα, IL-1β and IL-6. It also augmented 
the levels of endogenous antioxidants.

Cannabinoid type 1 (CB1) receptors play a central role in the protection against 
excitotoxicity induced by treatment of mice with kainic acid (KA). As inactivation 
of CB1 receptor function in mice blocks KA-induced increase of brain-derived 
neurotrophic factor (BDNF) mRNA levels in hippocampus. Both genetic ablation of 
CB1 receptors and pharmacological blockade with the specific CB1 receptor 
antagonist SR141716A increase the susceptibility of the in  vitro cultures to 
KA-induced excitotoxicity, leading to extensive neuronal death. Furthermore, the 
application of SR141716A to hippocampal cultures from wild-type mice abolishes 
the KA-induced increase in BDNF protein levels. BDNF prevents KA-induced 
neuronal death after blockade of CB1 receptor signaling. These results strongly 
suggest that BDNF is a key mediator in CB1 receptor-dependent protection against 
excitotoxicity, and further underline the physiological importance of the endogenous 
cannabinoid system in neuroprotection.

 Cannabidiol

Cannabidiol (CBD), a nonpsychoactive constituent of marijuana, has been shown to 
reduce glutamate toxicity in cortical neuron cultures exposed to toxic levels of the 
excitatory neurotransmitter glutamate. CBD is a stronger protective against 
glutamate neurotoxicity than either ascorbate or α-tocopherol, indicating that it is a 
potent antioxidant. CBD is a potentially useful therapeutic agent for neuroprotection.

CBD treatment results in global functional recovery in mice with bilateral carotid 
occlusion and has an impact on multiple and distinct targets involved in the 
pathophysiology of ischemic injury of the brain (Mori et  al 2017). Preclinical 
evidence shows that CBD can produce beneficial effects in AD, PD and multiple 
sclerosis patients, but its employment for these disorders needs further confirmation 
from well designed clinical studies (Mannucci et al 2017). Clinical trials in multiple 
sclerosis are being conducted.

Effects of cannabidiol and cannabidavarin in models of seizures, epilepsy, epi-
leptogenesis, and neuroprotection are consistent with reports of therapeutically ben-
eficial effects of these compounds in clinical studies (Rosenberg et  al 2017). 
Reporting of positive results for cannabidiol treatment in phase III clinical trials in 
treatment-resistant epilepsies provides pivotal evidence of clinical efficacy for 
cannabinoid in epilepsy. Epidiolex, a liquid formulation of pure plant-derived 
cannabidiol is the first pharmaceutical approved by the FDA in 2018 for the 
treatment of seizures associated with two rare forms of epilepsy, Lennox-Gastaut 
syndrome and Dravet syndrome, in patients 2 years old and older.

Synthetic molecules based on cannabidiol’s structure are in development as neu-
roprotective agents for hepatic encephalopathy, chronic traumatic encephalopathy, 
and stroke.
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 Dexanabinol

Dexanabinol (Pharmos) is a proprietary synthetic cannabinoid derivative. Pharmos 
has completed extensive preclinical work on dexanabinol, which demonstrated that 
the compound holds a unique position among putative neuroprotective agents. It 
offers a combination of three mechanisms of action in one molecule:

 1. Blockade of glutamate neurotoxicity through non-competitive inhibition of the 
NMDA receptor channel

 2. Antiinflammatory action through inhibition of TNF-α
 3. Anti-oxidant activity in several animal models, including closed head injury, 

focal and global forebrain ischemia and optic nerve crush. In all these models, a 
single injection of dexanabinol given after the insult confers significant long- 
term functional improvement and increased neuronal survival.

Because dexanabinol inhibits neuroinflammation and is also able to block cell-
death cascades in the brain, it a powerful agent for the treatment of CNS diseases in 
which neuroinflammatory cascades are involved, such as traumatic brain injury 
(TBI) and stroke. It is devoid of the undesirable psychotropic effects of natural can-
nabis derivatives and has proven to be safe in healthy volunteers as well as in a phase 
III trial of severe TBI (see Chap. 4). It is in phase IIa trial as a neuroprotective for 
prevention of cognitive impairment in heart by-pass surgery. The use of dexanabinol 
circumvents certain legal and social challenges to the therapeutic use of marijuana by 
virtue of a configuration that avoids the psychotropic effects of natural cannabis.

 Glutathione

The cytoprotective effects of glutathione are well known and it plays an important 
in neuroprotection from neurotoxicity. It protects against selective toxicity of 
2-chloropropionic acid to the cerebellum and how by modulating brain thiol status 
provides. This subject is a complex one as certain chemical are converted into 
neurotoxicants following conjugation with glutathione such as in case of 
(+/−)-3,4-methylenedioxyamphetamine-mediated serotonergic neurotoxicity.

 Heat Shock Proteins

Heat shock proteins (HSPs) comprise most of a group known as stress proteins 
that, themselves, are the largest member of a group of proteins known as molecular 
chaperones – a key part of the cellular protection, maintenance and repair mecha-
nism. The synthesis of proteins is a normal part of every cell’s activity and molecu-
lar chaperones perform manufacturing support and quality control roles, ensuring 
that newly synthesized proteins are complete, taken to the correct position within 
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the cell’s structure and correctly folded. Where there is a problem anywhere during 
this process that cannot be overcome, HSPs will also direct a non-functional pro-
tein for degradation. HSPs are classified according to molecular weight (e.g., HSP 
40, HSP 60, HSP 70, HSP 90 etc.). For instance, members of the HSP 70 family 
are found in the cytoplasm, nucleus, mitochondria and endoplasmic reticulum 
where they bind to proteins in their intermediate folded states. They then “chaper-
one” or translocate them across the cell membranes to their correct site of opera-
tion where they assist the protein to fold into its proper native and functional shape. 
The heat shock response, and more specifically the increase in intra-cellular HSP 
levels, is highly cytoprotective. This protective capability is based upon the follow-
ing mechanisms:

• Stabilization of cellular membrane
• Heat stress as well as ischemia damage the cytoskeleton. Increased HSP levels 

help avoid loss of the intermediate filament network, degradation of the 
cytoplasmic network and disruption of the microtubules and mitotic spindle.

• Increase in biologically available NO by reduction in free radical generation and 
other oxidative intermediates that are highly destructive to cells and a major 
factor in many disease states.

• Under severe stress conditions intracellular calcium levels can rapidly rise to 
toxic levels. Increased levels of HSPs bind to different ion channels and restrict 
this increase.

 Histone Deacetylase Inhibitors for Neuroprotection

Histone deacetylase inhibitors (HDACis) are small molecules that interfere with 
the ability of histone deacetylases to remove acetyl groups from histones and 
other cellular proteins. They are effective therapeutic agents for cancer and neu-
rodegenerative diseases, particularly as neuroprotective agents because they are 
capable of provoking widespread genetic changes and modulation of protein 
function. An imbalance in histone acetylase and HDAC activity in favor of 
HDACs is key not only for oncogenic transformation, but also neurodegenera-
tion. Both HDACi and mitromycin, an approved anticancer agent also used for 
neuroprotection, promote neuroprotection by inhibiting the expression or func-
tions of proteins that mediate transformation such as Myc, HDAC1, HDAC2 and 
HDAC3 and by promoting the expression of tumor suppressors such as p21waf1/
cip1 (Sleiman et al 2011). The neuroprotection of HDAC inhibition may involve 
multiple mechanisms, including modulation of transcription factor acetylation 
independent of histones. HDAC inhibitors have been investigated for neuropro-
tection in neurogegenerative disorders, TBI and stroke as described in other 
chapters of this report.
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 Hormones

 Estrogen and Neuroprotection

Estrogen and progesterone, long considered for their roles as primary hormones in 
reproductive and maternal behavior, are now being studied as neuroprotective and 
neuroregenerative agents in stroke and traumatic brain injury (TBI). The beneficial 
effects of estrogens in CNS disorders include mitigation of clinical symptoms, as 
well as attenuation of histopathological signs of neurodegeneration and inflammation. 
These hormones reduce the sequelae of the injury cascade by enhancing anti- 
oxidant mechanisms, reducing excitotoxicity (altering glutamate receptor activity, 
reducing immune inflammation, providing neurotrophic support, stimulating axonal 
remyelination), and enhancing synaptogenesis and dendritic arborization. Estrogen 
receptor-dependent activation of MAP kinase is involved in estrogen-mediated 
antiinflammatory pathways in microglial cells, which explains how estrogen may 
attenuate the progression of neurodegenerative disease.

The cellular mechanisms that underlie these CNS effects of estrogens are uncer-
tain, because several different cell types express estrogen receptors in the peripheral 
immune system and the CNS. Evidence from basic research strongly indicates that 
the use of estrogenic drugs that can mimic the antiinflammatory activity of 
17β-estradiol (E2) might trigger beneficial effects against neurodegeneration in 
addition to carrying out their specific therapeutic function. A study found that the 
pronounced and significant neuroprotective effects of systemic treatment with 
estrogen on clinical function, CNS inflammation, and axonal loss during experi-
mental autoimmune encephalomyelitis (EAE) were completely prevented by condi-
tional deletion of estrogen receptor-α (ERα) from astrocytes, whereas conditional 
deletion of ERα from neurons had no significant effect (Spence et al 2011). These 
findings show that signaling through ERα in astrocytes, but not through ERα in 
neurons, is essential for the beneficial effects of ERα ligand in EAE. These findings 
reveal a unique cellular mechanism for estrogen-mediated CNS neuroprotective 
effects by signaling through astrocytes and have implications for understanding the 
pathophysiology of sex hormone effects in diverse CNS disorders.

Although some of estrogen’s neuroprotective effects may depend upon the estro-
gen receptor, this effect may occur without hormonal side effects. Estrogen replace-
ment therapy has also been used clinically in neuroprotection in Alzheimer’s disease 
(AD) in women, but recent evidence indicates that it may increase the risk of 
dementia in women over the age of 65 (see section on Alzheimer’s disease).

 Neuroprotective Effect of Estrogen Receptor Ligands

There is some controversy about the role of estrogen receptors (ERs) but both ERα 
and ERβ can couple to rapid signaling events that mediate estrogen-elicited 
neuroprotection. Another explanation for the neuroprotective effect of estrogen is 
that ERs and insulin-like growth factor-1 receptor (IGF-IR) are interdependent in 
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the promotion of neuronal differentiation. In the adult, ERs and IGF-IR interact in 
the induction of synaptic plasticity. Furthermore, both in vitro and in vivo studies 
have shown that there is an interaction between ERs and IGF-IR in the promotion 
of neuronal survival and in the response of neural tissue to injury, suggesting that a 
parallel activation or co-activation of ERs and IGF-IR mediates neuroprotection.

Effects of treatment with an ERα have been compared with an ERβ ligand in 
experimental autoimmune encephalomyelitis model of multiple sclerosis (Tiwari- 
Woodruff et  al 2007). ERα ligand treatment abrogated disease at the onset and 
throughout the disease course. In contrast, ERβ ligand treatment had no effect at 
disease onset but promoted recovery during the chronic phase of the disease. ERα 
ligand treatment was antiinflammatory in the systemic immune system, whereas 
ERβ ligand treatment was not. Also, ERα ligand treatment reduced CNS 
inflammation, whereas ERβ ligand treatment did not. However, treatment with 
either the ERα or the ERβ ligand was neuroprotective, as evidenced by reduced 
demyelination and preservation of axon numbers in white matter, as well as 
decreased neuronal abnormalities in gray matter. Thus, by using the ERβ selective 
ligand, the antiinflammatory effect was dissociated from the neuroprotective effect 
of estrogen treatment indicating that neuroprotective effects of estrogen treatment 
do not necessarily depend on antiinflammatory properties. Together, these findings 
suggest that ERβ ligand treatment should be explored as a potential neuroprotective 
strategy in multiple sclerosis and other neurodegenerative diseases, particularly 
because estrogen-related toxicities such as breast and uterine cancer are mediated 
through ERα.

 Selective Estrogen Receptor Modulators

The nigrostriatal dopaminergic system of male mice is more sensitive to the neuro-
toxic effects of methamphetamine and the basis for this difference can be related to 
estrogen, which has the capacity to function as a neuroprotectant against neurotox-
ins that target the nigrostriatal dopaminergic system. In addition to 17β-estradiol 
(E2), some selective estrogen receptor modulators, including tamoxifen, afford neu-
roprotection in various experimental models of neurodegeneration. Tamoxifen, 
used in the management of breast cancer, is a selective estrogen receptor modulator 
(SERM) that can function as a nigrostriatal dopaminergic neuroprotectant against 
methamphetamine-induced neurotoxicity in intact female and male mice. 
Tamoxifen, like estrogen, can protect ovariectomized rats from stroke-like injuries. 
Both E2 and tamoxifen provide effective neuroprotection against manganese-
induced toxicity in rat cortical primary cultures of neurons and astrocytes (Lee et al 
2009). Long-term administration of estrogen or tamoxifen to ovariectomized rats 
affords neuroprotection to hippocampal neurons by modulating the expression of 
apoptotic proteins Bcl-2 and Bax (Sharma and Mehra 2008). Furthermore, the 
estrogen-like effects of tamoxifen indicate its potential as a neuroprotectant in neu-
rodegenerative disorders, particularly in the postmenopausal women.
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GeneChip assay is being used to identify genes that are up- or down-regulated by 
the tamoxifen treatment. Tamoxifen regulates several genes in the rat cerebral cortex 
including cell adhesion genes like contactin 1, regeneration genes including stem 
cell factor K-1 and 5-HT 7 receptor, and transcription and signaling factors including 
Fos-related antigen and hairless protein. Tamoxifen also down-regulates the 
expression of PKC-Δ, a gene implicated in neuronal cell death, by nearly fourfold. 
Further research will help elucidate the mechanisms by which tamoxifen exerts its 
neuroprotective effect and the information will help design drugs that mimic 
estrogen, but without estrogen’s undesirable effects.

 Mitochondrial Mechanisms of Estrogen Neuroprotection

Determination of the molecular targets of estrogen action on mitochondrial func-
tion, whether localized to the organelle or elsewhere, is critical for understanding 
estrogen neuroprotection as well as for optimization of drugs for the treatment of 
neurodegenerative diseases. Studies of structure-activity relationships and 
mitochondrial function have led to a mechanistic model in which these steroidal 
phenols intercalate into cell membranes where they block lipid peroxidation 
reactions and are in turn recycled. Estrogens have multiple effects on mitochondrial 
function that are expressed under stress. They preserve ATP production, prevent 
production of ROS, moderate excessive cellular and mitochondrial Ca2+ loading, 
and preserve mitochondrial membrane potential during insults. All these effects are 
important in maintaining the viability of mitochondria during insults. The 
neuroprotective and mitoprotective potencies for a series of estrogen analogs are 
significantly correlated, suggesting that these compounds prevent cell death in large 
measure by maintaining functionally intact mitochondria (Simpkins and Dykens 
2008). This therapeutic strategy is germane not only to sudden mitochondrial failure 
in acute circumstances, such as during a stroke or myocardial infarction, but also to 
gradual mitochondrial dysfunction associated with chronic degenerative disorders 
such as AD.

 Insulin

Pre-ischemic hyperglycemia is recognized to aggravate the effects of cerebral isch-
emia although postischemic administration of glucose may be neuroprotective. 
Various mechanisms of neuroprotective effect of insulin are:

• Inhibition of neuronal metabolism.
• Inhibition of neuronal uptake of GABA with accumulation in the extracellular 

space.
• Insulin stimulates Na+/K+-ATPase activity, which decreases neuronal 

excitability.
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• Insulin increases noradrenergic tone by enhancing norepinephrine release and 
inhibits its uptake. This has a neuroprotective effect.

• Insulin can act in a neurotrophic manner in the same way as the insulin-like 
growth factors.

The mechanisms are essentially of two types: one in which insulin interacts 
directly with brain tissue and one in which insulin acts indirectly by reducing 
peripheral blood glucose levels. Protective effect of insulin has been explored in 
focal and global ischemic models. The direct mechanism appears to predominate in 
global ischemia and is mediated by insulin-like growth factor-1 receptors. In focal 
ischemia, unlike global ischemia, the effect of insulin is predominantly via peripheral 
hypoglycemia, because neuroprotection is largely annulled by co-administration of 
glucose. In clinical situations where transient focal ischemia to the hemisphere can 
be anticipated, insulin-induced hypoglycemia of a mid degree may be beneficial. 
The two clinical counterparts of global and focal ischemic models are, respectively, 
cardiac arrest encephalopathy and focal ischemic stroke. Insulin use in both 
situations could be evaluated in clinical trials that attempt to reduce ischemic brain 
damage, because insulin has a long and safe history of human use in diabetes 
treatment. Severe hypoglycemia, however, can produce brain damage and this is 
discussed further in Chap. 11.

 Ion Channel Modulators

Ion channels are protein pores in the cell membrane that allow the passage of ions 
down their respective electrochemical gradients. Ion channels are classified 
according to the ion passing through them (e.g., sodium, potassium, calcium, or 
chloride), and the mechanisms by which they are opened or closed. Classical roles 
of ion channels in the nervous system are signal propagation along a cell surface and 
signal translation (by release of transmitters) into the cytoplasm of the cell (Jain 
2019m). Some examples of the role of ion channels in neuroprotection are as 
follows.

 Calcium Channel Blockers

Ca2+ overload may play a critical role in ischemia as well as various neurodegenera-
tive disorders. Thus, it appears that the development of improved strategies to pre-
vent Ca2+ overload will be important for neuroprotection. Cognitive and functional 
decline with age is correlated with deregulation of intracellular calcium, which can 
lead to neuronal death in the brain. Antagonists of the low-voltage T-type Ca2+ 
channel, which form a family of FDA approved antiepileptic drugs, comprise of 
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three members (Cav3.1, Cav3.2, and Cav3.3) based on their respective main pore- 
forming alpha subunits: α1G, α1H, and α1I. Among these three subunits, α1H is 
highly expressed in hippocampus and certain cortical regions. However, T-type Ca2+ 
channel blockers can protect neurons derived from α1H-/- mice, suggesting that 
neuroprotection demonstrated by these drugs is not through the α1H subunit 
(Wildburger et al 2009). In addition, blockers for T-type Ca2+ channels were not able 
to confer any protection to neurons in long-term cultures, while blockers of L-type 
Ca2+ channels could protect neurons. These data indicate a new function of blockers 
for T-type calcium channels, and also suggest different mechanisms to regulate 
neuronal survival by calcium signaling pathways. These findings have important 
implications in the development of new treatment for age-related neurodegenerative 
disorders.

Ca2+ calcium channel blockers, particularly those that block excitatory amino 
acid release, have been shown to be neuroprotective following experimental 
ischemic insult to the brain. The success of Ca2+ antagonists in cardiovascular 
indications has encouraged research into their therapeutic potential in cerebrovascular 
conditions. Data from an epidemiological study suggest a potential neuroprotective 
role for centrally acting L-type calcium channel blockers of the dihydropyridine 
class in PD (Ritz et al 2009).

 Ziconotide

Ziconotide (Prialt), the synthetic form of cone snail peptide ϖ-conotoxin MVIIA, 
is a neuron-specific N-type calcium channel blocker with an analgesic and neuro-
protective effect. Intrathecal ziconotide has been approved by the FDA for the 
management of chronic pain (Jain 2019r). Ziconotide has a protective effect against 
focal ischemia in animal models of stroke. The neuroprotective effect is difficult to 
explain because ziconotide’s inhibition of glutamate release is weak and it exerts 
protection even if administered after Ca and glutamate levels become normal. This 
indicates that the mechanism underlying neuronal damage is more complicated 
than that proposed in the glutamate-calcium overload hypothesis.

Ziconotide penetrates the brain after intravenous injection although the mecha-
nism has not been elucidated yet. The amount found in the brain after intravenous 
injection is consistent with the biological potency of the peptide and enables it to 
exert neuroprotective effect against cerebral ischemia. Intrathecal infusion of 
ziconotide was shown to be protective against injurious intervals of spinal ischemia 
in experimental animals. Based on these findings, ziconotide was expected to pro-
vide both neuroprotection and preemptive analgesia for aortic aneurysm surgery. 
Ziconotide was investigated as a neuroprotective in phase III clinical studies for the 
treatment of acute ischemic stroke in phase II trials for TBI but further development 
was discontinued due to lack of efficacy.
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 Na+ Channel Blockers

In cerebral ischemia energy demand exceeds the supply. Neuroprotection may be 
achieved by not only restoring cerebral perfusion but also decreasing the meta-
bolic demands of the neural tissues. Downregulation of the Na+ channels is another 
effective way of reducing energy demand, because a large part of the energy con-
sumed by the brain is used for the maintenance of ion gradients across the cellular 
membranes. A key component linking energy metabolism to transmembrane ion 
transport is the Na+/K+ -ATPase, an enzyme that uses ATP to transport Na+ back 
out of the cell and K+ back into the cell, thus restoring the ionic gradient across 
the cellular membrane. Downregulation of the Na+ channels in ischemia reduces 
the Na+ influx into the brain cell with resulting energy preservation. This also 
prevents the intrinsic neurotoxicity of the acute Na+ influx as well as the linked 
Ca2+ influx.

Various pharmacological agents that exert their neuroprotective effect by down-
regulating Na+ channels are lamotrigine, phenytoin and riluzole. Fosphenytoin was 
tested in clinical trials in ischemic stroke patients but failed to show a neuroprotec-
tive effect. Carbamazepine, one of the older anticonvulsants has a neuroprotective 
effect that has been demonstrated in animal models of stroke but has not been clini-
cally evaluated. Lamotrigine inhibits the presynaptic release of glutamate by block-
ade of voltage dependent Na+ channels and its effectiveness was demonstrated in 
cardiac arrest-induced global cerebral ischemia with reperfusion in rats.

 Neuroprotective Potassium Channel Inhibitors

Potassium (K+) channels, the most widely distributed class of ion channels, are 
transmembrane proteins that play a pivotal role in electrical activity of all excitable 
tissues. Some types of K+ channels present in the plasma membrane of various cells 
have been found in the inner mitochondrial membrane as well. Abnormalities in K+ 
currents result in cardiovascular, neurological, renal, and endocrine pathology. The 
discovery of apoptosis mediation by K+ currents points to the role of K+ homeostasis 
in cellular proliferation and degeneration. Pharmacological modulation of specific 
K+ currents is recognized as a major strategy in treatment of a broad range of 
disorders. Various K+ channels are recognized as potential therapeutic targets in the 
treatment of PD, AD, and stroke. In addition to their importance as therapeutic 
targets, certain K+ channels are known for their beneficial role in neuroprotection. It 
has been shown that increased K+ flux into brain mitochondria induced by either the 
ATP-regulated mitoKATP channel or Ca2+-regulated mitoBKCa channel affects the 
beneficial effects on neuronal cell survival under pathological conditions 
(Bednarczyk 2009).
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 Kynurenine Inhibitors

Kynurenine (KYN) is a constituent of the human and rodent brain. Neuroactive 
kynurenine metabolites play a role in the normal physiology of the human brain. 
Two of these metabolic products, quinolinic acid and kynurenic acid, act as agonist 
and antagonist, respectively, at receptors of excitatory amino acids. 
3-hydroxykynurenine also acts an intracellular neurotoxin by producing free 
radicals and is involved in the pathology of neurodegenerative disorders.

Altered kynurenic acid (KYNA) metabolism in the red blood cells (RBC) is 
linked to the pathogenesis of PD.  The increased activity of kynurenine 
aminotransferase (KAT) II in correlation with the elevated kynurenic acid level in 
the RBC may mediate a consecutive protective response against excitatory 
neurotoxic effects in PD. There is decreased expression of KAT-I- immunoreactivity 
in the substantia nigra of mice after administration of MPTP (complex I inhibitor) 
in animal models of PD. Immunohistochemical depletion of KAT-I- immunoreactivity 
after administration of 3-nitropropionic acid to adult animals may contribute to the 
pathological processes in HD. Furthermore, the effect of L-kynurenine in increasing 
CBF might be mediated by activation of cholinergic and NO pathways. The 
alterations of two main KYN metabolites: KYNA and quinolinic acid seem to be 
associated with the impairment of the cognitive function in AD patients, which 
offers therapeutic opportunities for the development of new compounds for 
neuroprotection (Gulaj et al 2010).

The discovery of the pathophysiological importance of KYNs is leading to the 
development of KYN inhibitors as neuroprotectives. KYN 3-mono-oxygenase 
inhibitors attenuate post-ischemic brain damage in animal models of stroke by 
reducing the formation of 3OH-KYN as well as quinolinic acid.

 Leukocyte Adhesion Inhibitors

Leukocytes are involved in CNS ischemic injury by two mechanisms: (1) direct 
microvascular occlusion after endothelial and basement membrane adhesion and (2) 
transendothelial migration of leukocytes with secondary CNS tissue infiltration and 
neuronal cytotoxic injury. Adhesion of leukocytes to microvascular endothelium is 
essential for initiation of either of these mechanisms. These mechanisms potentiate 
reperfusion injury as well. Both the microcirculation obstruction and the brain 
infiltration can be decreased by use of special monoclonal antibodies directed 
against leukocyte adhesion receptors. The following have been used:

Antibodies Directed Against the CD18 Complex The leukocyte membrane gly-
coprotein complex predominantly responsible for endothelial adherence is termed 
CD18 or β2-integrin. The use of special mouse monoclonal antibodies directed at 
various components of the CD18 complex is associated with a reduction of isch-
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emic injury and decreased leukocytes infiltration in the brain following middle cere-
bral artery occlusion in the mouse. One compound of this category, Hu23F2G 
(LeukArrest), reached phase III clinical trials as a neuroprotective in stroke before 
it was discontinued.

Anti-ICAM-1 Antibodies (Enlimomab) The corresponding counter receptor for 
the CD/integrin complex is the intercellular adhesion molecule ICAM-1. Several 
studies using anti-ICAM-1 monoclonal antibodies in animal models of stroke have 
shown to reduce effects of cerebral ischemia only when significant reperfusion 
injury is involved. This treatment also reduces leukocyte infiltration when 
administered within 6 h of onset of stroke symptoms. A phase III study concluded 
that the product was clearly of no benefit and might have had an adverse effect on 
the outcome. Further development has been discontinued.

Neutrophil Inhibitory Factor (NIF) A peptide derived from NIF has been shown 
to block adherence to polymorphonuclear leukocytes that was dependent on both 
Mac-1 and LFA-1 integrins. By preventing the activation of neutrophils and their 
subsequent migration from blood into damaged tissue, NIF may prevent the acute 
inflammatory response during reperfusion injury that can exacerbate damage to the 
areas of the brain affected by the stroke. Phase IIb clinical trials of recombinant NIF 
(UK-279,276) for the treatment of stroke reperfusion injury showed safety but not 
efficacy. Further development for this indication was discontinued.

Synthetic Fibronectin Peptides Fibronectin is an extracellular matrix molecule, 
which is found in plasma, cells matrix, basal lamina and cell surface. Fibronectin 
has been shown to support leukocyte adhesion to endothelial cells. Synthetic 
fibronectin peptides corresponding to the cell-and heparin-binding sequences of 
fibronectin that disturb leukocyte adhesion molecules have been shown to be 
effective in neuronal protection after transient focal cerebral ischemia in rats.

 Modafinil

Modafinil is an approved drug to improve wakefulness in patients with excessive 
daytime sleepiness associated with narcolepsy as it acts selectively in areas of the 
brain believed to regulate normal wakefulness (Jain 2019i). The mechanism of 
action of modafinil is considered to involve hypocretin, histamine, GABA, and 
glutamate. The selective CNS activity of modafinil is distinct from the action of 
amphetamine and methylphenidate. Functional MRI studies have shown that low 
cortical activation levels in both normal and narcoleptic subjects are increased 
following the administration of modafinil. Modafinil increases daytime wakefulness 
but does not interfere with the integrity or architecture of nighttime sleep. It 
significantly improves patients’ ability to remain awake while engaged in daily 
activities.
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Modafinil has a neuroprotective effect, not only in dopaminergic neurons, but 
also in the nondopaminergic nerve cell population of the substantia nigra. Modafinil 
can partially prevent the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-
induced neuronal damage in marmosets and may have a therapeutic potential in 
neurodegenerative diseases such as PD. A study of the effects of modafinil on the 
functional connectivity of insular subregions of the brain has revealed resting state 
fMRI findings that are consistent with the cognitive enhancing properties of the 
drug (Cera et al 2014). The mechanism of action of modafinil involves hypocretin, 
histamine, gamma-aminobutyric acid, and glutamate.

 Neurite Outgrowth-Promoting Agents

 Monoclonal Antibodies

A natural human recombinant monoclonal antibody, rHIgM12 can promote neurite 
outgrowth in  vitro by overriding the neurite outgrowth inhibition of myelin by 
binding with high affinity to neuronal PSA-NCAM and gangliosides (Kunbaz et al 
2019). This neurite outgrowth is accompanied by increased α-tubulin tyrosination 
and decreased acetylation which occurs after treatment with rHIgM12. rHIgM12 is 
effective in murine models of human multiple sclerosis and amyotrophic lateral 
sclerosis by improving axon survival and neurologic function. Thus, rHIgM12 has 
great potential as a therapeutic molecule in CNS disorders characterized by neuronal 
loss and axonal transection including multiple sclerosis.

 Neuroimmunophilins

Neuroimmunophilin ligands are small molecules that in preclinical experiments 
have been shown to repair and regenerate damaged nerves without affecting normal, 
healthy nerves. Neuroimmunophilin ligands may have application in the treatment 
of a broad range of diseases, including PD, SCI, TBI, peripheral nerve injuries such 
as that leading to post-prostatectomy erectile dysfunction. The immunosuppressants 
tacrolismus (FK-506) and cyclosporin are in clinical use for the treatment of 
allograft rejection following organ transplantation. Immunophilins can regulate 
neuronal survival and nerve regeneration although the molecular mechanisms are 
poorly understood. Antiischemic activity of FK-506 and cyclosporine is explained 
by the antiinflammatory action. Other explanations are: suppression of calcium- 
dependent signal transduction pathway that promotes IL-2 gene transcription in 
helper T-cells; direct neuronal action; inhibition of nitric oxide synthase activity and 
suppression of apoptosis. The immunosuppressant mycophenolate mofetil inhibits 
proliferation and activation of microglia and astrocytes and protects neurons after 
excitotoxic injury. FKBP52 is a component of the copper efflux machinery, and in 
so, may also promote neuroprotection from copper toxicity (see Chap. 11).

 Neuroimmunophilins
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 Cyclosporin-A

Maas BiolAB have discovered neuroprotective uses for cyclosporin-A (CsA), which 
inhibits Ca2+-induced mitochondrial permeability transition (mPT) but might be 
unrelated to a reduction of post-traumatic Ca2+ accumulation (Mirzayan et al 2008). 
mPT can only form if it has cyclophilin-D available. CsA binds up all cyclophilin-D 
within each mitochondrion. CsA-treated mitochondria continue to function 
normally, even while under attack, from conditions damaging the brain. In animal 
experiments, intravenous CsA achieves therapeutic levels in brain parenchyma and 
attenuates axonal damage after TBI. The NIH has funded multicenter human trials 
treating TBI with CsA. Potential applications are:

• Acute: TBI, SCI, stroke and cerebral vasospasm following subarachnoid 
hemorrhage.

• Chronic: neurodegenerative diseases such as ALS, HD, PD, and AD.
• Selective neuronal brain protection from radiotherapy for brain cancer

CsA does not cross the intact BBB. CsA formulation is a compounding challenge, 
since it is water insoluble. The excipient dimethyl sulfoxide (DMSO), which is used 
for solubilizing CsA, has low toxicity. Its low viscosity facilitates administration 
through a syringe, and it is chemically compatible with the components of CSF 
pumps, ports and catheters. CsA is the active ingredient in Maas Biolab’s Mitogard® 
intrathecal formula developed to treat ALS, which is in preclinical stage. Maas part-
ner NeuroVive Pharmaceutical AB is producing NeuroSTAT®, an intravenous CsA 
formula for the treatment of TBI. In a prospective, blinded, placebo-controlled, ran-
domized, dose-escalation trial of intravenous CsA initiated within 8 h of TBI, the rate 
of mortality or other adverse events was not significantly different from that of the 
placebo group (Hatton et al 2008). Recent studies suggest that CsA has a very sharp 
biphasic dose-response problem that is going to make further clinical translation dif-
ficult. A phase II trials for TBI was discontinued in 2017 (NCT02496975).

 FK506

The immunosuppressant FK506 (tacrolimus) is known to be neuroprotective fol-
lowing cerebral ischemia. Studies with FK506 in a model of transient focal cerebral 
ischemia in rats suggest that it exerts a neuroprotective effect by inhibiting apopto-
sis and as well as suppressing inflammatory reactions. Other studies in ischemic 
models found that administration of FK506 is associated with a significant down-
regulation of IL-1β expression in astrocytes and microglia suggesting that these are 
targets for FK506, and that modulation of glial response and inflammation may be 
a mechanism of FK506-mediated neuroprotection in ischemia. FK506 also shows 
marked protection against demyelination and axonal loss in models of multiple 
sclerosis through immunosuppression and neuroprotection. A study of 
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FK506-mediated functional recovery and neuroprotection in a rat model of SCI 
shows modulation of epidermal growth factor in astrocytes (Cai et  al 2018). 
Following TBI in rats, FK506 relieves inflammatory responses by regulating the 
nuclear factor of activated T cells (NFATc1) signaling pathway and promotes the 
synaptic reconstruction of neurons as well as glial cells by regulating cell apoptosis, 
thereby facilitated improvements in neurological function (Wu et al 2016).

 Rapamycin

Rapamycin, an immunosuppressan used to prevent transplant rejection, binds to 
mammalian target of rapamycin (mTOR). A “rapamycin-enhanced” phenotype has 
been identified in several genes whose deletion allows cells to grow better in the 
presence of rapamycin than in its absence. Most of these genes encode mitochondrial 
proteins. mTor is also associated with multiple mitochondrial enzymes. Because 
mitochondrial dysfunction is known to underlie the pathogenesis of a wide range of 
neurodegenerative disorders due to impaired energy production, increased oxidative 
damage, and apoptosis, these results suggests that rapamycin may be useful in 
preventing the progression of neurodegenerative diseases.

Modification of rapamycin at mTOR binding region yields immunophilin 
ligands, WYE-592 and ILS-920, which have potent neurotrophic activities in 
cortical neuronal cultures, efficacy in a rodent model for ischemic stroke, and 
significantly reduce immunosuppressive activity. Both compound show higher 
binding selectivity for FKBP52 versus FKBP12, in contrast to previously reported 
immunophilin ligands. Affinity purification has revealed two key binding proteins, 
the immunophilin FKBP52 and the β1-subunit of L-type voltage-dependent Ca2+ 
channels. Electrophysiological analysis indicates that both compounds can inhibit 
L-type Ca2+ channels in rat hippocampal neurons and F-11 dorsal root ganglia/
neuroblastoma cells. These immunophilin ligands can protect neurons from Ca2+-
induced cell death by modulating Ca2+ channels and promote neurite outgrowth via 
FKBP52 binding.

 Neurotrophic Factors

Neurotrophic factors (NTFs) regulate the proliferation, survival, migration and dif-
ferentiation of cells in the nervous system. NTFs are synthesized by and released 
from target cells of the neurons, bound to specific receptors, internalized and 
retrogradely transported by the axon to the cell soma where multiple survival- 
promoting effects are initiated. Several different NTFs have been shown to prevent 
death of cortical and hippocampal neurons induced by excitotoxic and oxidative 
insults in cell culture and in  vivo (Jain 2019f). Various studies of neurotrophic 
factors have shown that they have a neuroprotective action and that they enhance 
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cellular systems involved in the maintenance of Ca2+ homeostasis and free radical 
metabolism. Several other compounds, which mimic the action of neurotrophic 
factors by activating signal transduction cascades involving tyrosine phosphorylation, 
have proven to be beneficial in animal studies of ischemic brain injury and provide 
opportunities for the development of therapeutic approaches for ischemic stroke. 
Further studies are required to determine the relative potency of various neurotrophic 
factors, therapeutic windows, modes of administration, and doses. This section will 
describe well known NTFs and well as NTF-like substances.

 Activity-Dependent Neurotrophic Factor

Activity-dependent neurotrophic factor (ADNF) is a novel, femtomolar-acting, glial-
derived polypeptide known to protect neurons from a variety of toxic insults. The 
active site for ADNF function is localized to a 9-amino-acid stretch (SALLRSIPA; 
ADNF-9). Later on, a novel ADNF-9-like active peptide was identified and shown to 
be expressed in the CNS and exhibit an activity profile similar to ADNF-9. Such 
studies suggest that these factors may function like other known neurotrophins and 
play a role in neural development and maintenance as well as contribute to neuronal 
plasticity associated with development and repair after injury.

ADNF enhances basal glucose and glutamate transport and attenuates oxidative 
impairment of glucose and glutamate transport induced by Aß and Fe2+ in neocortical 
synaptosomes. ADNF can act locally in synaptic compartments to suppress oxidative 
stress and preserve function of glucose and glutamate transporters. Such synapto- 
protective actions indicate possible therapeutic applications of agents that stimulate 
local synaptic (transcription-independent) neurotrophic factor signaling pathways.

 Bone Morphogenetic Proteins

Bone morphogenetic proteins (BMPs), with 20 members, are a rapidly expanding 
subclass of TGF-β superfamily. BMP ligands and receptors exert a broad range of 
effects during multiple stages of neural development. In addition, BMPs act on 
more lineage-restricted embryonic CNS progenitor cells to promote regional 
neuronal survival and cellular differentiation.

Growth differentiation factor (GDF)-5 is a novel member of this subclass. It is 
expressed in the developing CNS, including the midbrain, and acts as a neurotrophic, 
survival-promoting molecule for rat dopaminergic midbrain neurons. Recombinant 
human GDF-5 supports dopaminergic neurons in culture to the same extent as both 
TGF-3 and GDNF. However, in contrast to TGF-β3 and GDNF, GDF-5 augments 
members of astroglial cells in cultures, suggesting that it may act indirectly. Also, it 
may act through pathways different from those triggered by TGF-β3 and 
GDNF.  GDF-5 also protects dopaminergic neurons against N-methylpyridinium 
ion-induced toxicity that selectively damages dopaminergic neurons.
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 Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) and its receptor are widely expressed in 
the developing and the adult nervous system. BDNF signaling in the brain can 
increase peripheral insulin sensitivity, suggesting a mechanism whereby the brain 
can control lifespan. The expression of BDNF is modulated by activity of GABAergic 
and cholinergic systems, and BDNF, in return, can influence neuronal synaptic 
activity. One form of BDNF protein enters the nucleus and may directly influence 
transcription, whereas another fraction travels by retrograde axonal transport out of 
the synthesizing cell and can be detected in the basal forebrain cholinergic neurons. 
BDNF has a neuroprotective effect because of its ability to reverse the NMDA- 
induced inactivation of protein kinase C in cortical neurons.

BDNF secreted from the endothelium participates in the homeostatic interac-
tions between endothelium and cerebral parenchyma and protects neurons against 
oxygen-glucose deprivation, oxidative damage, endoplasmic reticulum stress, 
hypoxia, and amyloid neurotoxicity. Endothelial production of BDNF is sustained 
by β-1 integrin and integrin-linked kinase (ILK) signaling. Noncytotoxic levels of 
oxidative stress disrupt ILK signaling and reduce endothelial levels of neuroprotective 
BDNF.

Intraventricular injection of BDNF has been shown to reduce infarct size in rat 
models of focal cerebral ischemia. Potential mechanisms of the neuroprotective role 
of BDNF in focal cerebral ischemia include protective effects against glutamate 
toxicity and attenuation of apoptosis.

 Ciliary Neurotrophic Factor

Ciliary neurotrophic factor (CNTF) is released from Schwann cells and astrocytes 
in response to injury and is considered to play a key role in nerve cell maintenance 
and repair. The human CNTF gene has been mapped to chromosome 11 and contains 
a single 1 kb intron within the coding domain. Axokine-1 is rCNTF with substitution 
of alanine for cysteine at position 63, and deletion of 13-C terminal amino acids. 
The synthesis of CNTF occurs mainly in the Schwann cells and astrocytes and 
appears to be regulated by either direct or indirect signals from neurons. The exact 
mechanism of release of CNTF is not known. The following biological actions have 
been attributed to CNTF:

• Support of survival of all peripheral nervous system neurons plus many CNS 
neurons

• Induction of neurite outgrowth
• Promotion of cholinergic phenotype in sympathetic neurons
• Arrest of division of neuronal precursor cells
• Inhibition of mitosis and induction of vasoactive intestinal peptide
• Induction of differentiation of type II astrocytes from glial progenitor cells of the 

optic nerve
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• Activation of signal transducers and transcription factors may be one of the intra-
cellular signaling pathways employed by CNTF to mediate survival and differ-
entiation effects on CNS neurons.

CNTF activates astrocytes, redistributes their glutamate transporters, and 
improves glutamate handling in vivo. CNTF has been shown to protect hippocampal 
neurons from excitotoxic damage. It also has potential clinical applications in the 
treatment of ALS.

 Fibroblast Growth Factors

The fibroblast growth factor (FGF) family encompasses at least 23 members and, of 
these, 10 are expressed in the developing CNS, along with 4 FGF receptors. Acid 
fibroblast growth factor (aFGF) is present in a select set of neurons including some 
that are at risk for developing neurodegenerative disorders. Basic fibroblast growth 
factor (bFGF) is widely distributed in tissues. Its gene is located on chromosome 4 
of the human genome. bFGF is present in most astrocytes and a specific hippocampal 
neuronal population. Immunoreactivity of bFGF is expressed weakly in the neurons 
and strongly in the choroid plexus, whereas glial cells express little of these proteins.

Basic fibroblast growth factor is a potent dilator of systemic blood vessels and 
cerebral pial arterioles. Intravenous bFGF can cross the damaged BBB to exert a 
direct trophic effect on the ischemic brain tissue. Intracisternal bFGF has also been 
shown to enhance behavioral recovery following focal cerebral infarction in the rat. 
The mechanism of infarct reduction may include direct cytoprotective and vasoactive 
effects. No angiogenesis has been demonstrated in any of the studies although bFGF 
is known to have angiogenic properties. Although the exact mechanisms of the 
beneficial effect of basic FGF in ischemic stroke have not been proven, there is 
evidence that delayed administration enhances functional recovery. The mechanism 
of action of basic FGF as a neuroprotective agent involves activation of survival 
signals, which, in turn, enhance antiapoptotic proteins, antioxidant enzymes and 
calcium-binding proteins.

In neurodegenerative disorders, such as AD and HIV encephalitis, the neuropro-
tective activity of bFGF- against several neurotoxic agents might involve regulation 
of glycogen synthetase kinase-β, a pathway important in determining cell fate. 
bFGF has a synergistic effect with citicoline (cytidine 5′-diphosphate choline), as a 
neuroprotective in animal models of focal cerebral.

 Glial Cell Line-Derived Neurotrophic Factor

Glial cell line-derived neurotrophic factor (GDNF) is a neurotrophic polypeptide 
and is distantly related to TGF-β. Purified recombinant GDNF promotes neurite 
outgrowth and is a neurotrophic factor for developing peripheral neurons. It has also 
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been implicated in the survival and morphological and functional differentiation of 
midbrain dopaminergic neurons in vitro. GDNF travels by retrograde transport via 
midbrain dopamine neurons of the nigrostriatal pathway. The pattern of retrograde 
transport following intrastriatal injections indicates that there may be subpopulations 
of neurons that are GDNF responsive.

In addition to its role in the dopaminergic system, GDNF may act on several 
types of nondopaminergic neurons such as noradrenaline neurons, cerebral Purkinje 
cells, and neurons in peripheral ganglia. GDNF may function as a target-derived 
trophic factor for neuronal populations innervating skeletal muscle, including 
sensory neurons and spinal cord motor neurons. Based on a comprehensive review 
of the pharmacology of GDNF, it appears that this molecule may be useful in the 
treatment of neurodegenerative diseases such as PD, ALS, and cholinergic deficit- 
related dementia. Recent studies indicate that GDNF can protect the cerebral 
hemispheres from damage induced by middle cerebral arterial ligation, and that 
such neuroprotective effects are mediated through specific GDNF receptor α1.

Delivery of neurotrophic factors into tissues and across the BBB is severely lim-
ited by their size and biochemical properties. The 11-amino acid human immunode-
ficiency virus TAT protein transduction domain can cross cell membranes and the 
BBB, even when coupled with larger peptides. TAT–GDNF fusion protein has been 
shown to have a protective in focal cerebral ischemia when delivered both before 
and after an ischemic insult. This approach may be of clinical interest because such 
fusion proteins can be intravenously applied and reach the ischemic brain regions.

 Insulin-Like Growth Factor

Insulin-like growth factor (IGF) is of considerable interest because it is not only a 
potent neuroprotective trophic factor but also a survival factor for cells of the 
oligodendrocyte lineage and possesses a potent myelinogenic capacity. It has been 
investigated for neuroprotective effect in several neurological disorders: multiple 
sclerosis, amyotrophic lateral sclerosis and animal models of cerebral ischemia. The 
IGF system is complex and includes not only IGF-1 and IGF-2 and their receptors 
but also modulating IGF-binding proteins (IGFBPs), of which six have been 
identified.

The potential involvement of IGF-I in brain diseases associated with neuronal 
death is strongly supported by its neuroprotective role. Further, the unexplained 
high incidence of glucose metabolism dysregulation in brain diseases makes also 
insulin a strong candidate in neuropathological research. Because mounting 
evidence suggests a complementary role of insulin and IGF-I in the brain, unveiling 
the cellular and molecular pathways involved in brain insulin/IGF-I actions is 
helping to establish potentially new therapeutic targets and its exploitation may lead 
to new treatments for a wide array of brain diseases.

 Neurotrophic Factors
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 Nerve Growth Factor

Nerve growth factor (NGF) is the prototype of a target-driven neurotrophin. It is 
essential for the development and differentiation of peripheral sympathetic and 
neural crest-derived sensory nerve cells. NGF also plays a role in the CNS as a 
trophic agent for basal forebrain cholinergic neurons. NGF binds to TrkA receptor 
and triggers activation of numerous signaling cascades, which play critical roles in 
neuronal plasticity, survival, and neurite outgrowth. NGF is internalized by binding 
to the trkA receptor and travels by retrograde axonal transport of sensory and 
sympathetic neurons to reach the cell body. There, it activates the second messenger 
system to influence transcription of several genes. Altered amounts of specific 
proteins are transported by anterograde transport in the axons. Various agents that 
regulate NGF are:

• Cytokines mediate injury-induced rise of NGF mRNA.
• Glucocorticoid hormones decrease NGF mRNA levels in glial cells, but increase 

it in neurons.
• Vitamin D3 increases NGF mRNA.
• Serum is a powerful stimulator of nerve growth factor synthesis in both cell and 

organ cultures.
• Depolarization due to high extracellular concentrations of potassium increases 

NGF mRNA.
• Propentofylline (xanthine derivative) up-regulates NGF in cultured neurons.

NGF exerts a modulatory role on sensory nociceptive nerve physiology in the 
adult and appears to correlate with hyperalgesic phenomena occurring in tissue 
inflammation. In addition to its classical actions in the nervous system, NGF 
maintains a balanced interplay between the nervous, immune, and endocrine 
systems. Examples of NGF interaction with the neuroendocrine system are:

• Stress that activates hypothalamic-pituitary-adrenocortical axis raises circulating 
NGF levels.

• Conversely, administration of NGF can activate the hypothalamic-pituitary- 
adrenocortical axis and increase circulating corticosteroid levels.

• Using NGF antibody treatment to neutralization circulating NGF blocks the 
stress-induced rise of circulating glucocorticoid level.

• NGF deprivation during development leads to deficits of thyroid and adrenal 
functions.

The potential of NGF as a treatment for degenerative neurologic disorders and 
peripheral neuropathies is being explored. Intracerebroventricular NGF 
administration has been shown to induce complete recovery of cortical muscarinic 
receptors in rat models of cerebral infarction. It is not clear if this effect arises from 
protection of the cholinergic pathway or from an independent action of NGF on 
cortical muscarinic receptors. There is no evidence of functional recovery, and the 
use of NGF for stroke remains questionable. However, NGF has been shown to be 
useful in AD.

2 Neuroprotective Agents



123

 Neurotrophins

The family of the neurotrophins, which also includes NGF, BDNF, is well known to 
enhance the survival and to stabilize the phenotype of different populations of 
neurons in the nervous system. Neurotrophin-3 (NT-3) is expressed in noradrenergic 
neurons of the locus coeruleus and acts as a trophic factor for these neurons. NT-3 
prevents degenerative changes in striatal projection neurons after excitotoxicity 
in vivo and has the potential to treat Huntington disease. Adeno-associated viral 
vector-mediated NT-3 gene transfer in the injured adult rat spinal cord has been 
shown to improve hind-limb function indicating potential applications in the 
treatment of spinal cord injury.

NT-4/5 includes NT-4 and NT-5, which were originally described separately, but 
are similar in several respects. The biological actions of NT-4/5 are believed to be 
mediated by trkB receptor tyrosine kinase. The mRNA for trkB is expressed in 
hippocampal cells in vivo and may play a neuroprotective role against excitotoxic 
damage in the hippocampus and the cerebral cortex by enhancement of the neuronal 
calcium homeostatic system. NT-6 has a spectrum of actions like those of NGF on 
experimental animal models although it is less potent. Interaction of NT-6 with 
heparin-binding molecules may modulate its action in the nervous system.

The neurotrophin signaling network is critical for the development and survival of 
many neuronal populations. Cholinergic neurons in the basal forebrain are progres-
sively lost in AD as they are particularly sensitive to imbalances in the neurotrophin 
system. Therapeutic use of neurotrophins to prevent this loss is hampered, however, 
by several pharmacological challenges. These include a lack of transport across the 
BBB, rapid degradation in the circulation, and difficulty in production.

 Osteogenic Protein-1

Osteogenic protein-1 (OP-1) is a member of TGF-β superfamily and plays an important 
role in the formation of new bone. OP-1 is a powerful regulator of genes for neural cell 
adhesion molecules and promotes the development of adrenergic phenotypes in neural 
cell cultures. It induces dendritic growth in rat sympathetic neurons in the presence of 
NGF as a cofactor. In the presence of optimal concentration of NGF, OP-1-induced 
dendritic growth from cultured perineural neurons is comparable to that observed in 
situ. OP-1 enhances recovery of motor function following stroke in an animal model.

 Pigment Epithelium-Derived Factor

Pigment epithelium-derived factor (PEDF) is a neurotrophic factor that aids the 
development, differentiation, and survival of neural retina and motor neurons of the 
human spinal cord. PEDF has been tested in a postnatal culture model of motor 
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neuron degeneration and shown be highly neuroprotective. The morphological 
appearance and number of motor neurons was preserved. Motor neuron choline 
acetyltransferase was maintained but not increased indicating that the observed 
effect was neuroprotective and not merely an upregulation of motor neuron 
ChAT. PEDF has the potential for further development as a therapeutic agent for 
motor neuron diseases such as amyotrophic lateral sclerosis.

 Transforming Growth Factor-β1

Transforming growth factor-β1 (TGF-β1) has been shown to be protective in animal 
models of cerebral ischemia. The possible mechanism of this effect is by 
counteraction of glutamate neurotoxicity and oxidative stress by increase of bcl-2 
protein expression. Further studies are warranted to determine if activation of TGF- 
β1 after ischemic stroke would be of therapeutic benefit. Osteogenic protein-1 
(related to TGF-β1) also shows promise as a novel therapeutic agent for stroke.

 Vascular Endothelial Growth Factor

VEGF, identified originally as an angiogenic and vascular permeability factor, is 
also a neurotrophic and neuroprotective factor. VEGF can also stimulate 
neurogenesis. Taken together with prior evidence for survival-promoting and 
protective effects of VEGF on neurons suggest that VEGF regulates a broad range 
of functions in neurons because neurons express some of the same VEGF receptors 
and VEGF receptor-coupled signal transduction pathways that are found in the 
endothelium. Neurogenesis and angiogenesis appear to be mechanistically linked 
and VEGF might provide such a linkage. The ability of VEGF to stimulate the 
proliferation of neuronal precursors may be of interest in the context of lesion- 
induced neurogenesis, which occurs after excitotoxicity, seizures, oxidative stress, 
and cerebral ischemia.

 Neurotrophic Factor-Related Neuroprotective Agents

Some agents modulate the expression of the neurotrophins themselves, while others 
act by enhancing neurotrophin action. Retinoids, AMPA receptor agonists, selective 
serotonin reuptake inhibitors, serotonin/norepiephrine reuptake inhibitors, and 
tricylic antidepressants all increase neurotrophin expression. Nitric oxide donors 
also contribute to neuronal survival through transactivation of TrkA. The protective 
effect requires cyclic GMP and protein kinase G, but the downstream target is not 
known. Activation of G-protein coupled receptors by adenosine, or pituitary 
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adenylate cyclase activating peptide (PACAP), also leads to transactivation of TrkA, 
stimulation of downstream signaling, and neuroprotection.

 Amitriptyline as a TrkA and TrkB Receptor Agonist

Amitriptyline, an antidepressant drug, directly binds TrkA and TrkB and triggers 
their dimerization and activation (Jang et al 2009). Amitriptyline, but not any other 
tricyclic or selective serotonin reuptake inhibitor antidepressants, promotes TrkA 
autophosphorylation in primary neurons and induces neurite outgrowth in PC12 
cells. Amitriptyline binds the extracellular domain of both TrkA and TrkB and 
promotes TrkA-TrkB receptor heterodimerization. Truncation of amitriptyline 
binding motif on TrkA eliminates the receptor dimerization by amitriptyline. 
Administration of amitriptyline to mice activates both receptors and significantly 
reduces kainic acid-triggered neuronal cell death. Inhibition of TrkA, but not TrkB, 
abolishes amitriptyline’s neuroprotective effect without impairing its antidepressant 
activity. Thus, amitriptyline acts as a TrkA and TrkB agonist and possesses marked 
neurotrophic activity.

 Colivelin

A neuroprotective peptide named Colivelin has been constructed by attaching activ-
ity-dependent neurotrophic factor (ADNF) to the N-terminus of a potent Humanin 
derivative, AGA-(C8R)HNG17. HN was originally identified from an AD brain as 
an endogenous neuroprotective peptide that suppresses AD-relevant toxicity. 
Colivelin protects neurons from death relevant to neurodegenerative diseases by 
activating two independent prosurvival signals: an ADNF-mediated Ca2+/calmod-
ulin-dependent protein kinase IV pathway and an HN-mediated STAT3 pathway. 
Intracerebroventricular Colivelin dose-dependently improved motor performance 
and prolonged survival of G93A-SOD1 transgenic ALS mice indicating that it is a 
promising treatment for ALS.

 Gambogic Amide

Gambogic amide is the major active ingredient of gamboge, a traditional Chinese 
medicine. The most potent compound, gambogic amide, selectively binds to TrkA, 
but not TrkB or TrkC, and robustly induces its tyrosine phosphorylation and 
downstream signaling activation, including Akt and MAPKs. Further, it strongly 
prevents glutamate-induced neuronal cell death and provokes prominent neurite 
outgrowth in PC12 cells. Gambogic amide specifically interacts with the cytoplasmic 
juxtamembrane domain of TrkA receptor and triggers its dimerization. 
Administration of this molecule in mice substantially diminishes kainic acid- 
triggered neuronal cell death and decreases infarct volume in the transient middle 
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cerebral artery occlusion model of stroke. Thus, gambogic amide might not only 
establish a powerful platform for dissection of the physiological roles of NGF and 
TrkA receptor but also provide effective treatments for neurodegenerative diseases 
and stroke.

 Inosine

The purine nucleoside inosine has been shown to induce axon outgrowth from pri-
mary neurons in culture through a direct intracellular mechanism. Inosine applied 
with a minipump to the rat sensorimotor cortex has been shown to stimulate intact 
pyramidal cells to undergo extensive sprouting of their axons into the denervated 
spinal cord white matter and adjacent neuropil. Axon growth was visualized by 
anterograde tracing with biotinylated dextran amine and by immunohistochemistry 
with antibodies to GAP-43. In adult rats with unilateral cortical infarcts, inosine 
stimulated neurons on the undamaged side of the brain to extend new projections to 
denervated areas of the midbrain and spinal cord. This growth is paralleled by 
improved performance on several behavioral measures. Thus, inosine, a naturally 
occurring metabolite without known side effects, might help to restore essential 
circuitry after injury to the CNS. Inosine is in preclinical development for SCI, TBI, 
and stroke and there are plans for clinical trials.

 Meteorin

Meteorin (NsGene) is a novel neurotrophic protein with protective and regenerative 
effects in the nervous systems. Several molecular tools such as recombinant protein, 
polyclonal antibodies and lentiviral vectors have been generated to be able to study 
this novel therapeutic factor in detail. In mouse primary ventral mesencephalon 
(VM) cultures, Meteorin has been shown to increase the number of neurons 
compared normal growth medium. The presence of Meteorin specifically increases 
the number of dopaminergic cells and the level of dopamine. The effect on the 
dopaminergic system has been supported by experiments with immortalized human 
VM cell lines, where the presence of Meteorin increased the number of dopaminergic 
neurons by two to threefold. In parallel with the studies on the dopaminergic system, 
the therapeutic effects of Meteorin have been evaluated in several predictive cell 
culture systems and animal models for neurological disorders. Meteorin plays 
important roles in both glial cell differentiation and axonal network formation 
during neurogenesis. Meteorin is being evaluated for the treatment of ALS.

 Oxygen-Regulated Protein 150 kD

Oxygen-regulated protein 150  kD (ORP150) is a novel endoplasmic-reticulum- 
associated chaperone induced by hypoxia/ischemia. Although ORP150 is sparingly 
upregulated in neurons from human brain undergoing ischemic stress, there is 
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robust induction in astrocytes. Cultured neurons overexpressing ORP150 are 
resistant to hypoxemic stress, whereas astrocytes with inhibited ORP150 expression 
are more vulnerable. Mice with targeted neuronal overexpression of ORP150 have 
smaller strokes compared with controls. Neurons with increased ORP150 
demonstrate suppressed caspase-3-like activity and enhanced brain-derived 
neurotrophic factor (BDNF) under hypoxia signaling. These data indicate that 
ORP150 is a neuroprotective agent and exerts this effect by increasing the availability 
of BDNF in the extracellular space.

 Prosaptide

Prosaptide TX14 is a prosaposin-derived peptide is both a precursor of sphingolipid 
activator proteins and a secreted neurotrophic and myelinotrophic factor. It protects 
peripheral nerves in diabetic neuropathy and enhances nerve regeneration. 
Prosaptide is BBB permeable and has also been shown to reduce brain infarct area 
in a rat model of reversible MCAO.

 Siagoside

Gangliosides are naturally occurring complex glycophospholipids that are impor-
tant components of mammalian cell membranes, particularly those of the nerve 
cells. Siagoside, a monosialoganglioside (GM1), functions as a possible neuro-
trophic factor in noradrenergic, serotonergic, cholinergic, and dopaminergic sys-
tems. There was some evidence for a synergistic effect of gangliosides on 
NGF-induced neuronal cell recovery and synaptogenesis. The sequence of events 
may include receptor- ligand interactions, ion channel modulation, or post-transla-
tional modification of proteins. Following neurological injury, GM1 is thought to 
block calcium influx into neurons. It is likely that interactions between NGF and 
gangliosides occur due to their incorporation into cell membranes and enhancement 
of cell repair. Exogenously administered GM1 has been shown to enhance recovery 
from cerebral ischemia. Siagoside may stimulate or accelerate the repair of neurons 
after CNS damage. Clinical applications are being explored as follows:

• Improved function has been reported in patients with Parkinson’s disease and 
clinical trials are in progress.

• A randomized phase II trial of GM1 in patients with spinal cord injury showed 
enhanced recovery of motor function but phase III trials failed to show any 
benefit.

• Clinical trials in AD failed to show any benefit from GM1.
• The results of a few open trials during the past decade suggest some beneficial 

effect of GM1  in stroke patients. A randomized, placebo-controlled, double- 
blind, multicenter study examined the effect of a loading dose of GM1 within 5 h 
of onset of an ischemic stroke. The findings suggested that GM1 use was safe 
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and that its efficacy in ischemic stroke was greater when given soon after onset 
of stroke. Protocol-defined primary parameters, however, failed to show 
convincing evidence for the efficacy of GM1 treatment. There is no further 
exploration of GM1 for treatment for stroke.

 Small Molecule Activators of the Trk Receptors

Some studies have focused on the asterriquinone class of compounds (Webster et al 
2008). The asterriquinones are naturally occurring bis-indolyl-dihydroxyquinones 
that were originally identified as activators of the insulin receptor. The molecules 
are small and readily cell-permeable, and act directly on the receptor tyrosine kinase 
domain, although its mechanism of activation is not known. The original compound, 
demethylasterriquinone-B1 (DAQ-B1), was demonstrated to cross the BBB and 
activate hypothalamic signaling when given orally. Similar compounds have the 
very important additional advantage of targeting the kinase domain of TrkA and 
therefore not activating the p75NTR receptor. One of these, 5E5, is a potent activator 
of TrkA and a partial activator of TrkC but does not appreciably stimulate TrkB or 
the insulin receptor. At low doses, it can potentiate the effect of NGF to activate 
TrkA and downstream signaling. 5E5 enhances neurite outgrowth and neuronal 
differentiation in the presence of a low dose of NGF that alone is inefficient at 
promoting neurite outgrowth.

Peptidomimetics offer greater specificity but are less readily delivered. Small 
molecule neurotrophin mimetics are easily delivered, but less selective, and may 
have non-Trk-mediated side effects. In the end, molecules potentiating the effect of 
endogenous neurotrophins are particularly appealing as this may avoid the potential 
complications of systemic neurotrophin stimulation.

 Nicotine and Nicotinic Receptor Agonists

Nicotine and nicotine-like compounds have been explored for therapeutic purposes 
on the assumption that they have beneficial effects on learning and memory. This 
was supported by the epidemiological studies, which showed that smokers had a 
lower incidence of disorders such as AD and PD. Nicotine, however, is not a good 
candidate as it has undesirable effects on the body function and attempts have been 
directed to the study of nicotinic acid receptor agonists. Nicotine activates all 
neuronal nicotinic receptor types, including those that cause side effects. By 
designing novel nicotinic drugs that interact selectively with some, but not all, types 
of neuronal nicotinic receptors, it is possible to target only those receptors that are 
relevant to a given disease.

Nicotinic acetylcholine receptors (nAChRs) are in neuromuscular junctions, 
autonomic ganglia and the CNS. These ion channels are activated by nicotine with 
influx of Na+ and Ca+ followed by depolarization. Those located in the CNS are 
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relevant to the discussion of neuroprotection. At least 12 subunits, 8 α and 4 β, have 
been identified. There is 50% loss of these receptors with aging and even further 
loss in AD. Allosteric sensitization of nAChRs is a novel treatment strategy for AD.

 Neuroprotective Effect of Galantamine Mediated via α7nAChRs

Galantamine, a ChE inhibitor approved for the treatment of AD, has a higher effi-
cacy in improving cognitive impairment than other ChE inhibitors – donepezil and 
rivastigmine – as it is the only one of these drugs that acts as an allosterically poten-
tiating ligand of the α4/β2 nAChR. Preclinical studies show neuroprotective effect 
of galantamine in AD, especially in models related to glutamate and Aβ toxicity 
in vitro and to cholinergic stress in vivo. These effects occur by upregulation of the 
protective protein bcl-2 and are mediated via α7nAChRs as shown in Fig. 2.3.

Several pharmaceutical companies have worked to discover and develop nicotine- 
like therapeutic compounds. However, no studies done so far have demonstrated 
that these compounds are effective in treating these diseases.

 Galantamine-Induced Aβ Clearance via α7nAChRs

Aβ phagocytosis is known as an Aβ clearance system in brains. Galantamine, which 
also acts as an allosterically potentiating ligand (APL) for nicotinic acetylcholine 
receptors (nAChRs), clears Aβ via stimulation of microglial nicotinic acetylcholine 
receptors (Takata et al 2010). This study found that in human AD brain, microglia 
accumulated on Aβ deposits and expressed α7 nAChRs including the APL-binding 

Fig. 2.3 Neuroprotective effect of galantamine. (© Jain PharmaBiotech)
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site recognized with FK1 antibody. Treatment of rat microglia with galantamine 
significantly enhanced microglial Aβ phagocytosis, and ACh competitive antagonists 
as well as FK1 antibody inhibited the enhancement. Thus, the galantamine-enhanced 
microglial Aβ phagocytosis required combined actions of an ACh competitive ago-
nist and the APL for nAChRs. Depletion of choline, an ACh competitive α7 nAChR 
agonist, from the culture medium impeded the enhancement. Similarly, Ca2+ deple-
tion or inhibition of the calmodulin-dependent pathways for the actin reorganization 
abolished the enhancement. These results suggest that galantamine sensitizes 
microglial α7 nAChRs to choline and induces Ca2+ influx into microglia. Ca2+-
induced intracellular signaling cascades may then stimulate Aβ phagocytosis 
through the actin reorganization. It was further demonstrated that galantamine treat-
ment facilitated Aβ clearance in brains of rodent AD models. This mechanism sup-
ports a microglial nAChRs as a new therapeutic target and additional advantage of 
galantamine in treatment of AD.

 Nitric Oxide-Based Neuroprotection

The discovery that nitric oxide (NO) has powerful vasoactive properties identical to 
those of endothelial-derived relaxing factor spawned a vast body of research inves-
tigating the physiological actions of small gas molecules. In the nervous system, 
NO can play different roles: as a neurotransmitter or an endogenous neuroprotective 
or a neurotoxin. Because NO differs from most conventional neurotransmitters in 
that it is not stored in synaptic vesicles, the synthesis of NO must be capable of rapid 
modulation. NO, which arises endogenously through the action of nitric oxide syn-
thase (NOS) enzymes, plays important roles in the regulation of vascular and 
immune function.

 Nitric Oxide Synthase Inhibitors

The involvement of NO during stroke has been demonstrated in various animal 
models of stroke. During pathologic conditions such as stroke, calcium overload 
causes prolonged activation of NOS. This results in an excess amount of NO release, 
which causes neural damage. Stroke damage is reduced in neuronal NOS (nNOS) 
knock-out mice, i.e. mice that lack the gene to produce nNOS. Non-selective NOS 
inhibitors may worsen stroke damage, presumably through inhibition of endothelial 
NOS (eNOS) which decreases cerebral blood flow. Selective inhibition of nNOS 
can be achieved by disrupting certain interactions between nNOS and nNOS 
associated proteins – PIN-1 (Protein which Inhibits NOS) and CAPON (carboxyl- 
terminal PDZ ligand of nNOS)  – which are required for nNOS activation and 
subsequent NO production. Selective nNOS inhibitors can be considered as 
neuroprotectives for neurological disorders in which NO and other neurotoxins play 
a significant part in eliciting neuronal death. These include: (1) ischemic 
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cerebrovascular disorders; (2) reperfusion injury; (3) traumatic brain and spinal 
cord injuries; and (4) neurodegenerative disorders.

Immunoreactive inducible NOS (iNOS) has been detected in brains of mice with 
AD-like disease resulting from transgenic expression of mutant human amyloid 
precursor protein (hAPP) and presenilin-1 (hPS1), indicating that iNOS contributes 
to AD pathogenesis. Deficiency of iNOS substantially protects AD-like mice from 
premature mortality, cerebral plaque formation, increased Aβ levels, protein tyrosine 
nitration, astrocytosis, and microgliosis. Aβ, a hallmark of AD, may serve as an 
irritant, “fooling” the body into thinking that an infection-like process is underway, 
and spurring iNOS to begin producing NO.  Thus, iNOS seems to be a major 
instigator of Aβ deposition and disease progression. Inhibition of iNOS may be a 
therapeutic option in AD.  The findings are preliminary, but pharmaceutical 
companies have already developed agents that may safely inhibit the iNOS as 
potential treatments for inflammatory disorders such as multiple sclerosis or 
rheumatoid arthritis.

 Nitric Oxide Mimetics

NO mimetics have been investigated for neurological disorders. They have broader 
implications of cholinergic and non-cholinergic neurotransmission and bypass the 
synaptic receptors to directly activate the signal transduction cascades that are 
triggered by these mechanisms. This approach targets an intracellular pathway that 
involves NO, soluble guanylyl cyclase (sGC) and cyclic guanosine monophosphate 
(cGMP). NO mimetics activate sGC, but selectivity in the hippocampus relative to 
the vasculature; and hippocampal levels of phosphorylated ERK1/2, which is a 
postulated intermediary in the formation of long-term memory, are increased. The 
beneficial effect on visual and spatial memory task performance supports the 
concept that stimulating the NO/sGC/cGMP signal transduction system can provide 
new, effective treatments for cognitive disorders. This approach may be superior to 
that of currently available cholinesterase inhibitor drugs that attempt only to salvage 
the residual function of damaged cholinergic neurons. However, no commercial 
clinical development has taken place for NO mimetics.

 Nitric Oxide Donating Derivatives

HCT1026, a NO-donating derivative of flurbiprofen, is effective in counteracting 
MPTP-induced DAergic neurotoxicity, motor impairment and microglia activation 
in aging mice (L’Episcopo et al 2010). Hence, DAergic neurons exhibit an increased 
ability to resist cytotoxic environment caused by MPTP injury, leading to a 
significant neurorescue observed within the striatum and SNpc, at a morphological, 
neurochemical, and molecular levels. These effects of HCT1026 are associated with 
reduced microglial proinflammatory phenotype and reduced formation of the 
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peroxynitrite footprint, 3-NT, within TH+ cell bodies. While further studies are 
required to clarify the mechanism(s) of HCT1026 neuroprotective effects, the 
combination of a balanced inhibition of the two main COX isoforms with NO 
release provides a promising approach towards the development of novel and 
effective therapeutic strategies against PD.

 Nootropics

The term nootropic was coined from the Greek words “noos” (mind) and “tropos” 
(turn toward). The primary effect of these drugs is enhancement of the cognitive 
function and the main site of action is the telencephalon. These drugs act as 
metabolic enhancers of the CNS and facilitate the utilization of glucose, transport of 
oxygen, and turnover of energy (ADP/ATP balance). The term is sometimes 
extended to include other actions such as neuroprotection. The ideal nootropic 
should have the following properties:

 1. Improvement of cerebral metabolism demonstrable in humans.
 2. Cell protection against hypoxia.
 3. No disturbing influence on the basic EEG rhythm.
 4. Minimal side effects and good tolerance by the elderly.
 5. No stimulating, sedative or tranquilizing effects.
 6. No primary vasoactive action

The best known of nootropics belong to the pyrrolidone family of chemicals and 
have been the subject of research for more than three decades. The lack of other 
generally adverse psychopharmacological actions (e.g. sedation, analgesia, or motor 
or behavioral changes), distinguish the pyrrolidones from other psychoactive drug 
classes. The mechanisms of action of these drugs are still not fully established; 
indeed, different compounds in this class may have different modes of action. 
Experimental and clinical work first focused on their nootropic effects and then on 
the possibilities for neuroprotection after stroke and use as antiepileptic agents. 
Piracetam was the first compound of this class. A related compound, levetiracetam, 
is a major new antiepileptic drug.

 Piracetam

Piracetam has been a subject of recent interest because of its antimyoclonic action 
and effects after stroke and in mild cognitive impairment. Piracetam, a cyclical 
derivative of GABA has the following pharmacological effects:

 1. Increases cerebral energy metabolism.
 2. Accelerates hippocampal ACh turnover.
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 3. Increases the cyclic adenosine monophosphate (cAMP) concentration in the 
brain.

 4. Protects against the effects of cerebral ischemia/hypoxia.
 5. Improves microcirculation.

Piracetam has a special affinity for the brain and crosses BBB easily. The drug is 
approved for use in several countries but not in the US. Clinical trials in AD failed 
to show its efficacy and phase III clinical trials for stroke are still ongoing.

 Nutraceuticals and Naturally-Derived Compounds

The dividing line between foods and drugs is becoming increasingly blurred but the 
term “nutraceuticals” usually refers to nutritional agents used for therapeutic 
purposes. Several dietary supplements and other substances of natural origin are 
available to the counter with claims of protecting the brain or enhancing the 
brainpower. Some of the vitamins (see separate section) and naturally-derived 
compounds have been incorporated to pharmaceutical products and developed as 
such. Some examples are: (1) creatine produced naturally in the body and used as a 
food supplement; (2) nicotinamide; (3) curcumin found in the curry; (4) green tea; 
(5) coffee; (6) cinnamon; herbal preparations; and (7) resveratrol found in grapes as 
well as red wine.

 Cinnamon

Cinnamon, a widely-used food spice and flavoring material, and its metabolite 
sodium benzoate (NaB), a widely-used food preservative and a FDA-approved drug 
against urea cycle disorders in humans, increases the levels of neurotrophic factors, 
e.g. BDNF and NT-3) in the CNS. In a study, NaB, but not sodium formate (NaFO), 
dose-dependently induced the expression of BDNF and NT-3  in primary human 
neurons and astrocytes (Jana et al 2013). Oral administration of ground cinnamon 
also increased the level of NaB in serum and brain and upregulated the levels of 
these neurotrophic factors in vivo in mouse CNS. Accordingly, oral feeding of NaB, 
but not NaFO, also increased the level of these neurotrophic factors in vivo in the 
CNS of mice. NaB induced the activation of protein kinase A (PKA), but not protein 
kinase C (PKC), and H-89, an inhibitor of PKA, abolished NaB-induced increase in 
neurotrophic factors. Furthermore, activation of cAMP response element binding 
(CREB) protein, but not NF-κB, by NaB, abrogation of NaB-induced expression of 
neurotrophic factors by siRNA knockdown of CREB and the recruitment of CREB 
and CREB-binding protein to the BDNF promoter by NaB suggest that NaB exerts 
its neurotrophic effect through the activation of CREB.  Accordingly, cinnamon 
feeding also increased the activity of PKA and the level of phospho-CREB in vivo 
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in the CNS. These results highlight a novel neutrophic property of cinnamon and its 
metabolite NaB via PKA – CREB pathway, which may have neuroprotective effect 
in various neurodegenerative disorders.

 Coffee

In the past, coffee consumption has been inconsistently associated with stroke inci-
dence and mortality. A prospective study of association between coffee consump-
tion and stroke incidence in a study on Swedish women showed that low or no 
coffee consumption is associated with an increased risk of stroke in women (Larsson 
et  al 2011). The association between coffee consumption and cerebral infarction 
was not modified by smoking status, body mass index, history of diabetes or hyper-
tension, or alcohol consumption. The study found a 22–25% lower adjusted risk of 
total stroke, cerebral infarction, and subarachnoid hemorrhage among women who 
drank at least one cup of coffee per day compared with those who consumed less. 
Drinking >1–2 cups of coffee was not associated with significantly greater benefit. 
Reduction of subclinical inflammation and oxidative stress, and improved insulin 
sensitivity were suggested as possible mechanisms for coffee’s benefits in lowering 
stroke risk.

Coffee consumption is linked with reduced risk of PD, and caffeine is considered 
to be the neuroprotective agent. The consumption of caffeine (an adenosine receptor 
antagonist) correlates inversely with depression and memory deterioration. 
Adenosine A2A receptor (A2AR) antagonists are candidate therapeutic targets because 
they control aberrant synaptic plasticity and afford neuroprotection.

 Creatine

Creatine (creatine monohydrate) is an amino acid produced naturally in the body 
from the proteins arginine, glycine, and methionine. Creatine is converted 
(phosphorylated) to phosphocreatine (PCr) by the enzyme creatine kinase. PCr in 
turn buffers the concentration in cells of ATP, the basic energy source for living 
cells. ATP is formed when creatine combines with ADP. When the energy in ATP is 
used, it becomes ADP again and needs to be regenerated back to ATP by 
phosphocreatine. PCr regenerates ADP by transferring a phosphate group to it. 
Creatine supplementation increases PCr levels, which in turn increase ATP levels 
that nourish the brain. Creatine breaks down into creatinine, a waste product 
processed by the kidneys and excreted in the urine.

Creatine kinase and its substrates creatine and phosphocreatine constitute an 
intricate cellular energy buffering and transport system connecting sites of energy 
production (mitochondria) with sites of energy consumption, and creatine 
administration stabilizes the mitochondrial creatine kinase and inhibits opening of 
the mitochondrial transition pore. Creatine, one of the most common food 
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supplements used by individuals at almost every level of athleticism, promote gains 
in performance, strength, and fat-free mass. Recent experimental findings have 
demonstrated that creatine affords significant neuroprotection against ischemic and 
oxidative insults.

In experimental studies creatine significantly attenuated striatal excitotoxic 
lesions produced by NMDA but had no effect on lesions produced by AMPA or 
kainic acid. Nicotinamide with creatine produced significantly better neuroprotection 
than creatine alone against malonate-induced lesions. Creatine can, therefore, 
produce significant neuroprotective effects against NMDA mediated excitotoxic 
lesions in vivo and the combination of nicotinamide with creatine exerts additive 
neuroprotective effects. Creatine mediates remarkable neuroprotection in 
experimental models of neurodegenerative disorders, but no efficacy has been 
demonstrated in clinical trials. Use of creatine in TBI is described in Chap. 4.

 Curcumin/Curry

Curcumin is a constituent of turmeric, a spice used in making curry. Interest in the 
potential neuroprotective properties of curcumin started after studies found very 
low levels of neurological diseases, such as AD, in elderly Indian populations. As a 
polyphenol curcumin possesses potent antioxidant and antiinflammatory properties 
and has an ability to modulate multiple targets implicated in the pathogenesis of 
several chronic illnesses. Curcumin has shown therapeutic potential for 
neurodegenerative diseases including AD and PD that will be described in chapters 
dealing with these disorders. However, issues such as limited bioavailability and a 
paucity of clinical studies examining its therapeutic effectiveness in illnesses such 
as AD and PD currently limit its therapeutic potential. Considerable effort will be 
required to adapt curcumin as a neuroprotective agent for use in the treatment of 
AD, PD and other neurodegenerative diseases (Darvesh et al 2012).

 Mechanism of Neuroprotective Effect of Curcumin

Curcumin application has been shown to promote the viability of cultured rodent 
cortical neurons (Wang et al 2010). When neurons were pretreated with tyrosine 
kinase B (TrkB) antibody, known to inhibit the activity of brain-derived neurotrophic 
factor (BDNF), the protective effect of curcumin was blocked. Additionally, 
treatment of curcumin increased BDNF and phosphor-TrkB and both these 
enhancements could be suppressed by ERK and PI-3K inhibitors. The administration 
of curcumin led to increased levels of phosphor-ERK and AKT, which were each 
blocked by MAPK and PI-3K inhibitors. Furthermore, the curcumin-induced 
increase in phosphorylated cyclic AMP response element binding protein (CREB) 
was prevented by MAPK and PI-3K inhibitors. These findings led to the hypothesis 
that neuroprotection by curcumin might be mediated via BDNF/TrkB-MAPK/
PI-3K-CREB signaling pathway.

 Nutraceuticals and Naturally-Derived Compounds
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 Flavonoids

Higher intake of foods containing flavonoids has a neuroprotective effect. Berries are 
high in flavonoids, especially anthocyanidins. Numerous studies on rats have shown 
that blueberry or strawberry supplementation significantly reduces age- related 
declines in neuronal signaling and cognitive behavior, and supplementation at older 
ages reverses neuronal and cognitive decline. In a prospective study, greater intakes 
of blueberries and strawberries delayed cognitive aging in elderly women by up to 
2.5  years (Devore et  al 2012). Berry-derived anthocyanidins are capable of both 
crossing the BBB and localizing in brain regions involved in learning and memory.

 Glyceryltriacetate

Glyceryltriacetate (GTA, Triacetin), an FDA approved food and drug additive, can 
be used as a dietary supplement to increase acetate levels in the brain several fold. 
It is considered to be safe for oral intake. It is an immediate source of metabolic 
energy for the mitochondria in the form of an acetate precursor. Supplementation 
with GTA has been proposed as a possible therapy for Canavan disease, based on 
the hypothesis that an acetate deficiency in oligodendrocytes is responsible for this 
fatal genetic neurodegenerative disorder caused by mutations in the gene for 
aspartoacylase. It is under investigation as a neuroprotective agent.

 Green Tea

The active constituents in green tea are polyphenols, with an antioxidant called 
epigallocatechin-3-gallate, which is 25–100 times more potent than vitamins C and 
E. One cup of green tea may provide 10–40 mg of polyphenols and has antioxidant 
effects that are greater than a serving of broccoli, spinach, carrots, or strawberries. 
Tea flavonoids (catechins) have been reported to possess divalent metal chelating, 
antioxidant, and antiinflammatory activities, to penetrate the BBB and to protect 
neuronal death in a wide array of cellular and animal models of neurological 
diseases. Animal studies have shown that green tea extract limits the size of stroke 
lesions in a dose-dependent manner when administered immediately after an 
ischemic episode, leading suggestion that green tea may have promise in the acute 
treatment of ischemic stroke. Intranasal administration of gallotannin, a green tea 
compound has been shown to protect the brains of rats with induced strokes.

Green tea catechins as brain-permeable, natural iron chelators-antioxidants have 
been considered as neuroprotective for the treatment of neurodegenerative disorders. 
Green tea inhibits the activity of the enzymes AChE, BuChE and β-secretase. 
Research is in progress to find out exactly which components of green tea have this 
beneficial effect with the aim of developing a therapeutic for AD.
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 Herbal Preparations

Herbs in the Traditional Eastern Medicine that have been documented to have a 
neuroprotective effect on in  vitro and in  vivo ischemic model systems, and the 
neuroprotective compounds have been isolated from them. The neuroprotective 
effect of medicinal plants that are regarded as having therapeutic effects for stroke 
in Korean traditional medicine were studied using both in vitro and in vivo cerebral 
ischemia models (Chun et  al 2008). Following two-vessel occlusion in gerbils, 
extracts of P. densiflora and V. vinifera significantly increased the number of surviv-
ing cells/mm2 of the CA1 region by more than twofold.

 Flavonoid Wogonin

Wogonin (5,7-dihydroxy-8-methoxyflavone), a flavonoid originated from the root 
of a medicinal herb Scutellaria baicalensis Georgi, has been previously shown to 
have anti-inflammatory activities in various cell types including macrophages. 
Wogonin inhibits inflammatory activation of cultured brain microglia by diminishing 
lipopolysaccharide-induced TNF-α and IL-1β, as well as suppressing NO production 
by inhibiting inducible NO synthase (iNOS) induction and NF-κB activation in 
microglia. Inhibition of inflammatory activation of microglia by wogonin reduces 
microglial cytotoxicity toward cocultured PC12 cells, supporting a neuroprotective 
role for wogonin in vitro. The neuroprotective effect of wogonin has been further 
demonstrated in vivo using two experimental brain injury models; transient global 
ischemia by four-vessel occlusion and excitotoxic injury by systemic kainate 
injection. In both animal models, wogonin confers neuroprotection by attenuating 
the death of hippocampal neurons, and the neuroprotective effect is associated with 
inhibition of the inflammatory activation of microglia. These results indicate that 
wogonin exerts its neuroprotective effect by inhibiting microglial activation, which 
is a critical component of pathogenic inflammatory responses in neurodegenerative 
diseases.

 Ginseng

American ginseng (Panax quinquefolius) and Asian species of ginseng contain gin-
senosides which are considered to have several therapeutic properties including 
antioxidant action. Pretreatment with a preparation of ground leaves and stems of 
American ginseng, which contains greater levels of Rb extract than ground root, has 
been shown to improve behavioral score and reduce the volume of the striatal lesion 
in animal models of neurodegeneration induced by 3-nitropropionic acid, an 
inhibitor of succinate dehydrogenase. There is no motor impairment and deaths in 
the treated animals. The results demonstrate that some but not all of the ginsenosides 
have neuroprotective activity, and that a purification of whole ginseng should be 
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done to extract the neuroprotective components. The postulated ability of the 
ginsenosides to scavenge free radicals might explain the neuroprotective effects of 
ginseng and the results of this study. Ginseng and even a single compound of 
ginsenoside produce its effects on multiple sites of action in CNS diseases, which 
make it an ideal candidate to develop multi-target neuroprotective drugs (Kim et al 
2013). Ginseng contains saponin glycosides. Some of neuroprotective agents under 
investigation by Neurodyn Inc. are saponin-based bioactives.

 Nicotinamide

Nicotinamide, an amide of vitamin B3, is the precursor for the coenzyme 
β-nicotinamide adenine dinucleotide (NAD+) and is necessary for cellular function 
and metabolism. Interest in nicotinamide has shifted from its role as a nutrient to 
that of a neuroprotective agent. Treatment with nicotinamide enhances neuronal 
survival during a variety of insults such as free radical exposure and oxidative stress. 
The mechanism of nicotinamide-mediated neuroprotection in vitro may be in part 
due to inhibition of caspase-3 and release of cytochrome-c from mitochondria 
during oxygen-glucose deprivation. NAD+ and NADH play important roles in 
multiple biological processes in the brain such as neurotransmission, learning and 
memory. NAD+ and NADH may also mediate brain aging and the tissue damage in 
various brain illnesses. Several studies have suggested that NADH can be transported 
across the plasma membranes of astrocytes, and that NAD+ administration can 
markedly decrease ischemic brain injury.

 Punicalagin from Pomegranate

There is a chemical compound in pomegranate fruits called punicalagin, which 
could help slow the progression of neurodegenerative diseases by treating 
inflammation in the brain. The ability of punicalagin to reduce the production of 
TNF-α and IL-6 and prostaglandin E2 has been demonstrated in experimental 
studies. Pretreatment with punicalagin completely abolished TNF-α and IL-6 gene 
expression in lipopolysaccharide-stimulated hippocampal slices (Olajide et  al 
2014). Protein and mRNA expressions of COX-2 and microsomal prostaglandin E 
synthase 1 were also reduced by punicalagin pretreatment. Results show that 
punicalagin interferes with NF-κB signaling through attenuation of NF-κB-driven 
luciferase expression, as well as inhibition of IκB phosphorylation and nuclear 
translocation of p65 subunit in the microglia. These results suggest that punicalagin 
inhibits neuroinflammation in LPS-activated microglia through interference with 
NF-κB signaling, suggesting its potential as a nutritional preventive strategy in 
neurodegenerative disorders.
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 Resveratrol

Epidemiological studies of French red wine drinkers have shown that despite their 
fatty diets, red wine drinkers were protected from cardiovascular disease, a finding 
known among researchers as the “French paradox.” More recent epidemiological 
studies have linked red wine consumption with protection from aging-related 
disorders such as AD. Antioxidant compounds in red wine might help to protect the 
brain cells from apoptosis of neurodegenerative disorders. One of these, resveratrol 
(trans-3,4′,5-trihydroxystilbene), a naturally occurring polyphenol mainly found in 
grapes and red wine, markedly lowers the levels of secreted and intracellular Aβ as 
it promotes intracellular degradation of Aβ via a mechanism that involves the 
proteasome. While grapes are one good source of resveratrol, eating them may not 
be an effective treatment for AD.  Resveratrol in grapes may never reach the 
concentrations required to obtain the effect observed in experimental studies. It 
must be noted that the immense amounts of reservatrol used in animal experimental 
studies cannot be obtained from drinking red wine and a pharmaceutical preparation 
is now available. Grapes and wine contain over 600 different components, including 
well-characterized antioxidant molecules. Therefore, one cannot exclude the 
possibility that several compounds work in synergy with small amounts of resveratrol 
to slow down the progression of the neurodegenerative processes in humans. Some 
analogs of resveratrol are 20 times more potent than the original natural compound. 
Research is in progress to find more stable analogs and to test them in vivo in animal 
models of AD.

Reservatrol is poorly soluble in water and is chemically unstable as it is degraded 
by isomerization on exposure to high temperatures, pH changes, UV light, or certain 
enzymes. To overcome these limitations, reservatrol can be delivered by nanocarriers 
to prolong the half-life and enhance passage across the BBB (Andrade et al 2018). 
There is a higher concentration of encapsulated reservatrol in the brain, kidney and 
liver tissues as compared to free reservatrol. Several types of nanomaterials such as 
liposomes, lipid and polymeric nanoparticles has been used to encapsulate 
reservatrol. Some of these nanocarriers have been modified with targeting molecules 
to recognize the targets in the brain.

The many putative beneficial effects of the polyphenol resveratrol include an 
ability to modulate nitric oxide synthesis, and promote vasodilation, which thereby 
improves CBF. In a randomized, double-blind, placebo-controlled, crossover study 
on healthy adults, resveratrol administration resulted in dose-dependent increases in 
CBF during task performance, as indexed by total concentrations of hemoglobin 
and an increase in deoxyhemoglobin, which suggested enhanced oxygen extraction 
(Kennedy et al 2010).

A study has revealed that resveratrol selectively induces heme oxygenase 1 
(HO1) in a dose- and time-dependent manner in cultured mouse cortical neuronal 
cells and provides neuroprotection from free-radical or excitotoxicity damage 
(Sakata et al 2010). This protection was lost when cells were treated with a protein 
synthesis or HO1 inhibitor, suggesting that HO1 induction is at least partially 
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required for resveratrol’s prophylactic properties. Furthermore, resveratrol 
pretreatment dose-dependently protected mice subjected to an optimized ischemic- 
reperfusion stroke model. Mice in which HO1 was selectively deleted lost most, if 
not all, of the beneficial effects. Together, the data suggest a potential intracellular 
pathway by which resveratrol can provide neuroprotection.

 Osmotic Diuretics

Osmotic diuretics are used to lower acutely raised intracranial pressure and thus 
protect the brain. Two commonly used agents in neurology and neurosurgery are 
mannitol and frusemide. Mannitol, an osmotic diuretic is used more frequently for 
this purpose. Its other use is in renal failure to preserve renal function.

 Mannitol

Mannitol is used as 25% intravenous infusion to reduce raised intracranial pressure 
(ICP) due to swelling (edema) of the brain. It acts mainly by establishing an osmotic 
gradient between the plasma and the brain and thus its action depends on an intact 
blood BBB.  If the BBB is damaged, administration of mannitol can produce a 
rebound rise in intracranial pressure. There is also evidence that mannitol reduces 
the water content of the swollen brain and not of the normal brain even if BBB is 
disrupted.

Mannitol is used for control of raised ICP of various origins including severe 
TBI, stroke and hepatic encephalopathy associated with liver failure. Mannitol is 
sometimes dramatically effective in reversing acute brain swelling, but its 
effectiveness in the on-going management of severe TBI remains open to question. 
There is evidence that, in prolonged dosage, mannitol may pass from the blood into 
the brain, where it might cause reverse osmotic shifts that increase ICP. There is 
currently not enough evidence to decide whether the routine use of mannitol in 
acute stroke would result in any beneficial or harmful effect. The routine use of 
mannitol in all patients with acute stroke is not supported by any evidence from 
randomized controlled clinical trials.

Several studies have demonstrated that mannitol provides a significant degree of 
neuroprotection when administered either before or immediately after vessel 
occlusion in animal models of cerebral ischemia, which is attributed to mannitol’s 
action in improving cerebral microcirculation and scavenging free radicals. Mannitol 
reduces ischemic neuronal injury most effectively when administered after rather 
than before the production of ischemia. This is consistent with a possible beneficial 
influence on the development of delayed cerebral edema.
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 Osteopontin

Osteopontin (OPN) is a secreted extracellular phosphoprotein involved in diverse 
biologic functions, including inflammation, cell migration, and antiapoptotic 
processes. Incubation of cortical neuron cultures with OPN protects against cell 
death from oxygen and glucose deprivation. The effect of OPN depends on the Arg-
Gly-Asp (RGD)-containing motif as the protective effect of OPN in  vitro was 
blocked by an RGD-containing hexapeptide, which prevents integrin receptors 
binding to their ligands. Osteopontin treatment of cortical neuron cultures caused an 
increase in Akt and p42/p44 MAPK phosphorylation, which is consistent with 
OPN-inducing neuroprotection via the activation of these protein kinases. Indeed, 
the protective effect of OPN is reduced by inhibiting the activation of Akt and p42/
p44 MAPK. The protective effect of OPN is also blocked by the protein synthesis 
inhibitor cycloheximide, suggesting that the neuroprotective effect of OPN requires 
new protein synthesis. Finally, intracerebral ventricular administration of OPN 
causes a marked reduction in infarct size after transient middle cerebral artery 
occlusion in a murine stroke model. These data suggest that OPN is a potent 
neuroprotectant against ischemic injury.

 Oxygen Therapeutics

Oxygen, the most essential element of life on earth, is widely used therapeutically. 
The human body has only limited reserves of oxygen. The rational basis of 
therapeutic use of oxygen is hypoxia with broad applications in respiratory and 
cardiovascular disorders. Physiology of oxygen and its therapeutic uses have been 
discussed in detail elsewhere (Jain 1989). The brain consumes about 20–25% of the 
total oxygen uptake of the human body even though it makes up only 2–3% of the 
body weight. The brain is very susceptible to the effects of hypoxia, which is the 
underlying pathology in many acute insults to the brain. Oxygen inhalation is used 
in several neurological disorders.

Oxygen is a highly neuroprotective molecule in transient focal cerebral ischemia 
in rats, when applied early and at high doses (Eschenfelder et al 2008). Reducing 
the time to treatment enhances the degree of neuroprotection. Hyperoxia reduced 
the infarct volume, but inhalation of heliox (helium-oxygen mixture) further 
diminished the infarct volume and improved 24  h neurological deficits in a rat 
model of focal ischemia. This suggests that a greater benefit may accrue from heliox 
therapy.

There is some concern, based mostly on animal experiments, that hyperoxia may 
add to the oxidative stress of acute ischemic and traumatic lesions. In practice, 
however, correction of hypoxia reduces the oxidative stress and supplementation 
with antioxidant therapy further protects against the accumulation of free radicals.

 Oxygen Therapeutics
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 Oxygen Carriers

The aim of oxygen carriers is to improve oxygen delivery to the brain and protect it 
from ischemia/hypoxia. Two main categories of pharmaceutical agents have been 
used for delivery of oxygen to the tissues: perfluorocarbons (PFCs) and hemoglo-
bin-based oxygen carriers. Both are primarily blood substitutes. They can be used 
oxygen carriers to the ischemic brain in stroke or help in the resuscitation of shock/
trauma patients who have hemorrhagic shock and suffer from hypoxia/ischemia of 
the brain. Theoretically, cell-free carriers should transfer oxygen to the tissues more 
efficiently than red cells but so far, this has not been readily demonstrable. A third 
category is liposome encapsulated hemoglobin where hemoglobin is entrapped in a 
bilayer of phospholipid. A modifier of heme function is also enclosed to adjust the 
oxygen-carrying capacity of hemoglobin. Half life of this product can be increased 
by coating the liposome surface with sugar.

 Hemoglobin-Based Oxygen Carriers

Hemoglobin-based oxygen carriers (HBOCs) have been in development for the lon-
gest period of time, dating from the early part of this century. The US Army, in its 
search for blood substitutes, has been the source of most of the early research in this 
area and only during the last decade has the industry surpassed this investment. 
Preparation of HBOCs involves the removal of the cellular capsule of hemoglobin 
(Hb) and modifying the structure of Hb to prevent it from degradation, to enable it 
to function in simple electrolyte solutions and avoid toxic effects in the body. An 
extensive purification process is required to remove cell fragments so that the 
preparation can be administered as an acellular intravenous solution, which can 
carry more oxygen than standard electrolyte solutions. The primary function is to 
replace blood loss, but it can also be used to increase the transport of oxygen to 
tissues lacking adequate blood flow or perfusion. This is its potential application in 
acute ischemic stroke. HBOCs have several advantages over blood transfusions as 
it eliminates the risk of viral contamination and transfusion reactions (antigens are 
in the cell membrane which is removed). Major applications are in shock/trauma 
and surgery. The best-known commercial product in this category is diaspirin cross- 
linked hemoglobin (Baxter’s DCLHb). Some of the limitations of these products 
are:

• The production of Hb solutions is expensive
• This is a new class of therapeutics and is subject to intense regulatory scrutiny
• The duration of effect is limited, ranging from 4–48 h depending on the prepara-

tion whereas the half-life of transfused blood is 34 days.

DCLHb has been shown to reduce neurological damage in animal stroke models. 
Hemodilution with DCLHb improves cerebral perfusion pressure and intracranial 
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pressure without decrease of lesion volume. Results of a phase II trial in acute 
ischemic stroke showed that there were more deaths and adverse events in the 
treatment group than in controls. Further development of the product for this 
indication was discontinued.

 Perfluorocarbons as Oxygen Carriers

Perfluorocarbons (PFCs) are inert organic substances produced by substituting fluo-
rine for hydrogen in specific positions within highly stable carbon chains. They are 
not metabolized by the body and are excreted via the lungs, urine and feces although 
a small amount may be stored in the reticuloendothelial system. The two major 
mechanisms underlying the efficacy of PFCs for oxygen transport and delivery are: 
(1) a high solubility coefficient for oxygen and CO2 and (2) PFCs release O2 to the 
tissues more effectively because their O2 binding constant is negligible. They have 
been investigated intensively over the past 30 years. PFC- based oxygen carriers, 
while more recent than HBOCs, have some advantages over HBOCs. They are syn-
thetic, chemically inert and inexpensive. PFCs have a high affinity for oxygen and 
carbon dioxide. PFCs can substitute for red blood cells transport oxygen as a dis-
solved gas rather than as chemically bound as in the case of HBOCs. This makes a 
difference to the way the oxygen is presented to the tissues. It is not yet certain if 
PFCs can provide more oxygen to the tissues than simple oxygen inhalation. Other 
drawbacks are adverse characteristics such as instability, short intravascular half-
life and uncertainty concerning toxic effects.

Only one product of this category, Fluosol-DA, was approved by the FDA for use 
in coronary angioplasty but was subsequently withdrawn by the manufacturer 
because of the disappointing results in efficacy trials. Second generation PFCs 
incorporate well-tolerated emulsifiers (egg-yolk phospholipids). Potential therapeu-
tic applications include neuroprotection.

Oxygenated fluorocarbon nutrient solutions have used for ventriculosubarach-
noid perfusion in animal models of cerebral ischemia. This system functions as an 
alternate vascular tree and enabled the perfusate to accomplish many of the func-
tions of blood. It has also been shown that cerebral infarction can be reduced in 
experimental animals by ventriculocisternal perfusion with oxygenated perfluo-
rooctylbromide. Ventriculocisternal perfusion with oxygenated fluorochemical 
emulsion following cerebral ischemia also offers the possibility of reducing elevated 
intracranial pressure associated with cerebral infarction in stroke models.

Hemodilution with PFCs can combine the advantages of reduced viscosity while 
maintaining oxygen-carrying capacity and osmotic pressure at the prehemodilution 
level. Fluoromethyloadamantane is a PFC with small particle size, low viscosity 
and high PFC content. Used as a hemodiluent, it increases the oxygen of the diluted 
blood and reduced the area of infarcted tissue in experimental models of cerebral 
ischemia.

 Oxygen Therapeutics



144

Another preparation is a lecithin emulsion of bis-perfluorobutyl ethylene sus-
pended in a continuous aqueous phase that simulates CSF with albumin added as an 
osmotic agent. It is delivered to the patients after equilibration with a mixture of 
carbon dioxide and oxygen to obtain a physiologic pH and carbon dioxide tension 
and an elevated oxygen tension (650–680 torr). A phase I clinical trial using this 
product was conducted some years, but this did not develop any further.

Oxycyte® (Tenax Therapeutics), a second-generation PFC, is an oxygen- 
carrying intravenous emulsion that can carry five times more oxygen than 
hemoglobin, making it an effective means of transporting oxygen to tissues and 
carbon dioxide to the lungs for disposal. Studies on rat model of focal cerebral 
ischemia shows that Oxycyte®, administered immediately after the onset of middle 
cerebral artery occlusion, may exert neuroprotective effects in the early phase of 
brain ischemia. Cerebral oxygen tension following Oxycyte® administration was 
significantly increased in patients in a phase II proof-of-concept study of Oxycyte 
in TBI, but the trial was discontinued.

 Hyperbaric Oxygen Therapy

Hyperbaric oxygen (HBO) therapy is therapeutic use of oxygen under greater than 
atmospheric pressure. Role of HBO therapy in the management of stroke has been 
discussed elsewhere (Jain 2017). Rationale for the neuroprotective effect of HBO is 
that it relieves hypoxia, improves the microcirculation, relieves cerebral edema and 
protects the partially damaged tissue and progression of secondary effects of 
infarction. Applications in stroke and TBI will be discussed further in Chaps. 3 and 
4 respectively.

 P7C3 Compounds

A novel neuroprotective small molecule was discovered using a target-agnostic 
in vivo screen in living mice. This aminopropyl carbazole, named P7C3, is orally 
bioavailable, crosses the BBB, and is non-toxic at doses several fold higher than the 
efficacious dose. Improved versions, such as (-)-P7C3-S243 and P7C3-A20, 
displayed neuroprotective properties in rodent models of Parkinson disease, 
amyotrophic lateral sclerosis, traumatic brain injury (TBI) and age-related cognitive 
decline. Derivatives appended with immobilizing moieties may reveal the protein 
targets of the P7C3 class of neuroprotective compounds. To uncover its mechanism 
of action, an active derivative of P7C3 was modified to contain both a benzophenone 
for photocrosslinking and an alkyne for CLICK chemistry. This derivative was 
found to bind nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting 
enzyme involved in the conversion of nicotinamide into NAD+. Administration of 
active P7C3 chemicals to cells treated with doxorubicin, which induces NAD+ 
depletion, led to a rebound in intracellular levels of NAD+ and concomitant 
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protection from doxorubicin-mediated toxicity. Active P7C3 variants likewise 
enhanced the activity of the purified NAMPT enzyme, providing further evidence 
that they act by increasing NAD+ levels through its NAMPT-mediated salvage 
(Wang et al 2014).

These results indicate that unbiased, in vivo screens might provide starting points 
for the development of treatments for neurodegenerative diseases as well as tools to 
study the biology underlying these disorders (Pieper et al 2014). Initiation of daily 
treatment with P7C3-S243, 1  day after blast-mediated TBI blocks axonal 
degeneration and preserves normal synaptic activity, learning and memory, as well 
as motor coordination in mice (Yin et  al 2014). NAMPT-based neuroprotective 
drugs are in development.

 Peptides

The following peptides have been investigated for their potential use as neuropro-
tective agents.

 C3-Derived Peptide for Neuroprotection and Neuroregeneration

Anaphylatoxin C3a is a third complement component (C3)-derived peptide, the 
multiple functions of which include neuroprotection. C3a is generated through the 
activation of the complement system, a group of proteins in the blood that is essen-
tial for the body’s immune defense. Signaling through C3a receptor positively regu-
lates in vivo neurogenesis in adult mouse brain. An study in vitro shows that the 
whole brain-derived neural progenitor cells (NPCs) bind C3a in a specific and 
reversible manner and that C3a stimulates neuronal differentiation of NPCs (Shinjyo 
et al 2009). Furthermore, C3a stimulates the migration of NPCs induced by low 
concentrations of stromal cell-derived factor (SDF)-1, whereas it inhibits NPC 
migration at high concentration of SDF-1. In the same manner, C3a modulates 
SDF-1-induced extracellular-signal-regulated kinases 1 and 2 (ERK1/2) phosphor-
ylation in these cells. In addition, C3a has an inhibitory effect on SDF-1- induced 
neuronal differentiation of NPCs. These data show that C3a modulates SDF-1-
induced differentiation and migration of these cells, conceivably through the regula-
tion of ERK1/2 phosphorylation. The results provide the first evidence that the 
complement system also plays an important role in the repair and regeneration of 
the brain and C3a regulates neurogenesis by directly affecting the fate and proper-
ties of NPCs. Although the research has been carried out using mice and cultured 
cells, it could lead to a new medicine for human beings, which could be given to 
patients who have had a stroke or other disorders that damage or destroy the nerve 
cells. It could be possible to use molecules that are similar to the peptide C3a to 
boost the formation of nerve cells and stimulate the replacement of nerve cells lost 
due to injury or illness.

 Peptides
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 Corticotropin-Releasing Hormone

Corticotropin-releasing hormone (CRH) is the central regulator of the hypothalamic- 
pituitary- adrenal stress response system and is implicated in various stress-related 
conditions. The role of CRH, a 41-amino acid peptide, remains controversial. 
Detailed investigations on the mechanisms mediating this neuroprotective effect 
show that activation of the adenylate cyclase pathway and induction of MAP kinase 
phosphorylation mediate the CRH action. CRH can afford neuroprotection against 
neurotoxicity up to 12 h following the insult, suggesting that CRH is acting at a late 
stage in the neuronal death cycle, and this might be important in the development of 
novel neuroprotective agents in order to improve neuronal survival following the 
insult.

 Thyrotropin-Releasing Hormone

Thyrotropin-releasing hormone (TRH, protirelin), an endogenous CNS neuropep-
tide, as well as its analogs, can be used to treat neurodegenerative disorders, trau-
matic brain injury and intractable seizures – conditions in which excess excitatory 
amino acid release is involved in disease pathways. The mechanism of neuroprotec-
tion by TRH is poorly understood. However, therapy utilizing TRH and its analogs 
has been limited due to the difficulty of delivering the drugs to the appropriate sites 
in the brain in adequate amounts. Low doses of TRH and its analogs are sufficient 
for inhibiting glutamate release, but higher doses delivered by nanoconstructs could 
effectively inhibit both glutamate and aspartate release. Long term intranasal 
delivery TRH in therapeutic doses through defined nasal pathways would not 
produce CNS and/or endocrine side effects because of three factors:

 1. Continuous TRH doses are well below those known to induce endocrine effects
 2. Significant dilution of the TRH nanoconstructs in two large volume compart-

ments (CSF and blood)
 3. Continuous metabolism of small quantities of peptide released over time in both 

compartments.

TRH analogs are in preclinical development as neuroprotectives in neurodegen-
erative diseases and TBI.

 Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) has been shown to prevent neuronal cell death 
produced by five variants of HIV-1 (human immunodeficiency virus) envelope 
protein (gp120). Neuroprotective action of VIP is linked in part to its release of 
MIP-1α. This may be relevant to drug strategies for the treatment of AIDS dementia.
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The shared peptide epitope of VIP with the envelope protein of the HIV-1 (gp120) 
has been suggested as a neuroprotective intranasally delivered drug termed peptide 
T.  A stable VIP analog, stearyl-Nle 17-VIP (SNV) interacts with specific GTP- 
insensitive VIP-binding sites that are abundant in the olfactory bulb and thalamus 
and is recognized by VIP receptors. SNV is 100-fold more-potent than VIP in 
providing neuroprotection and could access the brain by intranasal delivery and 
enhance spatial memory in cholinergically deficient rats. VIP or SNV (28 amino 
acids) can be shortened to an active neuroprotective core of four amino acids VIP 
(stearyl-VIP 20–23). SNV and stearyl-VIP 20–23 might represent future neuropro-
tective drug candidates.

To provide neuroprotection VIP requires the presence of glial cells. Several VIP- 
responsive proteins that are expressed in glial cells have been identified and termed 
activity-dependent neurotrophic factor (ADNF) and activity-dependent 
neuroprotective protein (ADNP). Short, highly potent peptides, derived from ADNF 
and ADNP – ADNF-14, ADNF-9 and neutrophil-activating peptide (NAP) – have 
potent neuroprotective and neurotrophic effects. These peptides represent a new 
concept in neuroprotective drug design. One mechanism by which NAP could exert 
its neuroprotective actions is the activation of mitogenactivated protein kinase/
extracellular signal-regulated protein kinase, the phosphatidylinositol-3-kinase (PI- 
3K)/Akt pathways and the transcription factor cAMP response element binding 
protein ─ signaling pathways that are important in neuronal growth and 
differentiation.

 Pharmacological Preconditioning

Some drugs can trigger lasting neuroprotective mechanisms that enable neurons to 
resist a subsequent severe insult. This pharmacological preconditioning has far- 
reaching implications for conditions in which blood flow to the brain is interrupted. 
Preconditioning with the AMPA receptor antagonist GYKI 52466 induces tolerance 
to kainic acid (KA)-induced toxicity in hippocampus. This effect persists well after 
washout of the drug and may be mediated via inverse agonism of G-protein coupled 
receptors (GPCRs). Pharmacological preconditioning with low-dose GYKI imparts 
a significant protection against KA-induced seizures in vivo (Goulton et al 2010). 
GYKI, administered at a dose of 3 mg/kg subcutaneously, 90–180 min prior to high- 
dose KA, markedly reduced seizure scores, virtually abolished all level 3 and level 
4 seizures, and completely suppressed KA-induced hippocampal c-FOS expression. 
Adverse behaviors often associated with higher doses of GYKI were not evident 
during preconditioning. The fact that GYKI is effective at doses well-below, and at 
pre-administration intervals well-beyond previous studies, suggests that a classical 
blockade of ionotropic AMPA receptors does not underlie anticonvulsant effects. 
Low-dose GYKI preconditioning may represent a novel, prophylactic strategy for 
neuroprotection in a field almost completely devoid of effective pharmaceuticals. 
GYKI has been investigated as a neuroprotective in ALS (see Chap. 10).

 Pharmacological Preconditioning
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Diazoxide, a mito KATP channel opener, dose-dependently prolonged the latency 
to hypoxic depolarization. Preconditioning with the KATP channel opener diazoxide 
may offer effective neuroprotection during hypothermic circulatory arrest.

 PPARs as Drug Targets for Neuroprotection

PPARs (peroxisome-proliferator-activated receptors) are ligand-activated transcrip-
tional factor receptors belonging to the so-called nuclear receptor family. The three 
isoforms of PPAR (alpha, beta/delta and gamma) are involved in regulation of lipid 
or glucose metabolism. Beyond metabolic effects, PPAR-α and PPAR-γ activation 
also induces anti-inflammatory and antioxidant effects in different organs. These 
effects explain why PPAR-α or PPARgamma activation has been tested as a neuro-
protective agent in cerebral ischemia. Fibrates and other non-fibrate PPAR-α activa-
tors as well as thiazolidinediones and other non-thiazolidinedione PPAR PPAR-γ 
agonists have been demonstrated to induce both preventive and acute neuroprotec-
tion. This neuroprotective effect involves both cerebral and vascular mechanisms. 
PPAR activation induces a decrease in neuronal death by prevention of oxidative or 
inflammatory mechanisms implicated in cerebral injury. PPAR-α activation induces 
also a vascular protection as demonstrated by prevention of post- ischemic endothe-
lial dysfunction. These vascular effects result from a decrease in oxidative stress and 
prevention of adhesion proteins, such as vascular cell adhesion molecule 1 or inter-
cellular cell-adhesion molecule 1. Moreover, PPAR activation might be able to 
induce neural repair and endothelium regeneration. Beyond neuroprotection in 
cerebral ischemia, PPARs are also pharmacological targets to induce neuroprotec-
tion in chronic neurodegenerative diseases.

 Proteins

 Amyloid Precursor Protein

Despite its key role in the molecular pathology of AD, the physiological function of 
APP is unknown. Increasing evidence, however, points towards a neuroprotective 
role of this membrane protein in situations of metabolic stress. A key observation is 
the upregulation of APP following acute (stroke, cardiac arrest) or chronic 
(cerebrovascular disease) hypoxic-ischemic conditions. While this mechanism may 
increase the risk or severity of AD, APP by itself or its soluble extracellular fragment 
APPsα can promote neuronal survival. Indeed, different animal models of acute 
hypoxia-ischemia, traumatic brain injury (TBI) and excitotoxicity have revealed 
protective effects of APP or APPsα. The underlying mechanisms involve APP- 
mediated regulation of calcium homeostasis via NMDA receptors (NMDAR), 
voltage-gated calcium channels (VGCC) or internal calcium stores. In addition, 
APP affects the expression of survival- or apoptosis-related genes as well as 
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neurotrophic factors. However, current understanding of these highly complex 
processes and the specific contributions of APP is far from complete, and successful 
translation into clinic is still a major challenge. One of the reasons might be the 
predominant focus on histopathological endpoints in most studies in the field, 
largely neglecting longitudinal functional studies. Deeper comprehension of APP- 
related processes in living tissue, employing functional electrophysiological and 
imaging techniques should complement morphological studies. Combined 
(interventional) functional and structural evidence may help to develop new 
neuroprotective therapies (Hefter and Draguhn 2017).

 Protein Kinase C Activators

Regulation of K+ channels, calcium homeostasis, and protein kinase C (PKC) acti-
vation are molecular events that have been implicated during associative memory, 
which are also altered or defective in AD. PKC is also involved in the processing of 
the APP, a central element in AD pathophysiology. Benzolactam, a novel PKC acti-
vator, reverses K+ channels defects and enhances secretion of APPα in AD cells. 
Benzolactam significantly increases the amount of sAPPα and reduced Aβ40 in the 
brains of APP transgenic mice.

Pharmacological studies of bryostatin-1, another PKC activator, in the past have 
mainly been focused on its action in preventing tumor growth. Emerging evidence 
suggests, however, that bryostatin-1 exhibits additional important 
neuropharmacological activities. In preclinical studies bryostatin-1 has been shown 
at appropriate doses to have cognitive restorative and antidepressant effects. The 
underlying pharmacological mechanisms may involve an activation of PKC 
isozymes, induction of synthesis of proteins required for long-term memory, 
restoration of stress-evoked inhibition of PKC activity, and reduction of neurotoxic 
amyloid accumulation and tau protein hyperphosphorylation. Bryostatin-1, given at 
subnanomolar concentrations, dramatically enhances the secretion of the α-secretase 
product sAPPα in fibroblasts from AD patients. In an AD double-transgenic mouse, 
bryostatin-1 was effective in reducing both Aβ40 and Aβ42 in the brain. In APPswe 
mouse model of AD, acute intraperitoneal and oral bryostatin-1 can reverse cognitive 
deficits within 2  weeks (Schrott et  al 2015). A randomized, double-blind, 
 placebo- controlled, phase II study is assessing the safety, tolerability and efficacy of 
bryostatin in the treatment of moderately severe to severe AD.

 Riluzole

Riluzole was approved for the treatment of ALS. In addition to its anti-excitotoxic 
action, riluzole protects against nonexcitotoxic oxidative neuronal injury. In 
addition, it appears possible that protein kinase C inhibition may be able to explain 
some of its well-known channel inhibitory and neuroprotective effects (Jain 2019j). 

 Riluzole
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It also blocks Na+ channels and is neuroprotective in models of TBI or SCI. Treatment 
with riluzole can also increase the tolerance of spinal cord motoneurons to a period 
of normothermic ischemia in experimental animals. Riluzole is reported to have 
neuroprotective effects in animal models of PD, HD, and brain ischemia. Riluzole 
might exert neuroprotective effects, at least in part, via stimulation of neurotrophic 
factors; it stimulates synthesis of NGF, BDNF and GDNF in cultured astrocytes. 
Riluzole’s neuroprotective action might be partly mediated by enhancing transporter- 
mediated glutamate uptake. Clinical trials for patients with PD and related diseases, 
comprising mainly progressive supranuclear palsy and multiple system atrophy, did 
not show any efficacy of riluzole.

 Role of RNA Interference in Neuroprotection

RNA interference (RNAi) or gene silencing, a refinement of antisense approach, is 
a cellular mechanism to regulate the expression of genes and the replication of 
viruses. RNAi involves the use of a double-stranded RNA (dsRNA). Once in the 
cell, the dsRNAs are processed into short, 21–23 nucleotide dsRNAs termed small 
interfering RNAs (siRNAs) that are used in a sequence-specific manner to recog-
nize and destroy complementary RNAs.

Caspase-3 activation contributes to brain tissue loss and downstream biochemi-
cal events that lead to programmed cell death after traumatic brain injury (TBI). 
Alleviation of symptoms following ischemic neuronal injury can be potentially 
achieved by either genetic disruption or pharmacological inhibition of caspases. 
Opportunities offered by carbon nanotube-mediated siRNA delivery and gene 
silencing of neuronal tissue is applicable to a variety of different neuropathological 
conditions where intervention at well localized brain foci may offer therapeutic and 
functional benefits. Use of RNAi is under investigation for the treatment of stroke, 
traumatic brain injury and neurodegenerative disorders such as PD, HD, and ALS, 
which will be described in sections dealing with these diseases.

 Role of miRNA in Neuroprotection

Dysfunction and loss of neurons are the major characteristics of CNS disorders 
that include stroke, multiple sclerosis, and Alzheimer disease. Activation of the 
Toll-like receptor 7 (TLR4) by extracellular miRNA let-7, a highly expressed 
miRNA in the CNS, induces neuronal cell death. Let-7 released from injured neu-
rons and immune cells acts on neighboring cells, exacerbating CNS damage. A 
study has shown that a synthetic peptide analogous to the mammalian preimplanta-
tion factor (PIF) secreted by developing embryos and which is present in the mater-
nal circulation during pregnancy inhibits the biogenesis of let-7 in both neuronal 
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and immune cells of the mouse (Mueller et al 2014). The synthetic peptide, sPIF, 
destabilizes KH-type splicing regulatory protein (KSRP), a key miRNA-process-
ing protein, in a TLR4- dependent manner, leading to decreased production of let-7. 
Furthermore, subcutaneous administration of sPIF into neonatal rats following 
hypoxic-ischemic brain injury robustly rescued cortical volume and number of 
neurons and decreased the detrimental glial response, as is consistent with dimin-
ished levels of KSRP and let-7 in sPIF-treated brains. These results reveal a previ-
ously unexpected mechanism of action of PIF and underscore the potential clinical 
utility of sPIF in treating hypoxic-ischemic brain damage. The newly identified 
PIF/TLR4/KSRP/let-7 regulatory axis also may operate during embryo implanta-
tion and development.

 Sigma Receptor Agonists as Neuroprotective Agents

The sigma receptor consists of at least two subtypes, sigma-1 and sigma-2. Sigma-1 
receptor, found in the endoplasmic reticulum (ER) of cells, plays an important role 
in many diseases such depression, AD, and stroke. The most prominent action of 
sigma-1 receptors in biological systems including cell lines, primary cultures, and 
animals is the regulation and modulation of voltage-regulated and ligand-gated ion 
channels, including Ca2+, K+, Na+, and Cl-, as well as NMDA and IP3 receptors. 
Sigma-1 receptors function as “receptor chaperones.” In the steady state, sigma-1 
receptors form a complex with another molecular chaperone, BiP, which prevents 
their activation. A decrease of Ca2+ in the ER causes the sigma-1 receptor to detach 
from BiP complex and becomes an activated chaperone. The activated sigma-1 
receptor then binds to the inositol 1-4-5-triphosphate (IP3) receptor, which is a very 
unstable protein and is easily degraded by proteasomes, but the binding of sigma-1 
receptor stabilizes it. As a result of this stabilization, Ca2+ flows into the mitochondria 
via voltage-dependent anion channels leading to activation of the intramitochondrial 
tricarboxylic acid cycle, which induces cell-hypermetabolization, and ultimately 
results in neuroprotection and neurite outgrowth. Thus, sigma-1 receptors are 
assumed to serve as a regulator of adenosine triphosphate (ATP) production and 
bioenergetics within the cell. The ability to detach BiP from sigma-1 receptors 
distinguishes sigma-1 agonists from antagonists. Sigma-1 receptor agonists inhibit 
voltage-gated ion channels, while they potentiate ligand-gated channels. The 
inhibition or potentiation induced by agonists is blocked by sigma-1 receptor 
antagonists.

Sigma-1 and sigma-2 receptors represent potential fruitful targets for therapeutic 
developments in combating many human diseases. Sigma-1 agonists include 
fluvoxamine, igmesine, pregnenolone-S, dehydroepiandrosterone (DHEA), and 
donepezil. Such neuroprotection and neurite outgrowth can contribute to the 
improvement of various neuropsychiatric diseases (Hashimoto 2009).

 Sigma Receptor Agonists as Neuroprotective Agents
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 SIRT Group of Proteins

Human sirtuins are a family of seven conserved proteins (SIRT1-7). Protein SIRT1 
delays the breakdown of axons in nerve cells mechanically cut off from the cell 
body or exposed to a chemotherapeutic agent. Axonal degeneration may be an 
active self-destructive process that the neuron activates under certain conditions. 
Increased activation of SIRT1 appears to block some or all of those self-destructive 
processes.

The neuroprotective role of reticuloendothelial system (RES) has been examined 
in a cellular model of oxidative stress, a common feature of neurodegeneration. 
RES prevents toxicity triggered by hydrogen peroxide or 6-hydroxydopamine and 
this action is likely mediated by SIRT1 activation, as the protection is lost in the 
presence of the SIRT1 inhibitor sirtinol and when SIRT1 expression is down- 
regulated by siRNA approach. SIRT1 activation by RES can prevent the deleterious 
effects triggered by oxidative stress or α-synuclein aggregation in a neuroblastoma 
model, while RES displays a SIRT1-independent protective action against Aβ42 
(Albani et al 2009).

If nerve cells are exposed to Sirtinol, a drug that shuts down the activity of SRT 
proteins, the protective effect disappears even if extra NAD (which has 
neuroprotective effect) is applied to the nerve cells several hours before they are 
injured. The protective effect seems to be most strongly associated with SIRT1. The 
next step is to find out what genes SIRT1 is turning on and off that protect axons 
when the nerve cell is injured. It is possible that gene therapy approaches that 
increase these protective effects can delay disease in mouse models of human 
neurodegenerative disorders. Activation of SIRT might open the door to new ways 
to treat a wide range of neurodegenerative disorders, including PD, AD, ALS, 
various kinds of neuropathy, and multiple sclerosis. Nerve cell death in these 
disorders is often preceded by the degeneration and loss of axons. If this mechanism 
for delaying or preventing axonal degeneration after an injury can be activated via 
genetic or pharmaceutical treatments, it may delay or inhibit nerve cell death in 
neurodegenerative diseases.

 Statins

The beneficial effect of beta-hydroxy-beta-methylglutaryl coenzyme A (HMG- 
CoA) reductase inhibitors (statins) in primary prevention of coronary artery disease 
in those with hypercholesterolemia and in secondary prevention in those with 
established coronary vascular disease are now well known. Statins improve blood- 
flow, reduce coagulation, modulate the immune system and reduce oxidative 
damage (van der Most et al 2009). Statins induce several potential neuroprotective 
effects including an increase in cerebral perfusion, activation of survival signals, 
synthesis of heat shock protein 27, and increases in angiogenesis and neurogenesis 
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(Salat et al 2009). Neuroprotective properties of statins likely attenuate the effects 
of ischemia on the brain vasculature as well as parenchyma and ameliorate 
reperfusion injury. Additionally, statins have been shown to reduce infarct size in 
experimental animal models of stroke. A metaanalysis of clinical trials has confirmed 
the class effect of statins in preventing major cerebrovascular events (Naci et  al 
2013). Mechanisms of neuroprotective effects of statins are:

 1. Statins both upregulate endothelial NOS (eNOS) and inhibit iNOS, effects that 
are potentially neuroprotective. The preservation of eNOS activity in cerebral 
vasculature, particularly in the ischemic penumbra, may be especially important 
in preserving blood flow and limiting neurological loss.

 2. Statins may also attenuate the inflammatory cytokine responses that accompany 
cerebral ischemia.

 3. Statins possess antioxidant properties that likely ameliorate ischemic oxidative 
stress in the brain.

 4. Lovastatin protects cortical neurons in a concentration-dependent manner against 
glutamate-mediated excitotoxicity. Lovastatin with or without glutamate and/or 
TNF-α increases TNF receptor 2 (TNF-R2) expression in cortical neurons. 
Activation of TNF-R2 signaling, which includes phosphorylation of protein 
kinase B (PKB)/Akt and activation of nuclear factor-kappa B (NF-κB), protects 
neurons against ischemic or excitotoxic insults. Lovastatin is neuroprotective in 
TNF-R1(-/-) neurons, while protection is completely absent in TNF-R2(-/-) 
neurons. Furthermore, lovastatin-mediated neuroprotection leads to an increase 
in PKB/Akt and NF-κB phosphorylation, whereas inhibition of PKB/Akt 
activation entirely abolishes lovastatin-induced neuroprotection. Thus, lovastatin- 
induces neuroprotection against glutamate-excitotoxicity via activation of TNF- 
R2- signaling pathways.

 5. The mechanisms for neuroprotection by statins are only partially understood, 
however, and pleiotropic phenomena could be involved. A comparative study of 
9 statins (lovastatin, mevastatin, pravastatin, simvastatin, cerivastatin, 
atorvastatin, fluvastatin, pitavastatin, and rosuvastatin), has analyzed several 
parameters that could be related to neuroprotection, such as chemical structure, 
lipophilicity, potential BBB, 3-hydroxy-3-methylglutaryl co-enzyme A reductase 
inhibition, cholesterol modulation in neurons, glia, and human hepatocyte cell 
lines, and protection against neurodegeneration caused by tau 
hyperphosphorylation induced by okadaic acid (Sierra et  al 2011). Results 
indicate that monacolin J derivatives (natural and semi-synthetic statins) are the 
best candidates for the prevention of neurodegenerative conditions due to their 
higher potential BBB penetration capacity, cholesterol lowering effect on 
neurons with a satisfactory safety profile, and in  vitro protection against cell 
death caused by okadaic acid in culture. Among the nine statins studied, 
simvastatin presented the best characteristics for preventing neurodegenerative 
conditions.

Statins have also been shown to have neuroprotective effect in acute ischemic 
stroke, TBI, AD, HD and MS. These actions are described in sections dealing with 
these diseases.

 Statins
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 Steroids

Steroids are synthesized in peripheral glands or centrally in the brain. The latter, 
being named neurosteroids, exert an important role as modulators of the neuronal 
activity by interacting with different receptors or ion channels. Neurosteroids exert 
an important role as modulators of the neuronal activity by interacting with different 
receptors or ion channels. In addition to the modulation of GABAA, NMDA or 
cholinergic receptors, neuroactive steroids interact with an atypical intracellular 
receptor, the sigma1 protein. This receptor has been cloned in several species, and 
highly selective synthetic ligands are available. At the cellular level, sigma1 agonists 
modulate intracellular calcium mobilization and extracellular calcium influx, 
NMDA-mediated responses, acetylcholine release, and alter monoaminergic 
systems. At the behavioral level, the sigma1 receptor is involved in learning and 
memory processes, the response to stress, depression, neuroprotection and 
pharmacodependence. Pregnenolone, dehydroepiandrosterone, and their sulfate 
esters behave as sigma1 agonists, while progesterone is a potent antagonist.

 Dehydroepiandrosterone

Dehydroepiandrosterone (DHEA) is a fast-acting, broad-spectrum neurosteroid. In 
humans, DHEA is synthesized in several organs – brain, gonads and adrenals. The 
human adrenal cortex produces three major classes of steroid  – glucocorticoids, 
mineralocorticoids and androgens  – through metabolic conversion of dietary 
cholesterol and under ACTH regulation. It is generally believed that 7α- and 
7β-OHDHEA, the main metabolites formed in the rat hippocampus are responsible 
for the protection of neurons by hippocampal astrocytes against excitatory amino 
acid-induced toxicity. The potential neuroprotective action of DHEA might be 
extended to include the treatment of other neurodegenerative diseases not directly 
linked to excitotoxicity. DHEA prevents the Aβ25-35-impaired survival and dendritic 
growth of newborn neurons through a sigma-1 receptor-mediated modulation of 
PI3K-Akt-mTOR-p70S6k signaling (Li et al 2010a).

 Sulforaphane

Sulforaphane, a naturally occurring compound, has neuroprotective effect as it stim-
ulates the expression of cytoprotective genes in the brain. Binding of the transcrip-
tion factor nuclear factor E2-related factor 2 (Nrf2) to the antioxidant response 
element (ARE) in neural cells results in the induction of a battery of genes that can 
coordinate a protective response against a variety of oxidative stressors. Nrf2-
dependent genetic changes alter neuron-glia interactions resulting in neuroprotec-
tion. Sulforaphane is an activators of this pathway. Enhancing expression of 
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Nrf2-driven genes also protects the BBB following brain injury. Studies in animal 
models of brain injury show the role of Nrf2 in the upregulation of P-glycoprotein, 
Bcrp, and Mrp2 at BBB, which is tightened selectively (efflux transporter 
upregulation) to provide increased neuroprotection, but also reduces penetration of 
many therapeutic drugs (Wang et al 2014a). Examples of neuroprotective effect are:

• Sulforaphane enhances aquaporin-4 expression and decreases cerebral edema 
following TBI.

• Sulforaphane ameliorates neurobehavioral deficits and protects the brain from 
Aβ deposits and peroxidation in mice with AD-like lesions (Zhang et al 2015).

• Sulforaphane provides robust neuroprotection against chronic brain ischemic 
injury in rat models and is a promising agent for treatment for vascular cognitive 
impairment (Mao et al 2018).

 Tauroursodeoxycholic Acid

Tauroursodeoxycholic acid (TUDCA), a hydrophilic bile acid that is normally pro-
duced endogenously in humans at very low levels, prevents the production of reac-
tive oxygen species and thus acts as an antioxidant. Additionally, TUDCA mitigates 
mitochondrial insufficiency and toxicity, and prevents apoptosis in hepatocytes and 
is used for the treatment of chronic cholestatic liver diseases. TUDCA reduces cyto-
toxicity in neurons through similar mechanisms and has been tested for neuropro-
tective action in experimental hemorrhagic stroke (see Chap. 3) and Huntington’s 
disease (see Chap. 9). It is in clinical trials for ALS (see Chap. 10). Advantages of 
TUDCA are that it is able to cross the blood-brain barrier and it is less likely to 
cause side effects when given as a drug because it is an intrinsic substance. Orally 
administered ursodeoxycholic acid, the parent molecule, is already approved by the 
FDA for the treatment of primary biliary cirrhosis.

 Tetanus Toxin as a Neuroprotective Agent

Tetanus toxin is a neurotoxin belonging to the same family as botulinum neurotox-
ins, which cause botulism. Molecules derived from tetanus toxin could also be used 
for therapeutic purposes. Tetanus toxin molecule has two distinct parts: one is the 
cause of the toxic effects and the tetanus symptoms; the other, however, is harmless 
and is able to penetrate and affect the nervous system. This harmless part, called the 
carboxy-terminal domain, has been reproduced in large quantities in the laboratory 
so that tests can be carried out on its effects on the nervous system of rats. Carboxi- 
terminal domain of the heavy chain of tetanus toxin has been shown to act as a 
neuroprotector in a model of MPP+-triggered apoptosis (Chaïb-Oukadour et  al 
2009). It inhibits serotonin from being transported through the synaptic membranes 
that connect the neurons. The molecule is as effective as the selective inhibitors 

 Tetanus Toxin as a Neuroprotective Agent



156

currently used, but they are more powerful, they last longer, and they are more 
specific. This inhibitory effect converts the molecule into what could be a drug with 
many uses. It would be more effective than any drug that works by selectively 
inhibiting the transportation of serotonin in the nerve endings. Thus, tetanus toxin 
could be extremely useful in sublethal doses to slow the progress of neurodegenerative 
disorders such as PD.

 Thrombolytic Agents as Neuroprotective Agents

Thrombolytic agents are used in stroke to dissolve a blood clot to restore blood 
circulation in cerebral arteries. Some of these agents have a neuroprotective action 
as well.

The best-known function of the serine protease tissue-type plasminogen activa-
tor (tPA) is as a thrombolytic enzyme (Jain 2019k). However, it is also found in 
structures of the brain that are highly vulnerable to hypoxia-induced cell death, 
where its association with neuronal survival is poorly understood. A study has 
demonstrated that hippocampal areas of the mouse brain lacking tPA activity are 
more vulnerable to neuronal death following an ischemic insult (Echeverry et  al 
2010). Sublethal hypoxia, which elicits tolerance to subsequent lethal hypoxic/
ischemic injury in a natural process known as ischemic preconditioning (IPC), 
induced a rapid release of neuronal tPA. Treatment of hippocampal neurons with 
tPA induced tolerance against a lethal hypoxic insult applied either immediately 
following insult (early IPC) or 24 h later (delayed IPC). tPA-induced early IPC was 
independent of the proteolytic activity of tPA and required the engagement of a 
member of the LDL receptor family. In contrast, tPA-induced delayed IPC required 
the proteolytic activity of tPA and was mediated by plasmin, the NMDA receptor, 
and PKB phosphorylation. The study also found that IPC in  vivo increased tPA 
activity in the cornu ammonis area 1 (CA1) layer and Akt phosphorylation in the 
hippocampus, as well as ischemic tolerance in wild-type but not tPA- or 
 plasminogen- deficient mice. These data show that tPA can act as an endogenous 
neuroprotectant in the murine hippocampus.

 Uncoupling Protein 2

Studies using genomic methods – hybridization, cloning techniques and cDNA array 
analysis – have identified that increased expression of uncoupling protein 2 (UCP-2) 
correlates with neuronal survival. UCP-2 is an inducible protein that is neuroprotec-
tive by activating cellular redox signaling or by inducing mild mitochondrial uncou-
pling that prevents the release of apoptogenic proteins. Palmitic acid induces UCP-2. 
Methyl esterification of fatty acids is not prominent in nature, but it seems to have 
biological activity related to neuroprotection/vasodilation. Combination of palmitic 
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acid methyl ester (PAME), a vasodilator, and stearic acid methyl ester (SAME) a 
neuroprotective agent originating from the sympathetic nervous system have been 
used for neuroprotection in cerebral ischemia (Lee et al 2016).

 Vaccines as Neuroprotectives

Vaccines for neurologic disorders are not only developed for prevention of infec-
tious diseases but also for the treatment of autoimmune disorders such as MS, CNS 
trauma and degenerative disorders such as AD (Jain 2019l). These disorders have 
important inflammatory and immune components and may be amenable to treatment 
by antiinflammatory and immunotherapeutic approaches. Immunological 
approaches to neuroprotection are based on the concept that T cells can play an 
important role without causing autoimmune disorders. This could be accomplished 
by vaccination with a universal weak T cell-reactive antigen. T cells that home to 
the damaged area in the brain may modulate local microglial response and protect 
against neurodegeneration. This concept is supported by experimental studies, but 
there is no product in development based on it. Vaccines for TBI are described 
Chap. 4, for AD in Chap. 8, for ALS in Chap. 10 and for MS in Chap. 11.

 Vitamins as Neuroprotective Agents

Vitamins play an important role in brain development and functioning. For instance, 
to produce energy, the use of glucose by nervous tissue implies the presence of 
vitamin B1; this vitamin modulates cognitive performance, especially in the elderly. 
Vitamin B9 preserves brain during its development and memory during aging. 
Vitamins B6 and B12, among others, are directly involved in the synthesis of some 
neurotransmitters. Adolescents who have a borderline level of vitamin B12 develop 
signs of cognitive changes. In the brain, the nerve endings contain the highest 
concentrations of vitamin C in the human body (after the suprarenal glands). 
Vitamin D (or certain of its analogs) could be of interest in the prevention of various 
aspects of neurodegenerative or neuroimmune diseases. Vitamin E, already 
described in the section on antioxidants, is directly involved in neural membrane 
protection (Jain 2019p). Vitamin B12 is described here.

 Vitamin B12

Elevated homocysteine (tHcy) has been associated with cognitive decline and 
dementia onset in several studies and is related to insufficient levels of vitamin B12 
and folate. There is an association between decreased levels of vitamin B12 and a 
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decline in brain volume or brain atrophy, which has been associated with AD, and 
is used as a biomarker of the disease’s progression. In Oxford Project to Investigate 
Memory and Aging (OPTIMA) Blood, plasma samples collected upon enrollment 
and yearly thereafter were analyzed for folate, B12, homocysteine and the B12 
active fraction holotranscobalamin (holoTC), transcobalamin saturation and 
methylmalonic acid, in subjects who did not have cognitive impairment 
(Vogiatzoglou et  al 2008). MRI scans of the brain, cognitive assessments, and 
physical examinations were conducted at the beginning of the study and annually 
over a 5-year period. Comparison of MRI images obtained at the beginning of the 
study with those scanned after 5 years found a greater amount of brain volume loss 
among participants with low plasma levels of vitamin B12. Subjects whose plasma 
B12 levels were among the lowest one-third of participants at less than 308 
picomoles per liter had a six times greater adjusted risk of increased brain volume 
loss than those whose B12 levels were in the top two-thirds. Similar patterns were 
observed for holoTC and transcobalamin saturation. In the Finnish Cardiovascular 
Risk Factors, Aging and Dementia (CAIDE) 7-year study, increased tHcy was 
associated with poorer performance in episodic memory, execution functions, and 
verbal expression in subjects aged 65–79  years, whereas higher holoTC values 
tended to relate to better performance in executive functions and psychomotor speed 
(Hooshmand et al 2012). Supplementation of dietary B12 may have neuroprotective 
in those with low levels of this vitamin. Low vitamin B12 status should be further 
investigated in randomized clinical trials as a modifiable cause of brain atrophy and 
cognitive impairment in the elderly. Methylcobalamin (mecobalamin) is a form of 
vitamin B12 and differs from cyanocobalamin in that the cyanide is replaced by a 
methyl group. It is used in the treatment of peripheral neuropathy and is in clinical 
trials for amyotrophic lateral sclerosis.

 Vitamin D

The major circulating and storage form of vitamin D in the humans is 25-hydroxyvi-
tamin D [25(OH)D]. Because it has a relatively long half-life of 2–3 weeks, 25(OH)
D is the best indicator of vitamin status. Plasma or serum 25(OH)D concentration 
reflects an individual’s vitamin D status during the previous 1–2 months and should 
be >30 ng/mL (75 nm/L). Vitamin D may offer neuroprotection via multiple mecha-
nisms, with a U-shaped dose-response curve and loss of neuroprotection or even 
harmful effects at high, presumably supraphysiological dosages. Thus, it will be 
important to elucidate what constitutes an optimal vitamin D concentration for non-
skeletal physiology. Low levels of vitamin D were associated with substantial cog-
nitive decline in the elderly population studied over a 6-year period, which raises 
important new possibilities for treatment and prevention (Llewellyn et  al 2010). 
Optimal intake of vitamin D has also been associated with a lower risk of stroke. 
Role of vitamin D in PD is discussed in Chap. 7.
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 Unconventional Biologicals

Some biological products such as actovegin are claimed to have antioxidant and 
antihypoxic properties that are useful for neuroprotection. Actovegin (Takeda) is a 
purified hemodialysate extracted from calf blood by ultrafiltration and is sold as a 
neuroprotectant for stroke patients. It is commercially available in some countries 
but is not approved by any regulatory agencies in Europe or USA. It has been used 
for enhancing physical performance in sports and is treated as an anti-doping agent. 
A Russian study investigated neuroprotection by actovegin in patients with diabetes 
mellitus type 1 who went into a diabetic acidosis crisis (Kligunenko and Sedinkin 
2011). A combination of actovegin and reamberin, enabled restoration of 
compensatory-adaptive reaction of patients to ketoacidotic crisis, accelerate the 
recovery of consciousness and cognitive functions. There are no studies in Europe 
of USA to support these results.

 Non-pharmacological Approaches to Neuroprotection

Non-pharmacological approaches to neuroprotection include: environmental 
enrichment; physical exercise; mental training; hypothermia; caloric restriction; 
ketogenic diet; preconditioning; electrical fields and transcranial magnetic 
stimulation.

 Caloric Restriction

The greatest risk factor for neurodegeneration in the brain is age. Caloric restriction 
(CR) and intermittent fasting have been shown to increase lifespan, enhance synaptic 
plasticity and adult neurogenesis, and slow neurodegeneration in several disease 
models. The effects of CR are partly mediated by upregulation of sirtuins, 
particularly SIRT1, a protein deacetylase that upregulates proteins involved in 
energy metabolism, stress responses, and cell survival. In a transgenic mouse model 
that enables temporally and spatially controlled onset of neurodegeneration, 
restricting food intake (providing mice with only 70% of the food normally 
consumed during ad libitum access) prevented neurological effects of conditionally 
expressing the CDK5 activator p25  in forebrain neuron (Gräff et  al 2013). 
Specifically, 6  weeks of p25 expression causes neurodegeneration and reduces 
synaptic density in the hippocampus, produces deficits in hippocampal long-term 
potentiation, and impairs memory in object-recognition and fear-conditioning tasks; 
all these effects were prevented by restricting caloric intake for 6 weeks before and 
during p25 expression. More importantly, the same protective effects were produced 
by giving mice an orally administered, specific SIRT1-activating compound, indi-
cating beneficial effects can be achieved without severe CR.

 Non-pharmacological Approaches to Neuroprotection
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 Cerebral Exercise

Improvement of cerebral blood flow, cerebral metabolism, and mental function in 
parallel with structural changes in the brain (dendritic proliferation), have been 
shown to result from cerebral exercise. Various systems of mental exercises (brain 
jogging) are available for use in the prevention of decline of mental function. It is 
suggested that onset of manifestation of AD may be delayed in persons used to 
intensive mental activity.

 Bilingualism for Prevention of Decline of Mental Function

Cognitive reserve (CR) prevents cognitive decline and delays neurodegeneration. 
Recent epidemiological evidence suggests that lifelong bilingualism may act as CR 
delaying the onset of dementia by ∼4.5 years. Much controversy surrounds the issue 
of bilingualism and its putative neuroprotective effects. Brain metabolism, a direct 
index of synaptic function and density, and neural connectivity have been studied to 
shed light on the effects of bilingualism on dementia of AD (Perani et al 2017). 
Cerebral hypometabolism was found to be more severe in the group of bilingual 
individuals with AD. The metabolic connectivity analyses crucially supported the 
neuroprotective effect of bilingualism by showing an increased connectivity in the 
executive control and the default mode networks in the bilingual, compared with the 
monolingual, AD patients. Furthermore, the degree of lifelong bilingualism (i.e. 
high, moderate, or low use) was significantly correlated to functional modulations 
in crucial neural networks, suggesting both neural reserve and compensatory mech-
anisms. These findings indicate that lifelong bilingualism acts as a powerful CR 
proxy in dementia and exerts neuroprotective effects against neurodegeneration. 
Delaying the onset of dementia is a top priority of modern societies, and the present 
in  vivo neurobiological evidence should stimulate social programs and interven-
tions to support bilingual or multilingual education and the maintenance of the sec-
ond language among senior citizens.

 Electrical Fields for Improvement of Cerebral Function 
in Neurodegeneration

Recent studies have demonstrated that enhancing brain oscillations with applied 
electric fields can improve memory formation and may have application in 
AD.  There is considerable evidence that the long-term consolidation of new 
memories occurs during sleep. This function of sleep has been linked to slow 
(<1  Hz) potential oscillations, which predominantly arise from the prefrontal 
neocortex and characterize slow wave sleep. Inducing slow oscillation-like potential 
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fields by transcranial application of oscillating potentials (0.75  Hz) during early 
nocturnal non-rapid-eye-movement sleep, that is, a period of emerging slow wave 
sleep, enhances the retention of hippocampus-dependent declarative memories in 
healthy humans. The slowly oscillating potential stimulation induces an immediate 
increase in slow wave sleep, endogenous cortical slow oscillations and slow spindle 
activity in the frontal cortex. These observations indicate that endogenous slow 
potential oscillations have a causal role in the sleep-associated consolidation of 
memory, and that this role is enhanced by field effects in cortical extracellular space. 
This finding may herald an era where external devices for electrical stimulation of 
the brain may be used to treat neurodegenerative diseases. Methods to enhance 
neuronal plasticity might help compensate for neurons lost to aging or disease. 
Since aging is associated with a reduction in slow wave sleep, this might be reversed 
with applied electric fields.

Patients with AD or other neurodegenerative disorders show remarkable fluctua-
tions in neurological functions, even during the same day. These fluctuations cannot 
be caused by sudden loss or gain of nerve cells. Instead, it is likely that they reflect 
variations in the activity of neural networks and, perhaps, chronic intoxication by 
abnormal proteins that the brain is temporarily able to overcome. These ideas have 
far-reaching therapeutic implications. Imaging studies have revealed that the distri-
bution of changes in neuronal activity in diseased brains far exceeds the regions 
where neurons have degenerated. The abnormal patterns of neuronal activity and 
network interactions, which are susceptible to pharmacological manipulation, may 
also be susceptible to modulation with applied electric fields and open up new 
opportunities to treat neurodegenerative diseases.

 Environmental Enrichment

Environmental enrichment means mental stimulation by interaction with the envi-
ronment including social activation. Cerebral activation by environmental manipu-
lation in rats can lead to an increase in the thickness of the cerebral cortex and 
neuronal size as compared with animals reared in impoverished environments. 
Environmental stimulation is well known as an influence on dendritic growth, not 
only during development but also in the adult brain. Mature rats, when placed in 
activated environments, have been shown to have a greater and more ramified den-
dritic tree in the cerebral cortex than the control group of rats without any external 
activating influence. Stimulation of the brain by social interaction may be due to 
increased metabolism in neurons and existing synapses, and it is also possible that 
some new synapses may be formed. The complexed enriched environment com-
bined with cerebral plasticity thus provides protection against cerebral insults by 
stimulating new cells birth as well as preventing cell death.

 Non-pharmacological Approaches to Neuroprotection
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 Hypothermia

Hypothermia is therapeutic cooling of the human body to reduce the metabolism 
and its use for neuroprotection is well established. There is evidence that mild 
hypothermia can have neuroprotective effects. Mild hypothermia (32–33 °C) for a 
few hours is usually used in adults for neuroprotection. Mild hypothermia lowers 
cerebral oxygen metabolism, protects the BBB, regulates inflammatory response as 
well as excessive release of neurotransmitters, inhibits calcium overload, and 
reduces neuronal apoptosis (Bao and Xu 2013). Profound hypothermia (5–8 °C) is 
usually used for prolonged surgical procedures where total circulation to the brain 
is interrupted for more than a few minutes. It carries severe metabolic and cardiac 
complications and is rarely used. Various techniques are used for cooling, the most 
common of which is the use of a cooling blanket. Specialized techniques of regional 
cooling of the brain involve regional perfusion with cold fluids to bring down the 
temperature of the brain, which is difficult to achieve in practice. Hypothermia is 
used for neuroprotection in stroke (Chap. 3), head injury (Chap. 4), and miscellaneous 
hypoxic/ischemic encephalopathies and during surgery involving interruption of 
cerebral circulation (Chap. 11). In patients who have been fully resuscitated after 
cardiac arrest due to ventricular fibrillation, therapeutic mild hypothermia increases 
the rate of a favorable neurologic outcome and mortality. Potential applications of 
hypothermia include the following:

 A. Therapeutic hypothermia:

• Acute ischemic stroke
• TBI
• Hemorrhagic stroke
• Cerebral hypoxia-ischemia due to other causes

 B. General temperature management for neuroprotection in surgery and critical 
care:

• Cardiovascular surgery
• Neurological surgery

 C. Combination of hypothermia and other neuroprotective strategies is particularly 
useful in cerebral ischemic insult and is described in Chap. 3.

 Limitations of Hypothermia

One concern is that additional stress imposed on the body during hypothermia 
seems to reduce the beneficial effect. The stress can be eliminated by proper 
technique and avoiding sudden and marked drops in temperature.

Many ongoing clinical trials try to reduce brain temperatures through cooling 
units incorporated into hats or other devices that surround the head. However, in 
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most patients such techniques will be unable to defeat the natural temperature regu-
lation built into the brain via the blood system. The problem has been that the core 
temperature of the human brain is not known and there is no way to measure it short 
of surgery, which just is not the same as measuring temperature in an intact brain. 
Detailed measurement of the brain-temperature profile shows that it is exponential, 
defined by a characteristic temperature shielding length, with cooler peripheral 
areas and a warmer brain core approaching body temperature. Direct cerebral blood 
flow (CBF) measurements with microspheres show that the characteristic tempera-
ture shielding length is inversely proportional to the square root of CBF in excellent 
agreement with a theoretical model. This “temperature shielding effect” quantifies 
the means by which CBF prevents “extracranial cold” from penetrating deep brain 
structures. There is still room for fine-tuning attempts to use hypothermia to reduce 
brain injury. Other approaches to induce hypothermia currently under consideration 
include cooling the entire body all at once and inserting cooling devices into the 
arteries that supply the brain with blood.

 Hypothermic Neuroprotection in Hypoxia-Ischemia

Severe hypoxia-ischemia (HI) does not necessarily cause immediate cell death, but 
can precipitate a complex biochemical cascade leading to the delayed neuronal loss. 
This provides an opportunity for application of hypothermia during or after 
resuscitation from asphyxia at birth or cardiac arrest in adults to reduce evolving 
damage. Clinically and experimentally, the key phases of asphyxic injury include a 
latent phase after reperfusion, with initial recovery of cerebral energy metabolism 
followed by a secondary phase characterized by accumulation of cytotoxins, 
seizures, cytotoxic edema, and failure of cerebral oxidative metabolism starting 
6–15 h post insult. Protection by therapeutic hypothermia (TH) against HI brain 
injury is variable in both humans and animal models. The current preclinical models 
of HI and TH displays this variability of outcomes in neuropathological and 
neuroimaging end points and differences in individual BDNF levels may explain 
some of these findings (Diaz et al 2017).

Clinical studies have shown that moderate cerebral hypothermia initiated as 
early as possible before the onset of secondary deterioration, and continued for a 
sufficient duration in relation to the severity of the cerebral injury, is associated 
with potent, long-lasting neuroprotection in both adults as well as infants. Two 
large controlled trials, one of head cooling with mild hypothermia and one of mod-
erate whole body cooling demonstrated that post-resuscitation cooling is generally 
safe in intensive care, and reduces death or disability at 18 months of age after 
neonatal encephalopathy. Other studies have shown that despite TH, infants who 
survive HI encephalopathy have persistent neurological abnormalities at school 
age. The challenge for the future is to find ways of improving the effectiveness of 
treatment.

 Non-pharmacological Approaches to Neuroprotection
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 Ketogenic Diet

The ketogenic diet has been in clinical use for over 80 years, primarily for the symp-
tomatic treatment of epilepsy. There is evidence from uncontrolled clinical trials 
and studies in animal models that the ketogenic diet can provide symptomatic and 
disease-modifying activity in a broad range of neurodegenerative disorders and may 
also be neuroprotective in TBI and stroke. These observations are supported by 
studies in animal models and isolated cells that show that ketone bodies, especially 
β-hydroxybutyrate, confer neuroprotection against diverse types of cellular injury. 
Although the mechanism by which the diet protects against seizures is unknown, 
there is evidence that it causes effects on intermediary metabolism that influence the 
dynamics of the major inhibitory and excitatory neurotransmitter systems in brain. 
During consumption of the ketogenic diet, marked alterations in brain energy 
metabolism occur, with ketone bodies partly replacing glucose as fuel. It is plausible 
that neuroprotection results from enhanced neuronal energy reserves, which improve 
the ability of neurons to resist metabolic challenges, and possibly through other 
actions including antioxidant and antiinflammatory effects. The main activity of the 
ketogenic diet has been related to improved mitochondrial function and decreased 
oxidative stress. β-hydroxybutyrate has been shown to reduce the production of 
ROS improving mitochondrial respiration, i.e., it stimulates the cellular endogenous 
antioxidant system with the activation of nuclear factor erythroid-derived 2-related 
factor 2 (Nrf2), it modulates the ratio between the oxidized and reduced forms of 
nicotinamide, NAD+/NADH, and it increases the efficiency of electron transport 
chain through the expression of uncoupling proteins. As the underlying mechanisms 
become better understood, it will be possible to develop alternative strategies that 
produce similar or even improved therapeutic effects without the need for exposure 
to ketogenic diet.

Ketone bodies can also reverse the edema associated with brain injuries. This has 
multiple benefits including decreased intracranial pressure and improved 
oxygenation of brain cells. D-β-hydroxybutyrate (8 D-β-OHB), a ketone body, has 
been shown to decrease cell death in models of stroke, AD and PD. Thus, a number 
of neurologic disorders, genetic as well as acquired, might benefit by ketosis. Other 
beneficial effects from D-β-OHB include an increased energy of ATP hydrolysis 
and its linked ionic gradients. This may be significant in drug-resistant epilepsy and 
in injury and anoxic states. The ability of D-β-OHB to oxidize co-enzyme Q and 
reduce NADP+ may also be important in decreasing free radical damage. Because 
of the safety record and its ability to penetrate the BBB, D-β-OHB may be a 
promising neuroprotective therapy for various neurological disorders.

The antiinflammatory activity of ketogenic diet by inhibiting nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-kB) activation and nucleotide- 
binding domain, leucine-rich-containing family, pyrin domain-containing-3 
(NLRP3) inflammasome as well as inhibition of histone deacetylases (HDACs), 
improving memory encoding (Pinto et  al 2019). D-β-OHB is a potential 
neuroprotectant in AD.
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 Mediterranean Diet

Higher adherence to Mediterranean diet is associated with a lower likelihood of 
incident cognitive impairment (ICI) in non-diabetic patients independent of potential 
confounders (Tsivgoulis et al 2013). This association is moderated by presence of 
diabetes mellitus.

 Nonpharmacological Preconditioning for Neuroprotection

Pharmacological preconditioning was described earlier in this chapter. Various 
methods neuroprotection based on nonpharmacological preconditioning are shown 
in Table 2.8.

Short and moderate episodes of sublethal stimuli such as ischemia, hypoxia and 
exposure to toxic agents have been described to induce protection against subsequent 
severe damage. Preconditioning studies have only been conducted in animals. 
Decrease of O2 availability (hypoxia) may constitute an early signal inducing 
tolerance. An experimental study showed that hypoxia induces tolerance against 
focal permanent ischemia in adult mice. Delta opioid receptor activation is protective 
during hypoxic injury. Many adaptive responses occur during exposure to hypoxia 
to facilitate survival. It is possible that increased activity of the delta opioid receptor 
system is one such adaptation.

In experimental studies, preconditioning associated with stimulation of reactive 
oxygen species (ROS) has been performed by incubating mixed cultures of neurons 
and astrocytes from neonatal rat hippocampus with xanthine/xanthine oxidase, 
which protects the neurons against subsequent staurosporine-induced apoptosis. 
This involves an activation of NF-kappaB and an increase in the protein level of 
Mn-superoxide dismutase.

As cell death activators such as ROS generation and decreased ATP can initiate 
tolerance, scientists have tested whether other cellular elements normally associated 
with neuronal injury could add to this process. Widespread caspase 3 cleavage with-
out cell death has been observed in an in vivo model of preconditioned ischemic. 

Table 2.8 Methods for 
neuroprotection based on 
nonpharmacological 
preconditioning

Manipulation of oxygenation
Hypoxia
Intermittent exposure to hyperbaric oxygen
Manipulation of cerebral circulation
Ischemic preconditioning
Manipulation of free radicals
Moderate stimulation of reactive oxygen species
Preconditioning by exposure to toxic chemicals
3-nitropropionic acid, a neurotoxin in subtoxic doses

© Jain PharmaBiotech
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In models of excitotoxic tolerance, antioxidants and caspase inhibitors block isch-
emia-induced protection against NMDA toxicity.

Chemical preconditioning with low dose of 3-nitropropionic acid (3-NPA) pro-
longs the latency to hypoxic depolarization, which triggers cell death, and restores 
the synaptic transmission, which disappears during hypoxia. These neuroprotective 
effects are mediated by the activation of KATP channels. The extent of the chemical 
preconditioning with 3-NPA is the same as that achieved by pharmaceutical precon-
ditioning with the mito KATP channel opener diazoxide.

 Physical Exercise

Various investigations in humans supported by studies on animal models suggests 
that physical exercise could have benefits for overall health and cognitive function. 
Exercise stimulates secretion of molecules by muscle and fat cells that affect levels 
of growth factors in the brain, which influence the shape and function of the 
hippocampus by accelerating new neuron growth and increasing the volume of this 
brain region. The neurobiological bases of these benefits include the exercise- 
induced increase in levels of BDNF and other growth factors, stimulation of 
neurogenesis, increase in resistance to brain insult and improve learning and mental 
performance. Use of high-density oligonucleotide microarray analysis has 
demonstrated that, in addition to increasing levels of BDNF, exercise mobilizes 
gene expression profiles that would be predicted to benefit brain plasticity processes 
and afford neuroprotection. However, the exact mechanisms whereby physical 
exercise produces an induction in brain BDNF gene expression are not well 
understood. Pharmacological doses of HDAC inhibitors, which are small molecules 
exert positive effects on BDNF gene transcription. An endogenous molecule 
released after exercise is capable of inducing key promoters of the Mus musculus 
Bdnf gene. The metabolite β-hydroxybutyrate, which increases after prolonged 
exercise, induces the activities of BDNF promoters, particularly promoter I, which 
is activity-dependent. The action of β-hydroxybutyrate is specifically upon HDAC2 
and HDAC3, which act upon selective BDNF promoters (Sleiman et  al 2016). 
Moreover, the effects on hippocampal BDNF expression are observed after direct 
ventricular application of β-hydroxybutyrate. Electrophysiological measurements 
indicate that β-hydroxybutyrate causes an increase in neurotransmitter release, 
which is dependent upon the TrkB receptor. This is an endogenous mechanism to 
explain how physical exercise leads to the induction of BDNF.

In experimental studies on mice, training on running wheels or exercise on a 
treadmill apparatus reduces cerebral infarct size and functional deficits, improves 
endothelium-dependent vasorelaxation, and augments CBF.  The neuroprotective 
effects of physical training are absent in eNOS-deficient mice, indicating that the 
enhanced eNOS activity by physical training is a mechanism of protection against 
cerebral injury. These results suggest that physical activity not only decreases stroke 
risk, but also reduces brain injury by increasing blood flow and during cerebral 
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ischemia. Long-term physical activity enhances learning ability in a transgenic 
mouse models of AD and decreases the level of Aβ protein fragments in the brain, 
which could delay, or even prevent development of AD-like pathology.

Other studies have shown that decline of cognitive function can be reduced in 
humans by physical activity. A systematic metaanalysis of all the available prospec-
tive studies investigated the association between physical activity and risk of cogni-
tive decline in nondemented subjects (Sofi et al 2011). Results showed that subjects 
who performed a high level of physical activity were significantly protected against 
cognitive decline during the follow-up and even low-to-moderate level exercise pro-
vided significant protection. Thus there is a significant and consistent protection for 
all levels of physical activity against the occurrence of cognitive decline.

 Suspended Animation and Neuroprotection

Oxygen deprivation is a major cause of cellular damage and death. Caenorhabditis 
elegans embryos can survive both in anoxia by entering into suspended animation 
and in mild hypoxia through a hypoxia-inducible factor 1-mediated response but 
cannot survive in intermediate concentrations of oxygen. Moreover, carbon monox-
ide (CO) can protect C. elegans embryos against hypoxic damage in this sensitive 
range. CO can also rescue the hypoxia-sensitive mutant hif-1 from lethality in 
hypoxia. Thus, CO can prevent this damage by inducing suspended animation. 
Likewise, in anoxia it may be that, although energy availability is drastically reduced, 
other effects of mitochondrial inefficiency, such as the formation of damaging free 
radicals, are also reduced because mitochondrial activity is at a minimum. These 
findings indicate that the brain would be protected during suspended animation.

 Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TCM) applies to noninvasive stimulation of the 
cerebral cortex using externally-applied magnetic fields. The effect of magnetic 
energy on the nervous system has been investigated extensively and the physiologi-
cal effects of transcranial magnetic stimulation are well documented. TCM stimula-
tion may be applied as single-pulse or paired-pulse. Repeated rhythmic application 
of TCM is called repetitive TCM (rTCM). If the stimulation occurs faster than once 
per second (1 Hz), it is referred to as fast-rTCM. Changes may be induced in the 
electrochemical properties of the neurons by rTCM; these persist for some time 
after the termination of the stimulation. Cortical excitability increases with higher 
frequency pulses and decreases with lower frequency pulses. With the ability to 
increase or decrease cerebral activity, rTCM can partially correct overactivity or 
underactivity and has the potential to “tune” the cortex. Therapeutic rTCM can be 
used for several neurological disorders including epilepsy, PD, MS and in stroke 
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rehabilitation (Jain 2019q). Low-frequency rTMS may have a significant antiepilep-
tic effect in patients with refractory partial epilepsy (Sun et al 2011). Additionally, 
the treatment was reported to improve the psychological condition of these. Several 
studies suggest that TCM might be a suitable method to combine with physiother-
apy and improve recovery of useful limb function in stroke patients, but further 
investigations are required to determine the best stimulation parameters and selec-
tion of patients who are likely to respond to this treatment.

A double-blind, randomized, sham-controlled trial using rTMS over the left dor-
solateral prefrontal cortex in elderly patients with mild cognitive impairment 
showed that rTMS at 10 Hz enhanced everyday memory after 10 sessions (Drumond 
Marra et al 2015). An open-label study has shown that AD patients can benefit from 
rTMS combined with cognitive training in terms of cognitive performances, apathy, 
and dependence (Nguyen et al 2017). There is a need for controlled studies on a 
larger number of patients and identification of prognostic factors associated with 
good outcome.

In vitro studies have shown that magnetic stimulation analogous to rTMS 
increased the overall viability of mouse monoclonal hippocampal HT22 cells and 
had a neuroprotective effect against oxidative stressors, e.g. Aβ and glutamate. The 
treatment increased the release of secreted amyloid precursor protein (sAPP) into 
the supernatant of HT22 cells and into CSF from rats. HT22 cells preincubated with 
CSF from rTMS-treated rats were found to be protected against Aβ. These findings 
suggest that neurochemical effects induced by rTMS do not lead to reduced neuronal 
viability and may even reduce the detrimental effects of oxidative stress in neurons. 
Long-term rTMS enhances the expression of BDNF, which may contribute to the 
neuroprotective effects of rTMS.
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 Introduction

Cerebrovascular disease is the term applied to many diseases with pathology in the 
blood vessels of the brain or the vessels supplying blood to the brain. A simplified 
classification of cerebrovascular diseases where neuroprotection is required is 
shown in Table 3.1.

Stroke is the term commonly used to describe the sudden onset of focal neuro-
logical deficits such as weakness or paralysis due to disturbance of the blood flow 
to the brain. The term is applied loosely to cover ischemic and hemorrhagic epi-
sodes. An ischemic stroke occurs when a thrombus or an embolus blocks an artery 
to the brain, blocking or reducing the blood flow to the brain and consequently the 
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transport of oxygen and glucose which are critical elements for brain function. Two 
distinct types of hemorrhage are intracerebral hemorrhage due to hypertension and 
subarachnoid hemorrhage due to rupture of an aneurysm (ballooning of an intracra-
nial artery). The term stroke is usually not applied to global cerebral ischemia such 
as may occur with cardiac arrest or in shock-trauma patients. Global cerebral isch-
emia/hypoxia is also associated with other conditions such as drowning, strangula-
tion and temporary interruption of circulation to the brain during open-heart surgery. 
Focal ischemia is more common and along with the usual forms of ischemic stroke 
involving the brain, spinal stroke (a rare form) is also including because of the 
severe neurological deficits (paraplegia resulting from it). Stroke is the second most 
common cause of death after myocardial infarction and is a leading cause of dis-
ability. Patients with stroke are at high risk for subsequent vascular events, includ-
ing recurrent stroke, myocardial infarction, and death from vascular causes.

 Pathophysiology of Cerebral Ischemia

Ischemic cascade is a series of events triggered by a reduced cerebral glucose and 
oxygen supply, leading to cell injury. Generally, the evolution from reversible to 
irreversible damage in necrosis involves progressive derangement in energy and 
substrate metabolism. Adenosine diphosphate is phosphorylated to ATP, which is 
essential for the maintenance of intracellular homeostasis and ATP-driven ion 
pumps. Ischemia reduces ATP although a little is still produced by anaerobic gly-
colysis. Glycogen stores in the brain are small and this depleted soon after onset of 
ischemia. Impairment of ion pumps lead to leakage of ions across the cell 

Table 3.1 Cerebrovascular diseases that are relevant to neuroprotection

Cerebral ischemia
Carotid stenosis or occlusion leading to cerebral ischemia
Cerebral vasospasm secondary to subarachnoid hemorrhage
Focal cerebral infarction
Global cerebral ischemia due to cardiac arrest
Transient cerebral ischemic attacks (TIAs)
Cerebral hemorrhage
Hemorrhagic infarction
Hypertensive hemorrhage
Hemorrhage due to rupture of intracranial arteriovenous malformations
Subarachnoid hemorrhage due to rupture of intracranial arterial aneuryms
Spinal stroke
Cardiogenic thromboembolism: atrial fibrillation
Hypertensive encephalopathy
Diseases of cerebral blood vessels: e.g. atherosclerosis, vasculitis
Malformations of the cerebrovascular system: aneurysms, arteriovenous malformations

© Jain PharmaBiotech
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membrane and cell edema and membrane depolarization which lead to release of 
excitatory amino acids such as glutamate. Rise of intracellular calcium is particu-
larly important for the progression of cell injury. Free radicals are formed as a result 
of reperfusion injury and from arachidonic acid formed by lipolytic action of rise of 
intracellular Ca2+. Free radicals damage the cell membrane and cause ischemic cell 
damage.

Important steps in the ischemic cascade are shown in Fig. 3.1 with sites of action 
of some neuroprotective agents.

 Calcium Overload

Excessive influx of calcium into the cell under ischemic conditions is a major mech-
anism of cell injury and death. Early Ca2+ influx across the plasma membrane is 
associated with altered function of the N-methyl-D-aspartate (NMDA)-linked cal-
cium channels and other calcium transport systems and the release of Ca2+ from 
intracellular stores such as the mitochondria and the endoplasmic reticulum due to 
inhibition of the ATP-driven membrane ion pumps. Depletion of Mg2+ can facilitate 
Ca2+ accumulation. In the late phase, calcium influx is due to non-specific mem-
brane leakage. Calcium is one of the triggers involved in ischemic cell death regard-
less of the mechanism.

Fig. 3.1 Some steps in the ischemic cascade and site of action of neuroprotectives. (© Jain 
PharmaBiotech)
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 Ion Channel Dysfunction in Stroke

Neuronal excitotoxicity during stroke is caused by activation of unidentified large- 
conductance channels, leading to swelling and calcium dysregulation. Ischemia- 
like conditions of oxygen/glucose deprivation (OGD) open hemichannels, or half 
gap junctions, in neurons. Gap junctions are connections that allow molecules and 
ions to flow between cells. Junctions are composed of two hemichannels that bridge 
the intercellular space. Hemichannel is indicated by a large linear current and flux 
across the membrane of small fluorescent molecules. Single-channel openings of 
hemichannels were observed in OGD.  The process drastically disrupts levels of 
critical brain cell ingredients such as calcium and potassium, and is associated with 
rapid cell death. Both the current and dye flux were blocked by inhibitors of hemi-
channels. Therefore, hemichannel opening contributes to the profound ionic dys-
regulation during stroke and may be a ubiquitous component of ischemic neuronal 
death. The next step in the investigation will be to determine the cause of the hemi-
channel malfunction. It is possible that stroke therapies may be developed to block 
brain cell hemichannels from opening.

 Role of Oxygen Free Radicals in Cerebral Ischemia

Oxygen free radicals or oxidants have been implicated in the development of many 
neurological disorders. A role that oxygen free radicals may play in brain injury 
appears to involve reperfusion after cerebral ischemia. Reoxygenation provides 
oxygen to sustain neuronal viability and provides oxygen as a substrate for numer-
ous enzymatic oxidation reactions that produce reactive oxidants. In addition, reflow 
following oxidation also increases oxygen to a level that cannot be utilized by mito-
chondria under normal physiological conditions. Free radicals are normally scav-
enged by SODs and glutathione peroxidases. Vitamins E and C are also likely to be 
involved in the detoxification of free radicals, but these mechanisms may be over-
whelmed during reperfusion and damage may occur to the brain parenchyma. Free 
radicals can be measured in vivo and some of the antioxidant mechanisms have been 
studied in transgenic mice. The role of free radicals in ischemic brain injury is the 
basis of antioxidant neuroprotective therapy for stroke.

 Role of Nitric Oxide in Cerebral Ischemia

NO is a free radical that can act both as a signaling molecule and a neurotoxin. It is 
synthesized from oxidation of L-arginine by the enzyme NOS. NO is involved in the 
mechanisms of cerebral ischemia and is protective or destructive depending on the 
stage of evolution of the ischemic process and the cellular source of NO. Immediately 
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after induction of ischemia, NO protects by facilitating blood flow, limiting excito-
toxicity and scavenging reactive oxygen species. Later, when the vascular effects of 
NO are no longer beneficial, large amounts of NO produced by neurons can lead to 
oxidative damage, DNA damage and energy failure. Defining the role of NO in 
cerebral ischemia provides the rationale for new neuroprotective strategies based on 
modulation of NO production in the post-ischemic brain.

 Glutamate as a Biomarker of Stroke

Excitotoxic injury, triggered by inappropriately high levels of extracellular gluta-
mate and possibly other excitatory amino acids, has been identified as the dominant 
mechanism underlying calcium-mediated injury of gray matter in a number of 
experimental models. Glutamate levels are elevated in the CSF of patients with 
progressive cerebral infarcts. Glutamate levels in patients with cortical infarcts have 
been found to be higher than in patients with deep infarcts. The explanation of this 
may be that underlying molecular mechanisms of anoxic/ischemic injury are differ-
ent in the white and the gray matter. These results also suggest that there may be 
different molecular signatures of different types of stroke.

 Cerebral Edema in Stroke

Cerebral ischemia leads to free radical production. Lipid hydroperoxide has a stim-
ulatory effect on the activities of Na+, K+-ATPase and the arachidonate cascade of 
brain microvasculature. Ischemic brain edema would therefore lead to an elevation 
in the level of hydroperoxides which will, in turn, enhance the activities of Na+, K+-
ATPase as well as the arachidonate cascade of MV leading to a vicious circle which 
further aggravates cerebral edema. The increase in activity of microvascular-Na+, 
K+-ATPase results in increased sodium influx across the blood-brain barrier and it is 
this influx (not of proteins), which probably is the principal cause of ischemic brain 
edema. Coincident with the development of brain edema, there is an increase in 
eicosanoid synthetic capacity of the brain microvasculature. Thrombolytic therapy 
in stroke reperfuses tissues and improves outcome, but when treatment is delayed, 
it can aggravate cerebral edema.

 Gene Expression in Response to Cerebral Ischemia

During the early post-ischemic stages, protein synthesis in the brain is generally 
suppressed, but specific genes are expressed, and their corresponding proteins may 
be synthesized. There is expression of a range of genes in cerebral ischemia, which 
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may have either a beneficial or a detrimental effect on the evolution of neuronal 
injury. The first set of genes to be activated following neuronal injury in focal cere-
bral ischemia are the c-fos/c-jun complex, which are involved in the induction of 
target genes that regulate cell growth and differentiation. According to the excito-
toxic hypothesis, ischemic neuronal death is induced by the release of excitatory 
amino acid glutamate. Activation of the NMDA receptor-operated and voltage- 
sensitive calcium channels cause calcium influx, which activates degrading enzymes 
leading to disintegration of nuclear and cell membranes and generation of oxygen 
free radicals. Calcium influx also induces expression of c-fos. The induction of 
neurotrophin genes by c-fos/c-jun has been demonstrated although the role of these 
induced proteins in the overall adaptive response is not certain.

Gene regulation, including immediate early genes is required for programmed 
neural death after trophic factor deprivation and is predicted to be involved in apop-
tosis triggered by cerebral ischemia. Novel therapies following cerebral ischemia 
may be directed at genes mediating either recovery or apoptosis.

 Induction of Heat Shock Proteins in Stroke

Heat shock protein (HSP) concentrations increase in the brain after experimentally 
induced strokes. Induction of HSP70 does not occur until reperfusion for 24 h fol-
lowing cerebral ischemia and occurs only in areas with earlier induction of c-fos/c- 
jun, suggesting that induction of HSP occurs in neurons that survive to that point. 
HSP70 does not participate in early response for neuronal survival after global cere-
bral ischemia. Although the proteins are known to protect cells against damage 
caused by various stresses, it was not known that they were doing anything useful. 
It is now realized that HSPs may be factors in developing tolerance to ischemia and 
in neuroprotection against ischemia. Insertion of gene for HSP72 into the brain of 
rats, using a viral vector, has been shown to protect against ischemia and this forms 
the basis of a potential gene therapy approach. However, there are some limitations 
of neuroprotection by HSPs. Overexpressing the HSP70 in primary astrocyte cul-
tures and in a rodent stroke model using viral vectors can provide protection from 
ischemia but viral transfection could potentially provoke a stress response itself. 
HSP 70 protects against some but not all kinds of CNS injury. The protective effects 
may be related to the nature and severity of the insults, as well as subpopulations of 
brain cells and dose-dependent effects of HSP70 overexpression.

 Role of Cytokines and Adhesion Molecules in Stroke

Inflammatory-immunologic reactions are involved in the pathogenesis of cerebral 
ischemia. In addition to this, cells such as astrocytes, microglia or endothelial cells 
have been found to be activated by cerebral injuries including stroke. These cells 
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then become immunologically reactive and interact with each other by producing 
substances including cytokines and adhesion molecules. Three major cytokines, 
tumor necrosis factor (TNF)-α, interleukin (IL)-1 and IL-6, are produced by cul-
tured brain cells after various stimuli.

 Tumor Necrosis Factor-α

TNF-α is a cytokine involved in BBB, inflammatory, thrombogenic, and vascular 
changes associated with brain injury. Early increased neuronal expression of TNF-α 
mRNA in the rat ischemic cortex precedes the leukocyte infiltration that occurred 
after focal stroke. TNF-α causes cerebral vasodilatation and expression of iNOS in 
perivascular and arachnoid cells. Inhibition of TNF-α-induced dilatation by amino-
guanidine and dexamethasone suggests that vasodilatation is due primarily to 
expression of inducible NOS. Cerebral hypoxia-ischemia has been shown to stimu-
late cytokine (IL-1β and TNF-α) expression. Examination of brain tissue from 
patients who died from stroke has demonstrated that TGF-β1 is increased in infarct 
or penumbra zone as compared with normal contra-lateral hemisphere. One expla-
nation of this is that hypoxia-induced stress of neuronal and astroglial cells increases 
growth factor expression in the penumbra zone and may be responsible for the lon-
ger survival of neurons in this zone.

TNF-α plays a dual role in producing either neurodegeneration or neuroprotec-
tion in the CNS. Despite that TNF-α was initially described as a cell death inductor, 
neuroprotective effects against cell death induced by several neurotoxic insults have 
been reported.

 Interleukin-1 and IL-6

Evidence that IL-1 is functionally important in the pathogenesis of ischemic stroke 
is provided by pharmacological studies demonstrating attenuation of the injury by 
treatment with antagonists such as protoporphyrin. Serial measurements of IL-6 and 
TGF-β in patients with acute stroke show rapid alterations and may reflect the 
changing immunological-inflammatory status of these patients rather than being a 
mere consequence of brain damage. A short duration of ischemia (i.e. ischemic 
preconditioning) has been shown to result in significant tolerance to subsequent 
ischemic injury. Several reports suggest that IL-1β may be involved in both isch-
emic damage and neuroprotection.

 Adhesion Molecules

Increased expression of adhesion molecules such as intracellular adhesion mole-
cule- 1 (ICAM-1) are observed in cultured microglial cells after treatment with 
TNF-α. The induction of these adhesion molecules in the ischemic brain is 
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time- locked and appears to be controlled in a highly regulated manner during the 
process of ischemic cascade. An understanding of the cytokine-adhesion molecule 
cascades in the ischemic brain may allow us to develop new strategies for the treat-
ment of stroke. Further work is required to define the role of these cytokines and 
other signaling molecules in cerebral ischemic infarcts. This may open the way for 
gene therapy of cerebral infarction: antisense methods and use of genetically engi-
neered overexpressors.

 DNA Damage and Repair in Cerebral Ischemia

There is evidence of DNA damage in experimental stroke and this is an important 
factor in the pathophysiology of stroke. DNA repair may be an important mecha-
nism for the maintenance of normal physiological function. Research in the science 
of DNA injury and repair will likely provide new and important information on 
mechanisms of cell damage and provide opportunities for the development of novel 
and effective neuroprotective therapies to reduce CNS injury in stroke. Techniques 
for measuring DNA damage are available that are applicable to in vitro and in vivo 
models of cerebral ischemia. Further research is required in the following areas:

• Identification of genes, enzymes, and receptors associated with DNA repair in 
neurons.

• The role of DNA injury and repair as mechanisms of selective vulnerability, 
penumbra, preconditioning, delayed cell death, and reperfusion injury.

 Role of Neurotrophic Factors in Stroke

The major hypotheses for the functional effects of cerebral insult-induced neuro-
trophin changes are protection against neuronal damage and stimulation of neuronal 
sprouting as well as synaptic reorganization. Changes in NTFs associated with cere-
bral ischemia are:

• Markedly decreased NGF and greatly induced p75 immunoreactivity found in 
CA1 neurons after transient forebrain ischemia suggests that NGF and its recep-
tor, p75, may be involved in the mechanism of delayed neuronal death.

• Following transient ischemia with considerable neuronal loss, increased BDNF 
expression is restricted to the hippocampal dentate gyrus. Neuroprotection with 
BDNF requires direct injection into the brain owing to poor transport of the neu-
rotrophin through the BBB in vivo. Marked neuroprotection can be achieved in 
focal, transient brain ischemia with a single, delayed intravenous injection of 
BDNF if the neurotrophin is conjugated to a BBB drug targeting system.

• There is enhanced expression of bFGF in non-ischemic neurons following stroke. 
This constitutes a fundamental adaptive response to brain injury.
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• IGF-I and IGFBP-3 plasma levels are decreased in patients after cerebral isch-
emia. The likely causes are increased demand for growth factors, altered tissue 
distribution and accelerated metabolic clearance rate.

• Transient focal ischemia of rat brain caused by middle cerebral artery occlusion 
has been shown to specifically and significantly increase CNTF levels in the 
cerebral cortex and hippocampal regions in the ischemic hemisphere.

• Macrophages, neurons and glial cells in the ischemic brain contain VEGF, which 
is induced in endothelial cells along with progression of angiogenesis in infarct.

 Problems Requiring Investigation of the Role of NTFs in Stroke

Three main scientific problems that need to be investigated further are:

• Determination of insult-specific pattern of gene changes.
• Determination of the mechanism of altered protein levels, gene transcription and 

translation induced by cerebral insult. This would require development of sensi-
tive methods for determination of neurotrophin levels in the brain tissue.

• Determination of functional consequences of changes in level of neurotrophins 
produced by the cerebral insult.

 Role of Poly(ADP-Ribose) Polymerase (PARP) Gene

DNA damage can lead to activation of the nuclear enzyme PARP, which catalyzes 
the attachment of ADP ribose units from NAD to nuclear proteins following DNA 
damage. Excessive activation PARP can deplete NAD and ATP, which is consumed 
in regeneration of NAD, leading to cell death by energy depletion. Genetic disrup-
tion of PARP provides profound protection against glutamate-NO-mediated isch-
emic insults in vitro and major decreases in infarct volume after reversible middle 
cerebral artery occlusion in experimental animals. This provides a compelling evi-
dence for a primary involvement of PARP activation in neuronal damage following 
focal cerebral ischemia and suggests that therapies designed towards inhibiting 
PARP may provide benefit in the treatment of cerebrovascular disease.

 Role of Protease-Activated Receptor 1

The serine proteases tissue plasminogen activator, plasmin, and thrombin and their 
receptors contribute to neuronal damage in cerebral ischemia. Exogenously applied 
serine proteases thrombin, plasmin, and tissue plasminogen activator can activate 
PAR1 signaling in brain tissue. If blood-derived serine proteases that enter brain 
tissue in ischemic situations can activate PAR1, this sequence of events may 
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contribute to the harmful effects observed. Inhibition of PAR1 may provide a novel 
potential therapeutic strategy for decreasing neuronal damage associated with isch-
emia and BBB breakdown.

 Reperfusion Injury after Cerebral Ischemia

Reperfusion implies resumption of the blood flow either spontaneously or as a result 
of thrombolysis or surgical procedures. In reperfusion, there is resumption of the 
principal functions of tissue perfusion: oxygen delivery, provision of substrates for 
metabolism and clearance of metabolic wastes. This has beneficial effects as well as 
a dark side, i.e., reperfusion injury. Interactions between blood and the damaged 
tissues can lead to further tissue injury. Major mechanism postulated to participate 
in this injury are loss of calcium homeostasis, free radical generation, leukocyte- 
mediated injury, and breakdown of blood-brain barrier. The management is neuro-
protective therapy direct against these mechanisms.

 Neuroprotection According to Zones in Cerebral Infarction

For planning management, one should consider three zones in the brain following 
cerebral infarction: ischemic infarction, surrounding zone of partial damage (pen-
umbra) and the normal brain. The choice of neuroprotective and other treatments 
depends on the stage and proportions of the first two zones. Surrounding normal 
brain may show a stress response and glial activation but no therapy needs to be 
directed at this part of the brain. Although the disturbances in focal infarction are 
limited to the brain area affected, massive infarction, with cerebral edema and raised 
intracranial pressure, can disturb the function of the whole brain.

 Zone of Ischemic Infarction

There are three phases in the evolution of morphological changes with infarction: 
coagulation necrosis, liquefaction necrosis, and cavitation. There are three zones of 
histological alterations within an infarct:

 1. Central zone with variable neuronal necrosis ranging from pale ghost cells to 
shrunken neurons with pyknotic nuclei.

 2. Reactive zone at the periphery of the central zone within which there are neuro-
nal necrosis, leukocytic infiltration and neovascularization.

 3. Marginal zone (peripheral to the reactive zone) within which there are shrunken 
neurons and swollen astrocytes in various stages of hyperplasia and hypertrophy.

 Neuroprotection According to Zones in Cerebral Infarction
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Characteristics of this zone can be summarized as cell necrosis, inflammation, 
leukocyte infiltration and cerebral edema. This zone is difficult to rescue but thera-
pies should be aimed at reducing secondary damage by use of antiinflammatory 
drugs, anti-leukocyte adhesion agents, free radical scavengers, and agents to reduce 
cerebral edema. Some of the therapeutic approaches can be aimed at specific events 
as shown in the following examples:

• K+ efflux can be controlled by K+ channel blockers
• Na+ influx can be controlled by local anesthetics and anticonvulsants
• Increase of intracellular Ca2+ can be counteracted by calpain, protein kinase C or 

NOS inhibitors
• Action of glutamate transporter can be enhanced by AMPA, kainate and metabo-

tropic glutamate receptor inhibitors

 Penumbra

The word “penumbra” was first used by astronomers in the early 1600s to describe 
the partial shadow at the margins of complete eclipse. The area of the brain sur-
rounding the ischemic infarct that retains its structure but is functionally (electri-
cally) silent is termed penumbra. Penumbra is both spatial, in that it surrounds the 
densely ischemic core, but it is also temporal, in that its evolution toward infarction 
is a relatively progressive phenomenon. “Ischemic penumbra” is defined as per-
fused brain tissue at a level within the thresholds of functional impairment and 
morphological integrity, which has the capacity to recover if perfusion is improved. 
Penumbra can also be described as a region of constrained blood supply in which 
energy metabolism is preserved. This zone provides the possibility of salvaging 
some of the brain function and the therapeutic window for penumbra is much longer 
(>12 h) than 4.5 h for the infarcted area. Perilesional hypoperfused tissue around an 
intracerebral hemorrhage is a penumbra zone because it regains its perfusion after 
recovery.

Vasodynamics in pial arteriole networks that overlie the stroke penumbra during 
transient middle cerebral artery occlusion in rat has been studied by in vivo two- 
photon laser-scanning microscopy (Shih et al 2009). Flux of RBCs was calculated 
from direct and repeated measurements of RBC velocity and lumen diameter of 
individual arterioles. Occlusion altered surface arteriole flow patterns in a manner 
that ensured undisrupted flow to penetrating arterioles throughout the imaging field. 
Small-diameter arterioles, which included 88% of all penetrating arterioles, exhib-
ited robust vasodilation over a 90-min occlusion period. Critically, persistent vaso-
dilation compensated for an incomplete recovery of RBC velocity during reperfusion 
to enable a complete restoration of post-ischemic RBC flux. Further, histologic 
examination of tissue hypoxia suggested re-oxygenation through all cortical layers 
of the penumbra. These findings indicate that selective reactivity of small pial arte-
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rioles is preserved in the stroke penumbra and acts to conserve RBC flux during 
reperfusion. Neuroimaging modalities for identifying penumbra tissue to provide 
surrogate biomarkers for clinical trials in acute ischemic stroke patients include 
PET, SPECT, CT perfusion scan and perfusion-weighted as well as diffusion- 
weighted MRI (Paciaroni et al 2009).

Penumbra is the target of neuroprotective therapy as well as for agents such as 
hyperbaric oxygen, that would reactivate the dormant neurons. This procedure is 
also called enhancing of the “idling” neurons. The size of penumbra can be mea-
sured by diffusion-weighted MRI and PET scan. This area can be rescued if excito-
toxicity is counteracted and apoptosis is prevented. Prompt restoration of circulation, 
use of glutamate antagonists, calcium channel blockers and apoptosis inhibitors are 
useful in preventing brain damage. Penumbra is also the site of neurogenesis.

Experimental stroke in rodents stimulates neurogenesis and migration of new-
born neurons from their sites of origin into ischemic brain regions. In patients with 
stroke, cells that express biomarkers associated with newborn neurons are present in 
the ischemic penumbra surrounding cerebral cortical infarcts, where these cells are 
preferentially localized in the vicinity of blood vessels. These findings suggest that 
stroke-induced compensatory neurogenesis may contribute to post-ischemic recov-
ery and represent a target for stroke therapy.

 Current Management of Stroke

Because the risk of stroke is highest in the early period after the acute event, prompt 
initiation of prevention strategies is essential. Risk of stroke >10% during the first 
week after a TIA. It is estimated that at least 80% of recurrent events might be pre-
vented with the use of a comprehensive approach that includes dietary modification, 
exercise, blood-pressure lowering, antiplatelet therapy, and statin therapy.

There are few options for specific treatment of stroke once the event has occurred 
and most of the management is symptomatic. In case of stroke due to arterial occlu-
sion, thrombolysis is done with tissue plasminogen activator (tPA) if the patient 
arrives at a medical center within 3 h (in some situations 6 h) window after onset of 
stroke, limiting the treatment to a small minority of patients. Patients first need to 
get a CT scan to see if the stroke has hemorrhagic features, which is a contraindica-
tion for this treatment.

The current aim of research in all types of acute cerebrovascular disease is on 
neuroprotection in addition to any specific measures for the primary pathology. 
Neuroprotection implies protection of the brain substance as well rather than mere 
improvement of the cerebral circulation. Both non-pharmacological and pharmaco-
logical approaches have been investigated for neuroprotection and neuroprotective 
properties of drugs approved for other indications have been observed. No drug has 
yet been approved solely as a neuroprotective therapy for stroke.

 Current Management of Stroke
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 Neuroprotection in Stenosis of Intracranial Arteries

The focus of this chapter is neuroprotection in cerebral ischemia. Stenosis of arter-
ies supplying blood to the brain is described briefly and should be considered in 
prophylactic neuroprotection as this is an important cause of stroke. The risk of 
recurrent stroke in these patients may be as high as 15% per year. Apart from reduc-
tion in blood flow which occurs with severe stenosis, the site of atherosclerotic ste-
nosis may be source of emboli to the brain producing transient ischemic attacks and 
ischemic infarction. Stenosis is treated both medically as well as surgically. The 
surgical procedures include endarterectomy and angioplasty which may be fol-
lowed by stenting. Anticoagulation was first used to treat intracranial arterial steno-
sis in 1955, and some studies suggested that warfarin may be more effective than 
aspirin. However, warfarin is associated with higher risk of intracranial hemorrhage 
and it is generally recommended that aspirin should be used in preference to warfa-
rin for patients with intracranial arterial stenosis.

 Neuroprotection in Stroke with Intracerebral Hemorrhage

Intracerebral hemorrhage may occur in stroke as hemorrhagic infarction, particu-
larly associated with ischemia reperfusion injury. It may be due to hypertension or 
rupture of an intracranial aneurysm or a vascular malformation. Patients on antico-
agulant therapy are at risk. Apart from disruption of brain parenchyma, cerebral 
edema and raised intracranial pressure, there may be ischemia of the brain as well, 
which require neuroprotective measures. Some pharmacological strategies have 
been investigated to prevent hemorrhage from cavernous malformations of the 
brain.

 Neuroprotection in Cerebrovascular Malformations

 Arteriovenous Malformations

Arteriovenous malformations (AVMs) of the brain occur in ~15 per 100,000 per-
sons and cause hemorrhagic stroke. They are tortuous vascular channels between 
arteries and veins that lack an intervening capillary network, allowing high-pressure 
arterial blood to shunt directly into the venous outflow system. The cause of spo-
radic arteriovenous malformations of the brain is unknown, but similar lesions are 
found in rare genetic syndromes, such as hereditary hemorrhagic telangiectasias, 
which are disorders caused by inactivating germline mutations in regulators of the 
TGF β-SMAD pathway, and in the capillary malformation–AVM syndrome (a 
RASopathy that is caused by inactivating mutations of RASA1 or EPHB). This pat-
tern indicates that a genetic cause may underlie the development of AVMs of the 
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brain, but most of these malformations occur as sporadic lesions in persons without 
a family history of the disease.

A study has identified activating KRAS mutations in tissue samples of AVMs of 
the brain, and proposed that these malformations develop as a result of KRAS- 
induced activation of the MAPK (mitogen-activated protein kinase)-ERK (extracel-
lular signal-regulated kinase) pathway in brain endothelial cells (Nikolaev et  al 
2018). Expression of mutant KRAS (KRASG12V) in endothelial cells in  vitro 
induced increased ERK activity, increased expression of genes related to angiogen-
esis and Notch signaling, and enhanced migratory behavior. These processes were 
reversed by inhibition of MAPK-ERK signaling. In the absence of available direct 
pharmacologic inhibitors of KRAS, small-molecule MEK inhibitors, which are 
used in clinical practice for treating cancer (Zhao and Adjei 2014), represent candi-
dates for testing in clinical trials to treat AVMs of the brain.

 Cavernous Cerebrovascular Malformations

Cerebral cavernous malformations (CCM) are endothelium-lined sinusoidal chan-
nels filled with blood. CCMs have a prevalence 0.4–0.6% and exhibit an annual 
hemorrhage rate of 2.5% (Gross and Du 2017). Previous hemorrhage has shown to 
be the most significant hemorrhagic risk factor, while age, sex, location, size, and 
multiplicity are less relevant. Hyperpermeability of CCM vessels occurs via the 
inactivation of ccm1, 2, or 3 genes and the subsequent increase in Rho-associated 
coiled-coil-forming kinase (ROCK) activity (Whitehead et al 2009). Currently, the 
only recommended treatment of CCM is surgical. Because surgery is often not 
applicable, pharmacological treatment would be highly desirable. Multiple thera-
pies based on downregulating endothelial CCM genes have been tried in the past.

A murine model of CCM was created by endothelial cell-selective ablation of the 
CCM3 gene (Bravi et al 2015). An early, cell-autonomous, Wnt-receptor–indepen-
dent stimulation of β-catenin transcription activity in CCM3-deficient endothelial 
cells, both in vitro and in vivo, and a triggering of a β-catenin-driven transcription 
program leads to endothelial-to-mesenchymal transition. TGF-β/BMP signaling is 
then required for the progression of the disease. The authors also found that com-
mercially available NSAIDs, sulindac sulfide and sulindac sulfone, which attenuate 
β-catenin transcription activity, reduce vascular malformations in endothelial 
CCM3-deficient mice.

Simvastatin has also been used in the treatment of cavernomas but has nonspe-
cific ROCK inhibition, also inhibiting HMG-CoA reductase, and RhoA lipidation. 
A more recent study specifically targeting Rho proteases has shown higher efficacy 
(Zhou et  al 2016). Two heterozygous allelic CCM murine models, Ccm1+/−
Msh2−/− and Ccm2+/−Trp53−/−, were developed by predisposing the animals to 
somatic mutations by carrying the knockout allele for the tumor suppressor gene 
Trp53 or Msh2, and mice were randomized to receive simvastatin, Fasudil (a spe-
cific ROCK inhibitor), or placebo until at least 5 months of age (Shenkar et al 2017). 
Fasudil was more effective than simvastatin in improving survival and blunting the 
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development of mature CCM lesions. Both drugs significantly decreased chronic 
hemorrhage in CCM lesions indicating the potential of ROCK inhibitors and the 
clinical testing of commonly used statin agents in CCM.

 Neuroprotective Strategies for Ischemic Stroke in Patients 
with Dementia

Ischemic stroke is more common in patients with dementia. The relationship between 
dementia due to various causes and acute ischemic stroke is shown in Fig. 3.2.

Management of ischemic stroke in dementia is problematic (Subic et al 2017). The 
treatment of ischemic stroke by thrombolysis in patients with dementia has never been 
assessed in a randomized controlled trial. Patients with amyloid angiopathy or cere-
bral microbleeds at risk of intracerebral hemorrhage as a complication of thromboly-
sis. Cathter thrombectomy is less likely to be followed by intracerebral hemorrhage 
than thrombolysis but this approach has not been tested in patients with dementia. The 
emphasis should be on secondary stroke prevention by control of risk factors such as 
hypertension. Anticoagulation therapy is not considered to be safe. Although there is 
no specific drug for stroke in patients with dementia, the use of memantine may be 
considered for neuroprotection. Memantine, a NMDA receptor antagonist, is approved 
for the treatment of dementia of AD. Although no efficacy has been demonstrated in 
acute ischemic stroke, it has been shown to facilitate neurological recovery. Hyperbaric 
oxygen therapy is also effective in vascular dementia.

 Neuroprotection in Transient Ischemic Attacks

A transient ischemic attack (TIA) is defined as an acute transient focal neurological 
deficit caused by vascular disease and is completely reversible within 24 h. A scor-
ing system for evaluating the short-term stroke risk after TIA is based on five clini-
cal factors (age, blood pressure, clinical features consisting of unilateral weakness 

Fig. 3.2 Relationship between dementia and acute ischemic stroke. (© Jain PharmaBiotech)
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or speech impairment, duration of symptoms, diabetes), which has been validated 
and termed the ABCD2 score (Carpenter et  al 2009). In a follow-up to a 1-year 
study involving patients who had a TIA or minor stroke, the rate of cardiovascular 
events including stroke in a selected cohort was 6.4% in the first year and 6.4% in 
the second through fifth years (Amarenco et  al 2018). In multivariable analyses, 
ipsilateral large-artery atherosclerosis, cardioembolism, and a baseline ABCD2 
score for the risk of stroke (range 0–7, with higher scores indicating greater risk) of 
4 or more were each associated with an increased risk of subsequent stroke. 
Neuroprotection in TIA involves correction of risk factor such as stenosis of the 
carotid artery and use of antiplatelet therapy. For the secondary prevention of fur-
ther vascular events after TIAs or minor stroke of presumed arterial origin, there is 
insufficient evidence to justify the routine use of low intensity oral anticoagulants. 
More intense anticoagulation is not safe and should not be used in this setting.

 Secondary Prevention of Stroke

Patients who have recovered from an ischemic stroke or continue to have TIAs 
required secondary preventive measures to protect the brain against further isch-
emic insults. Three principal strategies are appropriate for nearly all of such patients: 
(1) blood pressure lowering; (2) cholesterol lowering with statins; and (3) antiplate-
let therapy (except in patients in whom anticoagulant therapy is indicated (Davis 
and Donnan 2012). Embolic strokes of undetermined source represent 20% of isch-
emic strokes and are associated with a high rate of recurrence. Anticoagulant treat-
ment with rivaroxaban, an oral factor Xa inhibitor, has been used. A randomized 
clinical trial has shown that rivaroxaban was not superior to aspirin with regard to 
the prevention of recurrent stroke after an initial embolic stroke of undetermined 
source and was associated with a higher risk of bleeding (Hart et al 2018).

 Neuroprotective Therapies for Stroke

A classification of neuroprotective strategies for stroke is shown in Table 3.2.

Table 3.2 Neuroprotective strategies for stroke

Pharmacologic agents
αB-crystallin
Anesthetic agent: propofol
Angiotensin II receptor antagonists
Antiapoptotic agents
Antioxidants: ebselen, allopurinol (xanthin oxidase inhibitor)

(continued)
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Ca2+ channel antagonists
Coagulation inhibitors
  Factor Xa antagonist: Apixaban
  Heparin
  Vitamin K antagonist
  Warfarin
Excitatory amino acid antagonists
  Glutamate release inhibitors
  NMDA receptor antagonists
  Non-NMDA receptor antagonists
Exendin-4: GLP-1 receptor agonist
Histone deacetylase inhibitors
Hormones: e.g. progestin
Neurotransmitter manipulation
  GABA
  Serotonin
Nitric oxide (NO) system manipulation
Neurotrophic factors
Perlecan domain V
Peroxisome proliferator-activated receptor-γ agonists (PPAR)
PGE2 EP2 receptor activation
Thrombosis inhibitors to prevent evolution of stroke
  Aspirin
  Clopidogrel
Tyrosine kinase inhibitors, e.g., imatinib
Vitamin E
Biological therapies for neuroprotection
Cell therapy: e.g. stem cells
Gene therapy
MicroRNA, RNAi
Vaccines
Non-pharmacological therapies
  Hypothermia
  Hyperbaric oxygen
  Preconditioning for neuroprotection against cerebral ischemia
  Surgical approaches: correction of vascular lesions producing cerebral ischemia
Neuroprotection in ischemia-reperfusion injury
  Aminoguanidine
  Dexmedetomidine
  Methylene blue
Neuroprotection in cerebrovascular malformations, e.g., aneurysms and angiomas
Combination of different treatments
  Neuroprotective drugs from different categories: e.g. thrombolysis or hypothermia with 

neuroprotectives

© Jain PharmaBiotech

Table 3.2 (continued)

3 Neuroprotection in Cerebrovascular Disease



195

 Pharmacologic Neuroprotective Agents for Stroke

 αB-Crystallin as a Neuroprotectant in Stroke

αB-crystallin (Cryab) is an endogenous immunomodulatory neuroprotectant pro-
duced after stroke, whose beneficial effect can be enhanced when administered 
therapeutically after stroke. Increased plasma Cryab was detected after experimen-
tal stroke in mice and after stroke in human patients. Administration of Cryab to 
mice even 12 h after experimental stroke reduced both stroke volume and inflamma-
tory cytokines associated with stroke pathology (Arac et  al 2011). In Cryab−/− 
mice, there was increased lesion size and diminished neurologic function after 
stroke compared with wild-type mice. Cryab is a unique approach to neuroprotec-
tion in stroke that extends the time window for treatment of acute stroke to 12 h.

 Acid-Sensing Ion Channel Blockers

Although Ca2+ toxicity remains the central focus of ischemic brain injury, the mech-
anism by which toxic Ca2+ loading of cells occurs in the ischemic brain has become 
less clear as multiple human trials of glutamate antagonists have failed to show 
effective neuroprotection in stroke. Acidosis is a common feature of ischemia and is 
assumed to play a critical role in brain injury by activating Ca2+-permeable acid- 
sensing ion channels (ASICs), inducing glutamate receptor-independent, Ca2+-
dependent, neuronal injury which can be inhibited by ASIC blockers. Cells lacking 
endogenous ASICs are resistant to acid injury, while transfection of Ca2+-permeable 
ASIC1a establishes sensitivity. In focal ischemia, intracerebroventricular injection 
of ASIC1a blockers or knockout of the ASICa gene protects the brain from ischemic 
injury and does so more potently than glutamate antagonism. Thus, ASCIs are 
potential therapeutic targets for stroke.

 AMPA Receptor Antagonists as Neuroprotectives for Stroke

Perampanel, a noncompetitive α-amino-3-hydroxy-5-methyl-4-isoxazole propio-
nate receptor antagonist (AMPA), is used as an anticonvulsant, but neuroprotective 
effect has been observed in experimental models of brain injury including stroke. 
An experimental study has evaluated the neuroprotective potential of perampanel 
using a rat transient middle cerebral artery occlusion model (Nakajima et al 2018). 
The results show that PER attenuates infarct volumes and motor function deficits 
possibly due to its antiinflammatory, antioxidant, and anti-apoptotic actions, medi-
ated via activation of phosphatidylinositol 3-kinase/Akt pathways in the acute isch-
emic phase, and ameliorates post-stroke cognitive impairment by suppression of 
secondary neuronal damage in the chronic post-stroke phase.

 Pharmacologic Neuroprotective Agents for Stroke
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 Anesthetic Agents as Neuroprotectives in Stroke

Anesthetics as potential neuroprotective agents have been studied for almost half a 
century. Although anesthetics have pharmacologic properties consistent with preser-
vation of brain viability in the context of an ischemic insult, no anesthetic has been 
proven effective for neuroprotection in humans. A systematic review revealed that 
preclinical studies as well as design of clinical trials neuroprotection were of poor 
quality and it was not possible to conclude if anesthetics ameliorate perioperative 
ischemic brain injury (Ishida et al 2014). However, sedatives such as barbiturates 
have been used to induce coma for neuroprotection in brain injury (see Chap. 4).

 Propofol as Neuroprotective in Stroke

Propofol, a short-acting non-barbiturate hypnotic for intravenous use, is a CNS 
depressant. Intravenous injection of a therapeutic dose of propofol induces hypno-
sis, with minimal excitation, usually within a minute from the start of injection. The 
mechanism of action is not well understood. Propofol is considered to activates 
GABAA receptors directly, inhibits the NMDA receptor, blocks sodium channel, 
and modulates calcium influx through slow calcium ion channels.

In a permanent middle cerebral artery occlusion model, propofol was shown to 
reduce infarct volume and neuronal damage for 7 days, suggesting long term neuro-
protective effect, which was attributed to the disodium edetate (EDTA) – an additive 
to propofol formulations for retarding bacterial and fungal growth (Kotani et  al 
2008). EDTA is a chelator of divalent ions such as calcium, magnesium, and zinc 
and exerts a neuroprotective effect by chelating surplus intracerebral zinc.

 Antiapoptotic Neuroprotectives

A large number of compounds have been investigated as antiapoptotic agents in stroke. 
They belong to different categories. Cerebral ischemia followed by reperfusion acti-
vates numerous pathways that lead to cell death. One such pathway involves the release 
of large quantities of glutamate into the synapse and activation of NMDA receptors. 
This causes an increase in mitochondrial calcium levels and a production of reactive 
oxygen species, both of which may induce the mitochondrial permeability transition 
(MPT). As a consequence, there is eventual mitochondrial failure culminating in either 
apoptotic or necrotic cell death. Thus, agents that inhibit MPT might prove useful as 
therapeutic interventions in cerebral ischemia. NIM811 is an example.

 Cyclophilin NIM811 as a Neuroprotectant in Stroke

Similar in structure to its parent compound cyclosporin A, cyclophilin NIM811 
(N-methyl-4-isoleucine-cyclosporin) is a potent inhibitor of the mitochondrial perme-
ability transition (MPT). Unlike cyclosporin A, however, it is essentially void of 
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immunosuppressive actions, allowing the role of MPT to be clarified in ischemia/
reperfusion injury. The neuroprotective efficacy of NIM811 has been investigated in a 
model of transient focal cerebral ischemia and the results of these studies demonstrate 
that it provides almost 40% protection (Korde et al 2007). This was associated with a 
nearly 10% reduction in mitochondrial reactive species formation and 34% and 38% 
reduction of cytochrome c release in core and penumbra, respectively. Treatment with 
NIM811 also increased calcium retention capacity by approximately 20%. NIM811 
failed to improve ischemia-induced impairment of bioenergetics. The neuroprotective 
effects of NIM811 were not due to drug-induced alterations in cerebral perfusion after 
ischemia. Activation of MPT appears to be an important process in ischemia/reperfu-
sion injury and may be a therapeutic target for neuroprotection in stroke.

 Creatine as Neuroprotective in Stroke

Oral creatine administration has resulted in a remarkable reduction in ischemic brain 
infarction and neuroprotection after cerebral ischemia in a mouse model of stroke. 
Post-ischemic caspase-3 activation and cytochrome c release are significantly reduced 
in creatine-treated mice. Creatine administration buffers ischemia- mediated cerebral 
ATP depletion. An alternative explanation is that creatine is neuroprotective through 
other mechanisms that are independent of mitochondrial cell-death pathways, and 
therefore post-ischemic ATP preservation is the result of tissue spearing. High-dose 
creatine supplementation causes an 8–9% increase in cerebral creatine content, which 
may be neuroprotective in stroke by increasing not only the neuronal but also the endo-
thelial creatine content (Balestrino et al 2016). Given its safety record, creatine might 
be considered as a novel therapeutic agent for inhibition of ischemic brain injury in 
humans. Prophylactic creatine supplementation, like what is recommended for an 
agent such as aspirin, may be considered for patients in high stroke-risk categories.

 Lithium as a Neuroprotective in Stroke

Antiapoptotic mechanisms are involved in the lithium-induced neuroprotective 
effects. Lithium has been shown to improve functional behavioral outcome in rodent 
cerebral ischemic models and lithium-induced neuroprotection is accompanied by 
down-regulation of pro-apoptotic p53 in the CA1 but upregulation of antiapoptotic 
Bcl-2 and HSP70  in the ischemic brain. The neuroprotective and neurotrophic 
actions of lithium have clinical implications. In addition to its current use in bipolar 
patients, lithium has potential for treatment of stroke.

In mice with transient middle cerebral artery occlusion, delivery of lithium no 
later than 6 h reduced infarct volume on day 2 and decreased brain edema, leukocyte 
infiltration, and microglial activation, as shown by histochemistry and flow cytome-
try (Doeppner et al 2017). Lithium-induced neuroprotection persisted throughout the 
study and was associated with enhanced neurological recovery. Poststroke angioneu-
rogenesis and axonal plasticity were also enhanced by lithium. On the molecular 
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level, lithium increased miR-124 expression, reduced RE1-silencing transcription 
factor abundance, and decreased protein deubiquitination in cultivated cortical neu-
rons exposed to OGD and in brains of mice exposed to cerebral ischemia. Notably, 
this effect was not mimicked by pharmacological GSK3β inhibition.

 TUDCA as a Neuroprotective in Stroke

TUDCA (tauroursodeoxycholic acid), an endogenous bile acid, modulates cell 
death by interrupting classic pathways of apoptosis. Excitotoxicity, metabolic com-
promise, and oxidative stress are major determinants of cell death after brain 
ischemia- reperfusion injury. However, some neurons undergo delayed cell death 
that is characteristic of apoptosis. TUDCA, administered after ischemia in a rat 
model of transient focal cerebral ischemia, results in significantly increased bile 
acid levels in the brain, improves neurologic function, and reductes infarct size after 
reperfusion. TUDCA also significantly reduces mitochondrial swelling, and par-
tially inhibits caspase-3 processing and substrate cleavage. These findings suggest 
that the mechanism for in vivo neuroprotection by TUDCA is mediated by inhibi-
tion of mitochondrial perturbation and subsequent caspase activation leading to 
apoptotic cell death.

TUDCA, a clinically safe molecule, may be useful in the treatment of stroke and 
possibly other apoptosis-associated injuries to the CNS.  In intracerebral hemor-
rhage, a significant loss of neuronal cells occurs by apoptosis. TUDCA reduces 
brain injury and improves neurological function in experimental models of intrace-
rebral hemorrhage in rats. Given its clinical safety, TUDCA may provide a poten-
tially useful treatment in patients with hemorrhagic stroke and perhaps other acute 
brain injuries associated with cell death by apoptosis, but there has been no clinical 
application so far.

 Antidepressants as Neuroprotectives Agents in Stroke

Based on animal models, the mechanisms whereby selective serotonin reuptake 
inhibitors (SSRIs) might improve ischemic-brain damage with improvement of func-
tion were suggested to include stimulation of neurogenesis with migration of newly 
generated cells toward ischemic-brain regions, antiinflammatory neuroprotection, 
improved regulation of cerebral blood flow, and modulation of the adrenergic neuro-
hormonal system. Several clinical studies showed that SSRIs administered in patients 
after acute ischemic stroke improve clinical recovery independently of depression. 
Due to small sample sizes and differences in study designs, no conclusions were 
reached. The mechanisms of recovery from acute ischemic stroke due to action of 
SSRI are not fully understood. In addition to the need of comprehensive- clinical 
evidence, further elucidation of the mechanisms whereby SSRIs may improve struc-
tural and functional recovery from ischemic-brain damage is required to form a basis 
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for clinical application (Siepmann et  al 2015). Repinotan, a serotonin agonist 
(5HT1A receptor subtype), was investigated as a neuroprotective agent in acute 
stroke, but further development was discontinued due to lack of efficacy.

 Fluoxetine as Neuroprotectectant in Stroke

In a double-blind, placebo-controlled trial on patients with ischemic stroke and 
moderate to severe motor deficit, early administration of SSRI fluoxetine with phys-
iotherapy enhanced motor recovery after 3 months (Chollet et al 2011). Three ongo-
ing multicenter, parallel group, randomized, placebo-controlled trials aim to 
determine if daily administration of fluoxetine for 6  months after acute stroke 
improves patients’ functional recovery (Mead et al 2015). Results of study on rat 
model of ischemic stroke suggest that fluoxetine may provide a promising therapy 
in cerebral ischemia due to its neuroprotective, antiinflammatory, and neurorestor-
ative effect (Khodanovich et al 2018).

 Antiepileptic Drugs as Neuroprotectives in Stroke

A number of antiepileptic drugs (AEDs) have been investigated for their neuroprotec-
tive effect in stroke. Tiagabine, topiramate and zonisamide are briefly described here.

 Tiagabine

Tiagabine, an approved AED, is a lipophilic derivative of nipecotic acid that blocks 
GABA reuptake by inhibition of the GAT-1 transportation system. Enhancement of 
the inhibitory activity of GABA may protect ischemic neurons. In experimental 
studies during its development, tiagabine was shown to slow the development of 
hippocampal degeneration following ischemia. Neuroprotective effect of tiagabine 
has been demonstrated in reversible focal cerebral ischemia in rats subjected to 
middle cerebral artery occlusion. Post-ischemic treatment with tiagabine improves 
neurobehavioral outcome and reduces brain infarction volume in a dose-dependent 
manner. The data suggest that post-ischemic administration of tiagabine is neuro-
protective in the focal cerebral ischemia model.

 Topiramate

Topiramate is approved as an adjunctive therapy for the treatment of adults with 
partial onset seizures. It induces an increase of brain GABA, homocarnosine (dipep-
tide of GABA and histidine), and pyrrolidinone (an internal lactam of GABA) in 
human patients, and this contributes to seizure protection. Topiramate also 
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suppresses voltage-sensitive Na+ channels and blocks the kainate/alpha-amino-3- 
hydroxy-5-methylisoxazole-4-propionic acid subtype of the glutamate receptor. 
Treatment with topiramate results in a dose- and use-dependent neuroprotective 
effect, when administered after middle cerebral artery embolization in rat models of 
focal ischemia and this has been combined with thrombolysis by urokinase infu-
sion. Addition of topiramate to low dose urokinase achieves better neuroprotection 
than treatment with any single drug. Such observations suggest that combination of 
low dose urokinase with a neuroprotective agent may benefit ischemic stroke treat-
ment by improving neurologic recovery, attenuating infarction size, and reducing 
the risk of cerebral hemorrhage. This has not been clinically tested.

 Anti-HMGB1 Monoclonal Antibody

The high mobility group box-1 (HMGB1), originally identified as an architectural 
nuclear protein, exhibits an inflammatory cytokine-like activity in the extracellular 
space. Treatment with neutralizing anti-HMGB1 monoclonal antibody (MAb)) 
remarkably ameliorated brain infarction induced by 2 h occlusion of the middle cere-
bral artery in rats, even when the MAb was administered after the start of reperfusion 
(Liu et al 2007). Consistent with the 90% reduction in infarct size, the accompanying 
neurological deficits in  locomotor function were significantly improved. Anti-
HMGB1 MAb inhibited the increased permeability of the BBB, the activation of 
microglia, the expression of TNF-α and iNOS, and suppressed the activity of MMP-9, 
whereas it had little effect on blood flow. Intracerebroventricular injection of HMGB1 
increased the severity of infarction. Immunohistochemical study revealed that 
HMGB1 immunoreactivity in the cell nuclei decreased or disappeared in the affected 
areas, suggesting the release of HMGB1 into the extracellular space. These results 
indicate that HMGB1 plays a critical role in the development of brain infarction 
through the amplification of plural inflammatory responses in the ischemic region and 
could be a suitable target for the treatment. Intravenous injection of neutralizing anti-
HMGB1 MAb provides a novel therapeutic strategy for ischemic stroke.

 Antiinflammatory Agents

 Cox-2 Inhibitors for Ischemic Stroke

A product of COX-2 is the rate-limiting enzyme involved in arachidonic acid 
metabolism, thereby generating prostaglandins and thromboxanes, molecules that 
play important roles in supporting and sustaining the inflammatory response in isch-
emia. This response can be induced in neurons and in cells associated with the 
cerebral vasculature after various CNS insults, including global ischemia. Since 
COX-2 immunoreactivity also has been detected in the human brain after cerebral 
ischemia, it has been proposed that COX-2 and its reaction products participate in 
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ischemic injury in the human brain. Post-ischemic treatment with the COX-2 inhibi-
tor nimesulide reduces BBB disruption and leukocyte infiltration following tran-
sient focal cerebral ischemia in rats. Results of various studies suggest that COX-2 
plays an important role in the ischemic cascade of events leading to the suggestion 
that selective COX-2 inhibitors may be useful in the treatment of ischemic stroke as 
neuroprotective agents.

 Minocycline for Neuroprotection in Stroke

Minocycline is a tetracycline antibiotic with antiinflammatory effects, which has 
already been shown to have a neuroprotective effect in animal models of MS, PD, 
HD, and ALS. Ischemic animal model studies have shown a neuroprotective effect 
of minocycline in stroke as well. Minocycline has a potential neuroprotective effect 
in acute ischemic stroke, particularly in patients who do not arrive at a hospital less 
than 6 h before onset of stroke. In an open-label study, patients with ischemic stroke 
who received oral minocycline daily for 5 days had significantly better neurological 
outcomes on day 90 than controls (Amiri-Nikpour et al 2015).

 Antioxidant Approaches

Oxidative damage is mediated through attack by multiple radicals with differing 
reactivity, path length, and half-life. Radical attack takes place at many different 
sites within the brain, and there is interplay between mechanisms. For example, 
peroxidation of lipid membranes generates toxic aldehydes such as 4- hydroxynonenal 
(4-HNE), which themselves damage a variety of ion channel, transporter, and cyto-
skeletal proteins. Free radicals also activate specific cell signaling pathways, such as 
MEK/ERK, which contribute to damage. The promiscuity of radical attack means 
that all cellular types and elements in the brain are susceptible to oxidative damage, 
although the mechanisms mediating this damage differ. For example, DNA damage 
occurs in the nucleus, whereas lipid peroxidation and damage to structural proteins 
mediate damage in axons and myelin. Cell signaling-mediated damage will occur 
only in locations where the pathways are located.

In experimental animals, free radical scavengers have a neuroprotective effect 
when given after infarction resulting from vascular occlusion but usually do not 
have any prophylactic effect when given prior to occlusion. Effect of antioxidants in 
preventing delayed post-ischemic damage has also been explored.

 Carnosine as a Neuroprotective in Stroke

Carnosine (β-alanyl-L-histidine), a specific constituent of excitable tissues of verte-
brates, is an intrinsic neuroprotectant. It prevents higher lipid peroxidation of brain 
membrane structures and increases the resistance of neuronal membranes to the 
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in vitro induced oxidation. Carnosine exhibits a significant antioxidant protecting 
effect on the brain damaged by ischemic-reperfusion injury when it is administered 
to animal models of stroke before ischemic episode. Even the treatment after an 
ischemic episode has a protective effect on neurological symptoms and animal mor-
tality. Intraperitoneal administration of carnosine improved neurobehavioral defi-
cits, attenuated cerebral edema as well as blood-brain barrier permeability, and 
decreased reactive oxygen species level at 48 h following subarachnoid hemorrhage 
(SAH) in rat models (Zhang et  al 2015). Carnosine treatment attenuated SAH- 
induced microglia activation and cortical neuron apoptosis.

Carnosine exerts a neuroprotective effect by compensating for deficit in antioxi-
dant defense system of brain damaged by ischemic injury. It is effective in protecting 
the brain in the post-ischemic period. Carnosine is nontoxic but the optimal dose in 
humans needs to be determined and the efficacy proven in controlled clinical trials.

 Dehydroascorbic Acid

Ascorbic acid (vitamin C) is a well-recognized antioxidant. However, in the brain, 
ascorbic acid levels are heterogeneous and highly compartmentalized. The antioxi-
dant effects of ascorbic acid at all these sites within the brain could contribute to the 
efficacy of this agent in ischemia. There is some evidence that ascorbic acid acts as 
a neuromodulator. A possibly unique role it might have is as an antioxidant in the 
brain extracellular microenvironment, where its concentration is modulated by 
glutamate- ascorbate heteroexchange at glutamate uptake sites. Studies of ascorbate 
and glutamate transporters should lead to rapid progress in understanding ascorbate 
regulation and function.

Classic antioxidant ascorbic acid has been used in the oxidized form, dehydro-
ascorbic acid (DHA), which readily crosses the BBB, to augment endogenous brain 
ascorbic acid levels, which may have a neuroprotective value. Once inside the body, 
DHA is converted to vitamin C, a potent antioxidant that acts as a scavenger of 
oxygen free radicals. In stroke, reduced blood flow to the brain leads to accumula-
tion of free radicals, which overwhelm the body’s ability to neutralize the toxic 
compounds. Damage in the brain occurs not only during the time that blood flow is 
interrupted, but also when blood flow is reestablished, and damaging free radicals 
are spread to surrounding tissue.

In models of ischemic stroke, mice given DHA 3 h after induction of stroke show 
improvement in neurological function and reduction in the volume of the damaged 
brain by six to ninefold in a dose-dependent manner. There was no increase in the 
occurrence in cerebral hemorrhage after treatment with DHA. Mortality was also 
reduced by two-thirds in the DHA treated mice. Regular Vitamin C did not provide 
any benefit. Further studies showed that intravenous neuroprotective dose of citrate/
sorbitol-stabilized DHA correlates with increased brain ascorbate levels and a sup-
pression of excessive oxidative metabolism. However, development of DHA for 
clinical neuroprotection was discontinued.

3 Neuroprotection in Cerebrovascular Disease



203

 Tocotrienols

Tocotrienols, four of eight naturally occurring forms of vitamin E (the other four 
being the better-studied tocopherols), have been found to have neuroprotective ben-
efits, but are not abundant in the diet. The natural vitamin E tocotrienols possess 
properties not shared by tocopherols. Compared to tocopherols, tocotrienols are 
poorly understood. The peak plasma level in supplemented individuals corresponds 
to 12- to 30-fold more than the concentration of alpha-tocotrienol required to com-
pletely prevent stroke-related neurodegeneration.

Both homocysteic acid (HCA) and linoleic acid cause neurotoxicity with compa-
rable features, such as increased ratio of oxidized to reduced glutathionone (GSSG/
GSH), raised intracelular calcium concentration and compromised mitochondrial 
membrane potential. Mechanisms underlying HCA-induced neurodegeneration are 
comparable to those in the path implicated in glutamate-induced neurotoxicity. 
Inducible activation of c-Src and 12-lipoxygenase (12-Lox) represent early events 
in that pathway. Overexpression of active c-Src or 12-Lox sensitized cells to HCA- 
induces death. Nanomolar α-tocotrienol as well as knock-down of c-Src or 12-Lox 
attenuate HCA-induced neurotoxicity. Oxidative stress represents a late event in 
HCA-induced death. The observation that micromolar, but not nanomolar, 
α-tocotrienol functions as an antioxidant has been verified in models involving lin-
oleic acid-induced oxidative stress and cell death. Oral supplementation of 
α-tocotrienol in humans results in a peak plasma concentration of 3 μm. Thus, oral 
α-tocotrienol may be neuroprotective by antioxidant-independent as well as 
antioxidant- dependent mechanisms. Taking tocotrienols orally is an effective way 
to elevate blood plasma levels to concentrations that could protect against neuro-
logic damage resulting from stroke. It is a regular dietary ingredient in Asia, so it 
can safely be a part of a daily diet within prepared foods or as a supplement in the 
US. Whether it can be used therapeutically to prevent stroke, remains to be deter-
mined by further studies.

 Uric Acid

Uric acid (UA) is a potent endogenous antioxidant molecule. In experimental cere-
bral ischemia in rats, exogenous administration of uric acid is neuroprotective and 
enhances the effect of tPA. Moreover, in acute stroke patients receiving tPA within 
3 h of stroke onset, the intravenous administration of uric acid is safe, prevents an 
early decline in uric acid levels and reduces an early increase in oxidative stress 
biomarkers and in active matrix metalloproteinase nine levels.

The 3-year, multicenter, randomized, double-blind URICO-ICTUS (Efficacy 
Study of Combined Treatment With Uric Acid and r-tPA in Acute Ischemic Stroke) 
clinical trial assessed the efficacy of UA compared with placebo for preventing 
early ischemic worsening (EIW). Tertiary analysis of results showed that UA had 
neuroprotective effect and prevented EIW (Amaro et al 2016).
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 Arimoclomol for Stroke

Arimoclomol is based on small molecule “molecular chaperone” co-induction tech-
nology and is believed to function by stimulating a normal cellular protein repair 
pathway through the activation of “molecular chaperones.” Since damaged proteins 
aggregates are thought to play a role in many diseases, activation of molecular chap-
erones could have therapeutic efficacy for a broad range of diseases. Positive results 
of animal stroke studies indicate that arimoclomol significantly accelerates the 
recovery of sensory and motor function, even when treatment is withheld as late as 
48 h after induction of stroke. Based on these encouraging results, a clinical trial 
with arimoclomol in stroke patients is was considered but has not been carried out.

 Cardiac Glycosides as Neuroprotectives in Stroke

Cardiac glycosides have been shown to protect brain cells from death after stroke in 
laboratory models. Of the thousands of compounds tested, neriifolin, a compound 
related to the cardiac glycoside digitalis, has a particularly potent neuroprotective 
effect in an animal model of stroke and the drug works even when delivered 6 h after 
the onset of stroke. The cardiac glycosides tested against stroke are currently used 
for treating heart disease, but they had never previously been investigated for use in 
stroke therapy. In heart disease, the drugs increase calcium levels in heart cells and 
thereby improve the contractile strength of the heart. Cardiac glycosides may exert 
their beneficial effect during stroke in an analogous manner, by restoring calcium to 
healthy levels in brain cells and preventing cell death, but an approved cardiac gly-
coside, digoxin, does not cross the BBB.

Neriifolin’s, which is structurally related to oleandrin, provides robust neuropro-
tection in brain slice and whole animal models of ischemic injury, but it is not a 
suitable drug development candidate. A study has shown that PBI-05204 extract of 
oleandrin can also provide significant neuroprotection to neural tissues damaged by 
oxygen and glucose deprivation as occurs in ischemic stroke, and that the neuropro-
tective activity of PBI-05204 is maintained after hours of delay of administration 
after onset of ischemia (Dunn et al 2011). Moreover, both oleandrin and PBI-05204 
penetrate BBB in a model of in vivo neuroprotection and deserves further testing in 
a clinical trial of ischemic stroke.

 Clenbuterol

Clenbuterol is a lipophilic β2-adrenoceptor agonist, which showed neuroprotective 
action in experimental models of stroke. It is established in Europe in the treatment 
of asthma and acts as a neuroprotective by induction of neurotrophic growth factors 
such as NGF, bFGF, or TGF-β1 in vitro and in vivo. Growth factor synthesis is 
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enhanced in activated astrocytes. Combinations of memantine with clenbuterol 
extend the respective therapeutic window and provide synergistic cerebroprotective 
effects after stroke. Clenbuterol has antiinflammatory and neurotrophic actions and 
elicits a neuroprotective effect in an animal model of neurodegeneration (Gleeson 
et al 2010). There are no clinical trials of this drug relevant to neuroprotection.

 Coagulation Inhibitors as Neuroprotectives

Atrial fibrillation is a major cause of cardioembolic stroke and the efficacy of antico-
agulation for primary prevention of stroke in these patients has been established by 
prospective, randomized and controlled trials. However, there is a risk of intracranial 
hemorrhage and newer anticoagulants have been investigated as alternatives.

 Heparin and Enoxaparin

Heparin and heparinoids have been used for stroke treatment. The effect of enoxa-
parin, a low-molecular-weight heparin, has been investigated regarding the func-
tional outcome and lesion size in rat stroke models with reversible and irreversible 
cerebral ischemia using MCAO. These studies show that standard nonhemorrhagic 
doses of enoxaparin reduce ischemic damage with a wide therapeutic window. In 
addition to its anticoagulant properties, enoxaparin could act in synergy to explain 
its neuroprotective profile in ischemia. Effects of heparin and enoxaparin include 
the following:

• Interruption of the ischemic cascade at various levels.
• Inhibition of leukocyte accumulation in ischemic tissues.
• Interferance with free radical production via reduction of superoxide 

production.
• Attenuation of inducible NOS.
• Interaction with heparin-binding growth factor, which could play an endogenous 

neuroprotective function.

These findings suggest a neuroprotective function of enoxaparin. Thus, clinical 
application of enoxaparin treatment in stroke is promising, but it has not been devel-
oped further.

 Warfarin Versus Dabigatran

Dabigatran is as effective as warfarin as an anticoagulant in preventing stroke but has 
a lower risk of intracranial bleeding in patients with atrial fibrillation who have previ-
ously had a stroke or transient ischemic attack, according to a new analysis of the 
pivotal Randomised Evaluation of Long-Term Anticoagulation Therapy (RE- LY) 
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trial (Diener et al 2010). Data analysis of this subgroup showed that warfarin and 
both dosages of dabigatran were equally effective in preventing stroke or systemic 
embolism that occurred in 65 patients on warfarin compared with 55 on 110 mg dabi-
gatran. The rate of major bleeding was significantly lower in patients on 110 mg 
dabigatran and similar in those on 150 mg dabigatran compared with those on war-
farin. The 110 mg dose of dabigatran was also associated with a significant reduction 
in the rate of vascular death and all-cause mortality. The mechanism that leads to the 
lower rate of intracranial bleeding remains unclear, but one possible explanation is 
that dabigatran does not cross the BBB.

 Apixaban

Vitamin K antagonists have been shown to prevent stroke in patients with atrial 
fibrillation. However, many patients are not suitable candidates for or are unwilling 
to receive vitamin K antagonist therapy, and these patients have a high risk of stroke. 
Apixaban, a novel factor Xa inhibitor, may be an alternative treatment for such 
patients.

A randomized, double-blind study of apixaban was conducted on patients with 
atrial fibrillation who were at increased risk for stroke and for whom vitamin K 
antagonist therapy was unsuitable (Connolly et al 2011). The mean follow up period 
was 1.1  years. The primary outcome was the occurrence of stroke or systemic 
embolism. Apixaban reduced the risk of stroke or systemic embolism without sig-
nificantly increasing the risk of major bleeding or intracranial hemorrhage.

 Curcumin as a Neuroprotectant in Stroke

Curcumin has been shown to protect the brain from damage caused by middle cere-
bral artery occlusion in rats. This effect may be mediated through upregulation of 
the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), which 
coordinates expression of genes required for free radical scavenging, detoxification 
of xenobiotics, and maintenance of redox potential (Yang et al 2009).

In another study on the rat stroke model, curcumin treatment significantly 
reduced infarct volume and improved neurological scores at different time points 
compared with the vehicle-treated group (Zhao et  al 2010). Curcumin treatment 
decreased malondialdehyde levels, cytochrome c, and cleaved caspase 3 expression 
and increased mitochondrial Bcl-2 expression. Inhibition of oxidative stress with 
curcumin treatment improves outcomes after focal cerebral ischemia. This neuro-
protective effect is likely exerted by antiapoptotic mechanisms.

Since curcumin has poor BBB penetration, the parent curcumin molecule has 
been modified resulting in second generation curcuminoids, which have enhanced 
BBB penetration, improved pharmacokinetics and interact with multiple viable tar-
gets to treat stroke. The novel multi-target curcuminoid, CNB-001, has a superior 
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safety and pharmacokinetic profile and should be further developed as an acute 
monotherapy or to be used in conjunction with thrombolytics for acute ischemic 
stroke (Lapchak 2011).

 Docosahexaenoic Acid for Ischemic Stroke

DHA therapy has been shown to improve neurological and histological outcome fol-
lowing focal cerebral ischemia. A study investigated the therapeutic window of DHA 
treatment in focal cerebral ischemia in rats and whether administration of DHA after 
an ischemic stroke can salvage the penumbra (Belayev et al 2011). MRI and liquid 
chromatography/mass spectrometry-based lipidomic analysis in conjunction with 
behavioral, histological, and immunostaining methods were used for evaluation of 
the results. DHA was shown to provide neurobehavioral recovery, reduces brain 
infarction and brain edema, activate neuroprotectin D1 synthesis in the penumbra, 
and promote cell survival when administered up to 5 h after focal cerebral ischemia 
in rats. This would extend neuroprotection of ischemic penumbra.

 Ephrin-A5 Blockers

Ephrin-A5 is induced in reactive astrocytes in periinfarct cortex and is an inhibitor 
of axonal sprouting and motor recovery in stroke. Blockade of ephrin-A5 signaling 
using a unique tissue delivery system induces the formation of a new pattern of 
axonal projections in motor, premotor, and prefrontal circuits and mediates recovery 
after stroke in the mouse through these new projections (Overman et  al 2012). 
Combined blockade of ephrin-A5 by siRNA approach and forced use of the affected 
limb promote new and surprisingly widespread axonal projections within the entire 
cortical hemisphere ipsilateral to the stroke. These data indicate that stroke activates 
a newly described membrane-bound astrocyte growth inhibitor to limit neuroplasti-
city, activity-dependent axonal sprouting, and recovery in the adult. Pharmacological 
targets for poststroke neural repair will result from further identification of the axo-
nal sprouting control points in the adult, as well as the development of delivery 
systems to modulate these control points in a specific and local manner.

 Estrogen for Stroke

There are sex-linked differences in ischemic damage after stroke. Female rats sus-
tain approximately one third of the total tissue infarction observed in age-matched 
males following middle cerebral artery occlusion and both endogenous and exoge-
nous estrogens (17β estradiol) were shown to reduce brain damage after ischemia 
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and brain injury in female animals. Estrogen-mediated neuroprotection has been 
demonstrated in male rats as well. Testosterone availability does not alter estradiol- 
mediated tissue salvage after middle cerebral artery occlusion in rats. Estrogen 
seems more effective as a prophylactic treatment in females at risk for cardiac and 
ischemic brain injury, whereas progesterone appears to be more helpful in the post- 
injury treatment of both male and female subjects with acute TBI. However, a recent 
clinical trial with estradiol replacement therapy in elderly women that have a history 
of cerebrovascular disease, showed that this hormone was unable to protect against 
reoccurrence of ischemia or to reduce the incidence.

Studies describing contradictory actions of estrogens in ischemic stroke injury 
have led to reevaluation of the circumstances under which estrogen therapy pro-
vides benefits against stroke and decipher its mechanisms of action. One prominent 
feature that follows stroke injury is massive central and peripheral inflammatory 
responses. Evidence now suggests that post-ischemic inflammatory responses 
strongly contribute to the extent of brain injury, and 17β-estradiol (E2) may protect 
the ischemic brain by exerting antiinflammatory actions. Experimental studies, car-
ried out to explain the dichotomous effects of E2  in stroke injury, show that E2 
exerts profound neuroprotective action when administered immediately upon ovari-
ectomy, but not when administered after several weeks of hypoestrogenicity, indi-
cating that a prolonged period of hypoestrogenicity disrupts both neuroprotective 
and antiinflammatory actions of E2. These findings may help to explain the results 
of the Women’s Health initiative that reported no beneficial effect of estrogen 
against stroke because the most of the subjects started therapy after an extended 
period of hypoestrogenicity.

A study has specifically investigated the role of estrogen receptor (ER) alpha in 
neuronal cells versus its role in the microglia in the mediation of neuroprotection by 
estrogens by using cell type-specific ER mutant mice as models of stroke induced 
by MCAO (Elzer et  al 2010). Although the infarct volume of E2-treated female 
myeloid-specific ER alpha knockout mice was like that of E2-treated control mice, 
both male and female neuron-specific ER alpha mutant mice had larger infarcts than 
did control mice after E2 treatment. The results show that neuronal ER alpha in 
female as well as male mice mediates neuroprotective estrogen effects in an in vivo 
mouse model of stroke, whereas microglial ER alpha is dispensable.

Some studies suggest that estrogen not only help traumatized cells survive, but 
further enable post-stroke recovery by encouraging stem cells found in the penum-
bra zone of the brain to mature into new brain cells. In the past, emphasis has been 
on the role of oxygen but now it is recognized that kinases have an important role in 
the signaling cascade, which causes the fragile cells to live or die. Free radicals 
generated in cerebral ischemia may be turning on some of these death kinases. 
Some studies are looking at whether estrogen and/or estrogen-like compounds can 
regulate pro-death and pro-life kinases in a beneficial way after injury. These studies 
are looking at whether these substances protect neurons after stroke, not whether 
they reduce stroke risk.

Estrogens are now recognized as potent neuroprotectants in a variety of in vitro 
and in vivo model for cerebral ischemia. These protective effects of estrogens are 
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seen in neurons, astrocytes, microglia and vascular endothelial cells and result in a 
profound protection of the brain during stroke. Protective effects of estrogens dur-
ing stroke may be a combined effect on multiple targets of the neurovascular unit 
through a fundamental protective effect of estrogens on the subcellular organelle 
that defines the fate of cells during insults, the mitochondria. By protecting mito-
chondria during insult, estrogens are able to reduce or eliminate the signal for cel-
lular necrosis or apoptosis and thereby protect the neurovascular unit from ischemia/
reperfusion. Nuclear Respiratory Factor-1 protein, a primary regulator of nuclear- 
encoded mitochondrial genes, is significantly increased by chronic estrogen treat-
ment in vivo. These novel findings suggest that vascular protection by estrogen is 
mediated, in part, by modulation of mitochondrial function resulting in greater 
energy producing capacity and decreased free radical oxygen production. Previous 
studies have shown that excessive amounts of these radical elements in the body, 
through a process called oxidative stress, can damage blood vessels following 
stroke. Thus, estrogens may be unique in their ability to target the cellular site of 
initiation of damage during stroke and could be a central compound in a multi-drug 
approach to the prevention and treatment of brain damage from stroke.

Although there is concern about the adverse effects of estrogens in stroke 
patients, estrogen-like drugs called SERMs act like estrogen in some tissues and as 
an anti-estrogen in others. These include tamoxifen, which is used to treat breast 
cancer and to reduce breast cancer risk in high-risk women by blocking the estrogen 
receptors found on most breast cancer cells. Despite the interest in these com-
pounds, their function in the brain has not been well studied.

 Extendin-4

Glucagon-like peptide-1 (GLP-1) is an incretin hormone that stimulates glucose- 
dependent insulin secretion. The GLP-1 receptor agonist, exendin-4, has similar 
properties to GLP-1 and is in clinical use for type 2 diabetes mellitus. As GLP-1 and 
exendin-4 confer cardioprotection after myocardial infarction, a study was designed 
to assess the neuroprotective effects of exendin-4 against cerebral ischemia/reperfu-
sion injury (Teramoto et al 2011). Mice received an intravenous injection of exen-
din- 4, after a 60  min focal cerebral ischemia. Exendin-4 treatment suppressed 
oxidative stress, inflammatory response, significantly reduced infarct volume as 
well as cell death and improved functional deficit as compared to the sham treat-
ment group. Furthermore, intracellular cAMP levels were slightly higher in the 
exendin-4 group than in the sham treatment group. No serial changes were noted in 
insulin and glucose levels in both groups. This study suggested that exendin-4 pro-
vides neuroprotection against ischemic injury and that this action is probably medi-
ated through increased intracellular cAMP levels. Exendin-4 is potentially useful in 
the treatment of acute ischemic stroke.

 Pharmacologic Neuroprotective Agents for Stroke



210

 Flavones for Neuroprotection in Stroke

Epidemiologic studies have shown that foods rich in polyphenols, such as flavanols, 
can lower the risk of ischemic heart disease; however, the mechanism of protection 
has not been clearly established.

 Epicatechin

Epicatechin (EC), a flavanol in cocoa and tea, has been shown to have neuroprotec-
tive effect against brain damage due to ischemia in mice (Shah et al 2010). Wild- 
type mice pretreated orally with EC before MCAO had significantly smaller brain 
infarcts and decreased neurologic deficit scores than did the vehicle-treated con-
trols. Similarly, mice pretreated with EC and subjected to NMDA-induced excito-
toxicity had significantly smaller lesion volumes. Cell viability assays with neuronal 
cultures further confirmed that EC could protect neurons against oxidative insults. 
EC-associated neuroprotection was mostly abolished in mice lacking the enzyme 
heme oxygenase 1 (HO1) or the transcriptional factor Nrf2, and in neurons derived 
from these knockout mice. These results suggest that EC exerts neuroprotection 
partly through activation of Nrf2 and an increase in the HO1 enzyme.

 Isorhamnetin

Isorhamnetin, an O-methylated flavonol, is a type of flavonoid. A study has investi-
gated whether treatment with isorhamnetin protected the brain against ischemic 
injury in mice, who underwent experimental stroke by middle cerebral artery occlu-
sion with reperfusion (Zhao et al 2016). Treatment with isorhamnetin or vehicle was 
initiated immediately at the onset of reperfusion. Treatment with isorhamnetin 
reduced infarct volume as well as caspase-3 activity (a biomarker of apoptosis), and 
improved neurological function recovery. It also attenuated cerebral edema, 
improved BBB function, and upregulated gene expression of tight junction proteins 
including occludin, ZO-1, and claudin-5. Treatment of experimental stroke mice 
with isorhamnetin activated Nrf2/HO-1, suppressed iNOS/NO, and led to reduced 
formation of MDA and 3-NT in ipsilateral cortex. In addition, isorhamnetin sup-
pressed activity of MPO (a biomarker of neutrophil infiltration) and reduced protein 
levels of IL-1β, IL-6, and TNF-α in ipsilateral cortex. Furthermore, it was found that 
treatment of experimental stroke mice with isorhamnetin reduced mRNA and pro-
tein expression of NMDA receptor subunit NR1 in ipsilateral cortex. In conclusion, 
treatment with isorhamnetin protected the brain against ischemic injury in mice. 
Isorhamnetin could be considered as a neuroprotectactant for ischemic stroke but 
remains to be tested in humans.
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 Glutamate Clearance from Blood

Acute ischemic stroke is associated with high concentrations of glutamate in the 
blood and interstitial brain fluid. The inability of the tissue to retain glutamate within 
the cells of the brain ultimately provokes neuronal death. Increased concentrations of 
interstitial glutamate exert further excitotoxic effects on healthy tissue surrounding 
the infarct zone. A number of antiglutamate compounds have been investigated for 
neuroprotective action in the past decade. Many showed favorable results in experi-
mental animals but were not selected for further clinical development.

Peritoneal dialysis has been shown to reduce blood glutamate levels rat models 
of stroke, consequently decreasing the size of the infarct area, but this approach is 
not suitable for hemodynamically unstable patients. Hemofiltration has a favorable 
hemodynamics in critically ill patients and produces a statistically significant reduc-
tion in blood glutamate levels (Brotfain et al 2018).

 Hamartin Induction by Cerebral Ischemia as a Basis 
for Neuroprotection

The brain has endogenous mechanisms for neuroprotection. A study of the molecu-
lar determinants of endogenous neuroprotection in two well-established paradigms, 
the resistance of CA3 hippocampal neurons to global ischemia and the tolerance 
conferred by ischemic preconditioning (IPC), has revealed that the product of the 
tuberous sclerosis complex 1 gene (TSC1), hamartin, is selectively induced by isch-
emia in hippocampal CA3 neurons (Papadakis et al 2013). In CA1 neurons, hamar-
tin was unaffected by ischemia but was upregulated by IPC preceding ischemia, 
which protects the otherwise vulnerable CA1 cells. Suppression of hamartin expres-
sion with TSC1 shRNA viral vectors both in vitro and in vivo increased the vulner-
ability of neurons to cell death following oxygen glucose deprivation (OGD) and 
ischemia. In vivo, suppression of TSC1 expression increased locomotor activity and 
decreased habituation in a hippocampal-dependent task. Overexpression of hamar-
tin increased resistance to OGD and provides neuroprotection by inducing produc-
tive autophagy through an mTORC1-dependent mechanism. These findings could 
form the basis of development of a drug that can produce the same effect, which 
could be given at onset of stroke and prolong the window of time during transport 
until thrombolytic drugs could be given in a hospital.

 Histone Deacetylase Inhibitors for Neuroprotection in Stroke

Interest in histone deacetylase (HDAC)-based therapeutics as a potential treatment 
for stroke has grown dramatically. The transcription factor Nrf2 has been shown to 
be protective in stroke as a key regulator of antioxidant-responsive genes and HDAC 
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inhibitors might provide neuroprotection against cerebral ischemia by activating the 
Nrf2 pathway. We determined that The classic HDAC inhibitor trichostatin A has 
been shown to increase neuronal cell viability after oxygen-glucose deprivation and 
reduce infarct volume in a mouse model of ischemic stroke (Wang et al 2012). In 
vitro studies showed that HDAC inhibition reduced Nrf2 suppressor Keap1 expres-
sion, induced Keap1/Nrf2 dissociation, Nrf2 nuclear translocation, and Nrf2 bind-
ing to antioxidant response elements in heme oxygenase 1 (HO1), and caused HO1 
transcription. Furthermore, the authors demonstrated that HDAC inhibition upregu-
lated proteins downstream of Nrf2, including HO1, NAD(P)H:quinone oxidoreduc-
tase 1, and glutamate-cysteine ligase catalytic subunit in neuron cultures and brain 
tissue. Finally, unlike wild-type mice, Nrf2-deficient mice were not protected by 
pharmacologic inhibition of HDAC after cerebral ischemia. These studies suggest 
that activation of Nrf2 might be an important mechanism by which HDACis provide 
neuroprotection in stroke.

 Histamine H2-Receptor Modulation

Inflammation plays an important in the development of ischemia-induced brain 
injury. Effects of post-ischemic administration of L-histidine, a precursor of hista-
mine, and thioperamide, a histamine receptor antagonist, on inflammatory cell infil-
tration were evaluated in rat models of transient occlusion of the middle cerebral. 
Enhancement of central histaminergic activity has been shown to suppress inflam-
matory cell recruitment after ischemic events through histamine H2 receptors, 
which may be a mechanism underlying the protective effect of L-histidine.

Administration of histamine receptor antagonists has been reported to produce 
contradictory results, either reducing or increasing neural damage induced by isch-
emia. Other studies have claimed neuroprotective effect of ranitidine, which reverses 
the effect of L-histidine. This topic requires further studies to evaluate the effect of 
modulation of histamine H2-receptors for neuroprotection.

 Inosine for Stroke

Inosine, a nucleoside, administered intraventricularly in animal models of stroke, 
inhibits glutamate postsynaptic responses and reduces cerebral infarction. Its pro-
tective effect against ischemia/reperfusion-related insults may involve activation of 
adenosine A3 receptors. In adult rats with unilateral cortical infarcts, inosine stimu-
lates neurons on the undamaged side of the brain to extend new projections to 
denervated areas of the midbrain and spinal cord. This “rewiring” partially compen-
sates for the loss of the original connections, and resulted in significant improve-
ment in lost function. Inosine is a potential neuroprotective and has been considered 
for clinical trials in stroke patients but none have been conducted so far.
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 Insulin-Like Growth Factor-I

IGF-I has been shown to protect against stroke in rats but it has to be administered 
intracerebroventricularly because it does not cross the blood-brain barrier. However, 
this invasive method of administration is not practical for the large number of indi-
viduals who require treatment for stroke. Intranasal delivery offers a noninvasive 
method of bypassing the BBB to deliver IGF-I and other NTFs to the brain. The 
therapeutic benefit of intranasal IGF-1 has been demonstrated in rats up to 90 days 
after following MCAO and reduced cerebral infarct volumes with improved neuro-
logical function within 24 h providing a basis for neuroprotection in stroke (Fletcher 
et al 2009).

 Intravenous Immunoglobulin as Neuroprotective in Stroke

Intravenous immunoglobulin (IVIG) treatment, which scavenges complement frag-
ments, has been shown to protect brain cells against the deleterious effects of exper-
imental ischemia and reperfusion and prevents resulting mortality in mice 
(Arumugam et al 2007). Animals administered IVIG either 30 min before ischemia 
or after 3 h of reperfusion exhibited a 50–60% reduction of brain infarct size and a 
two- to threefold improvement of the functional outcome. Even a single low dose of 
IVIG given after stroke was effective. IVIG was protective in the nonreperfusion 
model of murine stroke as well and did not exert any peripheral effects. Human IgG 
as well as intrinsic murine C3 levels were significantly higher in the infarcted brain 
region compared with the noninjured side, and their physical association was dem-
onstrated by immuno-coprecipitation. C5-deficient mice were significantly pro-
tected from ischemia/reperfusion injury compared with their wild-type littermates. 
Exposure of cultured neurons to oxygen/glucose deprivation resulted in increased 
levels of C3 associated with activation of caspase 3, a marker of apoptosis; both 
signals were attenuated with IVIG treatment. These data suggest a major role for 
complement-mediated cell death in ischemic brain injury and the prospect of using 
IVIG in relatively low doses for neuroprotection in stroke.

Both IVIG and C1-esterase inhibitor (C1-INH), an inhibitor of complement acti-
vation, significantly and in a dose-responsive manner reduce brain infarction size, 
neurological deficit and mortality when administered to male mice 30 min before 
ischemia or up to 6 h after the onset of reperfusion (Chen et al 2018). When com-
bined, suboptimal doses of IVIG and C1-INH potentiated each other’s neuroprotec-
tive therapeutic effects ischemia/reperfusion (I/R) injury induced by transient 
occlusion of middle cerebral artery in mice by effectively reducing deposition of 
C3b and downregulated excessive TLR2 and p-JNK1 expression at the site of I/R 
injury. These results provide a rationale for potential use of IVIG and C1-INH, 
alone or in combination with ischemic stroke.
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 Ischemic Preconditioning for Neuroprotection in Stroke

Ischemic preconditioning (IPC) by short non-damaging periods of ischemia can 
induce a protected state in CNS tissues against the neurotoxic effects of subsequent 
periods of prolonged ischemia. Animals subjected to sublethal transient global isch-
emia exhibit neuroprotection against subsequent global ischemia-induced neuronal 
death in the hippocampal CA1 (ischemic tolerance). The molecular mechanisms 
underlying ischemic tolerance are unclear. Establishing cerebral ischemic tolerance 
in response to stress depends on a coordinated response at the genomic, molecular, 
cellular and tissue levels. Ischemic preconditioning or tolerance develops at a cer-
tain intensity of hypoxic/ischemic stimuli. Further increases in stimulus intensity 
induce damage. Stimulus intensities just beyond the threshold for damage induce 
apoptosis of particularly vulnerable neurons. Because there are no clear boundaries 
between tolerance, apoptosis and necrosis, intermediary stimulus intensities might 
protect some cells while other more susceptible, cells succumb to apoptosis. 
Ischemic tolerance may already occur naturally in humans during TIAs. 
Retrospective analyses of prospectively collected data show reduced severity of 
stroke with antecedent ipsilateral TIA.

Given the magnitude and reproducibility of neuroprotection against ischemia 
achieved in many diverse models of preconditioning, targeting mechanisms of 
innate cytoprotection present another strategy for drug development. That experi-
mental studies have successfully used exogenously applied agents to activate dor-
mant neuroprotective genes and cell survival pathways to achieve ischemic tolerance 
further underscores the feasibility of identifying pharmacological approaches for 
increasing endogenous ischemic resistance. Erythropoietin treatment is also based 
on this mechanism. Patients at high risk for stroke might derive benefit from pro-
phylactic treatment as well as patients presenting shortly after stroke as the ischemic 
brain injury evolves over hours.

Potent molecular mediators of IPC include innate immune signaling pathways 
such as (TLRs), which play important roles in sensing potential danger/insult in the 
form of pathogens as well as endogenous stress molecules that occur in response to 
mild injury (e.g. heat-shock proteins). Cellular mediators of IPC include microglia, 
astrocytes, and neurons, which interact with each other through signaling pathways 
that modulate activation/suppression of each of the other cell types in response to 
ischemia. With evolution of postischemic neuroimmune response over time, there is 
a shift in function toward provision of trophic support and neuroprotection. 
Peripheral immune cells infiltrate the CNS en masse after stroke and are largely 
detrimental, with a few subtypes having beneficial, protective effects, though the 
role of these immune cells in IPC is largely unknown. The role of neural progenitor 
cells in IPC-mediated neuroprotection is another active area of investigation as is 
the role of microglial proliferation in this setting. An understanding of mechanism 
of these molecular and cellular mediators of IPC may facilitate clinical application 
of IPC (McDonough and Weinstein 2018).

Several studies suggest that TLRs are novel and potent preconditioning targets 
that offer substantial promise to protect the brain from ischemic injury. Transient 
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focal ischemia in adult rats induces TLR2 and TLR4 expression within hours and 
shRNA-mediated knockdown of TLR2 and TLR4 alone and in combination 
decreases the infarct size and swelling (Nalamolu et al 2018). This study shows that 
attenuation of the severity of TLR2- and TLR4-mediated post-stroke inflammation 
ameliorates ischemic brain damage.

The knowledge of ischemic preconditioning can be applied clinically. However, 
although many researchers are actively charting the signaling pathways of ischemic 
preconditioning/tolerance in the nervous system, the knowledge is still too patchy to 
justify direct extrapolation of laboratory results to the patient. The issues that need 
to be resolved are:

• Is it possible to boost endogenous neuroprotection, or are these mechanisms 
already maximally stimulated by cerebral ischemia?

• How do pharmaceuticals or additional pathologies interfere with ischemic pre-
conditioning/tolerance mechanisms?

• Can the tolerant state could be maintained and provide chronic protection?
• Are there side effects of the long-term expression of ischemic preconditioning/

tolerance-induced genes?

 Ketone Bodies for Neuroprotection in Stroke

Ketosis, meaning elevation of D-β-hydroxybutyrate (R-3hydroxybutyrate) and aceto-
acetate, has been central to starving man’s survival by providing nonglucose substrate 
to his evolutionarily hypertrophied brain, sparing muscle from destruction for glucose 
synthesis. Acute brain injury such as stroke interrupts oxygen supply to cells and glu-
cose can no longer be used as an energy source. Rather, when oxygen levels are low, 
glucose is converted to toxic lactate that can further damage the cell. Surprisingly, D-β-
hydroxybutyrate (8 D-β-OHB) may also provide a more efficient source of energy for 
brain per unit oxygen as it can be converted to usable energy in a low oxygen environ-
ment. This property is the basis of their therapeutic potential whereby D-β-OHB is 
taken up by compromised cells and converted in the mitochondria to acetoactetate with 
accompanying production of usable energy. Other known roles include presence in a 
polymer of D-β-HB found in cell membranes as part of a transport channel across the 
cell wall and as key metabolites of important bacterial pathogens.

 Magnesium

The magnesium ion blocks the NMDA channel in a voltage dependent fashion but 
electrophysiologically, extracellular magnesium behaves in a non-competitive 
NMDA antagonist. Neuroprotective effect of intra-arterial magnesium sulfate has 
been shown in animal models of reversible focal cerebral ischemia. This compound 
may be useful for limiting infarction if given intra-arterially before induction of 
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reversible ischemia during cerebrovascular surgery. The advantages of using mag-
nesium are that it is widely available, cheap and has an established safety profile.

The Field Administration of Stroke Therapy-Magnesium (FAST-MAG) pilot 
trial showed the feasibility and safety of paramedics initiating prehospital adminis-
tration of neuroprotective agents. In the randomized placebo-controlled trial, 
patients with suspected stroke were assigned to receive either intravenous magne-
sium sulfate or placebo, beginning within 2 h after symptom onset. After the loading 
dose was initiated by paramedics, a 24-h maintenance infusion was started on the 
patients’ arrival at the hospital (Saver et  al 2015) but did not improve disability 
outcomes at 90 days.

 Mineralocorticoid Receptor Blockade for Neuroprotection

Chronic mineralocorticoid receptor (MR) activation is suffices to elicit deleterious 
effects on the cerebral vasculature that lead to inward hypertrophic remodeling and 
an increase in the ischemic damage in the event of a stroke. MR blockade reduces 
the incidence of hemorrhagic strokes and the severity of damage caused by isch-
emic strokes by increasing the expression of antiapoptotic genes. This neuroprotec-
tion may be achieved through a vascular phenomenon as MR blockade increases 
vessel lumen diameter, which presumably increases blood flow and perfusion of the 
tissue to reduce ischemic damage. However, the vascular protection afforded by MR 
antagonism conflicts with the results seen within the brain, where MR activation is 
required for neuronal survival. Both of these divergent effects have possible thera-
peutic implications for stroke.

 miR-223 and Neuroprotection in Stroke

Extracellular glutamate accumulation leading to overstimulation of the ionotropic 
glutamate receptors mediates neuronal injury in stroke and in neurodegenerative 
disorders. A study has shown that miR-223 controls the response to neuronal injury 
by regulating the functional expression of the glutamate receptor subunits GluR2 
and NR2B in brain (Harraz et al 2012). Overexpression of miR-223 lowers the lev-
els of GluR2 and NR2B by targeting 3′-UTR target sites in GluR2 and NR2B, 
inhibits NMDA-induced calcium influx in hippocampal neurons, and protects the 
brain from neuronal cell death following transient global ischemia and excitotoxic 
injury. MiR-223 deficiency results in higher levels of NR2B and GluR2, enhanced 
NMDA-induced calcium influx, and increased miniature excitatory postsynaptic 
currents in hippocampal neurons. In addition, the absence of MiR-223 leads to 
increased neuronal cell death following transient global ischemia and excitotoxicity. 
These data identify miR-223 as a major regulator of the expression of GluR2 and 
NR2B and suggest a therapeutic role for miR-223 in stroke and other excitotoxic 
neuronal disorders.
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 NA-1 as Neuroprotective Against Ischemic Stroke

NA-1 (NoNO Inc) is being developed for the treatment of stroke, traumatic brain 
injuries and subarachnoid hemorrhage. It is a member of a new class of drugs termed 
‘PSD-95 Inhibitors’. PSD-95 protein is an essential intermediary between gluta-
mate receptors which trigger cell death signaling and the enzyme neuronal nitric 
oxide synthase (nNOS), which generates the toxic free radical NO. NA-1 inhibits 
the binding of PSD-95 to other molecules such as nNOS, thereby inhibiting cell 
death signalling.

A phase II double-blind, randomized, controlled study in patients with iatrogenic 
stroke after endovascular aneurysm repair (ENACT) assessed whether NA-1 could 
reduce ischemic brain damage in human beings (Hill et al 2012). Patients in the 
NA-1 group sustained fewer ischemic infarcts than did patients in the placebo 
group, as gauged by diffusion-weighted MRI and fluid-attenuated inversion recov-
ery MRI. The findings suggested that neuroprotection in human ischemic stroke is 
possible and that it should be investigated in larger clinical trials.

FRONTIER, a multicenter, randomized, double-blind, placebo-controlled study 
to determine the efficacy and safety of intravenous NA-1 being conducted in Canada 
by paramedics in the field for acute cerebral ischemia within 3 h of symptom onset 
(NCT02315443). NoNO Inc. started its global pivotal phase III trial ESCAPE-NA1 in 
2017 (NCT02930018). It is a randomized, multicenter, blinded, placebo-controlled, 
parallel group, single-dose design study on patients harboring an acute ischemic 
stroke who are selected for endovascular revascularization and who harbor a small 
established infarct core and with good collateral circulation. The primary objective 
of these trials is to determine the efficacy of NA-1 in reducing global disability in 
patients with acute stroke.

 Nasal Delivery of Neuroprotective Agents in Stroke

Neuroprotective drugs can be delivered to the brain via the olfactory nerve by spray-
ing them onto the nerve endings in the nose. Preliminary studies in the mouse mod-
els of stroke are promising. In humans, connections from this nerve extend to areas 
controlling speech, comprehension and movement of the opposite-side of the body, 
all of which may be damaged by an ischemic stroke. This method of delivery is 
rapid (a few minutes) and is not affected by the BBB.  If aerosol drug delivery 
through the olfactory nerve can be moved from the mouse model to human clinical 
trials and eventually approved, it would potentially expand that window for throm-
bolytic therapy of stroke beyond the current limit of 4.5 h. It could also be used for 
efficient delivery of neuroprotective agents such as erythropoietin enabling the 
avoidance of adverse reactions of systemic administration. The delivery system may 
also be used to administer therapies for neurodegenerative diseases.
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 Neuroserpin as a Neuroprotective in Stroke

Neuroserpin (NSP) is a member of the serine proteinase inhibitor (serpin) gene fam-
ily that reacts preferentially with tissue-type plasminogen activator (tPA) and is 
primarily localized to neurons in regions of the brain where tPA is also found. 
Outside of the CNS tPA is predominantly found in the blood where its primary func-
tion is as a thrombolytic enzyme. However, tPA is also expressed within the CNS 
where it has a very different function, promoting events associated not only with 
synaptic plasticity but also with cell death in a number of settings, such as cerebral 
ischemia and seizures. NSP is released from neurons in response to neuronal depo-
larization and plays an important role in the development of synaptic plasticity. 
Following the onset of cerebral ischemia there is an increase in both tPA activity and 
NSP expression in the area surrounding the necrotic core (ischemic penumbra), and 
treatment with NSP following ischemic stroke or overexpression of the neuroserpin 
gene results in a significant decrease in the volume of the ischemic area as well as 
in the number of apoptotic cells.

In a clinical study, higher NSP levels were associated with lower inflammatory 
biomarkers decrease in the infarct size, and better functional outcomes (Wu et al 
2017). These results provide further evidence of the neuroprotective effect of NSP 
in cerebral ischemic patients. Serum NSP level is a potential predictive biomarker 
of outcome of acute ischemic stroke.

 N-2-Mercaptopropionyl Glycine

Cerebral ischemia stimulates increased activity of polyamine oxidase, a ubiquitous 
enzyme that catabolizes polyamines to produce 3-aminopropanal. 3-aminopropanal 
(3-AP) is a reactive aldehyde that mediates progressive neuronal necrosis and glial 
apoptosis. Increased levels of 3-aminopropanal-modified protein levels in humans 
after aneurysmal subarachnoid hemorrhage correlate with the degree of cerebral 
injury. Tiopronin (N-2-mercaptopropionyl-glycine) is a FDA-approved drug for the 
treatment of cystinuria and a putative neuroprotective agent that has been shown to 
bind and neutralize 3-AP and reduce infarct volumes. A phase I trial has established 
the safety of tiopronin administration in patients with aneurysmal subarachnoid 
hemorrhage in preparation for further trials of its efficacy as a neuroprotective agent 
in this disease process (Kim et al 2010).

 NeuroAiD

NeuroAiD (Moleac Pte Ltd., MLC601), a mixture of 14 traditional Chinese medi-
cines (TCMs) used in South East Asia and Middle East, isreported to have beneficial 
effects in stroke patients. Study in a rodent model of focal ischemia demonstrated 
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that NeuroAid II (MLC901) pre- and post-treatments up to 3 h after stroke improves 
survival, protects the brain from the ischemic injury and drastically decreases func-
tional deficits (Heurteaux et al 2010). In addition, MLC601 treatments were shown 
to induce neurogenesis in rodent and human cells, promote cell proliferation as well 
as neurite outgrowth and stimulate the development of a dense axonal and dendritic 
network.

The CHInese Medicine NeuroAiD Efficacy on Stroke recovery (CHIMES) study 
was an international randomized, double-blind placebo-controlled trial of NeuroAiD 
in subjects with cerebral infarction of intermediate severity within 72  h 
(Venketasubramanian et al 2015). Results showed that although the benefits of a 
3-month treatment with NeuroAiD did not reach statistical significance for the pri-
mary endpoint at 2 years, the odds of functional independence defined as were sig-
nificantly increased at 6 months and persisted up to 18 months after a stroke. A 
longer duration of treatment and follow-up beyond the conventional 3-month study 
period should be considered in stroke trials of agents with putative neuroprotective 
and restorative effects.

 Neurotrophic Factors as Neuroprotectives for Stroke

 Brain-Derived Neurotrophic Factor

Endogenous BDNF plays a central role in glutamate receptor-mediated survival 
pathways and provides a basis for the use of this neurotrophic factor to help the 
neurons to survive stressful conditions such as stroke and neurodegenerative disor-
ders. Intravenous BDNF causes significant reduction in stroke volume in rats with 
the middle cerebral artery occlusion, provided it is formulated to enable transport 
across the BBB. Experimental studies in rats have shown that post-ischemic intra-
venous BDNF treatment improves functional motor recovery after thrombotic 
stroke and induces widespread neuronal remodeling, particularly when combined 
with physiotherapy. BDNF treatment transiently induces MAP 1B expression in the 
ischemic border zone and synaptophysin expression within the contralateral cortex. 
BDNF also reduces astrogliosis compared with controls. Further studies have shown 
that intravenous BDNF reduces infarct size and is a potent stimulator of adult neu-
rogenesis. BDNF administration has been shown to lead to better functional out-
come, oligodendrogenesis, remyelination, and fiber connectivity in rats subjected to 
subcortical damage in ischemic stroke (Ramos-Cejudo et al 2015).

Circulating concentrations of BDNF are lowered in the acute phase of ischemic 
stroke, and these are associated with poor long-term functional outcome of these 
patients (Stanne et al 2016). However, further studies are required to confirm these 
associations and to assess the predictive value of BDNF in stroke outcomes. In 
poststroke patients with hemiparesis, the combination of rehabilitation with low- 
frequency rTMS seems to improve motor function in the affected limb by activating 
processing of BDNF (Niimi et al 2016). Therapy increased BDNF, but not proBDNF 
levels in the serum.
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Potential mechanisms of the neuroprotective role of BDNF in focal cerebral 
ischemia include the following:

• Protective effects against glutamate toxicity
• Attenuation of apoptosis
• Counter-regulation of Bax and Bcl-2 proteins within the ischemic penumbra
• BDNF is administered by cell and gene therapies as well.

 Cerebral Dopamine Neurotrophic Factor

Cerebral dopamine neurotrophic factor (CDNF) is a member of MANF family of 
neurotrophic factors with neurotrophic effect in dopaminergic neurons. CDNF has 
neuroprotective effects on cerebral ischemia in experimental animals and the oxy-
gen glucose depletion cell model, which may occur through endoplasmic reticulum 
stress (MANF) pathways (Zhang et al 2018).

 Fibroblast Growth Factor

bFGF is a potent dilator of systemic blood vessels and cerebral pial arterioles. 
Intravenous bFGF can cross the damaged blood-brain barrier and exert a direct tro-
phic effect on the ischemic brain tissue. Intracisternal bFGF has also been shown to 
enhance behavioral recovery following focal cerebral infarction in the rat. The 
mechanism of infarct reduction may include direct cytoprotective and vasoactive 
effects. No angiogenesis has been demonstrated in any of the studies, but bFGF is 
known to have angiogenic properties. Although the exact mechanisms of the benefi-
cial effect of bFGF in ischemic stroke have not been proven, even delayed adminis-
tration enhances functional recovery. The mechanism of action of bFGF as a 
neuroprotective agent involves activation of survival signals that, in turn, enhance 
antiapoptotic proteins, antioxidant enzymes, and calcium-binding proteins. Grafting 
of encapsulated bFGF-secreting cells have been shown to protect the brain from 
ischemic injury in a rat models of middle cerebral artery occlusion. There are differ-
ences in the response of aged versus young adult rats to fibroblast growth factor in 
cerebral ischemia; unlike in young adult ischemic rats, only few newly generated 
cells migrate into the infarcted region in aged brain.

bFGF has a synergistic effect with citicoline (cytidine 5′-diphosphate choline) as a 
neuroprotective in animal models of focal cerebral ischemia. Citicoline is used as a treat-
ment for stroke in some countries, but phase III trials have not yet proven its efficacy.

 Granulocyte Colony Stimulating Factor

Granulocyte colony stimulating factor (G-CSF) is a neurotrophic protein that is pro-
duced at highly elevated levels in the brain as part of an endogenous protective mech-
anism after brain damage. Thus, if this drug administered in the acute phase of stroke, 
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the brain’s own protective action is further boosted. G-CSF reduces infarct volume 
and improves functional outcome after transient focal cerebral ischemia in mice. 
G-CSF stops neuronal cell death in the acute phase of stroke, and in addition, it 
stimulates the regeneration of the already damaged nervous tissue through the stimu-
lation of neurogenesis as well as arteriogenesis and the reorganization of neuronal 
networks. In a phase IIa clinical trial on patients with acute stroke, G-CSF treatment 
failed to meet the primary as well as secondary end points of the trial and did not 
provide any significant benefit with respect to either clinical outcome or imaging 
biomarkers (Ringelstein et al 2013). No further development has been reported.

 Granulocyte-Macrophage Colony-Stimulating Factor

Granulocyte-macrophage colony-stimulating factor (GM-CSF), a hematopoietic 
cytokine similar to G-CSF, is responsible for the proliferation, differentiation, and 
maturation of cells of the myeloid lineage. It is now considered to have a neuropro-
tective effect and is available as novel drug candidates for stroke. The influence of 
GM-CSF on brain energy state has been investigated in hemodynamic stroke 
induced by hypotension in rat models of brain hypoperfusion produced by three- 
vessel (bilateral vertebral and unilateral common carotid artery) occlusion. Treating 
such animals with GM-CSF significantly reduces the hemispheric volume of energy 
depletion and focal areas of ATP depletion. GM-CSF-induced arteriogenesis is thus 
another approach to protect the brain against ischemic injury. This model replicates 
the pathophysiology of patients with extracranial vascular occlusion who suffer 
stroke during transient periods of hypotension. In the hypoperfused brain, GM-CSF 
treatment, if started within 1 week, produces significant protection against hemody-
namic stroke and induced hypotension such as may occur after antihypertensive 
treatment or during the circadian blood pressure fall in the early morning. This 
opens up another approach to prevention of infarction in patients with reduced 
hemodynamic reserve and may supplement established preventive surgical proce-
dures such as carotid endarterectomy or percutaneous transluminal balloon angio-
plasty. Clinical studies are required to test this promising neuroprotective approach.

GM-CSF, however, does not improve the hippocampal energy failure. 
Hippocampus is more sensitive to ischemia than other parts of the brain and this 
selective vulnerability is attributed to a cascade of molecular dysfunctions that 
slowly evolve during recirculation after circulatory impairment. The absence of a 
therapeutic effect during the hypotensive period is in line with this interpretation 
and demonstrates that the hippocampus does not profit as much as other parts of the 
brain from the improved collateral blood supply.

 Glial Cell Line-Derived Neurotrophic Factor

Several experimental studies in rat models of stroke have shown neuroprotective 
effect of glial cell line-derived neurotrophic factor (GDNF) delivered by local 
administration or by cell and gene therapies. However, GDNF is a large molecule 
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that cannot cross the BBB. PEP-1 protein transduction can deliver protein cargo 
across the cell membrane and the BBB. A fusion protein, PEP-1-GDNF, given intra-
venously immediately after reperfusion of 90 min transient middle cerebral artery 
occlusion in rats significantly reduced the infarct volume and improved behavioral 
function (Liu et al 2016).

 Insulin-Like Growth Factor-1

Preclinical studies have demonstrated that IGF-1 can protect against neuronal and 
glial cell degeneration in animal models of stroke. Middle aged female rats show 
age-related reduction of IGF-1 in serum and in astrocytes, which are a type of cell 
that is necessary for poststroke recovery, and suffer larger infarcts as well as dis-
ability than younger female rats following experimental occlusion of cerebral arter-
ies. Astrocyte-specific IGF-1 gene transfer in aging female rats has been shown to 
improve stroke outcomes (Okoreeh et al 2017). The higher IGF-1 levels observed in 
stroke patients with better outcome suggest a possible neuroprotective role of IGF- 
1. It is administered intracerebroventricularly because it does not cross the 
BBB. However, this invasive method of administration is not practical for the large 
number of individuals who require treatment for stroke. To bypass the BBB, it can 
be delivered to the brain directly from the nasal cavity following intranasal admin-
istration. This noninvasive, simple, and cost-effective method is a potential treat-
ment for stroke.

 Neuregulin-1

Neuregulin-1 (NRG-1), a neurotrophic factor, is expressed throughout the immature 
and adult CNS and influences the migration of a variety of cell types in developing 
brain. Elevated levels of NRG-1 transcript are found in the adult brain after injury. 
In experimental studies, rats pretreated with NRG-1 protein and subjected to cere-
bral ischemia had more recovery of motor performance and less cerebral infarction 
than untreated rats. Pretreatment with NRG-1 did not alter cerebral blood flow or 
other physiological parameters. NRG-1 reduces ischemia/reperfusion injury, indi-
cating that it may act as an endogenous neuroprotective factor against stroke. 
Neuroprotective and anti-inflammatory effects of NRG-1 are associated with the 
differential regulation of NF-kB signaling pathways in microglia (Simmons et al 
2016). NRG-1β has been shown to exert neuroprotective effects against ischemia 
reperfusion-induced injury in rat stroke models through the JNK signaling pathway 
(Ji et al 2017). NRG-1 based therapy has a potential for neuroprotection in cerebral 
ischemia.

3 Neuroprotection in Cerebrovascular Disease



223

 NO-Based Strategies for Neuroprotection in Cerebral Ischemia

NO has several effects that may be beneficial in ischemic stroke and useful in the 
management of high blood pressure in acute stroke. NO produced by nNOS or 
iNOS is detrimental in acute ischemic stroke, whereas that derived from eNOS is 
beneficial. A review of experimental studies indicates that, when assessed by type of 
inhibitor, total lesion volume is reduced in permanent models by both nNOS and 
iNOS inhibitors, but not by nonselective inhibitors. All types of NOS inhibitors 
reduce infarct volume in transient models but may have negative effects on 
CBF. Selective nNOS and iNOS inhibitors are candidate treatments for acute isch-
emic stroke. However, high concentrations of NO are likely to be toxic to brain tis-
sue. A systematic review of randomized, placebo-controlled trials of NO donors, 
L-arginine, or NOS-I in acute stroke concluded that there is insufficient evidence to 
recommend their use as only one NO-donor, transdermal glyceryl trinitrate, has 
been assessed, which reduces blood pressure, increases heart rate and headache, but 
does not alter clinical outcome (Bath et al 2017).

 NOX-4 Inhibitors for Neuroprotection in Stroke

NADPH oxidase type 4 (NOX4) is induced by ischemia or hypoxia, converting 
oxygen to reactive oxygen species. In mouse models of ischemia, the brain is more 
sensitive as compared with other organs to ischemic damage at the cellular level by 
NOX4-dependent neuronal autotoxicity and BBB breakdown by endothelial NOX4 
(Casas et al 2017). Genetic deletion of either cell type (endothelial or neuronal) or 
pharmacological inhibition of NOX4 leads to a significant reduction of infarct vol-
ume and direct neuroprotection. These results demonstrate that the heightened sen-
sitivity of the brain to ischemic damage is due to an organ-specific role of NOX4 in 
BBB endothelial cells and neurons. This mechanism is conserved in rodents and 
humans, making NOX4 a prime target for a first-in-class mechanism-based, neuro-
protective therapy for ischemic stroke.

 Omega-3 Fatty Acids for Neuroprotection after Cerebral 
Ischemia-Hypoxia

Neuroprotection by intraperitoneal administration of n-3 fatty acids (FA) triglycer-
ide (TG) emulsions containing DHA was tested in neonatal mice subjected to 
hypoxic-ischemic brain injury induced by right carotid artery ligation followed by 
exposure to 8% O2 for 15 min at 37 °C (Williams et al 2013). Treatment with n-3 
TG emulsions both before- and after- H/I significantly reduced total infarct volume 
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by a mean of 43% when administered 90 min prior to H/I and by 47% when admin-
istered immediately after H/I. n-3 TG was neuroprotective against H/I induced brain 
infarction when administered up to 2 h after H/I injury but not 4 h after HI. The 
beneficial effect is by protection of brain mitochondria against the damaging effects 
of free radicals. Since many of the pathways involved in this type of brain damage 
are like those in an adult stroke, TG-rich DHA may be effective for treatment of 
acute stroke in humans and justifies clinical trials.

 Pannexin Channel Blockers for Neuroprotection in Stroke

Pannexins form large, non-selective membrane pores that connect the cytoplasm to 
the extracellular space and play a role in ischemic neuronal death. The influence of 
pannexin channels on the fate of ischemic neurons has been studied in pannexin 
knock-out mice (Bargiotas et al 2011). Previous investigations had shown that chan-
nels both electrophysiologically and pharmacologically like pannexins open in 
response to oxygen and glucose deprivation. It was established that pannexin chan-
nels were responsible for the passage of material from the cytoplasm to the extracel-
lular space following metabolic disruption. Pretreatment of neuronal cultures with 
an inhibitor of pannexin channels has been shown to block this process. Infarct 
volumes following middle cerebral artery occlusion were reduced by 40% in pan-
nexin knock-out mice when compared to control animals. These findings implicate 
pannexin channel opening in the series of events leading to neuronal death in brain 
ischemia. However, what remains to be discovered is the mechanism by which pan-
nexin channels are triggered to open. The authors suggest several possible triggers 
including elevated extracellular potassium concentrations, reactive oxygen species, 
or cleavage of pannexin 1 protein by caspase 3, an important mediator of apoptosis. 
Although nonselective pannexin channel inhibitors have protective effects in stroke 
models, they also inhibit stroke-protective connexin channels. Thus, highly selec-
tive pannexin channel inhibitors should be identified and pursued as potential neu-
roprotective agents for acute stroke therapy.

 Perlecan Domain V

Perlecan domain V (DV) is a naturally occurring extracellular matrix fragment of 
perlecan, which is upregulated in rodent models of stroke. Perlecan DV has neuro-
protective properties and enhances post-stroke angiogenesis, a key component of 
brain repair. When systemically administered 24 h after stroke, Perlecan DV was 
well tolerated, reached infarct and peri-infarct brain vasculature, and restored 
stroke-affected motor function to baseline pre-stroke levels in these multiple stroke 
models in both mice and rats (Lee et al 2011). Post-stroke perlecan DV administra-
tion increased VEGF levels via a mechanism involving brain endothelial cell α5β1 
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integrin, and the subsequent neuroprotective and angiogenic actions of domain V 
were in turn mediated via VEGFR.  These results suggest that perlecan DV is a 
promising approach for stroke treatment.

 Peroxisome Proliferator-Activated Receptor-γ Agonists

Activators of peroxisome proliferator-activated receptor-γ (PPAR-γ), a member of 
the PPAR family, increase levels of CuZn-superoxide dismutase (SOD) in cultured 
endothelium, suggesting a mechanism by which it may exert its protective effect 
within the brain. CuZn-SOD is shown to be the mediator of this neuroprotection in 
rat models of cerebral ischemia where PPAR-γ agonists reduce infarct size in tran-
sient but not permanent arterial occlusion, indicating that the role of PPAR-γ is 
specific to events occurring during reperfusion. Treatment with the PPAR-γ agonist 
pioglitazone in the early post-ischemic phase in rats has been shown to inhibit pro- 
inflammatory responses and promote neurogenesis via the activation of bone 
marrow- derived stem cells (Kinouchi et al 2018).

PPAR-γ agonists also protect against hyperlipidemia and arteriosclerosis, which 
are risk factors for stroke. A systematic review of randomized placebo-controlled 
trials of PPAR-γ agonists for the secondary prevention of stroke and or TIA con-
cluded that they reduce recurrent stroke and may stabilize carotid plaques, but fur-
ther well-designed, double-blind randomized controlled trials with large samples 
are needed to confirm these findings (Liu and Wang 2017).

 Pioglitazone for Reduction of Stroke Risk

Patients with diabetes are at an increased risk of stroke that is two to four times 
higher than the general population. Pioglitazone HCl (Takeda’s ACTOS), a PPAR-γ 
agonist, is an oral antidiabetic medication that works by directly targeting insulin 
resistance, a condition in which the body does not efficiently use the insulin it pro-
duces to control blood glucose levels. Pioglitazone is taken once daily as an adjunct 
to diet and exercise, and is approved for use for type 2 diabetes as monotherapy to 
lower blood glucose and in combination therapy with insulin, sulfonylureas or met-
formin. PROactive (PROspective PioglitAzone Clinical Trial In MacroVascular 
Events), a randomized, double-blind, placebo-controlled outcome study, showed 
that pioglitazone significantly reduced the risk of recurrent stroke in high-risk 
patients with type 2 diabetes by almost 50%.

In a clinical trial involving patients without diabetes who had insulin resistance 
along with a recent history of ischemic stroke or TIA, the risk of stroke or myocar-
dial infarction was lower among patients who received pioglitazone than among 
those who received placebo (Kernan et al 2016). Pioglitazone was also associated 
with a lower risk of diabetes.
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 PGE2 EP2 Receptor Activation

Activation of EP2 receptors by endogenous PGE2 released in a cell-injury setting is 
neuroprotective. Genetic deletion of EP2 resulted in a marked increase in volume of 
the infarcted area. A small molecule allosteric potentiator of this key prostaglandin 
receptor has been shown to increase the potency of PGE2 on EP2 receptors four- to 
fivefold and achieved substantial neuroprotection in an excitotoxicity model (Jiang 
et  al 2010). PGE2-EP2 signaling axis has a deleterious role in modulating brain 
injury, and functional recovery following intracerebral hemorrhage: therefore, tar-
geting the EP2 G protein-coupled receptor may be a therapeutic approach to hemor-
rhagic stroke (Leclerc et al 2015).

 Progesterone

Progesterone is produced in the brain, for the brain, by neurons and glial cells in the 
nervous system of both male as well as female individuals and exerts a neuroprotec-
tive effects on the CNS. Administering relatively large doses of progesterone during 
the first few hours to days after injury to the CNS significantly limits CNS damage, 
reduces loss of neural tissue, and improves functional recovery. Although the 
research published to date has focused primarily on progesterone’s effects on blunt 
TBI, there is evidence that the hormone affords protection from several forms of 
acute CNS injury, including penetrating brain trauma, stroke, anoxic brain injury, 
and SCI.  Exogenous progesterone has been shown to reduce brain edema and 
ischemia- induced cell damage and to improve physiological and neurological func-
tion during the early stage of focal cerebral ischemia. Significant improvement has 
been observed in the MCAO rats treated with progesterone compared to vehicle, 
point to the response of aged adult rats to progesterone in cerebral ischemia, and this 
should be considered in the development of neuroprotective agents for stroke (Wang 
et al 2010). The mechanism by which progesterone provides protection from isch-
emic brain injury may lie in its potentiating effect on GABA inhibition and attenu-
ation of excitatory amino acid responsiveness, reduction of cerebral edema as well 
action as a free radical scavenger.

A study on an experimental model of ischemic stroke showed that cerebral isch-
emia caused a significant downregulation of NMDA receptor subunits NR1, NR2A, 
NR2B and profound upregulation of NR3B in cortical penumbra region (Tameh 
et al 2019). Treatment with progesterone resulted in upregulation of NR1, NR2A, 
and NR3B which reveal a new neuroprotective mechanism of progesterone via 
NMDA receptors gene regulation.
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 Proteoglycan-Degrading Enzymes

Physical and chemical constraints imposed by the periinfarct glial scar may contrib-
ute to the limited clinical improvement often observed after ischemic brain injury. 
To investigate the role of some of these mediators in outcome from cerebral isch-
emia, rats were treated with the growth-inhibitory chondroitin sulfate proteoglycan 
neurocan, the growth-stimulating heparan sulfate proteoglycan glypican, or the 
chondroitin sulfate proteoglycan-degrading enzyme chondroitinase ABC (Hill et al 
2012). Neurocan, glypican, or chondroitinase ABC was infused directly into the 
infarct cavity after middle cerebral artery occlusion. Glypican and chondroitinase 
ABC reduced glial fibrillary acidic protein immunoreactivity and increased 
microtubule- associated protein-2 immunoreactivity in the periinfarct region, and 
glypican- and chondroitinase ABC-treated rats showed behavioral improvement 
compared with neurocan- or saline-treated rats. Glypican and chondroitinase ABC 
also increased neurite extension in cortical neuron cultures. Glypican increased 
FGF-2 expression and chondroitinase ABC increased BDNF expression in these 
cultures, whereas no such effects were seen following neurocan treatment. Thus, 
treatment with glypican or enzymatic disruption of neurocan with chondroitinase 
ABC improves gross anatomical, histological, and functional outcome in the chronic 
phase of experimental stroke in rats. Changes in growth factor expression and neu-
ritogenesis may help to mediate these effects.

 Proteosome Inhibitors

The proteasome is an enzyme complex that exists in all cells and plays an important 
role in degrading proteins that control the cell cycle and cellular processes, includ-
ing those regulating the cell cycle, growth and responses to stress. Laboratory and 
clinical evidence suggests that inhibiting the proteasome can disrupt disease- 
relevant mechanisms in the cell by affecting the balance of apoptotic, inflammatory 
and proliferative mediators. There is some evidence supporting the involvement of 
the ubiquitin-proteasome pathway in inflammation within the brain following 
stroke. There is a significant elevation in several inflammatory genes following tran-
sient cerebral ischemia in an animal stroke model. Treatment with a proteasome 
inhibitor reduces NF-kB activation and lessens inflammation as well as neuronal 
damage within the brain. When a proteasome inhibitor was administered after stroke 
at a dose which was previously shown to be neuroprotective, the levels of these 
genes were reduced. Specifically, ICAM-1 and E-selectin, two well-described 
mediators of reperfusion injury, are diminished for hours to days following the 
event after one dose of the proteasome inhibitor.

 Pharmacologic Neuroprotective Agents for Stroke



228

 Statins for Prevention and Neuroprotection in Stroke

Statins are effective in reducing both stroke and its recurrence. This effect is likely 
due to the extent of LDL-C lowering, but studies in animal thromboembolic models 
of stroke indicate that this effect is independent of cholesterol reduction. Mechanisms 
of neuroprotective actions on cerebral ischemia include inhibition of inflammatory 
responses, improvement of endothelial dysfunction, regulation of apoptosis pro-
teins, reduction of oxidative damage and control of other relative endogenous signal 
pathways (Li et al 2014). A systematic review of literature supports the use of statins 
in acute ischemic stroke, but the findings are mostly based on observational studies; 
therefore, large randomized clinical trials are needed for confirmation (Hong and 
Lee 2015).

Simvastatin has long-lasting neuroprotective effects in a neonatal model of 
hypoxia-ischemia produced by occlusion of the right carotid artery followed by 
2.5 h hypoxia. Simvastatin administration 18 h before the onset of the ischemic 
procedure was effective in reducing brain damage and its behavioral outcomes 
(Carloni et al 2009). Simvastatin increased both Akt and CREB phosphorylation in 
neuronal cells and treatment with wortmannin completely blocked neuroprotection 
and p-Akt. These data demonstrate that even a single prophylactic Sim administra-
tion protects from hypoxic ischemic brain damage and that neuroprotection is in 
part obtained by preserving Akt and stimulating CREB phosphorylation in neuronal 
cells. Prophylactic Sim administration set in motion biochemical events that are 
known to increase brain tolerance to harmful factors, suggesting that the drug may 
exert neuroprotection by inducing pharmacological preconditioning.

A prospective study has shown that the use of statins or hypercholesterolemia 
before first-ever ischemic stroke is associated with better early outcome with a 
reduced mortality during hospitalization and neurological disability at hospital dis-
charge (Arboix et al 2010). However, statin therapy may increase the risk of intra-
cerebral hemorrhage, particularly in the setting of thrombolysis. An analysis of the 
SPARCL trial found that among patients with ischemic stroke outcomes at follow-
 up, a strong statistical trend toward improved modified Rankin Scale at 90 days was 
evident in the group assigned atorvastatin 80 mg daily compared with patients tak-
ing placebo (Goldstein et al 2009). In ASSORT (Administration of Statin on Acute 
Ischemic Stroke Patient), a prospective, open-label, blinded, end-point assessed, 
randomized clinical trial, which compared the efficacy of early (<24 h) versus later 
(day 7) initiation of low-dose statin therapy to improve functional outcome at 
90 days in patients with noncardioembolic stroke and dyslipidemia, no differences 
in modified Rankin Scale distribution, NIH Stroke Scale score, or early major car-
diovascular event recurrence were observed between groups (Yoshimura et al 2017). 
Despite unimpressive results, the safety of statins in acute ischemic stroke has been 
demonstrated in recent clinical trials. It is suggested that statin trials might incorpo-
rate early standardized acute statin treatment at the appropriate dose, with surrogate 
outcome measures, such as infarct growth on brain imaging, to increase the likeli-
hood of detecting signals of efficacy (Kelly and Prabhakaran 2017). If phase II trials 
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suggest benefit, further phase III trials with adequate sample sizes to assess func-
tional measures should be conducted. A properly designed study testing high-dose 
acute statin therapy in moderate-to-severe nonlacunar patients with stroke may still 
be warranted.

 Sildenafil

Sildenafil (Viagra), a phosphodiesterase type 5 (PDE5) inhibitor, is a commonly 
prescribed drug for erectile dysfunction. Sildenafil increases brain levels of cGMP, 
evokes neurogenesis, and reduces neurological deficits when given to rats within 
24 h after induction of stroke suggesting that sildenafil may have a role in promoting 
recovery from stroke. Similar studies and successful restoration of neurological 
function by sildenafil in trauma, and neurodegenerative disease have been per-
formed. Sildenafil can create new brain cells in both elderly as well as young sub-
jects. Sildenafil (25 mg daily for 2 weeks) was found to be safe in a group of patients 
with mild to moderately severe stroke and further studies of higher doses are planned 
(Silver et al 2009).

 Stroke Vaccine

An adeno-associated virus (AAV) vaccine generated autoantibodies that targeted a 
specific brain protein, the NR1 subunit of the NMDA receptor. After oral adminis-
tration of the AAV vaccine, transgene expression persisted for at least 5 months and 
was associated with a robust humoral response in the absence of a significant cell- 
mediated response. This single-dose vaccine was associated with strong antiepilep-
tic and neuroprotective activity in rats for both a kainate-induced seizure model and 
a MCAO stroke model at 1–5 months following vaccination. To simulate a stroke, 
an artery leading to the brain was injected with a potent vasoconstrictor. In the vac-
cinated rats, however, the lesion was only 30% of that measured in control rats. 
Thus, a vaccination strategy targeting brain proteins is feasible and may have thera-
peutic potential for neurological disorders such as stroke. However, there is no sig-
nificant R&D activity in this area currently.

 Thrombosis Inhibitors

Various agents have been used to inhibit the formation of the blood clots and prevent 
stroke is persons with risk factors for stroke. Thrombosis inhibitors are mostly 
agents that inhibit platelet aggregation, a process that plays an integral role in 
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thrombus formation. They differ from anticoagulation agents, which prevent the 
blood from clotting and may lead to hemorrhage. Thrombosis inhibitors are recom-
mended because there is clear evidence that they have a beneficial effect in prevent-
ing stroke in cases of transient ischemic attacks as well as in those patients who 
have experienced a prior stroke. Commonly used antiplatelet agents are aspirin 
(acetylsalicylic acid) and clopidogrel. Ticagrelor (AstraZeneca’ AZD6140), an 
approved thrombosis inhibitor, is an alternative.

 Aspirin

Aspirin (acetyl salicylic acid, ASA) is the most extensively studied antiplatelet 
agent. It completely inhibits the action of COX, thereby suppressing the production 
of thromboxane A2 (TXA2) in platelets. In the vessel wall cells, COX is also respon-
sible for converting arachidonic acid to prostacyclin (PGI2). TXA2 induces platelet 
aggregation and vasoconstriction whereas PGI2 inhibits platelet aggregation and 
induces vasodilatation. Usually a low dose of aspirin is recommended because it 
inhibits TXA2 synthesis without inhibiting PGI2 synthesis. Low doses of aspirin 
reduce some of the side effects associated with prolonged therapy. Several random-
ized, placebo-controlled studies involving the use of aspirin in patients with stroke 
have been carried out. Most of these did not show statistically significant difference 
from the placebo. Even with concurrent aspirin treatment, the rate of recurrent 
stroke is 10–15% in the first 90 days, and the rate of new ischemic events when 
aspirin is used in the long term is only 22% lower than the rate associated with no 
preventive treatment (Antithrombotic Trialists’ Collaboration 2009). Furthermore, 
even moderate doses of aspirin are associated with relative risks of hemorrhagic 
events, including gastrointestinal bleeding. More intensive antiplatelet therapy 
through a different mechanism of action may be more effective than aspirin at 
reducing the risk of recurrent ischemia after transient ischemic attack or acute isch-
emic stroke, but evidence to support this is limited.

 Clopidogrel

Clopidogrel (Plavix) is chemically related to ticlopidine and blocks activation of 
platelets by ADP. This is achieved by selective and irreversible inhibition of the 
binding of ADP to its receptors on platelets, thereby affecting ADP-dependent acti-
vation of the glycoprotein IIb/IIIa complex, the major receptor for fibrinogen pres-
ent on platelet surface. Randomized clinical trials have shown clopidogrel to be 
more effective than aspirin in preventing stroke with safety profile as good as that of 
aspirin. In a randomized trial, patients with minor ischemic stroke or high-risk TIA, 
those who received a combination of clopidogrel and aspirin had a lower risk of 
major ischemic events but a higher risk of major hemorrhage at 3 months than those 
who received aspirin alone (Johnston et al 2019).
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 Dipyridamole

Dipyridamole is a platelet inhibitor that is thought to work in part by inhibiting 
platelet cyclic-3′,5′-adenosine monophosphate and cyclic-3′,5′-guanosine mono-
phosphate phosphodiesterase. Previously there was no evidence that dipyridamole 
alone was more efficacious than ASA. Therefore, further trials comparing the effects 
of the combination of dipyridamole with ASA versus ASA alone were carried out. 
Results from ESPRIT (European/Australasian Stroke Prevention in Reversible 
Ischaemia Trial) confirmed that extended-release dipyridamole plus ASA, marketed 
as Aggrenox® is superior to ASA as an antithrombotic prevention treatment for 
stroke patients. The study showed a statistically significant 20% relative risk reduc-
tion of primary outcome events (nonfatal stroke, death from all vascular causes, 
nonfatal myocardial infarction, or major bleeding complication) in patients treated 
with extended-release dipyridamole plus ASA compared with patients treated with 
ASA alone. A randomized clinical trial showed that initiation of aspirin plus 
extended-release dipyridamole within 24 h of stroke onset is likely to be as safe and 
effective in preventing disability as is later initiation after 7  days (Dengler et  al 
2010).

 Ticagrelor

Ticagrelor is a potent antiplatelet agent that reversibly binds and inhibits the P2Y12 
receptor on platelets and is direct-acting, in contrast to clopidogrel, the action of 
which is dependent on variable and genetically determined metabolic activation. In 
SOCRATES – a randomized, double-blind, controlled trial – ticagrelor was superior 
to aspirin in preventing stroke or death at 90 days in patients with acute ischemic 
stroke or transient ischemic attack (Amarenco et al 2017).

 Vitamin E for Neuroprotection in Stroke

Vitamin E consists of tocopherols (TCTs), in which α-TCT is the most potent neu-
roprotective form that is also effective in protecting against stroke in rodents. As 
neuroprotective agents alone are insufficient to protect against stroke, a study sought 
to test the effects of TCT on the cerebrovascular circulation during ischemic stroke 
using a preclinical model that enables fluoroscopy-guided angiography (Rink et al 
2011). Transient middle cerebral artery (MCA) occlusion was induced in dogs 
whose diet was supplemented with TCT. MRI was performed 1 h and 24 h post 
reperfusion to assess stroke-induced lesion volume. TCT-enriched supplementation 
significantly attenuated ischemic stroke-induced lesion volume. Furthermore, TCT 
prevented loss of white matter fiber tract connectivity after stroke as evident by 
probabilistic tractography. Post hoc analysis of cerebral angiograms during MCA 
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occlusion revealed that TCT-supplemented dogs had improved cerebrovascular col-
lateral circulation for the ischemic MCA territory. TCT supplementation induced 
arteriogenic tissue inhibitor of metalloproteinase (MMP)-1 and subsequently atten-
uated the activity of MMP-2. Outcomes of the current preclinical trial has set the 
stage for a clinical trial to test the effects of TCT in patients who have suffered from 
transient ischemic attack and are therefore at a high risk for stroke.

Another study addressed a novel molecular mechanism by which α-TCT may be 
protective against stroke in vivo (Park et al 2011). Elevation of intracellular oxi-
dized glutathione (GSSG) triggers neural cell death; therefore, multidrug resistance- 
associated protein 1 (MRP1), a key mediator of intracellular oxidized glutathione 
efflux from neural cells, may possess neuroprotective functions. Stroke-dependent 
brain tissue damage was studied in MRP1-deficient mice and α-TCT-supplemented 
mice. MRP1-deficient mice displayed larger stroke-induced lesions, indicating a 
protective role of MRP1. In vitro, protection against glutamate-induced neurotoxic-
ity by α-TCT was attenuated under conditions of MRP1 knockdown, suggesting a 
role of MRP1 in α-TCT-dependent neuroprotection. In vivo studies demonstrated 
that oral supplementation of α-TCT protected against murine stroke. MRP1 expres-
sion was elevated in the stroke-affected cortical tissue of α-TCT-supplemented 
mice. Efforts to elucidate the underlying mechanism identified MRP1 as a target of 
microRNA (miR)-199a-5p. In α-TCT-supplemented mice, miR-199a-5p was down-
regulated in stroke-affected brain tissue.

An experimental study on rat model of focal cerebral ischemia showed that treat-
ment with α-TCT reduced ischemic edema formation and had a protective effect on 
BBB function following stroke occurrence (Haghnejad Azar et al 2017). This effect 
could be through antioxidant activity of α-TCT.

 Neuroprotection in Ischemia-Reperfusion Injury

Brain ischemia-reperfusion (I/R) injury occurs in various pathological conditions, 
but there is no effective treatment currently available in clinical practice. 
Thrombolytic treatments for ischemic stroke can restore circulation, but reperfusion 
injury, mediated by oxygen free radicals, can limit their utility. Several neuroprotec-
tive agents for I/R injury are under investigation.

 Aminoguanidine

NO release and oxygen free radical production increase during reperfusion, and 
suggest a possible early treatment of I/R injury using NO donors. Aminoguanidine 
(AG), a relatively selective inhibitor of inducible NOS has been shown to mark-
edly reduced infarct size in rat stroke models and suppression of NO production 
after I/R is a likely mechanism of this neuroprotection. Tempol (nitroxide 
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4-hydroxy- 2,2,6,6,-tetramethylpiperidine-1-oxyl) has been investigated to deter-
mine its ability to reduce I/R injury following the use of thrombolytic agents in 
the treatment of stroke. Nitroxides are low-weight SOD mimics, which allows 
them to act as cell- permeable antioxidants. Tempol provides significant neuropro-
tection against I/R in a rat models of transient focal ischemia. These results sup-
port the importance of ROS in I/R injury and encourage further study of this 
molecule as a therapeutic agent following thrombolysis.

 Dexmedetomidine

Dexmedetomidine (Dex) has been demonstrated to provide neuroprotection against 
I/R injury, but the exact mechanism of this protection was not clear. Neuroprotective 
effect of Dex has been explored in rats exposed to cerebral I/R-induced by middle 
cerebral artery occlusion (MCAO) and the role of phosphatidylinositol 3-kinase 
(PI3K)/Akt, extracellular signal-regulated kinase 1/2 (ERK1/2), and glycogen syn-
thase kinase-3β (GSK-3β) in this protective action (Zhu et al 2013). Treatment of rats 
exposed to I/R with Dex caused not only marked reduction in the neurological deficit 
score, cerebral infarct volume, and brain edema, but also a decrease in neuron death 
in hippocampal CA1 and cortex. The Dex-induced increment of neuron survival in 
the ischemic CA1 and cortex was diminished by the PI3K inhibitor LY294002 and 
the MEK inhibitor U0126. The increasing expressions of p-Akt and p-ERK1/2 
induced by Dex in the ischemic hemisphere were markedly inhibited by LY294002 
(wortmannin) and U0126, respectively. The up-regulation of p-GSK-3β by Dex in 
the ischemic hemisphere was significantly decreased by both LY294002 and U0126. 
The data demonstrated that treatment with Dex reduced cerebral injury in rats 
exposed to transient focal I/R, and this was mediated by the activation of the PI3K/
Akt and ERK1/2 pathways as well the phosphorylation of downstream GSK-3β.

 Methylene Blue for Neuroprotection in Ischemia-Reperfusion 
Injury

Methylene blue (MB) is a century-old drug with a newly discovered protective 
function in the ischemic stroke model. MB-induced neuroprotective mechanism 
focusing on stabilization and activation of hypoxia-inducible factor-1α (HIF-1α) 
has been studied in an in vitro oxygen and glucose deprivation (OGD)-reoxygenation 
model (Ryou et al 2015). The contribution of HIF-1α activation in the MB-induced 
neuroprotective mechanism was observed and confirmed by blocking HIF-1α acti-
vation with 2-methoxyestradiol-2 (2-MeOE2) and by transiently transfecting con-
stitutively active HIF-1α. MB was shown to increase cell viability by ~50% as 
compared to OGD control. MB increases intracellular O2 concentration and glu-
cose uptake as well as the activities of hexokinase and G-6-PDH, and ATP 

 Neuroprotection in Ischemia-Reperfusion Injury



234

concentration. MB activates the erythropoietin (EPO) signaling pathway with a cor-
responding increase in HIF-1α. Phosphorylation of Akt was significantly increased 
with MB treatment followed by activation of the mTOR pathway. Importantly, MB 
produced ~threefold increase of nuclear translocation of HIF-1α vs the control as 
shown by a ratio of nuclear:cytoplasmic HIF-1α protein content. It is concluded that 
MB protects the hippocampus-derived neuronal cells against OGD-reoxygenation 
injury by enhancing energy metabolism and increasing HIF-1α protein content 
accompanied by an activation of the EPO signaling pathway.

 Miscellaneous Agents for Neuroprotection in Reperfusion 
Injury

Some spin trap agents may have deleterious effects when administered after an 
embolic stroke. However, spin trap agents such as PBN or TEMPO, when adminis-
tered in combination with thrombolytic tPA, may improve the safety of tPA by 
reducing the incidence of tPA-induced hemorrhage. Overall, the therapeutic benefit 
of spin trap agents for the treatment of ischemic stroke requires additional scrutiny 
before they can be considered “safe” therapeutics.

 Neuroprotection by Treatment of Cerebrovascular 
Malformations

Most common cerebrovascular malformations include aneurysms and arteriovenous 
malformations. The treatment of these lesions is mainly neurosurgical and the aim 
is to protect the brain from damage. Pharmacological approaches play a limited role 
in management of cerebrovascular malformations.

 Arteriovenous Malformations

Arteriovenous malformations (AVMs) of the brain occur in ~15 per 100,000 persons 
and cause hemorrhagic stroke. They are tortuous vascular channels between arteries 
and veins that lack an intervening capillary network, allowing high-pressure arterial 
blood to shunt directly into the venous outflow system. The cause of sporadic arterio-
venous malformations of the brain is unknown, but similar lesions are found in rare 
genetic syndromes, such as hereditary hemorrhagic telangiectasias, which are disor-
ders caused by inactivating germline mutations in regulators of the TGF β-SMAD 
pathway, and in the capillary malformation–AVM syndrome (a RASopathy caused 
by inactivating mutations of RASA1 or EPHB). This pattern indicates that a genetic 
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cause may underlie the development of AVMs of the brain, but most of these malfor-
mations occur as sporadic lesions in persons without a family history of the disease.

A study has identified activating KRAS mutations in tissue samples of AVMs of 
the brain and proposed that these malformations develop due to KRAS-induced 
activation of the MAPK (mitogen-activated protein kinase)-ERK (extracellular 
signal- regulated kinase) pathway in brain endothelial cells (Nikolaev et al 2018). 
Expression of mutant KRAS (KRASG12V) in endothelial cells in  vitro induced 
increased ERK activity, increased expression of genes related to angiogenesis and 
Notch signaling and enhanced migratory behavior. These processes were reversed 
by inhibition of MAPK-ERK signaling. In the absence of available direct pharma-
cologic inhibitors of KRAS, small-molecule MEK inhibitors, which are used in 
clinical practice for treating cancer (Zhao and Adjei 2014), represent candidates for 
testing in clinical trials to treat AVMs of the brain.

 Cerebral Cavernous Malformations

Cerebral cavernous malformations (CCMs), also referred to as cavernous angiomas, 
are vascular anomalies that develop in the CNS in ~0.5% of the population. The 
lesions can cause headache, seizures, focal neurological deficits, and hemorrhagic 
stroke. Symptomatic lesions are treated according to their presentation. Surgical 
excision of CCM may benefit some patients, but it can be associated with significant 
morbidity. CCMs with recent hemorrhage are likely to cause significant morbidity 
and mortality. Therefore, if surgical resection is not undertaken, mostly in deep and 
brainstem locations, a drug that stabilizes the lesion would be highly desirable for 
preventing serious sequelae.

This condition can be sporadic or it can be inherited in an autosomal dominant 
pattern due to mutations in the KRIT1(CCM1), CCM2, and PDCD10 (CCM3) 
genes. The loss of any of these genes in endothelial cells activates the GTPase pro-
tein RhoA, resulting in increased actin stress fiber formation and increased perme-
ability of blood vessels. CCMs can also arise from endothelial gain of 
MEKK3-KLF2/4 signaling, resulting in downstream RhoA activation. The activity 
of Rho kinase (ROCK), a RhoA effector, is also increased in these systems, as mani-
fested by increased phosphorylated myosin light chain, which is a ROCK target. 
Therefore, inhibition of ROCK has been proposed as a potential therapeutic target. 
Rock inhibitors include fasudil (not approved for chronic use in humans) and statins, 
cholesterol lowering drugs, which inhibit RhoA prenylation, a critical early step in 
RhoA/ROCK activation.

A high-throughput screen was performed to identify FDA-approved drugs or 
other bioactive compounds that could effectively suppress hyperproliferation of 
mouse brain primary astrocytes deficient for CCM3 (Nishimura et  al 2017). 
Fluvastatin, an inhibitor of 3-hydroxy-3-methyl-glutaryl (HMG)-CoA reductase 
and the N-bisphosphonate zoledronic acid monohydrate, an inhibitor of protein 
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 prenylation, were shown to act synergistically to reverse outcomes of CCM3 loss in 
cultured mouse primary astrocytes and in Drosophila glial cells in vivo. Further, the 
two drugs effectively attenuate neural and vascular deficits in chronic and acute 
mouse models of CCM3 loss in  vivo, significantly reducing lesion burden and 
extending longevity. Sustained inhibition of the mevalonate pathway by fluvastatin 
and zoledronate represents a potential pharmacological treatment option and sug-
gests advantages of combination therapy for neuroprotection in CCM disease.

Experimental studies have shown that atorvastatin effectively inhibits ROCK, 
decreasing iron leak in murine CCM lesions, with no hint of increased hemorrhage 
or attrition (Polster et al 2018). The authors also investigated CCM patients who 
were already taking statin medications for cardiovascular indications in an on-going 
CCM biomarker study. A phase I safety trial with simvastatin at doses up to 40 mg/
day (trials.gov# NCT0176445) noted no deleterious effects in open label enrollment 
including no increase in rates of hemorrhage. Unlike simvastatin, atorvastatin is 
approved for higher doses by the FDA, and is twice as potent as simvastatin. A 
phase I/IIa placebo-controlled, double-blinded, randomized clinical trial of atorvas-
tatin (starting dose 80 mg daily) is planned to explore a proof of concept of a repur-
posed drug in stabilizing CCM after a symptomatic hemorrhage.

 Prevention of Hemorrhage Following Ischemic Stroke

Hemorrhage may occur in the infarcted area of the brain. Restoration of blood cir-
culation may predispose to this complication. The thrombolytic agent tPA dissolves 
blood clots in ischemic stroke but intracerebral hemorrhage may occur as a compli-
cation, particularly when tPA is used beyond the currently accepted window of 4.5 h 
following stroke onset. The hemorrhagic complication of tPA may be due to impair-
ment of BBB integrity resulting from activation of latent platelet-derived growth 
factor (PDGF)-CC. Treatment of mice with the PDGF-CC antagonist imatinib, an 
approved drug for leukemia, reduces both cerebrovascular permeability and hemor-
rhagic complications associated with late administration of tPA following ischemic 
stroke. A phase II study showed that imatinib is safe and tolerable and may reduce 
neurological disability in patients treated with intravenous thrombolysis after isch-
emic stroke (Wahlgren et  al 2017). A confirmatory randomized trial is currently 
underway.

 Non-pharmacological Neuroprotective Therapies for Stroke

Non-pharmacological approaches to stroke may be instituted at various phases: as 
prophylaxis, for acute stroke and for rehabilitation. These include preconditioning, 
infrared laser, hypothermia and hyperbaric oxygen.

3 Neuroprotection in Cerebrovascular Disease
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 Hypothermia for Neuroprotection in Acute Stroke

Recent experimental studies have shown that a combination of intra-ischemic and 
post-ischemic hypothermia provides potent and persistent neuroprotection against 
temporary focal ischemia in rats. Mechanism of neuroprotective action of hypother-
mia is as follows:

• Preservation of high energy phosphates needed for post-ischemic metabolic 
recovery

• Attenuation of release of neurotoxic excitatory amino acid glutamate into extra-
cellular space

• Prevention of ischemia-induced inhibition of calcium/calmodulin-dependent 
protein kinase II and PKC

• Reduction of free radical formation during ischemia

Mild hypothermia (33–34 °C) has been shown to be effective in the treatment of 
patients with middle cerebral artery stroke associated with severe hemispheric 
infarction. This treatment reduces cerebral edema and intracranial pressure. 
Controlled trials of hypothermia in acute ischemic stroke are in progress. Because 
hypothermia following cerebral ischemia delays the onset of ischemic histopatho-
logical alterations, it is predicted that hypothermia may extend the therapeutic win-
dow for pharmacological neuroprotection and may play an important part as an 
adjunctive treatment for thrombolytic therapy. Mechanisms of action of hypother-
mia may include control of edema and local compression. Pilot studies have shown 
that induced hypothermia is feasible and safe in patients with acute ischemic stroke 
even after thrombolysis. Hypothermia can reduce the extent of infarct volume and 
brain edema after transient focal cerebral ischemia in rat models. Refinements of the 
cooling process, optimal target temperature, duration of therapy, and, most impor-
tant, clinical efficacy, require further study. There is need for a large controlled 
phase III trial of hypothermia in acute stroke.

As an alternative to cooling devices, compounds that directly depress body tem-
perature should be considered. Improgan, a nonopioid analgesic, can reduce core 
temperature in rodents by 1 °C within 10 min, and hydrogen sulphide can rapidly 
induce a suspended animation-like state (Aslami et al 2009). Drugs that alter the 
thermoregulatory set-point and make hypothermia more tolerable by reducing shiv-
ering are also being considered). Combination of hypothermia with other strategies 
to enhance neuroprotective effect is described later in this section.

 Hyperbaric Oxygen Therapy for Neuroprotection in Acute 
Stroke

The role of hyperbaric oxygen (HBO) in the management of stroke has been 
reviewed in detail elsewhere (Jain 2017, 2019b). HBO has a beneficial effect in 
cerebral ischemia through the following mechanisms:
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• Oxygen dissolved in plasma under pressure raises the oxygen tension and can 
nourish the tissues even in the absence of red blood cells.

• Oxygen can diffuse extravascularly. Diffusion is facilitated by the gradient 
between the high oxygen tension in the patent capillaries and the low tension in 
the occluded ones. The effectiveness of this mechanism depends upon the abun-
dance of capillaries in the tissues. Because the brain is a very vascular tissue, this 
mechanism can provide for the oxygenation of the tissues after vascular 
occlusion.

• HBO relieves brain edema. By its vasoconstricting action, HBO counteracts the 
vasodilatation of the capillaries in the hypoxic tissues and reduces the extravasa-
tion of fluid.

• HBO also reduces the swelling of the neurons by improving their metabolism.
• HBO, by improving oxygenation of the penumbra that surrounds the area of total 

ischemia, prevents glycolysis and subsequent intracellular lactic acidosis and 
maintains cerebral metabolism in an otherwise compromised area.

On a molecular level, HBO therapy leads to activation of ion channels, inhibition 
of hypoxia inducible factor-1α, up-regulation of Bcl-2, inhibition of MMP-9, 
decreased COX-2 activity, decreased myeloperoxidase activity, up-regulation of 
SOD and inhibition of Nogo-A.  In animal stroke models, HBO limits leukocyte 
accumulation to the infarct site by attenuation of stroke-inducible proinflammatory 
chemokine response and reduces stroke lesion volume.

The effectiveness of HBO in acute stroke is supported by a large number of stud-
ies in animal models of stroke. The mechanism of protection against mitochondrial 
alterations induced by ischemia has been shown to be through manganese SOD and/
or Bcl-2 expression. Post-ischemic HBO affords clinical and histopathological neu-
roprotection after experimental cardiac arrest and resuscitation associated with 
cerebral hypoxia/ischemia.

Most of the clinical studies of HBO in acute stroke are uncontrolled. The total 
number of cases reported in the literature is over 1000 and the reported rate of 
improvement is 40–100%. Many of the patients were not treated in the acute stage 
but rather late when neurological deficits had become fixed. Only a few controlled 
studies have been done in recent years and currently phase I/II clinical trials are in 
progress where HBO is combined with thrombolytic therapy. A major limitation of 
HBO therapy is that a hyperbaric chamber is required and this is not easy to arrange 
in the acute phase of a stroke within the first few hours. Even though the method is 
safe and effective, HBO is unlikely to be used on a large scale.

Repeated HBO as pretreatment induces ischemic tolerance in the hippocampus. 
Several studies have confirmed that repeated HBO preconditioning (HBO-PC) prior 
to cerebral ischemia or spinal cord ischemia can provide neuroprotection. The 
hypothesis is that autophagy induction is involved in HBO-PC-induced neuropro-
tection in ischemia-reperfusion injury and that autophagy may be a new therapeutic 
target for cerebral IRI.
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 Hypothermia Combination with Other Neuroprotective 
Strategies

The most promising neuroprotectant for an acute cerebral ischemic insult so far is 
therapeutic hypothermia and its beneficial effects have inspired researchers to fur-
ther improve its protective benefit by combining it with other neuroprotective agents 
(Goossens and Hachimi-Idrissi 2014). Selected experimental neuroprotective strat-
egies that have been effectively combined with therapeutic hypothermia for the 
treatment of ischemic stroke are shown in Table 3.3.

All the studies were done on rat models of cerebral ischemia. There were several 
antioxidants combined with hypothermia; these studies are not included in the 
above Table 3.3. Results of clinical trials suggest that combined therapy of mild 
hypothermia and hemicraniectomy in malignant brain infarction does not imply 
additional risks by side effects and improves functional outcome as compared with 
hemicraniectomy alone. This is the only combination used clinically.

 Infrared Laser Therapy for Ischemic Stroke

NeuroThera Laser System, an investigational device, involves use of near infrared 
laser (NIR) technology and showed significant and sustained beneficial effects in 
animal models of ischemic stroke. The NeuroThera Effectiveness and Safety Trial-1 
(NEST-1), a prospective, intention-to-treat, multicenter, international, double-blind, 

Table 3.3 Selected effective combinations of hypothermia with other neuroprotective  
strategies for the treatment of ischemic stroke in experimental models

Second neuroprotective strategy Temp (°C)

Argatroban/selective thrombin inhibitor 35
Atorvastatin pretreatment for 10 days before ischemia) 32–33
Brain-derived neurotrophic factor (BDNF) 33
Caffeinol + caffeine 35
Citicoline 34
Cold albumin solution 30.5 local cooling
Decompressive hemicraniectomy (Allahtavakoli et al 2014) 28.5 local cooling
FK506 (tacrolimus) 35
Gene therapy 33
Magnesium + tirilazad 33
Magnesium sulfate solution (15 °C) intracarotid infusion 33–34 local cooling
Minocycline 33
Protein therapy (Sakurazawa et al 2012) 35
Xenon 30% (Sheng et al 2012) 36

© Jain PharmaBiotech
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trial, demonstrated the safety and preliminary effectiveness of the NeuroThera 
Laser System in the ability to improve 90-day outcomes in ischemic stroke patients 
treated within 24 h from stroke onset (Lampl et al 2007). Its aim was to determine 
whether NIR light stabilizes certain cells, which may lessen cell death, limit dam-
age from the stroke and improve the recovery of patients. NIR, generated from a 
laser, is delivered noninvasively over the site of infarction through the shaved scalp, 
and lasts 40–60 min with the expectation that increases eightfold the time window 
when they can be treated by the current tPA protocol.

The trial was based on rodent studies that did not adhere to guidelines, which 
ultimately led to failure in the NEST-3 trial. Because NILT remains a promising 
therapeutic approach to treat stroke, the investigators designed a systematic study to 
determine laser light penetration profiles across the skull of four different species 
with increasing skull thickness: mouse, rat, rabbit, and humans (Lapchak and 
Boitano 2016). This study demonstrates that NILT differentially penetrates the 
skulls. There is especially extensive attenuation of light energy penetration across 
the human calvaria, compared with animal skulls, which suggests that the power 
density setting used in stroke clinical trials may not have optimally stimulated neu-
roprotection and repair pathways. The results of this study suggest that NILT cannot 
be sufficiently optimized in “small” animals and directly translated to humans 
because of significant variances of skull thickness and penetration characteristics 
across species. NILT neuroprotection should be further studied using a research 
design that endeavors to incorporate human skull characteristics (thickness) into the 
development plan to increase the probability of success in stroke victims.

 Preconditioning for Neuroprotection Against Cerebral Ischemia

Strategies for preconditioning for neuroprotection were described in Chap. 2. 
Cerebral ischemic preconditioning (IPC) cerebral hypoxic preconditioning (HPC) 
are powerful neuroprotective phenomenon by which a sublethal injurious stimulus 
renders the brain resistant to a subsequent damaging ischemic insult. 
Lipopolysaccharide (LPS) has been used as a preconditioning stimulus in a mouse 
model of middle cerebral artery occlusion (MCAO) to examine whether improve-
ments in cerebrovascular function contribute to the protective effect. Administration 
of LPS 24 h before MCAO reduces the infarct by 68% and improves ischemic CBF 
by 114% in brain areas spared from infarction (Kunz et al 2007). In addition, LPS 
prevents the dysfunction in cerebrovascular regulation induced by MCAO, as dem-
onstrated by normalization of the increase in CBF produced by neural activity, 
hypercapnia, or by the endothelium-dependent vasodilator acetylcholine. LPS 
increases reactive oxygen species and the peroxynitrite marker 3-nitrotyrosine and 
preserves neurovascular function and ameliorates CBF in regions of the ischemic 
territory at risk for infarction. This effect is mediated by peroxynitrite formed from 
iNOS-derived NO and nox2-derived superoxide. The data indicate that preservation 

3 Neuroprotection in Cerebrovascular Disease



241

of cerebrovascular function is an essential component of ischemic tolerance and 
suggest that combining neuroprotection and vasoprotection may be a valuable strat-
egy for treating ischemic brain injury.

HPC and IPC upregulate or downregulate various cellular processes that confer 
endogenous neuroprotection as they depress cerebral metabolism and energy 
demand by decreasing ATPase activity as well as protein synthesis and by increas-
ing neuroprotective mediators, such as VEGF and EPO, and by promoting mito-
chondrial function. HPC and IPC have several beneficial neuroprotective effects on 
intercellular signaling, excitatory and inhibitory neurotransmission, apoptosis path-
ways and siRNAs (Li et al 2017).

 Neuroprotection in Ischemia/Reperfusion Injury

A number of substances including endotoxins and cytokines have proven effective 
in inducing ischemic tolerance/preconditioning. However, the application of these 
in clinical practice remains questionable because of toxicity or side effects. Several 
studies have reported that an ischemic preconditioning could induce protection 
against ischemic insult, but safety concerns have limited the application of ischemia 
preconditioning in practice. Some pharmacologic agents have been shown to be 
effective for neuroprotection in ischemia/reperfusion injury by preconditioning. 
Pretreatment with prostaglandin A1 (PGA1) or PGE1 and lithium, which enhance 
the expression of HSP70 in the ischemic striatum, can significantly reduce infarct 
volume, neurological deficits and cerebral edema in rat stroke models. Rapamycin 
can also induce preconditioning.

Although the mechanisms underlying neuroprotection in ischemia/reperfusion 
are largely unknown, Fig.  3.3 shows major pathways and molecules that are 
involved. Are involved in the development of ischemic tolerance of the brain and are 
potential targets for the development of neuroprotective agents for ischemia reper-
fusion injury.

Evidence from experimental studies suggests the benefits of hyperbaric oxygen 
when used as a preconditioning stimulus in the setting of ischemia/reperfusion 
injury (Hentia et al 2018). However, translation of the beneficial effects of hyper-
baric oxygen into clinical practice requires a thorough consideration of risk factors, 
comorbidities, and comedications that could interfere with protective effect of 
hyperbaric oxygen.

 Neurosurgical Procedures for Stroke

Neurosurgical procedures performed in stroke patients range from prophylaxis to 
management of intracerebral hemorrhage. Removal of a potentially embolizing 
plaque in the carotid artery, extra-intracranial bypass in carotid occlusive disease, 
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repair of unruptured intracranial aneurysms, and obliteration of vascular malforma-
tions are examples of prophylaxis against cerebral ischemia or hemorrhage. If a 
patient presents with massive unilateral cerebral hemispheric infarction leading to 
malignant cerebral edema, decompressive hemicraniectomy is considered for relief 
of intracranial pressure.

 Neurosurgical Procedures for Neuroprotection in Acute Stroke

 Decompressive Hemicraniectomy

Decompressive hemicraniectomy with malignant middle cerebral artery infarction 
is an effective procedure as shown by randomized trials and real-world experience 
(Hao et al 2015). The neuroprotective value can be enhanced by combination with 
hypothermia (see following section).

In a randomized trial on patients with acute ischemic stroke caused by a proxi-
mal intracranial occlusion of the anterior circulation, intraarterial treatment (throm-
bolysis, thrombectomy or both) administered within 6  h after stroke onset was 
effective and safe (Berkhemer et al 2015).
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Fig. 3.3 Molecules involved in preconditioning for neuroprotection in ischemia. Triggering path-
ways include activation of the N-methyl-D-aspartate (NMDA) receptor and adenosine A1 recep-
tors which in turn are involved in activating some intracellular signaling pathways such as 
mitogen-activated protein kinases (MAPKs), protein kinase C (PKC), bcl-2, heat shock proteins 
(HSPs), ubiquitin–proteasome pathway, nitric oxide synthase (NOS), cyclic AMP responsive ele-
ment binding protein (CREB), and reactive oxygen species (ROS). (© Jain PharmaBiotech)
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 Thrombectomy

Thrombectomy is done to remove a blood clot in the cerebral arterial system as an 
alternative to thrombolysis therapy. Penumbra system (Penumbra Inc), a tiny cath-
eter that acts like a mini vacuum cleaner, has been used successfully in removing 
blood clots blocking arteries in the brains of stroke patients. This procedure is 
approved by the FDA and can be used in patients up to 8 h after suffering a moderate 
to severe stroke.

For patients with asymptomatic carotid stenosis, there are three options to pre-
vent stroke. There is considerable controversy as to the best approach:

 1. Medical management is preferred by the majority of physicians. Encourage life-
style modifications for reduction of risk factors including weight and girth loss, 
dietary counseling, and lipid-lowering therapy.

 2. Carotid artery angioplasty and stenting (CAS). The advantage is a minimally 
invasive percutaneous procedure.

 3. Carotid endarterectomy (CEA). This is a definitive procedure to remove plaques 
from the carotid artery but carries a small risk of complications.

Against the background of a relatively low rate of clinical events during CAS and 
CEA, diffusion-weighted imaging (DWI) is increasingly being used to compare the 
incidence of new ischemic lesions after both procedures. In addition, DWI may also 
provide a means of defining the role of different CAS techniques on this adverse 
outcome. New DWI lesions used to be reported more frequently after CAS than 
after CEA. However, technical advances in the field of endovascular therapy are 
reducing the incidence of these adverse ischemic events. In this scenario, DWI 
appears to be an ideal tool to compare and further improve both techniques.

Considerable high-quality evidence confirms endovascular thrombectomy as the 
standard treatment in suitable patients with acute ischemic stroke and large vessel 
occlusion. As our understanding regarding stroke pathophysiology evolves, it is rec-
ognized that not all patients will have the same outcomes, likely due to variability in 
collateral arterial supply. Therefore, individualized patient selection will override 
strict therapeutic time windows for intervention. Evaluation of cerebral physiologi-
cal status is very important, and available evidence suggests that this holds the key 
to patient selection and ultimately improved patient outcome following endovascu-
lar thrombectomy (Motyer et al 2018).

In the past, thrombectomy was recommended for eligible patients with stroke 
who were treated within 6 h after the onset of symptoms. In a multicenter, random-
ized, open-label trial, with blinded outcome assessment, endovascular thrombec-
tomy for ischemic stroke 6–16 h after onset of symptoms plus standard medical 
therapy resulted in better functional outcomes than standard medical therapy alone 
among patients with proximal middle-cerebral-artery or internal-carotid-artery 
occlusion and a region of tissue that was ischemic but not yet infarcted (Albers et al 
2018). In November 2018, the National Institute for Health and Care Excellence 
(NICE) in UK recommended in a draft guideline update that patients with acute 
ischemic stroke can be considered for thrombectomy from 6 up to 24 h after the 
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onset of symptoms (https://www.nice.org.uk/guidance/GID-NG10071/documents/
draft-guideline). The evidence was based on more highly selected populations using 
CT perfusion, MRI diffusion and MRI perfusion imaging, in addition to identifying 
a proximal anterior circulation arterial occlusion. As the effectiveness of thrombec-
tomy is likely to be lower in a less selected population, the committee recommended 
that, in line with the evidence, CT or MR imaging is performed if presentation is 
6–24 h after stroke onset to ensure that there is vulnerable but salvageable brain tis-
sue to be targeted for thrombectomy.

 Stenting

Stenting was done initially for extracranial internal carotid artery stenosis but stent-
ing for symptomatic intracranial atherosclerotic disease is now a therapeutic option 
after failed medical therapy. Midterm angiographic and clinical results following 
intracranial stenting for acute ischemic stroke are encouraging with no evidence of 
in-stent stenosis (Levy et al 2011). A retrospective review of patients treated with 
balloon expandable stents (BES) compared to self expanding stents (SES) showed 
that peri-procedural complication rates were similar in both, and lower post treat-
ment stenosis was associated with lower rates of midterm restenosis (Jiang et  al 
2012). Future randomized trials comparing BES to SES may help to identify the 
stent type that is safest and most durable. Stenting and Aggressive Medical 
Management for Preventing Recurrent Stroke in Intracranial Stenosis (SAMMPRIS), 
a randomized trial, showed that aggressive medical management was superior to 
percutaneous CAS with the use of the Wingspan stent system, both because the risk 
of early stroke after CAS was high and because the risk of stroke from medical 
therapy was lower than expected (Chimowitz et al 2011). The significant recurrence 
rate might be related to the high radial force of the Wingspan stent. To improve on 
these results, use of undersized balloon angioplasty and deployment of an Enterprise 
stent was shown to be safe and effective for intracranial stenosis (Vajda et al 2011). 
Follow-up results were equal to or better than those reported for bare metal balloon- 
expandable or self-expanding stents and yielded excellent protection from recurrent 
ischemia. Management of risk factors and the addition of clopidogrel to aspirin in 
the short term, was associated with unexpectedly lower rates of recurrent stroke at 
1  year in the SAMMPRIS trial than were seen in the earlier Warfarin-Aspirin 
Symptomatic Intracranial Disease (WASID) study.

 Multiple Endovascular Modalities

Multiple endovascular modalities can be used alone or in combination for reperfu-
sion therapy of acute ischemic stroke. Treatment of extracranial carotid disease by 
carotid endarterectomy or carotid stenting is well recognized but there is some con-
troversy regarding intracranial revascularization procedures. Results of a multi-
center retrospective study show that intra-arterial thrombolysis or stent placement 
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during endovascular treatment for acute ischemic stroke leads to the highest recana-
lization rate compared with pharmacologic or mechanical therapy (Gupta et  al 
2011). In an open study patients with hyperacute stroke underwent emergency 
carotid artery stenting within 6  h of onset using (Yoon et  al 2015). For patients 
showing remnant occlusions intracranial recanalization therapy was performed by 
using pharmacologic thrombolysis and mechanical thrombectomy with a Solitaire 
stent. This approach seemed to be effective and safe. Time to carotid recanalization 
was inversely and independently associated with a favorable outcome.

The randomized EXTEND-IA (Extending the Time for Thrombolysis in 
Emergency Neurological Deficits - IntraArterial) trial sought to test the hypothesis 
that patients with anterior circulation ischemic stroke who are selected with a dual 
target of vessel occlusion and evidence of salvageable tissue on perfusion imaging 
within 4.5 h after the onset of stroke will have improved reperfusion and early neu-
rologic improvement when treated with early endovascular thrombectomy using the 
Solitaire FR stent retriever after intravenous administration of alteplase, as com-
pared with the use of alteplase alone (Campbell et al 2015). The conclusion was that 
patients with ischemic stroke who have a proximal cerebral arterial occlusion and 
salvageable tissue on CT perfusion imaging show improved reperfusion, early neu-
rologic recovery, and functional outcome if endovascular thrombectomy is per-
formed without delay after the initiation of intravenous alteplase. This trial was 
stopped early because efficacy was clearly shown. The ESCAPE (Endovascular 
Treatment for Small Core and Anterior Circulation Proximal Occlusion with 
Emphasis on Minimizing CT to Recanalization Times) trial was a multicenter, pro-
spective, randomized, open-label, controlled trial with blinded outcome evaluation 
(Goyal et  al 2015). It was designed to test whether patients with acute ischemic 
stroke, who were selected on the basis of results of CT and CT angiography, would 
benefit from rapid endovascular treatment involving contemporary endovascular 
techniques. The ESCAPE trial, in which fast and efficient workflow, innovative 
imaging, and effective thrombectomy devices were used, provides evidence of the 
benefit of endovascular treatment in patients with moderate-to-severe ischemic 
stroke. In the REVASCAT clinical trial on patients with anterior circulation stroke 
who could be treated within 8 h after symptom onset, stent retriever thrombectomy 
reduced the severity of poststroke disability (Jovin et al 2015). None of the patients 
had a large infarct on neuroimaging, and in all study patients, the use of alteplase 
either did not achieve revascularization or was contraindicated. In another random-
ized study on patients receiving intravenous t-PA for acute ischemic stroke due to 
occlusions in the proximal anterior intracranial circulation, thrombectomy with a 
stent retriever within 6 h after onset improved functional outcomes at 90 days com-
pared to the control group treated with t-PA alone (Saver et al 2015a). Further stud-
ies will be needed to clarify remaining uncertainties regarding the benefit in patients 
with more distal occlusions, later time windows, and the influence of the type of 
device that is used and variability in the endovascular technique.

Neither neuroprotection nor endovascular thrombectomy (EVT) as stand-alone 
treatments have proven to be adequately effective for acute ischemic stroke. The 
impact of neuroprotection is closely tied to EVT and may significantly increase the 
number of patients who can benefit from recanalization (Tymianski 2017).

 Neurosurgical Procedures for Stroke
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 Neurosurgical Procedures for Chronic Cerebral Ischemia

Historically several surgical procedures have been tried for neuroprotection against 
chronic cerebral ischemia, e.g. transplantation of the omentum. A standard proce-
dure is extra-intracranial bypass (EICB), i.e. a shunt between a branch of the exter-
nal carotid artery and middle cerebral artery to bypass occlusion of the internal 
carotid. The surgical technique was developed in the 1960s but fell out of favor after 
a flawed trial in 1985 that included indiscriminately performed procedures con-
cluded that the treatment provided no benefits. Since then several studies have 
shown that the procedure is useful in properly selected patient. The first innovation 
was in 1970s by use of response to hyperbaric oxygen to select patients for 
EICB.  Those with improvement obtained durable benefit from EICB and non- 
responders were spared a failed operation (Holbach et al 1977). Improvement of 
vessel patency results by use of sutureless laser microvascular anastomosis further 
refined this technique (Jain 1980). In addition to use of EICB for neuroprotection 
when occlusion of main cerebral arteries may be required for certain neurosurgical 
operations, it is used for neuroprotection in chronic poststroke stage and conditions 
associated with chronic cerebrovascular ischemia.

In moyamoya disease (MMD), cerebral revascularization is recommended in 
patients with recurrent or progressive ischemic events and associated reduced 
cerebral perfusion reserve. Low-flow bypass with or without indirect revascular-
ization is generally the standard surgical treatment as it quickly improves cere-
bral oxygenation, reducing the risk of ischemic stroke in both pediatric and adult 
patients. Intraoperative PtiO2 (partial pressure of O2) monitoring is a very reli-
able tool to verify the effectiveness of this revascularization procedure (Arikan 
et al 2015).

 Neurostimulation of Sphenopalatine Ganglion

Neurostimulation of sphenopalatine ganglion has been previously successfully used 
for the treatment of epilepsy. The miniature neurostimulator (Brainsgate, Israel), 
about the size of a staple, is implanted near the sphenopalatine ganglion, within 24 h 
of the onset of acute ischemic stroke. The minimally invasive procedure takes less 
than 30 min and is performed under local anesthesia. The donut-shaped transmitter 
is placed on the patient’s cheek near the implanted device. A steady stream of elec-
trical stimulation is delivered for several hours a day over a 5-day period. The 
neurostimulator is then removed from the patient’s mouth. Stimulating the spheno-
palatine ganglion can dilate arteries so that more blood flow is delivered to the 
stroke-affected hemisphere of the brain and may extend the treatment window in 
acute stroke from 3 h to 24 h. A multicenter, randomized, double blind clinical trial, 
called impact-24 (Implant for Augmentation of CBF Trial in a 24-h window), was 
conducted from 2009 to 2011.
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 Stent Versus Surgery for Asymptomatic Carotid Stenosis

Previous clinical trials have suggested that carotid-artery stenting with a device to 
capture and remove emboli is an effective alternative to carotid endarterectomy in 
patients at average or high risk for surgical complications. A clinical trial has com-
pared carotid-artery stenting with embolic protection and carotid endarterectomy in 
patients 79  years of age or younger who had severe carotid stenosis and were 
asymptomatic and were not considered to be at high risk for surgical complications 
(Rosenfield et al 2016). Results showed that stenting was noninferior to endarterec-
tomy in the primary composite end point. The cumulative 5-year rate of stroke-free 
survival was 93.1% in the stenting group and 94.7% in the endarterectomy group. 
In analyses that included up to 5 years of follow-up, there were no significant differ-
ences between the study groups in the rates of non-procedure-related stroke, all 
stroke, and survival. Over 10 years of follow-up, did not reveal a significant differ-
ence between patients who underwent stenting and those who underwent endarter-
ectomy with respect to the risk of periprocedural stroke, myocardial infarction, or 
death and subsequent ipsilateral stroke (Brott et al 2016). The rate of postprocedural 
ipsilateral stroke also did not differ between groups.

 Neurorehabilitation in Relation to Neuroprotection in Stroke

Neuroprotective strategies span all phases of stroke from prevention to rehabilita-
tion. Neurorehabilitation should ideally start in the acute phase following stroke and 
can have mutually favorable interaction with neuroprotective measures. 
Reorganization of cerebral representations has been hypothesized to underlie the 
recovery from ischemic brain infarction. Functional neuroimaging shows that reor-
ganization is a dynamic process beginning after stroke manifestation. Rehabilitation 
strategies can employ post-lesion brain plasticity resulting in enhanced perilesion 
activations and modulation of large-scale bihemispheric circuits. Neurorehabilitative 
strategies, including forced use, mental imagery and peripheral nerve or cortex 
stimulation, aim at modulating these functional networks and have opened future 
avenues for pharmacological and neurophysiological training strategies in stroke.

 Protective Effect of Physical Activity on Stroke in the Elderly

Older adults have the highest risks of stroke and the lowest physical activity levels. 
Walking is the predominant form of physical activity in older age. A study has 
shown that time spent walking (3–12 h/week) was associated with reduced risk of 
onset of stroke in dose-response fashion, independent of walking pace (Jefferis et al 
2014). Thus walking could form an important part of stroke-prevention strategies in 
older people.
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 Biological Therapies for Stroke

 Cell Therapy for Stroke

No drug has yet been approved solely as a neuroprotective therapy for stroke. In 
patients with completed strokes and fixed neurological deficits, there is need for thera-
pies to regenerate the lost cerebral tissue. Cell therapy may fill this need (Jain 2019a).

Fetal tissue provides a possible donor source for cerebral grafts, and there is 
some evidence to suggest that fetal transplants are innervated by host neuronal net-
works, express features of normal host brain, and ameliorate stroke deficits in 
experimental animal models. Use of fetal grafts for stroke therapy, however, poses 
enormous practical and ethical difficulties. This approach has been abandoned. Two 
active approaches to cell therapy of stroke are stem cell transplants and implantation 
of genetically engineered cells secreting neurotrophic factory.

 Stem Cell Transplant for Stroke

Grafted CNS stem cells can survive and differentiate into mature CNS tissue within 
the adult ischemic rat brain with vascularization in and around the grafts. This 
approach, therefore, has the potential to be effective in the recovery of the function 
in cerebral ischemia. Neural stem cells (SCs) injected into mice brains subjected to 
focal hypoxic-ischemic injury integrate appropriately into the region of ischemic 
injury and foreign gene expression. They migrate preferentially to the site of isch-
emia, experience limited proliferation, and differentiate into neural cells lost to 
injury, trying to repopulate the damaged brain area. The transplantation of exoge-
nous neural SCs augments a natural self-repair process in which the damaged CNS 
attempts to mobilize its own pool of stem cells. Providing additional neural SCs and 
trophic factors may optimize this response. Therefore, neural SCs may provide a 
novel approach to reconstituting brains damaged by hypoxia-ischemia. Preliminary 
data in animal models of stroke lends support to this concept. Stem cells derived 
from human umbilical cord blood (UCB) may help restore brain function after dis-
ease or injury. Human UCB stem cells, obtained after birth, can be reprogrammed 
to act as brain cells (neurons and glia). Injection of human UCB cells in rats with 
stroke can restore function fairly rapidly, and new UCB-derived cells can be seen on 
the side of the brain affected by stroke.

Stem cells may exert their beneficial effects by generating NTFs in the post- 
stroke brain. Improvement of tissue damage and functional deficits following trans-
plantation of adipose tissue-derived stem cell in animal stroke models is attributed 
to secretion of NTFs, particularly IGF-1. Mesenchymal stem cells (MSCs) have 
been reported to ameliorate functional deficits after stroke in rats. Some of this 
improvement possibly results from the action of NTFs secreted by these cells. 
MSCs that are genetically modified to produce NTFs reduce ischemic damage in 
the rat middle cerebral artery occlusion model. Therefore, a combination of NTFs 
and stem cells may be more effective than either treatment alone.
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 Immortalized Cell Grafts for Stroke

Use of laboratory-grown, immortalized cells may overcome these difficulties. Human 
neuronal cell transplantation by stereotactic technique in patients with fixed motor 
deficits due to basal ganglia stroke led to improvement of motor function a phase II 
clinical trial and was associated with improved fluorodeoxyglucose uptake at the 
implant site as shown by PET, Immortalized cells, used in this study, are difficult to 
develop for large-scale clinical use. Another approach is to generate conditionally 
immortalized human stem cell lines by incorporating an immortalizing oncogene 
into fetal stem cells and creating clonal lines. Cells, produced by this approach, may 
improve functional outcome after middle cerebral artery occlusion by assisting spon-
taneous reorganization in both the damaged and intact hemispheres.

MSCs administered by intravenous infusion can enter the brain and reduce neu-
rological functional deficits after stroke in the MCAO rat model. MSCs may pro-
vide a powerful autoplastic therapy for stroke. This approach has certain advantages 
over the direct injection of stem cells into the infarcted cerebral cortex. Studies in 
rats have shown that stem cells injected into the cortical infarct do not proliferate as 
well as those injected into the deeper normal parts of the brain. If this approach were 
to develop into clinical trial in patients, it would require a small biopsy of the nor-
mal cortex to remove cells, culture and injection into the brain. Intravenous infusion 
of cells would be preferred if it is proven to be clinically beneficial.

 Stimulation of Instrinsic Stem Cells for Repair of Brain in Stroke

NTx™-265 (Stem Cell Therapeutics) is a therapeutic regimen of two drugs being 
developed for the treatment of stroke. Human chorionic gonadotropin (hCG) is the 
first drug administered in the regimen and aims to increase the number of neural 
stem cells (NSCs) located in the brain of a patient suffering from a recent stroke. 
Erythropoietin is the second drug administered in the regimen and aims to promote 
the differentiation of these newly formed NSCs into new neurons. In 2008, results of 
a phase IIa, open label BETAS safety trial were favorable in patients suffering acute 
ischemic stroke. REGENESIS phase IIb stroke trial of NTx™-265, for the treatment 
of acute ischemic stroke was delayed due to failure of another trial with erythropoi-
etin alone but was finally approved and restarted in 2010.

 Gene Therapy for Neuroprotection in Cerebrovascular Disease

Gene therapy can be broadly defined as the transfer of defined genetic material to 
specific target cells of a patient for the ultimate purpose of preventing or altering a 
certain disease state. Carriers or delivery vehicles for therapeutic genetic material 
are called vectors, which are usually viral but several nonviral techniques are being 
used as well. Techniques of gene therapy and its applications are described else-
where (Jain 2019a). Neuronal death in cerebral ischemia may result, at least in part, 
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from active processes mediated through the induction of death-promoting genes. 
Gene therapy strategies may work by blocking the effect of such genes as shown in 
Table  3.4. Some of the neuroprotective experimental strategies are shown in 
Table 3.5. None of these have been developed into clinical application.

Table 3.4 Neuroprotective gene transfer in models of cerebral ischemia

Gene Vector(s) Mode of action

Glucose transporter-1 gene Herpes simplex 
virus

Protection from hypoglycemia and 
glutamate toxicity

N-methyl-D- aspartate-R1 
gene

Adeno-associated 
virus

Antisense: downregulation of N-methyl-D- 
aspartate receptor density

Neuronal apoptosis 
inhibitory protein (NAIP)

Adenovirus NAIP elevation in ischemia confers 
resistance to ischemic damage

Heat shock protein (HSP72) Herpes simplex 
virus

Brain areas damaged by stroke express high 
levels of the HSP72, and increasing its 
expression has a neuroprotective effect

Glial cell line-derived 
neurotrophic factor 
(GDNF)

Adeno-associated 
virus, herpes 
simplex virus

GDNF prevents apoptosis

Hepatocyte growth factor Adenovirus Prevention of delayed neuronal death 
through inhibition of apoptosis by 
blockade of Bax translocation from the 
cytoplasm to the nucleus

Bcl-2 Adeno-associated 
virus

Antiapoptotic effect of Bcl-2

Vascular endothelial growth 
factor (VEGF)

Adeno-associated 
virus

VEGF can lead to the growth of new vessels 
in hypoxic or ischemic areas

© Jain PharmaBiotech

Table 3.5 Neuroprotective gene therapy in animal stroke models

Experimental model Technique/vector Basis/objective Remarks

4-vessel occlusion 
model of ischemia 
in rats

Adenoviral vector 
overexpressing NAIP 
in vivo

Neuronal apoptosis 
inhibitory protein 
(NAIP) elevated in 
ischemia

NAIP confers resistance 
to ischemic damage 
and elevation of NAIP 
has utility in treatment 
of stroke

90 months of middle 
cerebral artery 
occlusion in rats

Adenovirus-GDNF gene 
transfer

Suppresses active 
caspase-3 but not 
active caspase-9

Ad-GDNF significantly 
reduces the infarct 
volume

Infusion into lateral 
ventricle of a rat 
stroke model

Recombinant 
adenoviruses 
carrying COX-1 gene

Augments prostacyclin 
and suppresses 
leukotriene production

Significant reduction of 
infarct volume

Middle cerebral artery 
occlusion in the rat 
after gene transfer

Intracerebroventricular 
injection

Ad vector carrying a 
human IL-2 receptor 
antagonist protein

Reduction of infarct 
volume by 65%

Rats subjected to 1 h 
of middle cerebral 
artery occlusion

HSV vectors 
overexpressing hsp72

Brain areas damaged by 
stroke express high 
levels of the 72-kd 
heat shock protein 
(HSP72), which has a 
neuroprotective effect

Improves neuron survival 
against focal cerebral 
ischemia and systemic 
kainic acid 
administration

(continued)
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Experimental model Technique/vector Basis/objective Remarks

Transient bilateral 
common carotid 
artery ligation and 
right middle 
cerebral artery 
ligation for 
90 months in rats

Injection of AAV 
vectors expressing 
GDNF into the cortex 
of rats

Less apoptosis in 
cortical tissues 
rescued by AAV-
GDNF, indicating this 
as the mechanism of 
neuro- protection

AAV is a potential 
delivery vector of 
GDNF gene for the 
therapy of stroke

Occlusion of the 
middle cerebral 
artery and 
ipsilateral common 
carotid artery in 
the rat

Intraparenchymal 
injection of HSV 
vector expressing 
bcl-2 into the brain

Prevention of 
programmed cell 
death

Decrease in the size of 
the infarct

Transient cerebral 
ischemic injury in 
the gerbil

Intracerebroventricu-lar 
injection of rAAV 
carrying VEGF gene

VEGF lead to the 
growth of new vessels 
and improves survival 
after stroke

Treatment with 
rAAV-VEGF 
improves survival and 
delayed neuronal 
death

Transient occlusion of 
arteries in the 
gerbil

The gene of hepatocyte 
growth factor was 
transfected into the 
subarachnoid space

Prevention of delayed 
neuronal death by 
inhibition of 
apoptosis through the 
blockade of bax 
translocation from the 
cytoplasm to the 
nucleus

Potential strategy for 
neuroprotection

Unilateral middle 
cerebral artery 
occlusion in the 
rat. Contralateral 
hemisphere served 
as the control

Transfer of glucose 
transporter gene to 
neurons with HSV 
vector

Increased uptake of 
glucose by neurons 
protects against 
energy failure due to 
metabolic insults

Partial protection of 
targeted striatal 
neurons but no 
reduction of volume 
of infarct

Unilateral middle 
cerebral artery 
occlusion in the rat

Ad vector coding for 
bFGF (1–154) may 
be used to induce 
angiogenesis in vivo

Induction of 
angiogenesis to 
restore blood supply 
to ischemic tissues

This has potential 
application for 
revascularization of 
the brain

Unilateral occlusion 
of the middle 
cerebral artery for 
90 min, followed 
by reperfusion

Intracerebral injection 
of rAAV vector 
overexpressing Bcl-2

Antiapoptotic effect of 
Bcl-2

Reduction in infarct size 
and a improvement in 
neurological function

Unilateral occlusion 
of the middle 
cerebral artery in 
the rat

Intracerebral injection 
of HSV- GDNF

Delivery of 
neurotrophic/
neuroprotective factor 
to the brain

Reduction of ischemic 
infarction only if 
treatment was given 
prior to occlusion

Focal cerebral 
ischemia induced 
by occlusion of the 
middle cerebral 
artery in the rat

Intracerebral injection 
of AAV-Ngb

Ngb acts as an 
endogenous 
neuroprotective factor

Reduction of infarct size 
and improvement of 
functional outcome

© Jain PharmaBiotech
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Some of the gene therapy approaches for neuroprotection in stroke that are still 
being investigated include the following:

Gene Therapy with Delivery of a Neuroprotective Protein Heat shock proteins 
can have a neuroprotective effect, as they can promote cell survival following sev-
eral types of stress. A reduction in lesion size was demonstrated following gene 
therapy with a viral vector expressing HSP27 in an experimental model of stroke 
(Badin et al 2009).

Gene Therapy Using Neurotrophic Factors Among the various neurotrophic fac-
tors, administration of GDNF to areas of ischemic brain injury has been shown to 
limit cerebral infarction and reduce damage to motor functions in animal models of 
stroke. Neurotrophic factor and antiapoptotic mechanisms, among others, have been 
suggested as the underlying factors for beneficial effects of GDNF.

Gene Therapy Using Antioxidant Genes Reactive oxygen species contribute to 
neuronal death following cerebral ischemia and the antioxidant superoxide dis-
mutase has been shown to be neuroprotective. In experimental animals, a neuro-
tropic HSV-1 vector containing the SOD gene was injected into the striatum either 
before or after transient focal cerebral ischemia and has been shown to improve the 
survival of neurons by >50%.

Combination of Gene Therapy with Hypothermia Use of hypothermia in stroke 
suppresses apoptotic death including cytochrome c release, caspase activation, and 
DNA fragmentation. BCL-2 overexpression by gene transfer also inhibits aspects of 
apoptotic cell death cascades and combination with hypothermia can prolong the 
temporal therapeutic window for gene therapy.

 Regulation of microRNAs for Neuroprotection in Cerebral 
Ischemia

Regulating the expression of microRNAs (miRNAs) by anti-miRNAs or any other 
agent(s) could prove useful in neuroprotection during cerebral ischemia, because 
many genes are under the control of such miRNAs. Significant changes in the pro-
file of miRNA has been demonstrated to take place during the development of isch-
emia in rat models subjected to transient middle cerebral artery occlusion. Thus, 
besides serving as novel biomarkers, regulation of the miRNAs could be used to 
prevent the slow but progressive death at the penumbral region. Although this may 
be seen as a novel way of providing a beneficial prognosis in stroke patients, it is not 
without challenges. Efficient delivery of small RNA molecules to reach specific 
targets needs further research for developing novel neuroprotectants for stroke 
therapy.
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 RNAi-Based Therapy for Neuroprotection in Stroke

Neuroprotection following ischemic neuronal injury can be potentially achieved by 
inhibition of caspase-3, overactivation of which is associated with loss of brain tis-
sue in cerebral ischemic injury. Silencing of caspase-3 using carbon nanotube- 
mediated in  vivo RNAi could offer a therapeutic opportunity against stroke. 
Effective delivery of siRNA directly to the CNS has been shown to normalize phe-
notypes in animal models of several neurological diseases. Peri-lesional stereotactic 
administration of a caspase-3 siRNA (siCas 3) delivered by functionalized carbon 
nanotubes (f-CNT) reduced neurodegeneration and promoted functional preserva-
tion before and after focal ischemic damage of the rodent motor cortex using an 
endothelin-1 induced stroke model (Al-Jamal et al 2011).

 Vaccines for Neuroprotection in Stroke

CNS injuries such as stroke induce a systemic immunosuppression, which is character-
ized by a systemic shift towards a Th2 cytokine pattern, which results in reduced cell-
mediated immune responses, and, to a lesser extent, humoral immune responses. 
Furthermore, treatment with potent Th2 inducers such as vaccination strategies using 
Th2-inducing adjuvants for immunization such as aluminum hydroxide, result in 
increased neuroprotection and regeneration without development of autoimmune CNS 
inflammation. This is a promising strategy that has not been investigated clinically.

Experimental oral vaccines that targets NMDA receptor have been shown to pro-
tect rats against and damage induced by vascular occlusion. Total infarct volume 
following induction of a stroke was reduced in vaccinated rats. Unlike some NMDA 
antagonists that cause significant side effects, such vaccines are well tolerated. Part 
of the reason for the lack of behavior side effects may be that high levels of the 
antibodies produced by the vaccine cross the BBB only after neuronal insult, not 
under normal conditions. This ‘on demand’ or selective delivery of the neuroprotec-
tive agent, limited both spatially to the site of injury and to the precise timing of 
injury, is one of the most promising features of this approach. A stroke vaccine that 
generates autoantibodies, whose access to the brain and neuroprotective activity is 
spatially and temporally regulated, may hold promise as a prophylactic measure to 
protect the brain. No such vaccine has yet been tested in humans.

 Neuroprotective Therapies for Cerebral Ischemia: Clinical Trials

A trial of combination therapy with tPA and a neuroprotective agent represents the 
next step forward from single agent studies in acute ischemic stroke. In such a trial 
patients should first be randomized to receive a neuroprotective agent or placebo as 
soon as possible after the stroke onset. After the clinical and imaging evaluations 
have been performed, patients who are within the 3–6 h time window, should be 
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randomized to receive tPA or placebo. Such trials would help to determine if neuro-
protectives can extend the therapeutic window and reduce reperfusion injury. 
Various neuroprotective therapies in clinical development for acute cerebrovascular 
disease are shown in Table 3.6.

Table 3.6 Neuroprotective agents in clinical development for acute cerebrovascular disease

Drug Company/institution Mode of action Status

Albumin (high 
dose, 
human)

University of Miami 
FL/NINDS

Mobilizes n-3 PUFAs to replenish 
those lost from neural membranes

ALIAS-2/Phase III

Cerebril™ 
(NC-758)

Neurochem/NINDS Prevention of hemorrhagic stroke due 
to cerebral amyloid angiopathy

Phase II

DP-b99 D-Pharm A metal ion chelator designed to 
control apoptotic regulating 
intracellular ionic homeostasis

Phase III

Hyperbaric 
oxygen

Washington University 
(St. Louis, MO)

Neuroprotective effect on patients 
with white matter intensities on 
MRI due to ischemia

Phase I/II

Magnesium UCLA Stroke Center/
NINDS

Non-competitive NMDR antagonist Phase III

Midronate Xijing Hospital, China Inhibitor of l-carnitine biosynthesis 
pathway via the inhibition of 
γ-butyrobetaine dioxygenase

Phase II

Minocycline NINDS Antibiotic of tetracycline group Phase II

Microplasmin University Hospital 
(Leuven, Belgium)

Thrombolytic/neuroprotective Phase II completed 
in 2008

NeuroAid™ Moleac/CHIMES 
Society

Traditional Chinese Medicine Phase II

NTx™-265 Stem Cell Therapeutics Stimulate proliferation and 
differentiation of adult stem cells 
to regenerate damaged nrurons

REGENESIS Phase 
IIb

ONO-2506 
(arundic 
acid)

Ono Pharmaceuticals Arundic acid inhibits the enlargement 
of the stroke lesion by preventing 
inflammatory changes caused by 
overproduction of the S100B 
protein in the astrocytes

Phase III in acute 
stroke completed

Perindopril Servier ACE-inhibitor blood pressure 
lowering

Phase II: 
PROGRESS 
(Perindopril 
protection 
against recurrent 
stroke)

ReN001 ReNeuron Neural stem cell treatment PISCES phase I

SUN-N4057 Asubio Pharma Co Ltd Selective 5-HT1A receptor agonist Phase II

URICO- 
ICTUS/uric 
acid + rTPA

University of 
Barcelona, Spain

Antioxidant + thrombolytic Phase II

V10153 Vernalis Group Recombinant thrombolytic protein Phase II completed

Viagra 
(sildenafil)

Henry Ford Health 
System

Phosphodiesterase type V inhibitor Phase I

Zonampanel 
(YM872)

Astellas Pharma Glutamate antagonist, AMPA 
receptor antagonist

Phase II

© Jain PharmaBiotech
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 Albumin

High-dose human albumin therapy is strongly neuroprotective in models of brain 
ischemia and trauma and is currently being studied in a pilot-phase clinical stroke 
trial. Among its actions in ischemia, albumin induces the systemic mobilization of 
n-3 polyunsaturated fatty acids and may help to replenish polyunsaturated fatty 
acids lost from neural membranes. Human albumin complexed to DHA (DHA; 
22:6n-3) provides a higher-grade neuroprotection at relatively low albumin doses in 
rat model of cerebral ischemia. DHA-albumin complex is clinically advantageous 
in that it reduces the likelihood of acute intravascular volume overload and conges-
tive heart failure when patients with compromised cardiovascular function are 
treated with high-dose albumin.

 Free Radical Scavengers

Ebselen [2-phenyl-1,2-benzisoselenazol-3(2H)-one]. This is a lipid-soluble, 
seleno-organic compound that potently inhibits lipid peroxidation through a gluta-
thione peroxidase-like action. Because it is effective against membrane hydroperox-
ides such as phospholipid hydroperoxide glutathione peroxidase but not glutathione 
peroxidase, this agent effectively inhibits both nonenzymatic and enzymatic (the 
lipoxygenase pathway of the arachidonate cascade) lipid peroxidation in vitro. The 
neuroprotective efficacy of an intravenous formulation of the antioxidant ebselen 
has been comprehensively assessed with specific regard to conventional quantitative 
histopathology, subcortical axonal damage, neurological deficit, and principal 
mechanism of action. Several studies in rat stroke models have shown that treatment 
with intravenous ebselen significantly reduces gray and white matter damage and 
neurological deficit associated with transient ischemia. The reduction in tissue dis-
playing evidence of oxidative stress suggests that the major mechanism of action is 
attenuation of free radical damage. Ebselen neutralizes free radicals produced by 
NMDA receptor stimulation and reduces lipoperoxidation mediated by glutamate- 
induced excitotoxicity. This represents an important property of ebselen because 
free radicals, particularly reactive oxygen species, can accumulate to such a degree 
as to cause a biochemical chain of events that ultimately lead to cell death.

In animal models of cerebral embolism, ebselen has been shown to be neuropro-
tective when administered along with tissue plasminogen activator (tPA, an approved 
thrombolytic) within minutes after induction of embolism but later. Neither of the 
agents is effective when given alone, indicating a synergistic effect of the two. These 
findings indicate that ebselen may be administered concomitantly with lower-dose 
thrombolytics to produce significant neuroprotection while reducing the incidence 
of thrombolytic side effects (i.e. cerebral hemorrhage). Several clinical trials in 
Japan have shown the efficacy of ebselen in acute stroke and subarachnoid hemor-
rhage but the current status of development is not known. This drug is not available 
in Europe and USA.
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Nicaraven (Chugai Pharma’s Antevas and Antevan). Nicaraven is also called AVS 
(anti-vasospasm substance) and is in development as a treatment of disturbances in 
the brain caused by acute cerebrovascular diseases. These include vasospasm, sub-
arachnoid hemorrhage, cerebral infarction and damage caused by hydroxyl free radi-
cals during reperfusion. Nicaraven, which acts as a cerebral vasodilator and removes 
hydroxyl free radicals, has a beneficial effect on cerebral circulation and function. 
Intravenous administration of nicaraven ameliorated delayed cerebral vasospasm in 
rat subarachnoid hemorrhage models with marked synergistic induction of heme 
oxygenase-1 protein (Shimada et al 2009). Beneficial effects of nicaraven on delayed 
ischemic neurological deficits due to vasospasm and on the overall outcome of 
patients with subarachnoid hemorrhage was shown in a multicenter, placebo-con-
trolled double-blind clinical trial in Japan. Because of its neuroprotective effects, the 
drug is also considered to be potentially applicable in TBI and degenerative brain 
disorders. Nicaraven has neuroprotective effects when administered systemically 
during the reperfusion phase after transient focal ischemia. Current status of avail-
ability in Japan is not known. This drug is not available in Europe or USA.

Edaravone (MCI-186, Mitsubishi’s Radicut), a free radical scavenger, is 
approved only in Japan for the treatment of cerebral infarction. The presence of free 
radicals changes the edaravone molecule into 2-oxo-3-(phenylhydrazono)-butanoic 
acid, which can be detected in vivo in the ischemic tissue of rats subjected to a 
thrombotic occlusion of the middle cerebral artery. Edaravone protects the rat hip-
pocampus from ischemia-induced long-term potentiation impairment with a thera-
peutic time window, suggesting that free radical formation after ischemia/reperfusion 
is a pivotal trigger of neurofunctional complications after global ischemic stroke. 
Edaravone shows an excellent neuroprotective effect against ischemia/reperfusion 
brain injury through a Bax/Bcl-2 dependent antiapoptotic mechanism in rat focal 
ischemia models. A multicenter, randomized, placebo-controlled, double-blind 
study on acute ischemic stroke patients showed significant improvement in 
 functional outcome in the edaravone group. A retrospective study showed that eda-
ravone, administered within 24 h was an inhibitor of ischemic brain damage in addi-
tion to routine treatment of patients with acute lacunar infarction, and improved the 
outcome. Based on beneficial effects of edaravone in rat model of TBI, clinical trials 
in TBI patients were recommended. Edaravone can extend the therapeutic time win-
dow in patients with acute cerebral infarction who are candidates for thrombolytic 
therapy. Edaravone treatment reduces the volume of the infarct as measured by MRI 
and improves neurological deficits in patients treated with edaravone (Nakase et al 
2011). This is significant within a year for the small-vessel occlusion stroke.

 DP-b99

DP-b99 (D-Pharm) is a member of a novel drug class, Membrane-activated- 
chelators (MAC), designed to control apoptotic processes by regulating intracellular 
homeostasis of divalent metal ions. DP-b99 selectively exerts chelating properties 
in the vicinity of the cell membranes, modulating intracellular calcium, zinc, iron 
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and copper levels. Unlike other metal ion chelators, DP-b99 does not cause cardio-
toxicity or affect respiratory functions, even when administered in doses up to 500- 
fold greater than required to achieve efficacy, as shown in hemodynamic studies in 
dogs. DP-b99 is also an inhibitor of matrix metallo-proteinase-9, which is associ-
ated with various complications including excitotoxicity, neuronal damage, apopto-
sis, increased permeability of BBB leading to cerebral edema, and hemorrhagic 
transformation of ischemic stroke (Chaturvedi and Kaczmarek 2014).

DP-b99 is being developed as a first-line therapy to improve neuronal survival in 
stroke and TBI, as well as for prophylaxis against neurological damage associated 
with open-heart surgery. DP-b99 is remarkable safe and efficient in animal models, 
salvaging both cortical and subcortical brain tissue, over a wide therapeutic window. 
DP-b99 was found to be highly effective in preventing neurological damage and in 
improving neurological scores in animal models of cerebral ischemia. These studies 
included transient and permanent middle cerebral artery occlusion models in rats 
and global ischemia models in gerbils. DP-b99 was found to be effective in animal 
models up to 8  h after the onset of ischemia, indicating effective treatment for 
patients even if administered >6 h after stroke onset.

A phase II multicenter, double-blind, placebo-controlled, randomized trial showed 
significant improvement in 90-day recovery rate following treatment with DP-b99 
when compared with placebo (Diener et al 2008). No major safety problems were 
identified. A phase III clinical trial was terminated in 2012 as the result of a pre-
planned interim futility analysis (ClinicalTrials.gov Identifier: NCT00893867).

 Mildronate

Mildronate (Grindeks, Latvia), an inhibitor of l-carnitine biosynthesis pathway via 
the inhibition of γ-butyrobetaine dioxygenase, is used for the treatment of myocar-
dial ischemia in Eastern Europe and has shown a neuroprotective effect in several 
stroke models. Mildronate treatment improves functional recovery following mid-
dle cerebral artery occlusion in rats even though the infarct size did not decrease 
(Svalbe et  al 2011). Analysis of cerebellar tissue extracts revealed significant 
decrease of concentration of l-carnitine and increase of γ-butyrobetaine. Russian 
studies have reported efficacy of the mildronate in treatment of patients with isch-
emic stroke. A randomized, double-blind, placebo-controlled phase II clinical trial 
in ischemic stroke patients is ongoing at the Xijing Hospital in China (ClinicalTrials.
gov Identifier: NCT01800357).

 Perindopril

Perindopril is an ACE-inhibitor approved for the treatment of hypertension. The 
Perindopril Protection Against Recurrent Stroke Study (PROGRESS) has provided 
definitive evidence that blood pressure lowering in patients with previous stroke or TIA 
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reduces the incidence of secondary stroke by 28%, of major vascular events by 26% 
and of major coronary events by 26%. These reductions were all magnified by ~50% 
in a subgroup of patients in whom the ACE-inhibitor perindopril was routinely com-
bined with the diuretic indapamide. Subsequent clinical trials have similar findings.

 Failed Clinical Trials of Neuroprotection in Stroke

Unsuccessful trials of neuroprotective therapy for stroke are listed in Table 3.7 and 
some of these will be discussed in the following text.

Table 3.7 Some failed trials for neuroprotective therapy for stroke

Product/Company Mechanism of action Reasons for failure/comments

Aptiganel (Cerestat, 
CNS1102)/Cambridge 
Neuroscience & 
Boehringer Ingelheim

NMDA ion-channel blocker Discontinued in phase III in 1997. 
Dose-limiting adverse effects: 
hypertension, sedation, psychosis, 
hallucinations

AR-R15896AR/
AstraZeneca

NMDA antagonist Phase I/II discontinued due to safety 
concerns

AX200 (G-CSF)/Sygnis 
Bioscience

Neurotrophic 
neuroprotective factor

Phase IIb failed to show efficacy. 
Further development discontinued

Ceresine (CPC 211)/
Questcor 
Pharmaceuticals

Dichloroacetate, which 
stimulates pyruvate 
dehydrogenase and 
reduces CSF lactic acid 
levels and infarct volume

Discontinued after phase II trials. 
Reasons not available

Citicoline/generic Membrane modulator reduces 
progression of infarct

Marketed in Japan and Europe. Phase 
III in US failed to show efficacy

Desmoteplase/Lundbeck, 
PAON & Forest 
Laboratories

The most fibrin-specific 
plasminogen activator

Phase III failed to show better results 
than placebo

Diaspirin cross-linked 
hemoglobin 
(DCLHb)/Baxter

Hemodilution and oxygen 
carrier

Phase II. Results showed that there 
were more deaths and adverse 
events in the treatment group than 
in controls. No further development

Dextrorfan/Roche NMDA antagonist Phase III development stopped for lack 
of efficacy

Eliprodil/Synthelabo/
Searle

NMDA antagonist at 
polyamine site

Phase III discontinued due to lack of 
efficacy in interim analysis

Enecadin/PAOIN Na+/Ca++ channel blocker Phase II: strategic decision to 
discontinue

Enlimobab (anti 
ICAM-1 antibody)/
Boehringer-Ingelheim

Prevents the flow of 
neutrophils in affected 
areas of the brain

Phase III completed before 
discontinuation. Increased mortality 
with active treatment. Increased 
systemic infection

Erythropoietin/Max 
Planck Inst 
(Göttingen, Germany)

Antiapoptotic, neurotrophic, 
and antioxidant

Phase II : high mortality in patients 
receiving concomitant thrombolysis

(continued)
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Product/Company Mechanism of action Reasons for failure/comments

Flunarizine Ca++ channel blocker Phase III trial in 1996 did not show 
any improvement

Fosphenytoin 
(Cerebryx)/
Parke-Davis

Na+ channel antagonist Development was discontinued when 
phase III trial in stroke in 1997 did 
not show any difference between 
fosphenytoin (an approved 
antiepileptic) and placebo

GV150526 (gavestinel)/
GlaxoWellcome

Glycine site antagonist Phase III did not show efficacy and 
development was discontinued

Hu23F2G (LeukArrest)/
ICOS Corporation

mAB against the neutrophil 
CD11/CD18 cell 
adhesion molecule

Discontinued after phase III

Licostinel (ACEA- 
1021)/CoCensys

Glycine antagonist Discontinued in phase I because of 
renal toxicity

Lifarizine/Roche & 
Syntax

Na+ channel blocker Phase III discontinued for lack of 
efficacy

Lubeluzole (Prosynap)/
Johnson & Johnson

Inhibits glutamate-activated 
nitric oxide synthase 
pathway

Clinical development discontinued after 
large phase III trial (Lub-Int-13) failed 
to show any effect of study drug

Maxipost (BMS- 
204352)/Bristol-
Myers Squibb

Opener of Ca-activated 
maxi-K channels

Discontinued after phase III trials for 
neuroprotection in stroke

Nalmefene 
hydrochloride 
(Cervene)/IVAX 
Corporation.

An opioid receptor 
antagonist modulates 
transmembrane calcium 
flux

Phase II clinical trials did not 
demonstrate efficacy. Results of 
phase III (completed) have not been 
disclosed yet. No further 
development

Nimodipine (Nimotop)/
Bayer

Calcium channel entry 
blocker

Discontinued in phase III for lack of 
efficacy as neuroprotective in cerebral 
ischemia. Approved for treatment of 
subarachnoid hemorrhage

NXY-059 (Cerovive)/
AstraZeneca and 
Renovis

Free radical scavenger Phase III failed to show benefits

Piracetam/UCB Pharma Nootropic agent. Increases 
cyclic adenosine 
monophosphate in the 
brain

Phase III did not show any benefit in 
acute stroke but trend to benefit in 
<6 h group

Propentofylline 
(Sanofi-Aventis)

Increases adenosine levels in 
the brain, reduces 
glutamate release and 
improves glucose 
metabolism.

Failed to show neuroprotective effect 
in acute stroke and vascular 
dementia in phase III trials. Later 
trials for Alzheimer’s disease in 
1998 but effectiveness was not 
established. Further development 
was discontinued in 2000

Remacemide 
hydrochloride/
AstraZaneca

Non-competitive NMDA 
receptor antagonist

Discontinued after phase II for lack of 
efficacy. In phase II development for 
Parkinson’s disease and phase III for 
Huntington’s disease and epilepsy

Table 3.7 (continued)

(continued)
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Product/Company Mechanism of action Reasons for failure/comments

Repinotan (BAY x 
3702)/Bayer

Serotonin agonist (5HT1A 
receptor subtype)

Phase III discontinued because phase 
IIb results did not show the 
expected efficacy

SB737004/
GlaxoSmithKline

Endothelin A antagonist Phase II discontinued. No information 
available

Selfotel (CGS 19755)/
Novartis

Competitive NMDA 
receptor antagonists 
(glutamate site)

Discontinued in phase III. Trend 
towards increased mortality with 
active treatment and dose-limiting 
adverse effects

Sipatrigine 
(BW619C89)/Glaxo 
Wellcome

Na+ channel blocker Discontinued phase II because of 
neurotoxicity

Tirilazad mesylate/
Pharmacia (now 
Pfizer)

Lipid peroxidation inhibitor Development discontinued after phase 
III due to lack of efficacy

Trafermin (bFGF, 
Fiblast)/Scios

Neurotrophic factor North American phase II/III trial 
halted in 1998 because of an 
unfavorable risk-to-benefit ratio

UK-279,276 
(recombinant 
neutrophil inhibitory 
factor)/Corvas & 
Pfizer

Prevent the acute 
inflammatory response 
during reperfusion injury

Discontinused after phase IIb because 
of failure to demonstrate efficacy

Viprinex™ (ancrod)/
Neurobiological 
Technologies

Fibrinolytic Phase III interim results showed lack 
of efficacy and development was 
discontinued in January 2009

Zendra (clomethiazole)/
AstraZeneca

Enhances the effect of 
GABA by interaction 
with GABAA receptor

Phase III trials did not show expected 
efficacy. Further development 
discontinued

ZK-200775 44/Schering 
AG

Glutamate antagonist 
(competitive AMPA 
blocker)

Phase IIa trials initiated in 1997 and 
halted in 1998 due to excessive 
sedation at therapeutic levels. No 
further development planned

© Jain PharmaBiotech

Table 3.7 (continued)

 Ancrod

Ancrod is a defibrinogenating agent derived from the venom of the Malayan pit 
viper and has an anticoagulant effect. It was marketed as an anticoagulant in 
Germany and Austria, where it was withdrawn in the 1980s after it was used for 
some decades. Under the trade name Viprinex (Neurobiological Technologies), it 
was in phase III clinical trials as neuroprotective in acute stroke when administered 
in the first 6 h. Interim results did not show efficacy and development was discon-
tinued in 2009.
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 Aptiganel

Aptiganel hydrochloride (cerestat) is a novel and selective ligand for the ion- channel 
site of the NMDA receptor-channel complex and was a promising neuroprotective 
agent in animal models of focal brain ischemia. A phase II/III randomized con-
trolled trial was conducted at medical centers in the US, Canada, Australia, South 
Africa, England, and Scotland. There was no improvement in outcome for either 
aptiganel (low-dose or high-dose) group compared with the placebo. Mortality rate 
at 120  days in patients treated with high-dose aptiganel was higher than that in 
patients who received placebo. It was concluded that aptiganel was not efficacious 
in patients with acute ischemic stroke at either of the tested doses and may be harm-
ful. The larger proportion of patients with favorable outcomes and lower mortality 
rate in the placebo group suggest that glutamate blockade with aptiganel may have 
detrimental effects in an undifferentiated population of stroke patients.

 Cerovive

Cerovive (disufenton sodium, AstraZeneca’s NXY-059) is based on proprietary 
Nitrone-Related Therapeutics (NRT), an antioxidant-based technology. NRT small 
molecule compounds act to reestablish the balance between oxidative stress agents 
production and the body’s oxidation defenses by the following mechanisms:

• Neutralization of oxidative stress agents.
• Prevention of induction of genes, which produce toxins that can damage cells.
• Slowing of the release of cytokines, which cause inflammation.

These properties may enable the treatment of acute conditions such as stroke by 
administration of NRTs after the initial insult. In such circumstances, NRTs may be 
able to stop the escalating cascade of oxidative damage, thus slowing the production 
of additional oxidative stress agents and toxins and reducing inflammation. NRTs 
may also be effective if given chronically for the treatment of certain degenerative 
and inflammatory conditions involving the CNS. In addition to reestablishing the 
balance between oxidative stress agents production and the body’s oxidation defense 
mechanisms, chronic administration of NRTs may suppress the production of toxins 
and cytotoxic gene expression, thus rendering cells less susceptible to age associ-
ated oxidative damage.

NXY-059 has a substantial protective effect, lessening the disability caused by an 
experimentally-induced stroke in a primate species. A randomized, double-blind, 
placebo-controlled, parallel group, multicenter study evaluated the safety and toler-
ability of two NXY-059 dosing regimens compared with placebo within 24 h of 
acute stroke. Cerovive was well tolerated in patients with an acute stroke. The 
CHANT II (Cerebral Hemorrhagic And NXY-059 Treatment) trial was a double- 
blind, randomized, placebo-controlled, parallel-group, multicenter, phase III study 
to assess the safety and efficacy of Cerovive in adult patients with acute intracere-
bral hemorrhage. An individualized dosing strategy for NXY-059 (Cerovive) was 
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successfully optimized through estimation using the increasing pharmacokinetic 
and pharmacodynamic knowledge during a clinical drug development program. The 
chosen dosing strategy of NXY-059 provided an easily adapted treatment regimen 
for acute stroke, resulting in early achievement of target plasma concentrations. 
Results of CHANT II study showed that administration of NXY-059 within 6 h after 
the onset of acute ischemic stroke significantly improved the primary outcome 
(reduced disability at 90 days), but it did not significantly improve other outcome 
measures, including neurologic function as the NIHSS score.

NXY-059 was also tested as a neuroprotectant in SAINT I (Stroke–Acute 
Ischemic NXY Treatment I) trial for reducing disability when given to patients who 
had acute ischemic stroke. Confirmation of efficacy was sought in a randomized, 
double-blind trial where a 72-h infusion of intravenous NXY-059 or placebo was 
given within 6 h after the onset of stroke symptoms. The primary end point was the 
distribution of disability scores on the modified Rankin scale at 90 days and second-
ary end points were scores on neurologic and activities-of-daily-living scales. The 
hypothesis that NXY-059 would reduce alteplase-related intracranial hemorrhages 
was also tested. Analysis of scores on the modified Rankin scale confirmed the lack 
of benefit. Among patients treated with alteplase, there was no difference between 
the NXY-059 group and the placebo group in the frequency of symptomatic or 
asymptomatic hemorrhage. It was concluded that NXY-059 is ineffective for the 
treatment of acute ischemic stroke when given within 6 h after the onset of symp-
toms and development was discontinued in 2006.

 Citicoline

Citicoline (Cytidine-5′-diphosphocholine) is a form of endogenous compound, 
which is used for getting more choline into the brain when the requirements are 
high. Upon oral or parenteral administration, Cytidine-5′-diphosphocholine (CDP- 
choline) releases its two principle components, cytidine and choline. When admin-
istered orally, it is absorbed almost completely, and its bioavailability is 
approximately the same as when administered intravenously. Once absorbed, the 
cytidine and choline disperse widely throughout the organism, cross the blood-brain 
barrier and reach the CNS, where they are incorporated into the phospholipid frac-
tion of the membrane and microsomes.

Experimental studies in transient cerebral ischemia suggest that citicoline might 
enhance reconstruction (synthesis) of phosphatidylcholine (PtdCho) and sphingo-
myelin, but could act by inhibiting the destructive processes (activation of phospho-
lipases). Citicoline neuroprotection may include: (1) preserving cardiolipin (an 
exclusive inner mitochondrial membrane component) and sphingomyelin; (2) pre-
serving the arachidonic acid content of PtdCho and phosphatidylethanolamine; (3) 
partially restoring PtdCho levels; (4) stimulating glutathione synthesis and glutathi-
one reductase activity; (5) attenuating lipid peroxidation; and (6) restoring Na+/K+-
ATPase activity. These observed effects of citicoline could be explained by the 
attenuation of phospholipase A2 activation. Based on these findings, a singular uni-
fying mechanism has been hypothesized. Citicoline also provides choline for syn-
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thesis of neurotransmitter acetylcholine, stimulation of tyrosine hydroxylase activity 
and dopamine release. Citicoline causes an increase in glutamate uptake and in 
EAAT2 glutamate transporter membrane expression in cultured rat astrocytes. 
These findings show novel mechanisms for the neuroprotective effects of citicoline, 
which decrease brain glutamate release after ischemia.

Citicoline has been in clinical use for stroke, TBI and other neurological disor-
ders in Japan and Europe. The primary mechanism by which citicoline is believed 
to act therapeutically in stroke is to enhance the synthesis of phosphatidylcholine 
which is the primary component of neuronal membranes. The extensive damage 
caused by stroke requires repair and regeneration of axons and synapses of neurons 
so that membrane replenishment is necessary. Because it enhances acetycholine 
synthesis, it may also improvement the cognitive impairment associated with stroke. 
It may also have neuroprotective effect by reduction of free fatty acid accumulation 
at the site of injury and prevention of further damage.

Several studies have evaluated the effect of CDP-choline in experimental stroke. 
Their results suggest that the effectiveness of CDP-choline is greater in animals 
demonstrating submaximal ischemic injury which is produced by 30–75  min of 
ischemia, than in animals suffering maximal ischemic injury produced by ischemia 
longer than 75 min. These results may reflect a threshold of biological membrane 
damage within which CDP-choline is able to restore phospholipid content/arrange-
ment and retain membrane integrity.

Numerous clinical trials have been conducted worldwide on thousands of patients 
with stroke. Most of these were in Europe and Japan. Statistically significant 
improvement was reported in these studies. There have been no safety problems. A 
randomized, phase III study in the US involved patients with acute ischemic stroke 
who presented within 24 h of symptoms and were randomized to receive oral citi-
coline or placebo for 6 weeks. Citicoline was found to be safe but ineffective in 
improving the outcome of patients with acute ischemic stroke. However, an indi-
vidual patient data pooling analysis of clinical trials showed that treatment with oral 
citicoline within the first 24 h after onset in patients with moderate to severe stroke 
increases the probability of complete recovery at 3 months.

Pooled results of a Cochrane group meta-analysis of 8 citicoline trials that enrolled 
over 2000 patients suggested a statistically significant beneficial treatment effect of 
citicoline, reducing the frequency of death and disability at trial end from 67% in 
control patients to 57% in citicoline-treated patients. A meta-analysis of 4 random-
ized US clinical citicoline trials concluded that treatment with oral citicoline within 
the first 24 h after a moderate to severe stroke is safe and increases the probability of 
complete recovery at 3 months (Clark 2009). Citicoline clinical efficacy trials are 
now continuing outside of the US in both ischemic and hemorrhagic stroke.

 Desmoteplase

Desmoteplase (Lundbeck AS), first in a new class of plasminogen activators, is a 
genetically engineered version of a thrombolytic agent found in the saliva of the 
vampire bat, Desmodus rotundus. It possesses high fibrin selectivity, potentially 

 Neuroprotective Therapies for Cerebral Ischemia: Clinical Trials



264

allowing it to dissolve a clot locally without adversely affecting the blood coagula-
tion system, possibly reducing the risk of intracranial bleeding as compared to other 
less fibrin-specific plasminogen activators. Desmoteplase received fast-track review 
designation from the FDA for the treatment of acute ischemic stroke beyond the 3 h 
time window.

The only drug currently approved for the treatment of acute ischemic stroke, tPA 
(Genentech’s Activase), must be administered within 3 h after onset of stroke symp-
toms, thus limiting the potential patient population who can safely benefit from the 
rapid dissolution of the blood clot and the reperfusion of blood supply to the affected 
area of the brain. The majority of stroke patients arrive at the hospital outside that 
treatment window. Desmoteplase has a much wider window enabling thrombolysis 
in patients who arrive at the clinic more than 3 h after the onset of stroke.

A systematic review and metaanalysis of randomized controlled trials of des-
moteplase for acute ischemic stroke (AIS) shows a favorable reperfusion effect for 
desmoteplase within 3–9 h after stroke onset (Elmaraezy et al 2017). Further large 
randomized trials, using a moderate dose between 90 μg/kg and 125 μg/kg, are 
required to translate this successful reperfusion into better clinical and quality of 
life outcomes for patients with AIS.

 Erythropoietin as a Neuroprotective in Stroke

A phase II placebo-controlled pilot trial of recombinant human erythropoietin in 
patients with acute middle cerebral artery stroke began within 8 h of symptom onset 
showed better clinical outcomes on functional rating scales, lower serum levels of 
the S100 protein marker of brain injury, and reduced growth in infarct size on 
MRI.  A preliminary study showed that EPO seemed to reduce delayed cerebral 
ischemia following aneurysmal subarachnoid hemorrhage via decreasing severity 
of vasospasm and shortening impaired autoregulation (Tseng et al 2009). However, 
recombinant EPO failed in a clinical study to protect from damages induced by 
ischemic stroke (Digicaylioglu 2010). The lack of acute treatments in ischemic 
stroke and the promising outcome in numerous preclinical studies in vivo demands 
a more critical evaluation of the future use of EPO as an acute treatment. Further 
investigation of the true potential of EPO as a candidate drug for the treatment of 
ischemic stroke should consider improved preclinical experimental design and use 
of alternative administration methods.

 Selfotel

Selfotel (CGS 19755, Novartis) is a competitive NMDA receptor antagonist that 
binds directly to the NMDA site of the glutamate receptor, inhibiting the action of 
glutamate in the excitotoxic environment of acute ischemia. Selfotel was selected as 
a neuroprotective candidate because it was found to limit neuronal damage in ani-
mal models of stroke. Phase III trials were conducted in stroke as well as TBI 
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patients. Two of the trials were suspended because of a higher mortality in the 
treated group and the suggestion that the drug may have a neurotoxic effect in brain 
ischemia. The development of this drug has now been discontinued.

 Lubeluzole

Lubeluzole (Johnson & Johnson/Janssen’s Prosynap) is the S-enantomer of a novel 
benzothiazol compound, which has neuroprotective action in stroke. As a non- 
NMDA receptor antagonist, it inhibits the accumulation of extracellular glutamate 
and normalizes the excitability of neurons. It does not interfere directly with NOS 
but attenuates glutamate-activated NOS pathways. It also inhibits voltage-activated 
Na+ and Ca2+ channels but these actions are less potent and lack stereospecificity as 
compared with other actions. When administered intravenously up to 6  h after 
induction of infarcts in stroke models, lubeluzole reduced neuronal damage and 
lesion volume. No major toxicity issues were identified with lubeluzole in animal 
studies or in phase I/II clinical trials. Only in one of the phase II trials high dose 
lubeluzole was found to be associated with greater mortality than low-dose. One 
explanation of this difference was due to biased randomization. More patients with 
severe stroke were randomized to the high dose group. Since there was a trend 
towards a more favorable outcome in patients on low dose lubeluzole compared to 
placebos patients, high-dose lubeluzole was no longer investigated in clinical 
trials.

A phase III international, multicenter, double-blind, placebo-controlled study in 
ischemic stroke where lubeluzole was administered up to 8 h following symptom 
onset, failed to show efficacy. Further development of this product has been stopped. 
Combining neuroprotective drugs such as lubeluzole simultaneously with rTPA is 
feasible and safe but a study of this combination did not show any difference of 
results between the treatment and the placebo groups when it was discontinued 
because other clinical trials of lubeluzole did not show efficacy. Moreover, lubelu-
zole, given in the acute phase of ischemic stroke is associated with a significant 
increase of cardiac conduction disorders.

 Nalmefene

Nalmefene is an opioid antagonist with relative kappa receptor selectivity. It has 
shown neuroprotective effects in multiple experimental CNS injury and ischemic 
models and has a well-established safety profile in various clinical indications. A 
phase II, placebo-controlled, double-blind, randomized, dose-comparison, parallel- 
group study to evaluate the effects of a 24 h administration of nalmefene injection 
in patients with acute ischemic stroke within 6 h of onset of symptoms showed that 
it was safe but there was no significant overall difference from those treated with 
placebo. A phase III study was completed but the results were not published. There 
is currently no active development of this drug for neuroprotection.
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 Gavestinel

Gavestinel (Glaxo Wellcome’s GV150526) is a highly selective antagonist of NMDA 
at the glycine site. Studies in animal models of ischemic stroke have shown that 
gavestinel is effective even if treatment was delayed for 6 h after onset of ischemia. 
Preliminary studies in human volunteers as well as ischemic stroke patients showed 
that the drug was well tolerated. A randomized, double-blind, placebo- controlled 
phase III trial showed that treatment with gavestinel within 6 h of acute ischemic 
stroke did not improve outcome and further development was discontinued.

 Nimodipine

Nimodipine is the most extensively studied calcium channel blocker for stroke. It 
has both cerebrovasodilator and neuroprotective effects at doses that have little or 
no effect on peripheral circulation. Nimodipine has been effective in delayed isch-
emic deficits of subarachnoid hemorrhage and when given within the first few hours 
after stroke. However, the compound has been relatively ineffective in clinical trials 
of stroke when given 13–24 h after onset of symptoms.

The Very Early Nimodipine Use in Stroke (VENUS) trial was a phase III, ran-
domized, double-blind, placebo-controlled trial designed to test the hypothesis that 
early treatment (within 6 h of onset) with nimodipine has a positive effect on sur-
vival and functional outcome after stroke. At trial termination no effect of nimodip-
ine was found and further development of nimodipine for the indication of ischemic 
stroke was discontinued although the product is available in the market for the treat-
ment of SAH due to ruptured intracranial aneurysms. A metaanalysis confirmed the 
significant efficacy of prophylactic nimodipine in improving outcome after sub-
arachnoid hemorrhage. Although clinical trials in TBI did not show efficacy, 
nimodipine was found to be effective for traumatic subarachnoid hemorrhage (see 
Chap. 4). It has also been investigated in clinical trials for various types of dementia. 
Susceptibility to iron overload varies in different cell types of the brain and nimodip-
ine may serve as protective agent in conditions involving iron overload, particularly 
in cell types highly susceptible to iron toxicity (Lockman et al 2012).

 Sipatrigine

Sipatrigine is a sodium channel blocker that has been shown to exert significant 
neuroprotection in animal models of stroke. Sodium channel blockade offers a site 
of action for neuroprotection different from any of the various sites that have been 
largely studied by the pharmaceutical companies to date. Sodium channel blockade 
offers potential major advantages at the site of neuroprotection. Further, with an 
action at this site, sipatrigine was useful for both ischemic and hemorrhagic strokes 
and to protect any region of the brain (both gray and white matter). Several phase II 
studies were conducted. Evaluation of efficacy was done using diffusion weighted 
MRI. Further development was discontinued due to neurotoxicity.
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 Causes of Failure of Stroke Trials

A huge number of pharmacological agents targeted at neurotransmitter receptors 
and ion channels have been shown to reduce ischemic brain damage in animal mod-
els. However, no clear evidence of clinical improvement with any neuroprotective 
drug has yet been obtained in clinical trials in stroke patients.

Trafermin, a recombinant bFGF, is a good example of a translational failure in 
neuroprotection. However, trafermin may also promote neuronal plasticity after 
cerebral insults (Jäkälä and Jolkkonen 2012). Thus, clinical trials with trafermin in 
stroke are warranted but should be based on neuronal restoration rather than acute 
neuroprotection.

Of the 35 failed trials listed in Table 3.6, 25 were discontinued during or after 
completion of phase III.  Notable among the failures are trials with Aptiganel, 
Selfotel, Clomethiazole, Eliprodil, D-CPPene, Lubeluzole, Gavestinel and BMS 
204352 that were suspended before completion of patient recruitment or failed to 
provide compelling evidence of clinical efficacy. Some trials were discontinued due 
to neurotoxicity.

A promising neuroprotectant, NXY-059 (AstraZeneca), which showed signifi-
cant neuroprotective properties in the SAINT-I phase III clinical trial failed in the 
second phase III trial (SAINT-II Trial), which was attributed to an inconsistent 
methodology, and could not have been attributed to the neuroprotectant itself. The 
authors stated that NtBHA, the product of NXY-059 hydrolysis, is in fact the potent 
free radical scavenger, which oxidizes to its parent spintrap MNP, which could 
release NO upon exposure to light. This NtBHA was present in the ‘old’ NXY-059 
that was used in the SAINT-I Trial, but missing in the SAINT-II Trial NtBHA, 
which used a relatively ‘fresh’ NXY-059 prepared by a new method for inhibiting 
the hydrolysis of NXY-059 (AstraZeneca patent 527).

The large number of failed clinical trials has raised a reasonable concern as to 
how best to approach the future development of neuroprotective therapies in stroke. 
Although several recommendations have been made for standards regarding pre-
clinical neuroprotective and restorative drug development, it is unlikely that any 
neuroprotective drug would be successful in a large and expensive clinical trial 
unless the preclinical evaluation is rigorous and detailed. The causes of failures are 
multiple and include the following:

• Lack of efficacy. Definition of the effective dose in clinical trials has been a 
recurring issue in antiischemic drug development because of concerns about 
adverse effects.

• Poor therapeutic ratios
• Problems about transport of small molecule drugs across the BBB to the site of 

action. Drugs that cross the BBB in small animals when it is disrupted under 
experimental conditions may not do so in human patients with intact BBB.

• Many small molecule neuroprotectives have poor safety profiles.
• Difficulty in evaluating results in a heterogeneous group of stroke patients.
• Disparity in the results of safety and efficacy in animal experiments and 

clinical use.
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• Inadequate evaluation of animal experimental studies before proceeding to clini-
cal trials.

• Drugs that work when administered to animals within 1–2 h of stroke onset have 
only been tested in humans 4–48  h after onset, when little brain is left to 
salvage.

• Failure of drugs such as NMDA antagonists to protect cerebral white matter from 
ischemic damage may have contributed to lack of functional improvement in 
clinical trials of these agents, despite their proven ability to protect neuronal 
perikarya in animal models.

• Inappropriate patient selection: e.g. patients with cortical rather than lacunar 
infarcts should be the main target of neuroprotective therapy.

• Targeting patients with potential to benefit enables a substantial sample size 
reduction without compromising statistical power or duration of recruitment. 
Clinical selection can be aided by brain imaging and genotyping.

There are many examples of compounds showing neuroprotective efficacy in 
animal models of stroke but not in clinical trials. It is possible that some or all of 
these compounds possess poor therapeutic ratios, which results in the administra-
tion of sub-efficacious doses in order to avoid the emergence of side-effects. 
Neuroprotective efficacy can be established using the mouse permanent (24 h) mid-
dle cerebral artery occlusion model. Side-effect liability is determined by assess-
ment of motor coordination using the rotarod test. The therapeutic ratio is calculated 
as the ratio between the minimum effective dose (MED) for significant impairment 
in rotarod performance and the MED for significant neuroprotection. Compounds 
are administered intraperitoneally 30 min prior to onset of ischemia. Drugs such as 
Ifenprodil, Cerestat and Selfotel, that have failed in clinical trials, have very low 
therapeutic ratios of < or = 1, whereas compounds with more tolerable clinical side- 
effect profiles have higher therapeutic ratios (2 for Sipatrigine, and 10 for 
Remacemide). It is concluded that the lack of efficacy of some neuroprotectants in 
clinical trials may well be a consequence of their poor therapeutic ratios.

Clinical trials are sometimes started without a thorough and critical review of 
preclinical animal experimental evidence. Examples of this are earlier clinical trials 
of nimodipine, which did not demonstrate a beneficial effect on outcome after 
stroke. Later, a systematic review of animal experiments with nimodipine in focal 
cerebral ischemia was carried out to determine whether the evidence from animal 
experiments with nimodipine supported the use of nimodipine in clinical trials. 
Most of the studies were excluded because of poor methodological quality. Of the 
included 20 studies, only 50% were in favor of nimodipine. In-depth analyses 
showed statistically significant effects in favor of treatment (10 studies). No influ-
ence of the length of time to the initiation of treatment or of the methodological 
quality on the results was found. The results of this review did not show convincing 
evidence to substantiate the decision to perform trials with nimodipine in large 
numbers of patients. There were no differences between the results of the animal 
experiments and clinical studies. Surprisingly, the animal experiments and clinical 
studies ran simultaneously.
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 Measures for Prevention of Failures in Stroke Trials

Unacceptable adverse effects have been a problem with some NMDA receptor 
antagonists and anti-leukocyte adhesion agents. However, development of other 
agents in these classes that have better risk-to-benefit ratios may lead to an effective 
neuroprotective drug. Lack of efficacy and unacceptable adverse effects preclude 
further development of a product, but these can be detected in exploratory trials to 
avoid the lengthy and expensive course of phase III clinical trials. Guidelines for 
preclinical assessment of neuroprotective agents in models of acute ischemic stroke 
are shown in Table 3.8.

Problems of drug delivery across the BBB need to be addressed. Several large 
molecule candidates such as neurotrophic factors can only be delivered by invasive 
methods. They would be good candidates with better chances of success in clinical 
trials only if they could be delivered across the BBB by a special targeted drug 
delivery technology. An example of this the delivery of BDNF, which is ineffective 
in stroke if given intravenously. One suitable transport vector for this is a peptido-
mimetic MAb that is transported by an endogenous BBB-RMT system, such as the 
transferrin receptor (TfR). The MAb undergoes receptor-mediated transcytosis 
across the BBB via the endogenous transferrin-receptor transport system, and car-
ries any drug attached to the MAb across the BBB. The BDNF is conjugated to the 
MAb with avidin–biotin technology. Alternatively, a BDNF-MAb fusion gene and 
fusion protein could be produced. In either case, it is necessary that the  bifunctionality 

Table 3.8 Preclinical assessment of neuroprotective agents in acute stroke models

Topic/problem Measures

Animal models Most drugs should be evaluated initially in rodent permanent occlusion 
models

Small versus large 
animals

Studies should be conducted in both small and large animals and should be 
replicable

Study design All preclinical studies should be performed in a blinded, randomized 
manner with adequate physiological monitoring

Drug delivery Selection of proper drug delivery technology or compound that crosses the 
blood-brain barrier.

Optimal dose Establish dose response curves
Time window Most animal studies have short time windows (less than 2 h) whereas 

clinical studies have longer ones (more than 3 h). It would be more 
appropriate to give these drugs earlier in clinical trials.

Outcome Should be evaluated by measuring both the infarct size and the functional 
response

Target population Do not extrapolate results from young healthy animals to frail and old 
stroke patients

Combination of 
therapies

More than one mechanism of ischemia may be targeted by using either a 
compound with more than one action or a combination of therapies with 
different modes of action
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of the chimeric peptide be maintained so that the drug binds both to the TfR to 
enable transport across the BBB, and to the neuronal trkB BDNF receptor to cause 
neuroprotection subsequent to transport.

Better animal models and caution in extrapolating the experimental results into 
clinical situations are some of the other measures to reduce the risk of failure in 
clinical trials. Stroke trials are difficult to design, and great care should be taken in 
stratifying the patients. Some drugs such as citicoline, clomethiazole, and nalmefene 
did show more efficacy in certain subgroups of patients than in the stroke population 
as a whole. Targeting of these agents towards the groups in which they are more 
likely to work may uncover efficacy. A suggested road map (see Fig. 3.4) involves 
the following steps for putative neuroprotectants: (1) better proof of efficacy in ani-
mal models; (2) in vivo evidence of efficacy in human tissue using cell cultures or 
brain slices; (3) in  vivo studies of their distribution in the normal and ischemic 
human brain, particularly focusing on the ischemic penumbra; (4) demonstration of 
efficacy in novel human models of cerebral ischemia; and (5) phase II and III clini-
cal trials with penumbral selection using imaging techniques (Donnan 2008).

Delay in start of treatment has been a critical reason for the failure of past neuro-
protective trials in humans. Having paramedics start neuroprotective agents in the 
ambulance is a promising strategy for accelerating the start of treatment. A roadmap 
for neuroprotection is shown in Fig. 3.4.

 Design of Acute Stroke Trial to Facilitate Drug Approval

The development of additional acute stroke therapies represents a large unmet need 
with many remaining challenges and opportunities to incorporate novel approaches 
to clinical trial design that will facilitate regulatory approval. The approval of acute 
stroke therapies requires adequate safety and efficacy data that meet the current 
regulatory standards. The FDA has recognized that stroke is a serious and life- 
threatening condition, making it eligible for the fast-track approval process. Because 
tPA remains the only approved drug for acute ischemic stroke, there is limited 

Fig. 3.4 A roadmap for neuroprotection. Redrawn after concept of Donnan (2008) (see preceding 
text)
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experience with the regulatory process in neuroprotective therapies. Because of the 
poor record of neuroprotective monotherapy for acute ischemic stroke, combination 
therapies are the most likely way to markedly enhance the potential for improving 
outcome. One approach to approval of a neuroprotective therapy for stroke is to add 
it to tPA therapy. However, FDA requires that data for each drug in the combination 
be submitted. At least the safety of the neuroportective agents should be demon-
strated along with some evidence that the combination is better than either therapy 
alone. Clinical trial designs for neuroprotective therapies in stroke will be somewhat 
complicated.

 The Ideal Neuroprotective Agent for Stroke

Search continues for the ideal neuroprotective agent for stroke. Characteristics of an 
ideal neuroprotective are:

• Ability to cross the BBB
• Effectiveness in reducing mortality and disability in all types of stroke
• A good risk to benefit ratio
• Devoid of major cardiovascular, hematological and CNS adverse effects
• No cerebral vasodilator effect or stimulation of cerebral metabolism

The BBB is intact in the first 3–4.5 h after a stroke, when there is an opportunity 
for neuroprotection. Therefore, a drug that does not cross the BBB would not be 
expected to be an effective neuroprotective agent in clinical trials. Drugs that do not 
cross the BBB could still be neuroprotective in preclinical studies if the BBB is 
disrupted in animals subjected to experimental stroke.

The neuroprotective drug should be administered intravenously as soon as pos-
sible after the insult and therefore these agents must be water soluble. The drug 
should be devoid of anticoagulant effect as it may be administered before the CT 
scan. The duration of administration should be as long as the progression of brain 
damage occurs (approximately a week). Oral bioavailability of these compounds is 
a desirable property. Neuroprotective agents may be combined with thrombolytic 
therapy to prevent reperfusion injury. Now that thrombolytic therapy is available, 
search is on for the ideal neuroprotective agent has been intensified.

 Prevention of Stroke

The focus of this report is protection of the CNS after a stroke has occurred. 
Prevention of stroke is a longterm strategy in healthcare. As factors in the causation 
of cerebrovascular diseases are being recognized increasingly, prevention of patho-
logical risk factors and causes will become more effective. Examples of interven-
tions for stroke prevention based on control of risk factors are listed in Table 3.9.

 Prevention of Stroke
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A discussion of preventive measures based on risk factors for stroke is beyond 
the scope of this report. Atherosclerosis is a multifactorial disease with genetic and 
environmental factors such as sedentary lifestyles, and unhealthy eating. Analysis of 
lipid extracts from human carotid endarterectomy and carotid artery samples from 
young individuals has consistently demonstrated the presence of bacterial serine 
dipeptide lipid classes, including Lipid 654, an agonist for human and mouse Toll- 
like receptor (TLR)2, and Lipid 430, the deacylated product of Lipid 654, which 
likely occurs in diseased artery walls due to phospholipase A2 enzyme activity 
(Nemati et al 2017). These results suggest that commensal Bacteriodetes bacteria of 
the gut and the oral cavity may contribute to the pathogenesis of TLR2-dependent 
atherosclerosis through serine dipeptide lipid deposition and metabolism in artery 
walls. How the bacteria produce the lipids and how they could get from the mouth 
into the bloodstream is being investigated. There is a potential for developing phar-
macological agents that could treat atherosclerosis by blocking this process.

 Concluding Remarks and Future of Neuroprotection in Stroke

Results of past research involving N-methyl-d-aspartate and α-amino-3-hydroxy-5-
methyl-4-isoxazole propionate receptor antagonists, clomethiazole, antioxidants, 
citicoline, nitric oxide, and immune regulators have laid the groundwork for current 
approaches to neuroprotection in stroke. Recent studies involving therapeutic hypo-
thermia, magnesium, albumin, glyburide, uric acid, and a variety of other treatments 
have provided more options, and use of neuroprotective agents in combination with 
existing thrombolytic treatments is one of the several promising areas for further 
development (Karsy et al 2017). Although past trials of neuroprotective agents in 
ischemic stroke had limited success, improved knowledge of pathomechanism of 
stroke and trial design have increased prospects for success of future therapies.

The future of management of stroke is promising. The physicians will have at 
their disposal some reasonable method of neuroprotection, which will improve the 
outcome of acute stroke when used in combination with sound traditional manage-
ment, thrombolytic therapy and intensive care. If current neuroprotective approaches 

Table 3.9 Stroke prevention based on control of risk factors

Avoidance of obesity
Cessation of smoking
Control of diabetes mellitus
Control of risk factors for atherosclerosis
Dietary modifications
Lowering of blood lipids
Promotion of physically active life style
Treatment of hypertension

© Jain PharmaBiotech

3 Neuroprotection in Cerebrovascular Disease



273

only delay rather than arrest cell death, future strategies may require “rational” 
polytherapy that combines drugs with different mechanisms of action, perhaps 
administered at different post-stroke intervals and in combination with reperfusion 
strategies. The concept of the therapeutic window is evolving from a single rigid 
and narrow time period to multiple potential overlapping and sequential windows, 
spanning minutes, hours, days, weeks, and months after stroke. Although most trials 
have concentrated on excitotoxicity, newer targets, including inhibition of inflam-
matory reactions and apoptosis, are being explored. The time point at which the 
therapeutic transition from neuroprotection to repair occurs merits further study.

Several candidates are available and these need to be evaluated against the back-
ground of current knowledge of pathophysiology of stroke at a molecular level and 
clinical objectives. The most promising compounds currently are free radical scav-
engers, anti-excitotoxic compounds and anti-apoptosis agents. Because multiple 
mechanisms play a role in brain damage during ischemia, neuroprotectives acting at 
more than one point in the ischemic cascade will have better prospects than those 
intervening at only one stage. Various strategies may be combined to enhance the 
neuroprotective effect, but it may be difficult to prove the effect of individual agents 
in clinical trials. Combination drug therapy may be necessary to reduce the devas-
tating neurological and behavioral deficits of acute ischemic stroke. Future placebo- 
controlled, double-blind clinical trials are needed to test the hypothesis that 
combination therapies will result in better outcomes for stroke patients. Recent 
innovations in strategies of preclinical drug development and clinical trial design 
that rectify past defects hold great promise for neuroprotective investigation, includ-
ing novel approaches to accelerating time to initiation of experimental treatment, 
use of outcome measures sensitive to treatment effects, and trial testing of combina-
tion therapies rather than single agents alone.

Antioxidant approaches are promising for neuroprotection in cerebral ischemia. 
Unlike NMDA receptor antagonists, brain-penetrating drugs with antioxidant 
affects protect not only neuronal perikarya but also axons and oligodendrocytes as 
well as improving neurological outcome after focal ischemia in rats. The view that 
oxidative damage is a crucial target for therapeutic intervention is further supported 
by evidence that oxidative stress and lipid peroxidation by-products are toxic to 
axons and oligodendrocytes as well as to neuronal perikarya. The nonselective 
nature of oxidative damage means that it has the potential to involve all cellular 
types and cellular components of normally functioning brain tissue: neuronal peri-
karya, axons, oligodendrocytes, astrocytes, microglia, and endothelial cells. By 
attenuating oxidative damage, protection of all cellular elements rather than selec-
tive neuronal protection may be possible.

The application of neuroprotectives will extend to prevention of brain damage 
during high-risk cardiovascular and anesthetic procedures. An incentive to the 
development of neuroprotectives will be application in neurodegenerative disorders, 
which share some common mechanisms with cerebrovascular ischemia. Despite 
failures in clinical trials, the number of compounds in late development are promis-
ing. Neuroprotectives as adjuncts to thrombolytic therapy would require testing in 
well-designed clinical trials. Several neuroprotectives based on various  mechanisms, 
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are still in advanced phases of clinical development. It is hoped that at least one or 
two of these may reach the market in the future.

Cell therapy for stroke is promising and acts by replacement of lost cells or 
secretion of neurotrophic/neuroprotective factors. Clinical trials of cell therapy are 
in progress. Gene therapy will also play an important part in the management of 
stroke in the near future. Neuroprotection has been demonstrated against a variety 
of in vitro and in vivo rodent models of necrotic insults with vectors overexpressing 
genes that target various facets of injury: calcium excess, accumulation of reactive 
oxygen species, protein misfolding, inflammation, and apoptosis. Although gene 
therapy is quite promising, some cautions need to be considered. These include 
whether gene therapy interventions actually prevent, rather than merely delay, neu-
ron death; the extent to which the effects of such vectors on neuronal cell biology is 
actually understood; the potential adverse effects of the use of such vectors; and 
whether sparing a neuron from death with one of these interventions spares function 
as well.
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 Introduction

Neuroprotection is important in injuries of the CNS. Immediate damage from the 
injury may not be reversible but the progression of the chain of events, which aggra-
vate brain damage, can be prevented by an effective strategy for neuroprotection. 
Two major forms of CNS injury are traumatic brain injury (TBI) and spinal cord 
injury (SCI), which will be discussed in the following chapter. TBI is the term 
applied to brain injury caused by external physical trauma. A classification of closed 
TBI is shown in Table 4.1. A patient with CNS injury may have multiple injuries, 
which may produce complications in the brain that require neuroprotection.

 Cerebral Hypoxia/Ischemia as a Complication of Trauma

Trauma can lead to cerebral hypoxia/ischemia in several ways as follows:

• Closed head injury can lead to occlusion of intracranial arteries. Traumatic aneu-
rysms may also occur and rupture with intracerebral hemorrhage.

• Blunt trauma to the neck can lead to occlusion of carotid and vertebral arteries.
• Delayed post-traumatic intracerebral hematomas.
• Fat embolism of the brain from fracture of bones.
• Shock and blood loss associated with multiple organ injury in elderly patients 

with hypertension and atherosclerosis can cause cerebral ischemia.

Cerebral hypoxia is associated with poor short-term outcome after severe TBI, 
independently from elevated intracranial pressure, low cerebral perfusion pres-
sure and injury severity. Cerebral hypoxia is an important therapeutic target after 
severe TBI.

Hemorrhagic shock is a state of physical collapse caused by the sudden and rapid 
loss of significant amounts of blood resulting from injuries. This can cause severe 
hypotension and decrease of cerebral blood flow. If compensatory mechanisms are 

Table 4.1 Classification of closed TBI

Manifestations Mild Moderate Severe

Confusion and disorientation <24 h >24 h >24 h
Loss of consciousness <30 min >24 h but <7 days >24 h
Memory loss <24 h >7 days >7 days
Brain imaging Normal Normal May be abnormal

US Veterans Brain injury Center
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overwhelmed, it results in cerebral ischemia/hypoxia. Other organ dysfunction, 
 tissue damage and death can occur within minutes unless transfusion is quickly 
given to restore normal blood volume.

 Epidemiology of TBI

Persons engaged in certain sports are especially vulnerable, and an estimated 1.6–
3.8 million sports-related TBIs occurring annually. Traffic accidents are another 
cause of TBI. Approximately 500,000 persons are hospitalized for severe TBI in the 
US every year, of which 75,000 die and 83,000 survive with permanent disability. 
Approximately 25% of survivors of moderate to severe TBI develop epilepsy and 
5% of all cases of epilepsy are due to TBI. Some survivors of TBI remain in a veg-
etative state. Brain damage as a cause of death or persistent disability is a major 
health problem worldwide. With improved emergency care, the survival rate is 
higher than in previous wars and there is significant neurological disability among 
the survivors. Acute, single-incident TBI is found in the history of 20–30% of 
patients with AD or PD but in only 8–10% of control subjects.

 TBI in the Military

Military personnel, especially those in combat zones, face a distinct risk of TBI. The 
injuries can range from mild to severe, and their effects can appear within minutes 
or hours or sometimes weeks or even years later. Although estimates of incidence 
and prevalence vary, the available data point to TBI as a significant cause of mortal-
ity and morbidity in the conflicts in Iraq and Afghanistan. In one estimate, 10–20% 
of returning veterans have sustained a TBI, while other estimates suggest that TBI 
accounts for up to one-third of combat-related injuries. Increased use of improvised 
explosive devices in the conflicts in Iraq and Afghanistan has resulted in a higher 
number of blast-related injuries as compared with previous combat operations.

 Pathophysiology of TBI

TBI is termed “penetrating” if it results from an object piercing the skull or as 
“closed” if it results from blunt-force trauma that does not break through the skull, 
and is categorized by the severity of the symptoms: mild, moderate, or severe. Mild 
TBI (mTBI), also referred to as concussion, accounts for more than 75% of TBIs 
that occur annually in both military and civilian populations. One category of TBI 
that occurs most often in the military is blast TBI (bTBI) due to shock wave effect 
of explosives. Responses to TBI are diverse and complex, depending on the severity 
of injury, the location of injury, and variations in how individuals respond to the 
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injury. The cascade of events following TBI is shown in Fig. 4.1. Multiple mecha-
nisms/pathways involved in damage to the brain indicate that strategies combining 
more than one agent may be required for neuroprotection in TBI.

Examples of neuroprotective strategies based on pathophysiologic responses to 
TBI are shown in Table 4.2.

 Immediate Damage Following TBI

TBI has long been thought to evoke immediate and irreversible damage to the brain. 
One major event-taking place at the moment that TBI occurs is the massive ionic 
influx referred to as traumatic depolarization. Excitatory amino acids may play a 
vital role in this depolarization. This represents one of the most important mecha-
nisms of diffuse neuronal cell dysfunction and damage associated with TBI.

Fig. 4.1 Cascade of events following traumatic brain injury. (© Jain PharmaBiotech)
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 Blast Injury Sequelae

TBI from blast exposure is usually characterized by internal injuries, such as cere-
brovascular damage, neuronal injury, and brain contusion, without skull injuries. 
Strong blasts may cause severe and acute TBI with gross neuropathological 
changes whereas exposure to mild blast forces (bTBI) may result in delayed or 
subclinical sequelae. A study on rodent blast TBI model with blast forces below the 
level that causes gross neuropathological changes, revealed microvascular damage, 
axonal injury, neuroinflammation in cerebral cortex, striatum and hippocampus 
that caused deficits in hippocampal short-term plasticity and synaptic excitability, 
but no impairments in long-term potentiation (Hernandez et al 2018). Finally, a 
biochemical analysis by the authors revealed that the Ca2+-dependent protease cal-
pain is overactivated after mild bTBI, indicating that Ca2+ homeostasis is disturbed. 
Even mild bTBI can induce a chain of pathophysiological effects with long-lasting 
consequences for neuronal functions.

Table 4.2 Pathophysiologic responses to TBI and for neuroprotective strategies

Pathophysiological responses Neuroprotective strategies

Blood-brain barrier: disruption Hyperbaric oxygen
Cerebral blood flow: decreased No measures required for slight or 

moderate decrease in CBF
Cerebral circulation disturbances: cerebral ischemia, 

vasospasm, vascular occlusion
Hyperbaric oxygen

Cerebral edema Dehydrating agents, hyperbaric oxygen
Cerebral metabolism impaired: e.g., altered glucose 

metabolism, lactic acidosis
Nutritional measures for correction

DNA damage
Electrophysiological disturbances: seizures Anticonvulsants
Enzyme activation: e.g., calpains, caspases, 

endonucleases, metalloproteinases
Calpain inhibitors, etc

Excitotoxicity: glutamate release/
Hypoxia Hyperbaric oxygen
Ionic disturbances: efflux of potassium, influx of 

calcium and sodium
Correction of electrolyte imbalance

Mitochondrial disturbances/failure
Neuroinflammation Antiinflammatory agents
Neuron injury: e.g., apoptosis, axonal tear Targeting antiapoptotic genes and 

proteins, neurotrophic factors
Neurotransmitter alterations: e.g., serotonin, 

acetylcholine, GABA, dopamine
Oxidative stress: reactive oxygen and nitrogen 

species
Antioxidants

© Jain PharmaBiotech
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 Cerebral Edema Following TBI

Cerebral edema and associated increased intracranial pressure are major immediate 
consequences of TBI that contribute to most early deaths. An important component 
of brain edema after TBI is astrocyte swelling (cytotoxic edema). In an in vitro 
fluid percussion model of TBI, exposure of cultured rat astrocytes to 5 atmospheres 
of pressure resulted in significant cell swelling at 1–24 h posttrauma that was maxi-
mal at 3 h (Jayakumar et al 2008). Trauma to astrocytes increased the production 
of NO and free radicals. Trauma also induced mPT and increased phosphorylation 
(activation) of MAPKs. Antioxidants, N-nitro-l-arginine methyl ester, the mPT 
inhibitor cyclosporin A, and inhibitors of MAPKs all significantly diminished 
trauma- induced astrocyte swelling. These findings demonstrate that direct mechani-
cal injury to cultured astrocytes brings about cell swelling, which can be ameliorated 
by blockade of oxidative/nitrosative stress.

 Delayed Damage Following TBI

Sequelae of TBI are:

• Energy crisis: vulnerability to second injury
• Axonal injury, impaired neurotransmission: cognitive dysfunction, slow reac-

tion time
• Protease activation, altered cytoskeletal proteins, cell death: chronic atrophy, 

development of persistent impairments

Axonal damage is not only direct consequence of traumatic tissue tearing, but 
also results from complex axolemmal or cytoskeletal changes or both which lead to 
cytoskeletal collapse and impairment of axoplasmic transport as evidenced by his-
tological proteopathy. The other change is traumatized brain’s increased sensitivity 
to secondary ischemic insult, which is triggered by neurotransmitter storm evoked 
by TBI. This relatively prolonged (>24 h) brain hypersensitivity offers a potential 
window for therapeutic intervention. Sequelae of protease activation are responsible 
for some of the delayed damage. Figure 4.2 shows secondary injury mechanisms 
after TBI. Although each secondary injury mechanism is often considered to be a 
distinct event, many are highly interactive and may occur in parallel, providing 
justification for multipotential therapies for neuroprotection.

 Mechanism of Axonal Damage After TBI

Mechanical tearing of axons is unlikely to be the sole cause of axonal damage, and 
structural damage (proteolysis of the cytoskeleton leading to loss of microtubules) 
appears not be the cause of disruption of axonal transport. While a subpopulation of 
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injured axons do demonstrate loss of microtubules arising from mechanoporation, 
the majority of large caliber myelinated axons only demonstrate transport deficits as 
indicated by focal accumulations of amyloid precursor protein (APP), which is ret-
rogradely transported. Experimental animals that sustain a single episode of a mild, 
concussive brain injury demonstrate anatomic evidence of axonal injury. Repeated 
exposures to this mild injury (up to three consecutive impacts) result in increased 
density of injured axons and an increased extent of axonal damage. Calpain activa-
tion is observed in axons in subcortical white matter tracts in brain-injured animals 
initially and increases with the number of impacts. The appearance of a cognitive 
deficit a few weeks post-injury is only observed after three consecutive impacts, 
leading to the possibility that there may be a threshold for blast injury TBI-related 
behavioral deficits.

 Role of Neuroinflammation in TBI

Many neurological insults are accompanied by an acute inflammatory reaction that 
can contribute to neuronal damage. This inflammation involves infiltration of blood-
borne polymorphonuclear leukocytes (PMNs) into the injured brain area, which 
cause massive neuron loss and morphological changes in glial cells such as astro-
cyte detachment and aggregation. Furthermore, PMNs exacerbated kainic acid- and 
oxygen glucose deprivation-induced neuron death by 20–30%. The cytotoxic effect 
of PMNs requires heterocellular contact and is ameliorated by protease inhibitors. 
Lymphocytes, on the other hand, are not neurotoxic, but, instead, increased 

Fig. 4.2 Secondary injury mechanisms after TBI. (Modified from: Loane and Faden 2010)
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astrocyte proliferation. These findings suggest that PMN might represent a harmful 
part of inflammation after brain injury that can contribute to secondary damage. The 
role of inflammation in brain injury, however, is controversial, because some studies 
suggest that inflammation may be beneficial in the recovery from brain damage.

 BBB Damage After TBI

BBB is disrupted in acute severe TBI. Glut1 density observed in capillaries from 
acutely injured brain occurs concomitantly with compromised BBB function. 
Vascular endothelial growth factor appears to be increased in brain tissue during 
cerebral trauma, and it also increases the permeability of the BBB via the synthesis 
and release of nitric oxide. After the initial trauma, secondary neuronal injury is 
associated with a neuroinflammatory response characterized by microglial and 
astrocytic activation, resulting in the release of reactive oxygen species and inflam-
matory cytokines. These events result in BBB breakdown and the development of 
cerebral edema.

Because many signaling cascades are initiated immediately after the traumatic 
event, differential protein expression may be involved in BBB function. At acute 
time points postinjury, altered protein expression may result from altered translation 
efficiency or turnover rate rather than from a genomic response. The application of 
tandem 2D gel electrophoresis and mass spectrometry analysis is a powerful 
approach for directly screening differential protein expression following TBI.

 Molecular Events Following TBI

Genomic response to head injury is complex and suggests trauma-induced activa-
tion of multiple signal transduction pathways with the following results:

• Immediate early genes, c-fos and c-jun are observed to be bilaterally induced in 
the cortex and the hippocampus as early as 5  min following fluid percussion 
brain injury in the rat.

• Increased levels of mRNA for inducible heat shock protein (hsp72) are observed 
up to 12 h following injury and are restricted to ipsilateral cortex.

• The cytokines IL-1β and TNF are induced at 1 h following TBI and remain 
elevated up to 6 h post-injury. This is associated with an inflammatory response 
and contributes to cerebral edema.

Explosive blast-induced traumatic brain injury (TBI) is the signature insult in 
modern combat casualty care and has been linked to posttraumatic stress disorder, 
memory loss, and chronic traumatic encephalopathy (CTE). In many cases of mild 
TBI, MRI scans and other conventional imaging technology do not show overt 
damage to the brain. A study using biochemical/molecular strategies has revealed 
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that despite the lack of a lot of obvious neuronal death, even subtle injuries result in 
significant alterations of brain chemistry (Kochanek et al 2013). Injury produced 
~25% mortality from apnea. Blast-induced mild TBI (mTBI) was characterized by 
fiber-tract degeneration and axonal injury resulting in inflammation, oxidative stress 
and gene activation patterns akin to neurodegenerative diseases such as AD. Although 
biomarkers of inflammation and oxidative stress, which reflects disruptions of cell 
signaling, were elevated, there was no indication of energy failure that is seen with 
poor tissue oxygenation. It appears that although the neurons do not die after a sin-
gle episode of mTBI, they do sustain damage, and it remains to be seen what 
repeated concussions will do to the brain over a long term.

 Chronic Traumatic Encephalopathy

Chronic traumatic encephalopathy (CTE) is the term used for neuropathological 
changes consistent with long-term repetitive concussive brain injury seen in football 
players and boxers. The clinical features of boxing-related CTE include various 
symptoms affecting the pyramidal and extrapyramidal systems, which manifest 
most often as disturbed gait and coordination, slurred speech and tremors, as well as 
cerebral dysfunction causing cognitive impairments and neurobehavioral distur-
bances. Post-traumatic stress disorder (PTSD) frequently accompanies TBI, but the 
relationship is not well understood. Both amateur and professional boxers are 
potentially at risk of developing CTE. No current epidemiological study has been 
done to determine the prevalence of this condition in modern day boxing, but 17% 
of professional boxers in UK with careers in the 1930–50s had clinical evidence of 
CTE (McCrory et al 2007). Of the 51 neuropathologically confirmed cases of CTE 
in literature, 46 (90%) occurred in athletes: 39 boxers (85%), 5 football players 
(11%), 1 professional wrestler, and 1 soccer player (McKee et al 2009). The neu-
rofibrillary degeneration of CTE is distinguished from other tauopathies by prefer-
ential involvement of the superficial cortical layers, irregular patchy distribution in 
the frontal and temporal cortices, propensity for sulcal depths, prominent perivas-
cular, periventricular, and subpial distribution, and marked accumulation of tau- 
immunoreactive astrocytes. Deposition of Aβ, most commonly as diffuse plaques, 
occurs in fewer than half the cases. CTE was diagnosed post-mortem in a Rugby 
player where diagnosis was missed during life (Stewart et al 2016). This article 
points out that there is under-recognition of CTE in patients presenting with neu-
rodegenerative disease, particularly where head injury exposure might have been 
historical and through sport.

A direct causative link(s) between concussion and CTE has not been established 
so far. Typically, sport-related CTE occurs in a retired athlete with or without a his-
tory of concussion(s) who presents with a constellation of cognitive, mood, and/or 
behavioral symptoms and who has postmortem findings of tau deposition within the 
brain. There are many confounding variables, however, that can account for brain 
tau deposition, including genetic mutations, drugs, normal aging, environmental 
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factors, postmortem brain processing, and toxins. An article has reviewed some 
neurodegenerative diseases that may present with similar findings in nonathletes 
(Davis et  al 2015). The article also reviews pathological changes identified with 
normal aging, and the pathological findings of CTE in light of all these factors. 
Although many of these athletes have a history of exposure to head impacts as a part 
of contact sport, there is insufficient evidence to establish causation between sports 
concussion and CTE. It is likely that many of the cases with neuropathological find-
ings represent the normal aging process, the effects of opiate abuse, or a variant of 
frontotemporal lobar degeneration. Whether genetic causes may place athletes at 
greater risk of neurodegenerative disease is yet to be determined.

TAR DNA-binding protein of ~43kd (TDP-43) proteinopathy affecting the fron-
tal and temporal cortices, medial temporal lobe, basal ganglia, diencephalon, and 
brainstem has been reported in atheletes with CTE (McKee et al 2010). Some of 
these also developed a progressive ALS with profound weakness, atrophy, spastic-
ity, and fasciculations several years before death. In these cases, there were abun-
dant TDP-43-positive inclusions and neurites in the spinal cord in addition to tau 
neurofibrillary changes, motor neuron loss, and corticospinal tract degeneration. 
The TDP-43 proteinopathy associated with CTE is similar to that found in fronto-
temporal lobar degeneration with TDP-43 inclusions, in that widespread regions of 
the brain are affected. Akin to frontotemporal lobar degeneration with TDP-43 
inclusions, in some individuals with CTE, the TDP-43 proteinopathy extends to 
involve the spinal cord and is associated with ALS. This is the first pathological 
evidence that repetitive head trauma experienced in collision sports might be associ-
ated with the development of ALS as suspected from epidemiological data, which 
suggest that the incidence of ALS is increased in association with head injury.

The Center for the Study of Traumatic Encephalopathy at the Boston University 
School of Medicine (http://www.bu.edu/cste/) has studied postmortem the brains 
of six National Football League (NFL) players. Neuropathological studies revealed 
brown tangles, resembling those seen in AD, flecked throughout the brain tissue of 
former NFL players who died young, some as early as their 30s or 40s. The cumu-
lative effect of repeated concussions is different from acute TBI and resembles 
more the course of a neurodegenerative disease. Apart from avoidance of trauma, 
neuroprotective measures similar to those for neurodegenerative disorders may be 
considered.

 Neurocognitive Sequelae of TBI

Neurocognitive effects of repetitive mild TBI were initially recognized in boxers, 
with a syndrome that was distinct from the clinical and pathological sequelae of 
single-incident severe TBI. The clinical syndrome of dementia pugilistica (punch- 
drunk syndrome) is associated with prominent tauopathy, with typical neurofibril-
lary tangles (NFTs) and neuropil threads, distributed in patches throughout the 
neocortex. In contrast to the diffuse Aβ deposits that occurs after single-incident 
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TBI and in the absence of NFTs, the brain that is affected by dementia pugilistica 
shows no Aβ deposition; although tauopathy is prominent, the mesiotemporal 
region, where such tangles first appear in AD, is typically spared (DeKoskey et al 
2010). The tearing of neuronal connections (axonal shearing) disconnects or impairs 
cortical circuitry, thalamic circuitry, or both, contributing to cognitive impairment 
and dementia.

The dementia that follows head injuries or repetitive mild trauma may be caused 
by CTE, alone or in conjunction with other neurodegenerative disorders, e.g. 
AD. Prospective longitudinal studies of persons with TBI, with neuropathological 
verification, will not only improve understanding of head trauma as a risk factor for 
dementia but will also enhance treatment and prevention of a variety of neurodegen-
erative diseases (Gavett et al 2010).

 Changes in Neurotrophic Factors Following TBI

The brain responds to mechanical injury as well as to certain excitatory stimuli by 
regional extracellular release of neurotrophic activity that is not identical to the 
actions of known NTFs. After experimental brain injury in rats, NGF receptors have 
been shown to decrease providing the basis of treatment of head injury with NGF 
infusions.

The brain has evolved several strategies to protect itself against environmental 
insults. These include signals released from injured cells that are capable of initiat-
ing a cascade of events in neurons and glia designed to prevent further damage. 
Cytokines are involved in neural regeneration by modulating the synthesis of NTFs. 
IL-6 is found in the CSF of all individuals and remain elevated while NGF appears 
in the CSF if IL-6 levels reach high concentrations and it is often detected simulta-
neously with or following an IL-6 peak. The amount of NGF correlates with the 
severity of the injury, as indicated by the clinical outcome of the patients. Thus, the 
production of IL-6 within the injured brain may contribute to the release of NTFs by 
astrocytes. Various NTFs released include NGF, NT-3, NT-4/5, BDNF, bFGF, IGFs, 
TGFs and TNFs, which can attenuate neuronal injury initiated by TBI including 
excitotoxins, ischemia and free radicals.

NGF Endogenous NTFs including NGF are shown to be produced following TBI 
in the rat. Elevation of NGF in the cerebral cortical wound is directly mediated by 
IL-1β because it decreases following administration of IL-1β receptor antagonist 
protein via genetically engineered fibroblasts. Such blockade of inflammatory 
response may reduce cerebral swelling but has the disadvantage of suppression of 
NGF-mediated reparative response.

bFGF bFGF is a part of an autocrine cascade that involves induction of bFGF and 
its receptor following TBI, thereby enhancing the ability of the astrocytes to respond 
to bFGF.
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IGF-1 Endogenous concentrations of IGF-1 are depressed after brain injury and 
higher endogenous concentrations of IGF-1 are associated with improved survival 
after TBI.

 Changes in Neurotransmitters Following TBI

Some evidence implicates dopamine (DA) systems with functional and cognitive 
deficits after TBI. Clinical studies report improved patient performance in attention, 
mood, psychomotor and memory tasks with the administration of the DA agonist, 
methylphenidate, following TBI (Wagner et al 2009). Norepinephrine (NE) deficits 
also occur after TBI. These form the basis of pharmacological NE augmentation to 
enhance neurorecovery after experimental TBI. There is no evidence that DA or NE 
augmentation enhances neuroprotection.

 Proteomics of TBI

TBI leads to the accumulation of several neurodegeneration-related proteins, includ-
ing synuclein, ubiquitin, progranulin, TAR DNA-binding protein 43, amyloid pre-
cursor protein (APP), and its metabolite amyloid beta (Aβ), a toxic brain peptide. 
The destructive cellular pathways activated in AD are also triggered following 
TBI. Aβ is commonly found in the brains of elderly patients who died from AD, but 
has also been found in one-third of TBI victims, some of whom are children. It is 
also known that people who experience such a TBI have a 400% increased risk of 
developing AD. Buildup of Aβ occurs during secondary damage that follows imme-
diate “necrotic” death of nerve cells after TBI and can last months, if not years, 
resulting in large areas of loss of brain tissue. Aβ is produced when APP is cut in 
two by the enzyme β-secretase, and then cut once again by another enzyme known 
as γ-secretase.

The expression patterns of two γ-secretase components, presenilin (PS)-1 and 
nicastrin (Nct), have been examined in three paradigms of brain insult in mice: 
closed head injury, intracerebroventricular injection of lipopolysaccharide, and 
brain stabbing (Nadler et al 2008). The results show that in naïve and sham-injured 
brains expression of PS1 and Nct is restricted mainly to neurons. However, follow-
ing insult, the expression of both proteins is also observed in nonneuronal cells, 
consisting of activated astrocytes and microglia. Furthermore, the proteins are coex-
pressed within the same astrocytes and microglia, implying that these cells exhibit 
an enhanced γ-secretase activity following brain damage. In view of the important 
role played by astrocytes and microglia in brain disorders, these findings suggest 
that γ-secretase may participate in brain damage and repair processes by regulating 
astrocyte and microglia activation and/or function.
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Aβ-lowering medications, which are under study for AD, improve outcomes 
after TBI in rodent models, suggesting a pathway toward potential therapeutic inter-
ventions (Abrahamson et al 2009). In future studies, it will possible to monitor the 
presence and fate of amyloid pathology in severe TBI in vivo with amyloid-binding 
ligands using positron-emission tomography (PET) and by quantifying levels of Aβ, 
tau, and phospho-tau in CSF. Ligands for visualizing other pathological proteins 
during life are also in development.

 Genetic Influences on Outcome Following TBI

Several genes have been implicated as influencing the outcome following 
TBI. Currently the most extensively studied gene has been APOE. APOE can influ-
ence overall and rehabilitation outcome, coma recovery, risk of posttraumatic sei-
zures, as well as cognitive and behavioral functions following TBI. Pathologically, 
APOE is associated with increased amyloid deposition, amyloid angiopathy, larger 
intracranial hematomas and more severe contusional injury. The proposed mecha-
nism by which APOE affects the clinicopathological consequences of TBI is multi-
factorial and includes amyloid deposition, disruption of cytoskeletal stability, 
cholinergic dysfunction, oxidative stress, neuroprotection and CNS plasticity in 
response to injury. Those who carried the APOE ε4 allele are more likely to develop 
dementia pugilistica than those who do not.

Other putative genes have been less extensively studied and require replication of 
the clinical findings. The COMT and DRD2 genes may influence dopamine depen-
dent cognitive processes such as executive/frontal lobe functions. Inflammation 
which is a prominent component in the pathophysiological cascade initiated by TBI, 
is in part is mediated by the interleukin genes, while apoptosis that occurs as a con-
sequence of TBI may be modulated by polymorphisms of the p53 gene. The ACE 
gene may affect TBI outcome via mechanisms of cerebral blood flow and/or auto-
regulation and the CACNA1A gene may exert an influence via the calcium channel 
and its effect on delayed cerebral edema. Although several potential genes that may 
influence outcome following TBI have been identified, future investigations are 
needed to validate these genetic studies and identify new genes that might influence 
outcome following TBI.

 Management of TBI

The general principles of current management of a patient with severe TBI are 
shown in Table 4.3. The management can be classified into that of acute phase, late 
sequelae and rehabilitation following head injury.
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 Management During Acute Phase of Head Injury

This is directed at the patient as a whole to care for vital functions such as respiration. 
Surgical measures include repair of open head wounds, evacuation of intracranial 
hematomas and control of cerebral edema. Both pharmacological and non-pharma-
cological approaches may be utilized.

 Control of Intracranial Pressure and Cerebral Edema

Edema is a hallmark of traumatic injury to the brain and spinal cord. It also frequently 
accompanies stroke and often complicates the clinical course of brain tumors. 
Intracranial pressure can be elevated due to mass effect from intracranial hemato-
mas, contusions, diffuse brain swelling, or hydrocephalus. It can rapidly lead to cell 
death by either destroying nerve cells or by physical compression of surrounding 
brain tissue. Intracranial hypertension can also lead to brain ischemia by reducing 
the cerebral perfusion pressure. Intracranial hypertension after TBI is associated 
with an increased risk of death in most studies.

The monitoring of intracranial pressure and the administration of interventions 
to lower intracranial pressure are routinely used in patients with TBI, despite the 
lack of level 1 evidence. The full extent of recovery from injury can be improved by 
controlling edema, but the outcome is not predictable. Current treatments for 
cerebral edema are very limited and include osmotherapy and glucocorticoids 
(dexamethasone). The former involves administration of hypertonic mannitol to 
help reverse the swelling. The beneficial effects of osmotherapy are limited and are 

Table 4.3 Current conventional management of traumatic brain injury

General supportive care of various body functions
Maintenance of respiration
Correction of fluid and electrolyte imbalance
Reduction of increased intracranial pressure and cerebral edema
Osmotic agents
Pharmacological approaches to the injured brain
Corticosteroids
Surgical management
Evacuation of intracranial hematomas
Management of late sequelae
Epilepsy
Rehabilitation for neurological disability
Physical therapy
Mental training

©Jain PharmaBiotech
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often not successful, because osmotherapy shrinks healthy parts of the brain along 
with the damaged area. Glucocorticoids have not been very successful in the treat-
ment of most forms of cerebral edema including stroke-associated edema. One 
approach to management of cerebral edema in TBI is by elevating cerebral perfu-
sion pressure (CPP), which is defined as the mean arterial pressure minus the intra-
cranial pressure (ICP). Treatment protocols for the management of severe head 
injury should emphasize the immediate reduction of raised ICP to less than 20 mm 
Hg if possible. A CPP greater than 60 mm Hg appears to have little influence on the 
outcome of patients with severe head injury. A flow chart of management of raised 
ICP after TBI is shown in Fig. 4.3.

The conventional treatments of cerebral edema requires improvement. Hyperbaric 
oxygen is an effective agent for reduction of cerebral edema and will be discussed 
later in this chapter. Effective control of cerebral edema is essential for neuroprotec-
tion following injury. New pharmacological approaches based on ion channels are 
being developed because ionic imbalance underlies cerebral edema.

Stage I management

If IC still >25 mm Hg, continue and add Stage II management

If IC >25 mm Hg for 1-12 h, continue Stages I & II, proceed to Stage III

Optional treatments to add

Monitoring
Arterial blood pressure
Central venous pressure
Intracranial pressure

Analgesia
Head elevation
Sedation
Ventilation

Hyperbaric oxygen
Hypertonic saline
Hyporthermia
Inotropes
Loop diuretics
Mannitol
Ventriculostomy

Barbiturate coma Decompressive craniectomy
Medical treatment Surgical treatment

Initial treatment

Fig. 4.3 Management of raised ICP after TBI. (© Jain PharmaBiotech)
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 Corticosteroids

High dose corticosteroids, on the basis of their neuroprotective and antioxidant effects, 
have been used to treat severe head injury for over 30 years. Their value is question-
able because of the failure to demonstrate effectiveness in randomized trials. 
Nevertheless, corticosteroids continue to be used widely, albeit inconsistently. The 
Corticosteroid Randomization After Significant Head Injury (CRASH) trial was a 
large-scale, randomized, controlled trial, among adults with head injury and impaired 
consciousness, of the effects of a short-term infusion of corticosteroids on death and 
on neurological disability. Following a successful pilot phase, which included over 
1000 randomized participants, the main phase of the trial over the following 5 years 
involved over 10,000 patients and the results were published (Edwards et al 2005). 
The risk of death or severe disability was higher in the corticosteroid group than in 
the placebo group. There was no evidence that the effect of corticosteroids differed 
by injury severity or time since injury. These results lent support to the view that 
corticosteroids should not be used routinely in the treatment of head injury.

 Decompressive Craniectomy

A randomized study in adults with severe diffuse TBI and refractory intracranial hyper-
tension, showed that early bifrontotemporoparietal decompressive craniectomy 
decreased intracranial pressure and the length of stay in the ICU, but was associated 
with more unfavorable outcomes (Cooper et  al 2011). An international, multicenter, 
parallel-group, superiority, randomized trial, compared last-tier secondary decompres-
sive craniectomy with continued medical management for refractory intracranial hyper-
tension after TBI (Hutchinson et al 2016). At 6 months, decompressive craniectomy for 
severe and refractory intracranial hypertension after TBI resulted in mortality that was 
22% points lower than that with medical management. The rates of moderate disability 
and good recovery with surgery were like those with medical management. Surgery, 
however, was associated with higher rates of vegetative state and more severe disability 
than medical management, which argue for further investigation into the selection of 
patients for decompressive craniectomy after TBI and for the development of more 
refined clinical decision- making tools. Quality of life is an individual determination, and 
one should engage patients’ surrogates in discussions that focus on the patients’ previ-
ously stated wishes and personal values (Shutter and Timmons 2016).

 Neuroprotection in TBI

This topic was originally reviewed in detail and published elsewhere (Jain 2008). 
An updated version of neuroprotective strategies for TBI including investigational 
ones are listed in Table 4.4. Some of these have been described earlier in Chaps. 2 
or 3 (dealing with stroke) and others will be discussed here. Further development of 
several of these was discontinued.
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Table 4.4 Neuroprotective strategies for traumatic brain injury

Pharmacological targeting of various mechanisms for neuroprotection
AMPA-receptor antagonists: zonampanel (YM-872)
Antiepileptic drugs: topiramate, levetiracetam
Antiinflammatory agents: Cox-2 inhibitors, minocycline
Antioxidants: ebselen, allopurinol (xanthin oxidase inhibitor)
Apoptosis inhibitors: erythropoietin, minocycline, cyclin-dependent kinase inhibitors (flavopiridol)
β- and γ-secretase inhibitors
Beta blockers: propranolol
Bradykinin antagonists: Anatibant
Immunophilin ligands: cyclosporine A, FK506
Inodilator: levosimendan
Ion channel blockers: e.g. calcium channel antagonists
Necrosis inhibitors: calpain-inhibitors
Neurotrophic factors and related compounds: NGF, NNZ-2566
Neurosteroids: estrogen, progesterone
NMDA receptor antagonists: traxoprodil, aptiganel, eliprodil, memantine, arcain
Non-NMDA antagonists: NBQX (Novo Nordisk)
Nitric oxide modulators
Oxygen carriers
Polyethylene glycol
Thyrotropin-releasing hormone analogs
Pharmacological neuroprotective agents: or undefined mechanisms
Amantadine
Barbiturates
Cannabinoids: dexanabinol
Creatine
Glutathione
Magnesium sulfate
Pharmacological neuroprotective agents: multpotential
Clinically studied: statins, cyclosporin, progesterone
Preclinical: diketopiperazines, substance P antagonists, cell cycle inhibitors, PARP inhibitors
Nutritional approaches to neuroprotection
Branched chain amino acids
Nicotinamide
Omega-3 fatty acid docosahexaenoic acid
Innovative biological approaches for neuroprotection
Antisense approaches
Cell/gene therapy
Vaccines
Non-pharmacological approaches
Hyperbaric oxygen therapy
Hypothermia
Neurosurgical approaches
Decompressive craniectomy
Deep brain stimulation

© Jain PharmaBiotech
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 Amantadine

Amantadine is known as an antiparkinson drug although its efficacy remains contro-
versial. It has also been used for the treatment of influenza. Amantadine is a weak 
antagonist of the NMDA type glutamate receptor, increases dopamine release and 
blocks dopamine reuptake. Amantadine is one of the most commonly prescribed med-
ications for patients with prolonged disorders of consciousness after TBI. Preliminary 
studies have suggested that amantadine may promote functional recovery. A placebo-
controlled trial of amantadine showed that it accelerated the pace of functional recov-
ery as measured on the Disability Rating Scale during active treatment in patients with 
post-TBI disorders of consciousness (Giacino et al 2012).

 Antioxidants

The injured brain is particularly vulnerable to oxidative stress because of its high 
rate of oxygen consumption, excessive production of ROS, and low antioxidant 
capacity. Oxidative stress is a major contributor to secondary injury cascade fol-
lowing TBI by ROS-induced damage to cellular membranes by lipid peroxidation, 
protein oxidation and nucleotide breakdown. Antioxidants, however, have not 
shown significant benefits in clinical trials on TBI patients.

 Barbiturates

The main mechanism by which barbiturates act as neuroprotectives has not been 
established but it is known that barbiturates decrease cerebral metabolic rate to a 
more profound extent than the accompanying reductions in cerebral blood flow. 
Barbiturates also appear to inhibit lipid peroxidation.

The role of barbiturates in reducing raised intracranial pressure is controversial. 
They were not effective in improving outcome when evaluated against mannitol 
(the more commonly used measure for reducing intracranial pressure) in some clini-
cal trials. The main complication of barbiturates is arterial hypotension. The decline 
in blood pressure may be greater than the reduction in intracranial pressure. The use 
of barbiturates is reserved for TBI patients in whom all other methods of control of 
intracranial pressure fail. A prospective, randomized, cohort study found that thio-
pental seemed more effective than pentobarbital in the control of refractory intracra-
nial hypertension to first-tier measures (Perez-Barcena et  al 2008). These results 
should be interpreted with caution because of the imbalance in the cranial tomogra-
phy characteristics and the different dosages employed in the two arms of the study. 
The incidence of adverse side effects was similar in both groups.
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 β- and γ-Secretase Inhibitors

The role of β- and γ-secretases leading to Aβ deposits following TBI was discussed 
earlier in this chapter in the section on pathomechanism. Agents that inhibit the activ-
ity of γ-secretase are now being studied as treatment for AD (see Chap. 8). Use of 
β- and γ-inhibitors, which are currently in clinical trials for AD, blocked conversion 
of APP to Aβ, reduced loss of neurons in animal models of TBI, and protected the 
animals against motor and cognitive deficits (Loane et al 2009). A further study was 
conducted on mice that were either treated with DAPT, an experimental γ-secretase 
inhibitor, or mice which were “BACE knock-outs”, i.e. genetically altered in such a 
way that they could not produce β-secretase. In unaltered and untreated “normal” 
mice, TBI resulted in a rapid accumulation of Aβ, along with cognitive and motor 
deficits. But DAPT and BACE knock-out mice had brain lesions that were as much 
as 70% smaller than control animals and they experienced minimal impairment. 
The findings further support the connection between AD and TBI and show that 
modulation of β- and γ-secretase may provide novel therapeutic targets for the 
treatment of TBI.

 Beta Blockers

Following TBI, there is a sustained increase in sympathetic nervous system activity 
as measured by both plasma and urinary catecholamine levels. These abnormal levels 
are inversely proportional to the patient’s Glagow Coma Score (GCS). Those patients 
who had normalization of their GCS after injury also had normalization of their 
norepinephrine (NE) levels whereas those that remained comatose had persistently 
elevated NE levels several times the normal values. This is the basis for the use of 
beta-blockade for patients with TBI. In a murine model of TBI, propranolol treated 
mice had significantly improved neurologic recovery and histologic brain edema as 
compared to placebo. Retrospective clinical human data demonstrates both neuro-
logic improvement and a survival advantage associated with beta- blockade in patients 
with TBI. Beta-blockade has the potential to make a significant, clinically relevant 
impact and warrants further evaluation.

 Bradykinin B2 Antagonists

Plasma and CSF levels of bradykinin (BK), the main metabolite of the kallikrein- 
kinin system, are significantly increased after TBI and play a detrimental role in the 
development of the neurological deficit and of the inflammatory secondary damage 
resulting from diffuse TBI. Studies in mice with experimental TBI show that BK 
and its B2 receptors play a causal role for brain edema formation and cell death after 
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TB (Trabold et al 2010). Therefore, blockade of BK B2 receptors might represent an 
attractive therapeutic approach in the pharmacological treatment of TBI. A previous 
clinical trial with Bradycor, a bradykinin receptor antagonist, did not show any 
benefit in phase II controlled trials.

Anatibant, a selective and potent antagonist of the BK B2 receptor, reduces 
intracranial hypertension and histopathological damage after experimental TBI 
(Zweckberger and Plesnila 2009). A phase I double-blind, randomized, placebo- 
controlled study of Anatibant was conducted in severe TBI patients at multiple sites 
worldwide (Shakur et al 2009). This trial did not reach the planned sample size of 
400 patients and consequently, the study power to detect an increase in the risk of 
serious adverse events was reduced. The investigators concluded that the trial pro-
vides no reliable evidence of benefit or harm and a larger trial would be needed to 
establish safety and effectiveness. No further trial was carried out due to lack of a 
sponsor.

 Cell Cycle Inhibitors for TBI

TBI in rats is associated with up-regulation of cell cycle components, caspase- 
mediated neuronal apoptosis and glial proliferation. In primary neuronal and astro-
cyte cultures, cell cycle inhibition by cyclin-dependent kinase (CDK) inhibitors 
(flavopiridol, roscovitine, and olomoucine) were shown to reduce upregulation of 
cell cycle proteins, and limit neuronal etoposide-induced cell death as well as attenu-
ate astrocyte proliferation. The neuroprotective effects of both non-selective (flavo-
piridol) and selective (roscovitine and CR-8) CDK inhibitors have been shown across 
multiple experimental TBI models and species. Cyclin-dependent kinaseinhibitors, 
administered as a single systemic dose up to 24 h after TBI, provide strong neuropro-
tection-reducing neuronal cell death, neuroinflammation and neurological dysfunc-
tion. Given their effectiveness and long therapeutic window, CDK inhibitors appear 
to be promising candidates for a clinical TBI trial (Kabadi and Faden 2014).

 COX-2 Inhibitors for Neuroprotection in TBI

Increases in brain COX-2 are associated with the central inflammatory response and 
with delayed neuronal death, events that cause secondary insults after TBI. Several 
studies support the benefit of COX2-specific inhibitors in treating brain injuries. 
DFU [5,5-dimethyl-3(3-fluorophenyl)-4(4-methylsulfonyl)phenyl-2(5)H)-furanone] 
is a third-generation, highly specific COX2 enzyme inhibitor. In experimental stud-
ies, DFU reduces the rise in prostaglandin E2  in the brain and attenuates injury-
induced COX2 immunoreactivity in the cortex at 24  h after injury. DFU also 
decreases the total number of activated caspase-3-immunoreactive cells in the 
injured cortex and hippocampus, significantly reducing the number of activated 

 Neuroprotection in TBI



302

caspase-3-immunoreactive neurons at 72 h after injury. DFU amplifies potentially 
antiinflammatory epoxyeicosatrienoic acid levels by >4-fold in the injured brain and 
protects the levels of 2-arachidonoyl glycerol, a neuroprotective endocannabinoid, in 
the injured brain. These improvements, particularly when treatment begins up to 6 h 
after injury, suggest exciting neuroprotective potential for COX2 inhibitors for treat-
ment of TBI and supports conduct of phase I/II clinical trials.

 Cyclosporin for Neuroprotection in TBI

Neuroprotection by cyclosporin A, a FDA-approved immunosuppressant, results 
from inhibition of calcineurin and protection from mitochondrial damage caused by 
formation of a mitochondrial permeability transition pore induced by cyclophilin D, 
one of the prolyl cis/trans isomerase family members.

NeuroSTAT® (NeuroVive Pharmaceutical AB) is Cremophor® EL-free formu-
lation of cyclosporin-A and is designed for safe intravenous use. It has been tested 
in models of military TBI and nerve gas poisoning in a collaboration with the 
Walter Reed Army Institute of Research (WRAIR), USA.  The unique WRAIR 
double- insult model of brain trauma and simultaneous hypoxia closely simulates 
the real- life battlefield-injured soldier who may have a delay before reaching 
advanced medical care. Initial work by WRAIR indicates that NeuroSTAT®, is 
highly neuroprotectant. Brain function, memory, learning, and retention rates are 
dramatically improved by cyclosporin treatment in animal models of TBI. 
Cyclosporin is a mitochondrial neuroprotectant that can cross the BBB of the cere-
brum injured by projectile, blast and blunt force. NeuroSTAT® could be adminis-
tered by intravenous injection to brain injured soldiers by first-responder battlefield 
paramedics to stop further brain damage. NeuroSTAT was granted Orphan 
Medicinal Product Designation status by the European Commission in 2010. It is 
in phase II clinical trials.

NeuroVive is developing advanced cyclosporins, cyclophilin inhibitors, and 
new chemical compounds that allow improved passage across the BBB. The com-
pany is also researching and developing Non Immunosupressive Cyclosporin 
Analog Molecules (NICAMS) that can be combined with new formulations and 
technologies.

 Dexanabinol for TBI

Dexanabinol has triple neuroprotective action in TBI: antiglutamate, antiinflamma-
tory and antioxidant. Earlier clinical trials concluded that dexanabinol was safe and 
well tolerated in severe TBI. The treated patients achieved significantly better intra-
cranial pressure/cerebral perfusion pressure control without jeopardizing blood 
pressure. A trend toward faster and better neurologic outcome was also observed.
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Further phase II studies were successfully completed. The goals of establishing 
the safety of dexanabinol in TBI and the dosing parameters for a pivotal study were 
met, enabling the commencement of an international pivotal trial of several hundred 
patients. The results confirmed the previous findings that dexanabinol is safe and 
prevents the elevation of intracranial pressure in severe TBI. A phase III multina-
tional, double blind, placebo-controlled, randomized trial of dexanabinol in severe 
TBI failed to show efficacy.

 Erythropoietin for Neuroprotection in TBI

Erythropoietin (EPO) and its receptor function as primary mediators of the normal 
physiological response to hypoxia and the transcription factor hypoxia-inducible fac-
tor-1 (HIF-1) upregulates EPO following hypoxic stimuli. Recombinant human EPO 
(rhEPO) is approved by the FDA for the treatment of anemia that may result from a 
variety of conditions, including the anemia associated with chronic renal failure. 
EPO is expressed in the human CNS and has demonstrated remarkable neuroprotec-
tive potential in cell culture and animal models of disease. The exact mechanism of 
neuroprotective effect of EPO is not clear but multiple action may contribute such as 
neurotrophic, antioxidant and antiinflammatory. In a rat model of TBI, administra-
tion of rhEPO protects neurons by enhancing Bcl-2 expression, thereby inhibiting 
TBI-induced neuronal apoptosis (Liao et  al 2008). rhEPO also reduces cerebral 
edema and promotes recovery of motor deficits. Several phase II/III clinical trials 
for TBI have been completed or terminated. A long-term follow-up study of a pro-
spective, multicenter, double blind, phase III, randomized controlled trial is ongoing 
to determine the effect of EPO compared to placebo in improving outcome, includ-
ing survival, neurological function and quality of life after the conclusion of the 
EPO-TBI study (NCT03061565).

 Gold Implants for Neuroprotection in Focal TBI

Gold salts, known to have an immunosuppressive effect, have been considered for 
treatment of TBI, which results in loss of neurons caused not by the initial injury but 
also by the resulting neuroinflammation as a secondary effect. In one study, the 
investigators injected 20–45 micron gold particles into the neocortex of mice before 
generating a cryo-injury (Larsen et  al 2008). Comparison of gold-treated and 
untreated cryolesions showed that the release of gold reduced microgliosis and neu-
ronal apoptosis accompanied by a transient astrogliosis and an increased neural 
stem cell response indicating antiinflammatory and neuroprotective effect. A gold 
nanoparticle pentapeptide: gene fusion induces therapeutic gene expression of 
BDNF in mesenchymal stem cells (MSCs), which have potential as autologous cell 
therapeutics to treat TBI and SCI and cerebral ischemia (Muroski et al 2014).
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 Histone Deacetylase Inhibitors for Neuroprotection in TBI

Histone deacetylase inhibitors (HDACis) have shown to be neuroprotective follow-
ing TBI in rodent models. By using known HDACis and a unique small-molecule 
pan-HDACi (LB-205), effects and mechanisms associated with HDACi-induced 
neuroprotection following CNS injury were investigated the in an astrocyte scratch 
assay in vitro and a rat TBI model in vivo (Lu et al 2013). Preservation of sufficient 
expression of NGF and activation of the neurotrophic tyrosine kinase receptor type 
1 (TrkA) pathway following HDACi treatment was demonstrated to be crucial in 
stimulating the survival of CNS cells after TBI. HDACi treatment upregulated the 
expression of NGF, phospho-TrkA, phospho-protein kinase B (p-AKT), NF-κB, and 
B-cell lymphoma 2 (Bcl-2) cell survival factors while downregulating the expression 
of p75 neurotrophin receptor (NTR), phospho-JNK, and Bcl-2–associated X protein 
apoptosis factors. HDACi treatment also increased the expression of the stem cell 
biomarker nestin, and decreased the expression of reactive astrocyte biomarker 
GFAP within damaged tissue following TBI. These findings provide further insight 
into the mechanisms by which HDACi treatment after TBI is neuroprotective and 
support the continued study of HDACis following acute TBI.

 Inhibitors of Integrated Stress Response

TBI activates the integrated stress response (ISR), a universal intracellular signaling 
pathway, which responds to stress of cellular injuries and regulates protein transla-
tion via phosphorylation of the translation initiation factor eukaryotic translation 
initiation factor 2α (eIF2α). Treatment with ISRIB, a potent small-molecule inhibi-
tor of the ISR, has been shown to reverse the hippocampal-dependent cognitive defi-
cits induced by TBI in mouse models-focal contusion and diffuse concussion (Chou 
et al 2017). ISRIB corrected TBI-induced memory deficits even when administered 
weeks after the initial injury and maintained cognitive improvement after treatment 
was discontinued. ISRIB treatment fully restored the TBI-induced suppression of 
long-term potentiation in the hippocampus. These findings indicate that pharmaco-
logical inhibition of the ISR is a promising approach for treating TBI-induced 
chronic cognitive deficits.

 Levosimendan

Levosimendan is a novel inodilator that enhances myocardial performance without 
leading to substantial changes in oxygen consumption. Levosimendan’s positive 
inotropic and vasodilator effects are tied to its abilities to increase calcium sensitivity 
and open ATP-sensitive K+ channels (mitoKATPchannels). In a swine model of 
cardiac arrest, levosimendan significantly improved the initial resuscitation success, 
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increased coronary perfusion pressure and elevated regional brain oxygen satura-
tion. Levosimendan favorably affects mitochondrial adenosine triphosphate synthe-
sis, conferring cardioprotection and possible neuronal protection during ischemic 
insults. In a model of spinal cord injury, levosimendan has been reported to attenu-
ate neurologic motor dysfunction. Levosimendan provides neuroprotection for 
selectively vulnerable neurons in an in vitro, organotypic, hippocampal slice model 
of cerebral trauma (Roehl et al 2010). Levosimendan represents a promising new 
pharmacological tool for neuroprotection after TBI and warrants further investiga-
tion in an in vivo model.

 Magnesium Sulfate

Supplemental magnesium (Mg) positively affects many of the processes involved in 
secondary damage after TBI and consistently improves outcome in animal models. 
In a phase III double-blind clinical trial, continuous infusions of Mg for 5 days given 
to patients within 8 h of moderate or severe TBI were not neuroprotective and might 
even have a negative effect in the treatment of significant head injury (Temkin et al 
2007). One explanation of failure in this trial is that pharmacokinetic studies in 
humans with brain insults have shown that parenteral administration of Mg does not 
cause a concomitant rise of magnesium in the CSF. Mg may not cross the BBB, 
which could be a limiting factor in its efficacy in TBI patients. Increasing brain bio-
availability of parenterally administered Mg by passage through the BBB is a neces-
sary step in assessing the therapeutic benefits of Mg after TBI.  Increasing brain 
bioavailability of Mg using mannitol infusion may enable a low and safe dose of Mg 
to be administered and to improve clinical outcome in TBI patients (Sen and Gulati 
2010). In animal studies, polyethylene glycol (PEG) facilitates central penetration of 
Mg following TBI, reducing the concentration of Mg required to confer neuroprotec-
tion while simultaneously reducing the risks associated with high peripheral Mg con-
centration, e.g., 10% Mg in PEG had the same beneficial effects as optimal dose Mg 
administration (Busingye et al 2016).

 Minocycline for TBI

Minocycline, a tetracycline derivative, has been shown to be neuroprotective when 
given after TBI and ischemia in rodents. Reduced lesion volume and improved neu-
rological outcome have been demonstrated following minocycline treatment of TBI. 
The proposed mechanism for these observations is multifactorial, and includes 
inhibition of microglial activation, caspase-mediated apoptosis, and the excitotoxic 
NMDA pathway. Blockade of acute microglial activation by minocycline promotes 
neuroprotection and reduces locomotor hyperactivity after TBI in mice (Homsi et al 
2010). Because comparable inflammatory, excitotoxic and apoptotic pathways have 
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also been implicated in human TBI, administration of minocycline is expected 
confer neuroprotection after moderate to severe TBI with the potential for signifi-
cant clinical benefit. Minocycline is highly lipophilic, and thus penetrates the human 
CNS. In addition, it has been shown to be safe when used in non-traumatic human 
neurological disorders. A phase II clinical trial for assessing efficacy of minocycline 
for neuroprotection in moderate to severe TBI was completed in 2018 but results 
have not been published (NCT01058395).

 Multipotential Neuroprotective Agents for TBI

Multipotential neuroprotective agents for TBI target at least two or more most 
promising of the approaches against secondary-stage injury mechanisms, including 
excitotoxicity, apoptosis, inflammation, edema, BBB disruption, oxidative stress, 
mitochondrial disruption, calpain activation, and cathepsin activation. The value of 
multipotential agents is that they have the potential to modulate one or more of the 
multiple secondary injury factors, providing a great chance of achieving clinical 
benefit. Promising pharmacological multipotential agents belong to two categories: 
(1) those that have been studied clinically; and (2) those that constitute emerging 
preclinical strategies. Clinically studied pharmaceuticals include the statins (target-
ing excitotoxicity, apoptosis, inflammation, edema), progesterone (excitotoxicity, 
apoptosis, inflammation, edema, oxidative stress), and cyclosporin (mitochondrial 
disruption, calpain activation, apoptosis, oxidative stress).

Multi-potential neuroprotective agents showing promise in preclinical studies 
include diketopiperazines (apoptosis, calpain activation, cathepsin activation, 
inflammation), substance P antagonists (inflammation, BBB disruption, edema), 
SUR1-regulated NC channel inhibitors (apoptsis, edema, secondary hemorrhage, 
inflammation), cell cycle inhibitors (apoptosis, inflammation), and PARP inhibitors 
(apoptosis, inflammation).

 Neurotrophic Factors for TBI

Injured neurons may suffer three potential fates: death, persistent atrophy, or recov-
ery. The ability of injured neurons in the adult brain to recover from injury depends 
on the expression of growth-related genes and the responsiveness to survival and 
growth signals in the environment. These signals include NTFs and substrate mol-
ecules that promote neurite growth. The specificity of neurotrophic responsiveness 
parallels patterns observed during development of the nervous system.

The poor ability of the CNS to cause axons to regenerate after injury has been 
partly attributed to astrocyte behavior after injury, which is manifested by their lim-
ited ability to migrate and repopulate the injury site. Astrocyte migration is pro-
moted by NTFs such as bFGF, TGF-β1, and EGF. This suggests that the appropriate 
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choice of growth factors at the appropriate postinjury period may compensate for 
the glial support deficiency or the presence of glial inhibitory factors in CNS.

One of the problems with neurotrophic factor administration is the penetration of 
the BBB. Breach of BBB has been demonstrated in rats following cortical contu-
sions. This indicates that regions that are not initially destroyed by cortical impact 
but have breached BBB may be accessible to NTFs administered intravenously both 
immediately and days after brain trauma. Cell and gene therapies provide more 
effective methods of administration of NTFs.

Use of NTFs as Neuroprotective Agents Various studies of NTFs in TBI have 
shown that they have a neuroprotective action and enhance cellular systems involved 
in the maintenance of Ca2+ homeostasis and free radical metabolism.

NGF The neuroprotective efficacy of intracerebral NGF infusion has been dem-
onstrated during the acute phase of experimental head injury. This beneficial effect 
of NGF may be related to its ability to attenuate traumatically induced apoptotic 
cell death.

IGF-1 Intravenous IGF-1 was evaluated for the treatment of moderate-to-severe 
TBI in a phase II safety and efficacy trial. Nitrogen utilization and clinical outcome 
improved in these patients, but there was no further development.

NNZ-2566 (Neuren Pharmaceuticals) This is a small molecule analog of glycine- 
proline- glutamate (derived from IGF-1) with good oral bioavailability. It is being 
developed for treatment of TBI and is in phase II clinical trials.

Bcl-2 This proto-oncogene has actions similar to those of BDNF in promoting the 
regeneration of severed CNS axons in the mammalian CNS. The mode of this action 
is likely via extracellular signaling pathways that are involved in both neuronal 
survival and axon elongation. This finding can lead to new strategies for the treat-
ment of TBI.

NTFs as Adjuncts to Hypothermia Significant morbidity and mortality of patients 
with TBI is associated with posttraumatic inflammatory complications. Hypothermia 
has been suggested as a treatment to reduce these inflammatory reactions. Hypothermia, 
applied immediately after TBI, reduces the posttrauma increase in IL-1β-mediated 
NGF production. Thus, hypothermia, while reducing the inflammatory response, may 
also hinder the brain’s intrinsic repair mechanism. This would justify the use of sup-
plemental administration of NTFs along with hypothermia.

 Neurosteroids as Neuroprotective Agents for TBI

Naturally occurring neurosteroids are potent allosteric modulators of GABAA 
receptor and through augmentation of this receptor function, can protect neuronal 
cells against NMDA over-activation, ischemia and TBI. Neurosteroids such as pro-
gesterone and its metabolite allopregnanolone (5α-pregnan-3β-ol-20-one) have 
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been shown to reduce the expression of inflammatory cytokines in the acute stages 
of TBI, although how they do this is not completely understood. Both progesterone 
and allopregnanolone treatments have been shown to enhance the production of 
CD55 following contusion injuries of the cerebral cortex in rats. CD55, a single- 
chain type 1 cell surface protein, is a potent inhibitor of the complement convertases 
which are activators of the inflammatory cascade. The increased expression of 
CD55 could be an important mechanism by which steroids help to reduce the cere-
bral damage caused by inflammation.

Progesterone exerts its neuroprotective effects in TBI by protecting or rebuilding 
the BBB, decreasing development of cerebral edema, down-regulating the inflam-
matory cascade, and limiting cellular necrosis and apoptosis. Study of enantiomer 
of progesterone (ent-PROG) at the PROG receptor (PR) show that treatment in vivo 
decreases cerebral edema, cell death mediators, inflammatory cytokines, and reac-
tive gliosis, and increases antioxidant activity. Thus, progestin-mediated prosurvival 
response seen with TBI is regulated either independently of the classical PR or via 
nongenomic PR-regulated actions. In aged male rats, treatment with progesterone 
improves short-term motor recovery and attenuates edema, secondary inflamma-
tion, and cell death after TBI. A phase III global SyNAPSe trial showed no clinical 
benefit of progesterone in patients with severe TBI on primary and secondary effi-
cacy analyses (Skolnick et al 2014). These data stand in contrast to the robust pre-
clinical data and results of early single-center trials that provided the impetus to 
initiate phase III trials.

In addition to intracellular progesterone receptors (PR), membrane-binding sites 
of progesterone may be involved in neuroprotection. The distribution and regulation 
of 25-Dx, a receptor of progesterone with a single membrane-spanning domain, may 
provide some clues to its functions. In the brain, 25-Dx is particularly abundant in the 
hypothalamic area, circumventricular organs, ependymal cells of the ventricular 
walls, and the meninges. It is co-expressed with vasopressin in neurons of the para-
ventricular, supraoptic and retrochiasmatic nuclei. In response to TBI, 25-Dx expres-
sion is up-regulated in neurons and induced in astrocytes. The expression of 25-Dx 
in structures involved in CSF production and osmoregulation, and its upregulation 
after brain damage, point to a potentially important role of this progesterone- binding 
protein in the maintenance of water homeostasis after TBI. Therefore, progesterone’s 
actions may involve different signaling mechanisms depending on the pathophysio-
logical context, and 25-Dx may be involved in the neuroprotective effect of proges-
terone in TBI.

 NMDA Receptor Antagonists

NMDA channel blockers have in studied in models of cerebral ischemia and are 
also effective neuroprotective agents when given following TBI in experimental 
animals. The duration of therapeutic window in TBI is longer than in cerebral 
ischemia and cognitive adverse effects of these compounds are not a concern in 
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comatose patients. These factors make NMDA receptors a promising target for 
future neuroprotective drugs for TBI. Injury-induced acute activation of mGluR1 
receptors contributes to both the cellular pathology and the behavioral morbidity 
associated with TBI.

 Neuroprotection in TBI Against Glutamate-Induced Excitotoxicity

Lithium, currently used to treat bipolar disorder and depression, and rapamycin, an 
anticancer drug, could help to preserve brain function and prevent secondary nerve cell 
damage in patients with TBI by protecting from glutamate-induced excitotoxicity 
(Swiatkowski et al 2017). Following a TBI, secondary damage to neurons often occurs 
due to glutamate-induced excitotoxicity, mediated by overstimulation of NMDA 
receptors. The phosphatidylinositol-4,5-bisphosphate 3-kinase/Akt/ mammalian 
target of rapamycin (PI3K/Akt/mTOR) pathway has been implicated in the modula-
tion and regulation of synaptic strength, activity, maturation, and axonal regenera-
tion. The present study focuses on the physiology and survival of neurons following 
manipulation of Akt and several downstream targets, such as GSK3β, FOXO1, and 
mTORC1, prior to NMDA-induced injury. Inhibition of mTORC1 or GSK3β pro-
motes neuronal survival following NMDA-induced injury. Thus, NMDA-induced 
excitotoxicity involves a mechanism that requires the permissive activity of mTORC1 
and GSK3β, demonstrating the importance of these kinases in the neuronal response to 
injury. The researchers experimented on damaged cell cultures. Both lithium and 
rapamycin were added to these cultures and could inhibit signaling between neurons 
and therefore protect cells from glutamate-induced excitotoxicity. Further studies are 
still needed in both animals and humans to determine whether these drugs could be 
utilized for the prevention of secondary nerve damage following TBI.

 Nogo-A Inhibitor

CNS axons regenerate poorly after TBI, partly due to inhibitors such as the protein 
Nogo-A present in myelin. The efficacy of anti-Nogo-A monoclonal antibody 
(MAb) 7B12 administration evaluated the on the neurobehavioral and cognitive out-
come of rats following lateral fluid-percussion brain injury (Marklund et al 2007). 
To elucidate a potential molecular response to Nogo-A inhibition, the effects of 
7B12 was evaluated on hippocampal GAP-43 expression. The brain-injured ani-
mals treated with 7B12 showed improvement in cognitive function at 4 weeks but 
no improvement in neurological motor function from 1 to 4 weeks postinjury com-
pared with brain-injured, vehicle-treated controls. The enhanced cognitive function 
following inhibition of Nogo-A was correlated with an attenuated postinjury down-
regulation of hippocampal GAP-43 expression. Increased GAP-43 expression may 
be a novel molecular mechanism of the enhanced cognitive recovery mediated by 
Nogo-A inhibition after TBI in rats.
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 Nutritional Approaches to Neuroprotection in TBI

As the physiological mechanisms associated with TBI, such as oxidation and inflam-
mation, are elucidated, it becomes clear that nutrition may play a role in ameliorating 
primary and secondary as well as long-term effects of TBI. There may be a time win-
dow of efficacy for some nutrients. In addition to the evidence indicating that nutrition 
can affect the disease pathophysiology, there is increasing information indicating that 
nutrition affects brain function and that nutritional strategies may improve resilience 
or support treatment of brain disorders (Jain 2019). Patients with severe TBI should 
follow a specific energy- and protein-feeding regimen early after injury. Nutritional 
interventions may be used in combination, either with one another or with other forms 
of treatment. Synergistic or antagonistic effects of nutrients is an important area of 
research for the future. This intervention is critical for limiting the intensity of the 
inflammatory response due to TBI, and to improve outcome. The National Academy 
of Sciences of USA recommended the following nutritional approaches as important 
adjuncts to the management of TBI and (Erdman et al 2011):

• Early feeding following protocols that should be standardized to ensure the 
delivery of adequate levels of energy and protein to patients with severe TBI.

• Within the first 24 h, a level of nutrition should be provided that represents >50% 
of the injured person’s total energy expenditure and provides 1–1.5 g of protein/
Kg of body weight. This nutrition level should be continued for 2 weeks, because 
it is likely to limit the person’s inflammatory response, which typically is at its 
peak during the first 2 weeks after an injury, and helps in reducing mortality.

• Further research is recommended on potential nutritional interventions that tar-
get physiological processes linked to TBI in three areas: (1) restoration of cellu-
lar energy processes; (2) reduction of oxidative stress; and (3) repair and recovery 
of brain functions through such actions as regeneration of neurons.

 Branched Chain Amino Acids to Ameliorate Cognitive Impairment in TBI

Although TBI-induced shifts in net synaptic efficacy are not accompanied by 
changes in hippocampal glutamate and GABA levels, significant reductions are 
seen in the concentration of branched chain amino acids (BCAAs), which are key 
precursors to de novo glutamate synthesis (Cole et al 2010). In mice, dietary con-
sumption of BCAAs was shown to restore hippocampal BCAA concentrations to 
normal, reverse injury-induced shifts in net synaptic efficacy, and lead to reinstate-
ment of cognitive performance after concussive brain injury. All TBI mice that con-
sumed BCAAs demonstrated cognitive improvement with a simultaneous restoration 
in net synaptic efficacy. Posttraumatic changes in the expression of cytosolic 
branched chain aminotransferase, branched chain ketoacid dehydrogenase, gluta-
mate dehydrogenase, and glutamic acid decarboxylase support a perturbation of 
BCAA and neurotransmitter metabolism. Ex vivo application of BCAAs to hippo-
campal slices from injured animals restored posttraumatic regional shifts in net syn-
aptic efficacy as measured by field excitatory postsynaptic potentials. These results 
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suggest that dietary BCAA intervention could promote cognitive improvement by 
restoring hippocampal function after TBI.

Neurology researchers have shown that feeding amino acids to brain-injured ani-
mals restores their cognitive abilities and may set the stage for the first effective 
treatment for cognitive impairments suffered by people with TBI. If these results in 
mice can be translated to human medicine, there would be a broad clinical benefit.

 Creatine for Neuroprotection in TBI

Possible effect of creatine dietary supplementation on brain tissue damage after 
experimental TBI has been investigated. Results demonstrate that chronic adminis-
tration of creatine ameliorated the extent of cortical damage by as much as 50% in 
rats. Protection seems to be related to creatine-induced maintenance of mitochon-
drial bioenergetics. Mitochondrial membrane potential is significantly increased, 
intramitochondrial levels of reactive oxygen species and calcium are significantly 
decreased, and ATP levels are maintained. Induction of mitochondrial permeability 
transition is significantly inhibited in animals fed creatine. This food supplement 
may provide clues to the mechanisms responsible for neuronal loss after TBI and 
may find use as a neuroprotective agent against acute and delayed neurodegenera-
tive processes following TBI.

A prospective, randomized, comparative, open-labeled pilot study of the possible 
neuroprotective effect of creatine was performed on children and adolescents, aged 
between 1 and 18 years old, with TBI (Sakellaris et al 2006). Creatine was admin-
istered for 6 months as an oral suspension daily. Creatine improved several param-
eters, including duration of posttraumatic amnesia, duration of intubation, intensive 
care unit stay, disability, good recovery, self care, communication, locomotion, 
sociability, personality/behavior, neurological signs, and cognitive function. 
Significant improvement was recorded in the categories of cognitive, personality/
behavior, self care, and communication. No adverse effects were of creatine admin-
istration were reported. These preliminary data suggest that administration of cre-
atine may be neuroprotective in TBI.

Creatine supplementation demonstrates potential as a neuroprotective both before 
and after TBI, but promising findings following creatine therapy in animal models of 
TBI or in vitro have not always been followed by conclusive findings in clinical stud-
ies on humans (Rae and Broer 2015). There is need for further research into creatine 
supplementation following mild TBI. Particularly, creatine may have potential as a 
pre-emptive neuroprotective against mild TBI and subconcussive injury in high-risk 
populations such as athletes and military personnel (Ainsley et al 2017).

 Nicotinamide for Neuroprotection in TBI

Several studies have shown that administration of nicotinamide (Vitamin B3) in 
animal models of TBI and ischemia significantly reduces the size of infarction or 
injury, reduction of neuronal death and edema in the injured brain, which may 
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account for improved functional recovery. The time window following TBI can be 
extended as nicotinamide treatment regimen starting at the clinically relevant time 
point of 4 h may result in attenuated injury severity (Hoane et al 2008).

Nicotinamide was the first drug selected for cross-model testing by the Operation 
Brain Trauma Therapy (OBTT) consortium based on the record of positive results 
in preclinical models of TBI. Results showed a surprising lack of benefit from the 
low dose nicotinamide, but some benefit was achieved with the high dose (Shear 
et  al 2016). The marginal benefits achieved with nicotinamide, however, which 
appeared sporadically across the TBI models, has reduced enthusiasm for further 
investigation by the OBTT Consortium.

 Omega 3 Fatty Acids as Neuroprotectives in TBI

Mild fluid percussion injury, which increased oxidative stress, impaired learning 
ability in the Morris water maze of rat models of TBI.  This type of lesion also 
reduced levels of BDNF, synapsin I, and cAMP responsive element-binding protein 
(CREB). It is known that BDNF facilitates synaptic transmission and learning abil-
ity by modulating synapsin I and CREB. Supplementation of omega-3 fatty acids in 
the diet counteracts effects effects of TBI, i.e., normalizes levels of BDNF and asso-
ciated synapsin I and CREB, reduces oxidative damage, and counteracts learning 
disability. The reduction of oxidative stress indicates a benevolent effect of this diet 
on mechanisms that maintain neuronal function and plasticity. These results imply 
that omega-3 enriched dietary supplements can provide protection against reduced 
plasticity and impaired learning ability after TBI.

A study has examined the prophylactic neuroprotective effect of docosahexae-
noic acid (DHA), an omega-3 fatty acid, prior to planned TBI in rats (Mills and 
Hadley 2011). Dietary supplementation with DHA resulted in increased serum 
DHA levels proportionate with the escalating dosage. If given prior to TBI, DHA 
reduces the injury response, as measured by axonal injury counts, biomarkers for 
cellular injury and apoptosis, and memory assessment by water maze testing. 
Cellular findings included a significant reduction in expression of Aβ that has been 
implicated in neurodegeneration. DHA exerts a neuroprotective effect on TBI mod-
els by activating the nuclear factor erythroid 2-related factor 2-antioxidant response 
element (Nrf2- ARE) pathway (Zhu et al 2018).

The potential for DHA to provide prophylactic benefit to the brain against TBI 
appears promising and requires further investigation as neuroprotective in soldiers 
and athletes at high risk of TBI. A phase II double-blind, randomized controlled 
trial is comparing the effect of omega-3 fatty acid versus placebo on blood biomark-
ers of brain injury, inflammation and neurogenesis (NCT03345550). A previous 
study showed that those receiving DHA had lower values of serum neurofilament 
light chain, a biomarker of axonal injury, than those receiving placebo.
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 Oxygen Carriers for TBI

Oxygen carriers constitute a new class of intravenously administered pharmaceuti-
cals, which can be used to deliver oxygen to the body’s tissues as a sterile alternative 
to red blood cell transfusion. Administration of therapeutic substances to improve 
oxygenation of the blood differs from simple inhalation of gaseous oxygen or 
hyperbaric oxygen. Oxygen carriers used may be hemoglobin derivatives of animal 
or human origin as well as hemoglobin substitutes. The rationale of use is to correct 
lack of oxygen delivered to the tissues (hypoxia) resulting from lack of oxygen car-
ried by the blood circulation. Shock of multiple injuries can be associated with 
ischemia/hypoxia of the brain. Blood transfusions are generally not available before 
a trauma victim reaches the hospital. Consequently, the current therapy for hemor-
rhagic shock is aggressive fluid resuscitation to restore hemodynamic parameters 
such as blood pressure and cardiac output. However, this approach is detrimental in 
patients with TBI injury because it can exacerbate cerebral edema. Brain damage as 
a result of decreased oxygen to the brain is found in about 80% of patients that die 
with severe head injuries. Animal and clinical studies have shown that increasing 
brain oxygen in such patients improves functional outcome.

Hemopure® (OPK Biotech’s bovine hemoglobin glutamer-200, Oxyglobin), an 
oxygen therapeutic, has been shown to restore and sustain brain oxygenation, blood 
pressure and cardiac output following severe hemorrhagic shock, according to the 
final results of a preclinical pharmacology study conducted in an animal model 
designed to simulate human patients after an accident. Hemopure delivered oxygen 
to the brain rapidly and efficiently with minimal fluid administration following 
severe hemorrhagic shock. These results suggest that this oxygen therapeutic may 
be an ideal fluid for rapid and early cerebral resuscitation, particularly in the pre- 
hospital arena where small volume administration may provide adequate oxygen 
and pressure support during transport and initial hospital management. In 2001, the 
South Africa’s Medicines Control Council approved Hemopure® for the treatment 
of acute anemia and avoidance of red blood cells in adult surgery patients. This was 
the first approval of an oxygen therapeutic anywhere in the world. Hemopure® is 
approved by the FDA and the European Commission for treatment of anemia in 
dogs. In 2008, the US Naval Medical Research Center (NMRC) submitted to the 
FDA a revised IND application to conduct a clinical trial of the Hemopure® for the 
prehospital battlefield treatment of trauma patients. The study is entitled “Operation 
Restore Effective Survival in Shock” (Op RESUS).

Oxycyte™ (Tenax Therapeutics), a second-generation perfluorocarbon, has been 
shown to be an effective means of delivering oxygen to tissues, including the brain. 
Oxycyte can improve cognitive recovery and reduce CA3 neuronal cell loss after 
TBI in rats (Zhou et al 2008). A phase II trial of Oxycyte™ in patients with severe 
TBI was discontinued.
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 Polyethylene Glycol for Neuroprotection in TBI

PEG, an inorganic hydrophilic polymer, has been shown to repair cell membranes, 
which have been damaged by TBI. PEG is a nontoxic therapeutic agent which can be 
administered intravenously. By repairing injured neuronal membranes, it limits the 
influx of extracellular calcium, and prevents cell and axonal death cascades. PEG can 
decrease cellular and axonal damage when delivered immediately after TBI in a 
rodent model. It is used in combination with other neuroprotective agents.

 Propofol for Neuroprotection in TBI

Propofol is one of the most popular agents used for induction of anesthesia in neu-
rosurgery because of its favorable pharmacokinetic profile, which ensures a rapid 
recovery even after prolonged administration. A neuroprotective effect, beyond that 
related to the decrease in cerebral metabolic rate for oxygen, has been shown to be 
present in many in vitro and in vivo established experimental models of mild/mod-
erate acute cerebral ischemia. Experimental studies on TBI, however, are limited 
and no clinical study has yet indicated that propofol may be superior to other anes-
thetics in improving the neurological outcome following acute TBI. Because induc-
tion of anesthesia with propofol reduces CBF but maintains coupling with cerebral 
metabolic rate for oxygen and decreases intracranial pressure, it should provide 
optimal intraoperative conditions during neurosurgical operations for TBI. Further 
studies are needed for this application.

 Rapamycin as Neuroprotective in TBI

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that reg-
ulates translation and cell division. mTOR integrates input from multiple upstream 
signals, including growth factors and nutrients to regulate protein synthesis. 
Inhibition of mTOR leads to cell cycle arrest, inhibition of cell proliferation, 
immunosuppression and induction of autophagy, which is a bulk degradation of 
subcellular constituents that keeps the balance between protein synthesis as well as 
protein degradation and is induced upon amino acids deprivation. Rapamycin, as 
mTOR signaling inhibitor, mimics amino acid and, to some extent, growth factor 
deprivation. A study has examined the effect of rapamycin, on the outcome of mice 
after TBI (Erlich et al 2007). The results demonstrate that rapamycin injection 4 h 
following TBI significantly improved functional recovery as manifested by changes 
in the Neurological Severity Score, a method for neurobehavioral testing. It was 
demonstrated that it inhibits p70S6K phosphorylation, reduces microglia/macro-
phages activation and increases the number of surviving neurons at the site of 
injury. In studies on mice, rapamycin administration after TBI is associated with an 
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increased number of neurons, decreased apoptosis index, and improved neurobe-
havioral function, which is potentially mediated by inactivation of the mTOR-p53- 
Bax axis (Ding et al 2015).

Thus, rapamycin is a neuroprotective following TBI, and as a drug used in the 
clinic for other indications, further studies on rapamycin are recommended in order 
to consider it as a novel therapy for TBI.

 Simvastatin as Neuroprotective in TBI

Simvastatin has a neuroprotective effect in AD as well as PD and it readily penetrates 
the BBB. Simvastatin treatment of TBI in rats has been reported to have beneficial 
effects on spatial learning functions. A study was done to determine whether simvas-
tatin suppressed neuronal cell apoptosis after TBI, and if so, to determine the underly-
ing mechanisms of this process (Wu et al 2008). The results suggested that simvastatin 
reduces the apoptosis in neuronal cells and improves the sensory motor function 
recovery after TBI. These beneficial effects of simvastatin may be mediated through 
activation of Akt, Forkhead transcription factor 1 and nuclear factor-κB signaling 
pathways, which suppress the activation of caspase-3 and apoptotic cell death, and 
thereby, lead to neuronal function recovery after TBI. However, a review of the cur-
rent evidence does not support the beneficial effects of simvastatin administration 
over 2 weeks post-TBI using the oral route of administration and, as such, it will not 
be further pursued by Operation Brain Trauma Therapy (Mountney et al 2016).

 Targeting Mitochondrial Pathology in TBI

Secondary damage in TBI evolves over hours and days after the initial insult involves 
mitochondrial pathology, which is therapeutic target for neuroprotection in this phase 
of TBI, but some attempts are limited by unintended off-target effects. Targeted ther-
apeutic delivery to their submitochondrial site of action can reduce adverse effects 
and increase efficacy by using (1) the mitochondrial membrane potential; (2) affinity 
of a carrier to mitochondria-specific components (e.g. lipids); (3) piggybacking on 
the cells own mitochondria trafficking systems; or (4) nanoparticle- based approaches 
(Lamade et al 2018).

 Tissue Plasminogen Activator

Recombinant tissue plasminogen activator (tPA) is approved is approved by the 
FDA as thrombolytic treatment for ischemic stroke. tPA is also naturally expressed 
in glial and neuronal cells of the brain, where it promotes axon outgrowth and 
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synaptic plasticity. An experimental study has shown that the absence of endoge-
nous tPA in knockout mice impedes long-term recovery of white matter and neuro-
logical function after TBI (Xia et al 2018). White matter damage was also more 
prominent in tPA knockouts, as shown by diffusion tensor imaging, histological 
criteria, and electrophysiological assessments of axon conduction properties. 
Replenishment of tPA through intranasal application of the recombinant protein in 
tPA-knockout mice enhanced neurological function, the structural and functional 
integrity of white matter, and postinjury compensatory sprouting in corticofugal 
projections. tPA also promoted neurite outgrowth in vitro, partly through the epider-
mal growth factor receptor. Both endogenous and exogenous tPA protected against 
white matter injury after TBI without increasing intracerebral hemorrhage volumes. 
These results unveil a previously unappreciated role for tPA in the protection and/or 
repair of white matter and long-term functional recovery after TBI. tPA treatment 
after brain injury promotes communication across neuronal networks through nerve 
fiber tracts and improves long-term adaptive behavior.

 Biological Approaches to Neuroprotection in TBI

 Antisense Approaches to TBI

In trauma-sensitive transgenic mice overproducing AChE, antisense treatment to 
block abnormal disease-related gene expression has been shown to reduce mortality 
from 50% to 20%, like that displayed by head-injured control mice. These findings 
demonstrate the potential of antisense therapeutics in treating TBI and suggest anti-
sense prevention of AChE-R overproduction to mitigate the detrimental conse-
quences of various traumatic brain insults.

Blockage of the upregulation of voltage-gated sodium channel nav1.3 improves 
outcomes after experimental TBI in rats (Huang et  al 2014). Another antisense 
approach is based on gap junctions that directly connect the cytoplasms of coupled 
cells and offer a way to propagate stress signals from cell to cell following trauma. 
The gap-junctional blocker carbenoxolone significantly decreases the spread of cell 
death in hypoxic injury. The results of studies in this area indicate that gap- junctional 
communication contributes to the propagation of hypoxic injury and that specific 
gap junctions could be a novel target to reduce brain damage in TBI. However, this 
approach has not been pursued for neuroprotection in TBI.

 Cell Therapy for TBI

Stem cell-based cellular replacement strategies have potential therapeutic role 
following TBI but the mechanism by which stem cells produce their effect, e.g. via 
integration into surviving neuronal circuits, local neurotrophic support, or modifica-
tion of the local microenvironment to enhance endogenous regeneration and 
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neuroprotection remains to be assessed further. Transplantation of bone marrow-
derived MSCs into the injured brain has potential therapeutic benefit. Although it 
has been suggested that differentiation of MSCs into cells of neural lineage may 
occur, this is unlikely to be a major factor in functional recovery after TBI, but other 
mechanisms that may play a role include neuroprotection, creation of a favorable 
environment for regeneration, expression of growth factors or cytokines.

A unique clinical trial to gauge the safety and potential of treating children suffering 
TBI with hematopoietic stem cells (HSCs) derived from their own bone marrow started 
in 2008 at the Memorial Hermann Children’s Hospital of University of Texas Medical 
School (Harting et al 2008). The clinical trial is the first to apply stem cells to treat 
TBI. It does not involve ESCs. Approved by the FDA and the university’s Committee 
for the Protection of Human Subjects, the clinical trial is based on laboratory and ani-
mal research indicating that BM-derived HSCs can migrate to an injured area of the 
brain, differentiate into new neurons and support cells, and induce brain repair. Bone 
marrow is extracted from the child’s hip and then processed to derive mononuclear 
cells. The Center for Cell and Gene Therapy at Baylor College of Medicine processes 
the bone marrow into the stem cell preparation and returns it to Memorial Hermann 
Children’s Hospital, where it is given intravenously to the injured child. All of this is 
accomplished within 48 h of the injury. The children were carefully monitored through-
out for possible side effects. They were evaluated for brain function 1 month and 
6 months after the procedure to see if it is improved compared with historical data on 
the brain function of children of similar age who suffered a similar injury. Because the 
children received their own cells, there was no immunological response to the treat-
ment. This phase I study sought to confirm the safety, logistic feasibility, and potential 
size of treatment effect as assessed by biomarkers indicating structural preservation/
inflammatory mitigation. Results were used to guide in phase II clinical trial design in 
adults. In a further clinical trial at Memorial Hermann Children’s Hospital started in 
2011, children with TBI are being treated with autologous stem cells derived from 
children’s UCB banked at Cord Blood Registry Inc.

In adults with severe TBI, an intravenously delivered autologous bone marrow 
mononuclear cell infusion was shown to be safe and logistically feasible (Cox et al 
2017). There appeared to be a treatment signal as evidenced by CNS structural pres-
ervation, consistent with previous pediatric trial data. Inflammatory biomarkers 
were down-regulated after cell infusion. A phase IIb, prospective, randomized trial 
excluding the highest dose, which was associated with some adverse effects, is war-
ranted and can be powered based upon structural outcome variables. This trial spon-
sored by the Joint Warfighter Program within the US Army Medical Research 
Acquisition Activity, as well as the ongoing phase IIb pediatric severe TBI clinical 
trial, both use autologous cell therapy.

 Limitations of Stem Cell Therapy for Acute TBI

Although ESC transplantation is being investigated for the treatment of TBI, char-
acteristic of massive loss of multiple cell types due to primary insult and secondary 
sequelae need to be considered. The local cerebral environment in the first 48 h after 
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TBI is highly proinflammatory. The proinflammatory cytokines IL-1α, IL-1β, IL-6, 
and TNF-α are significantly elevated after controlled cortical impact in the injury 
and penumbral regions in experimental animals. The local, acute proinflammatory 
response after TBI may serve as a therapeutic target of early cell therapy or, con-
versely, may create an unfavorable local milieu, limiting the efficacy of early cel-
lular therapy.

In one study, green fluorescent protein (GFP)-transfected murine ESCs were 
implanted into the brain on the side of injury or cortex of the opposite hemisphere 
in male Sprague-Dawley rats 72  h after fluid-percussion injury (Molcanyi et  al 
2009). However, after 7 weeks, only a few GFP-positive cells were found, indicat-
ing an extensive loss of stem cells during this time period. The observed cell loss 
was mediated via phagocytosis of implanted cells by activated macrophages. 
Cerebral trauma, induced 3 days prior to implantation, had activated the inflamma-
tory potential of otherwise immunologically privileged brain tissue. Subsequent cell 
implantation was accompanied by reactive astrogliosis, activation of microglia, as 
well as a massive invasion of macrophages into transplantation sites even if the 
grafts were placed into opposite healthy hemispheres. These results demonstrate a 
significant posttraumatic inflammatory response, which impairs survival and inte-
gration of implanted stem cells and has generally not been considered in designs of 
previous transplantation studies.

 MSC-Derived Exosomes for Treatment of TBI

Exosomes endosomal origin membrane-enclosed small vesicles (30–100 nm) also 
referred to extracellular vesicles (EVs) contain various molecular constituents 
including proteins, lipids, mRNAs and microRNAs. Exosomes initiate and regulate 
neuroinflammation, modify neurogenic niches and neurogenesis, and have potential 
for treating some neurological diseases. EVs can originate from some multipotent 
cells such as MSCs, which are promising for therapy of TBI in in preclinical studies. 
The predominant mechanisms of MSCs’s contributions to brain tissue repair and 
functional recovery after TBI are not by cell replacement but are paracrine effects 
produced by EVs such as MSCs-derived exosomes. These nanosized exosomes 
derived from MSCs cannot proliferate, are easier to preserve and transfer and have 
lower immunogenicity, compared with transplanted exogenous MSCs.

MSCs derived exosomes have improved functional recovery, promoted neuro-
genesis and reduced neuroinflammation in rats after TBI. Proposed mechanisms of 
beneficial effects of exosomes and how they can be exploited are (Yang et al 2017):

• miRNAs might be potential targets for reducing neuroinflammation and promot-
ing neurogenesis produced by MSCs-derived exosomes.

• The neurogenic niche might be a key research target to explore the promotion of 
neurogenesis produced by MSCs-derived exosomes.

• Combination of miRNAs and MSC-derived exosomes might be a novel approach 
for the treatment of TBI and MSC-derived exosomes have the potential to serve 
as a non-invasive intervention for successful delivery of therapeutic agents such 
as drugs and siRNAs to the brain and treat TBI.
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 Gene Therapy for TBI

Neural stem cells have been retrovirally transduced to produce NGF and trans-
planted into the injured brain with marked improvement of cognitive and neuromotor 
function and rescue of hippocampal CA3 neurons during the acute posttraumatic 
period. The clinical implication of this is that NGF gene transfer can provide neuro-
protection. Human Ntera-2 neurons genetically modified to express NGF signifi-
cantly attenuate cognitive dysfunction following TBI in mice indicating that this is a 
practical and effective method for stable ex vivo gene delivery into the CNS. Preclinical 
studies reveals that there are several gene targets with therapeutic potentials and vec-
tors that can be used to deliver the candidate genes. In spite of obstacles in translating 
these techniques into effective gene therapy in humans, they provide new strategies 
for neuroprotection in TBI.

Brains with pial strip of the forelimb motor cortex as models for TBI showed 
higher neuronal survival when treated with an adenovirus encoding VEGF ZFP 
(D’Onofrio et  al 2011). The contralateral forelimb function was also enhanced 
within the first 2 weeks after injury indicating that VEGF ZFP therapy is neuropro-
tective following TBI. Results of another experimental study provide supportive 
evidence for the concept of acute and delayed treatment following TBI using 
VEGF- ZFP to induce angiogenesis, reduce cell death, and enhance functional 
recovery (Siddiq et al 2012).

 Vaccines for TBI

Current evidence suggests that the injured CNS can benefit from autoimmune 
manipulations. Active or passive immunization with CNS-associated self antigens 
has been shown to promote recovery from a CNS insult. This beneficial ‘autoim-
munity’ is not solely an outcome of immune manipulation but is also a physiologi-
cal response, evoked by a non-pathogenic insult and apparently designed to 
counteract the insult-related toxicity which is induced in part by essential physio-
logical compounds present in excess of their normal levels. It appears that when 
the buffering capacity of constitutive local mechanisms (transporters, enzymes, 
etc) that normally regulate these compounds is exceeded, assistance is recruited 
from the immune system. Like the overactive physiological compounds them-
selves, the immune system needs to be rigorously regulated in order to produce 
adequate phagocytic activity and the required quantity of cytokines and growth 
factors at the right time and place. Boosting of this autoimmune response by vac-
cination is potentially a powerful strategy for neuroprotection in TBI and can be 
used to promote axonal regeneration and repair following TBI. Monophosphoryl 
Lipid A and Pam3Cys prevent the increase in seizure susceptibility and epilepto-
genesis in rats subjected to TBI; both currently clinical use as well-tolerated vac-
cines with reliable safety and have the potential to be used in prevention of 
posttraumatic encephalopathy (Hesam et al 2018).
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 Non-pharmaceutical Approaches to Neuroprotection in TBI

 Deep Brain Stimulation for TBI

Widespread loss of cerebral connectivity is assumed to underlie the failure of brain 
mechanisms that support communication and goal-directed behavior following 
severe TBI. Disorders of consciousness that persist for longer than 12 months after 
severe TBI are generally considered to be immutable; no treatment has been shown 
to accelerate recovery or improve functional outcome in such cases. Recent studies 
have shown unexpected preservation of large-scale cerebral networks in patients in 
the minimally conscious state (MCS), a condition that is characterized by intermit-
tent evidence of awareness of self or the environment. These findings indicate that 
there might be residual functional capacity in some patients that could be supported 
by therapeutic interventions. Further recovery in some patients in the MCS is lim-
ited by chronic underactivation of potentially recruitable large-scale networks. A 
6-month double-blind alternating crossover study showed that bilateral deep brain 
electrical stimulation (DBS) of the central thalamus modulates behavioral respon-
siveness in a patient who remained in MCS for 6 years following TBI before the 
intervention (Schiff et  al 2007). The frequency of specific cognitively mediated 
behaviors (primary outcome measures) and functional limb control and oral feeding 
(secondary outcome measures) increased during periods in which DBS was on as 
compared with periods in which it was off. Logistic regression modeling shows a 
statistical linkage between the observed functional improvements and recent stimu-
lation history. The DBS effects are interpreted as compensating for a loss of arousal 
regulation that is normally controlled by the frontal lobe in the intact brain. These 
findings provide evidence that DBS can promote significant late functional recovery 
from severe TBI. These observations, years after the injury occurred, challenge the 
existing practice of early treatment discontinuation for patients with only inconsis-
tent interactive behaviors and motivate further research to develop therapeutic inter-
ventions. Another open-label, prospective study has investigated the safety and 
potential effectiveness of DBS for individuals with chronic, disabling TBI and prob-
lems of behavioral and emotional self-regulation (Rezai et  al 2016). The results 
showed potential effectiveness to improve function years after injury with primary 
impact on behavioral and emotional adjustment, which in turn improved functional 
independence.

 Hyperbaric Oxygen Therapy for TBI

Hyperbaric oxygen (HBO) therapy means administration of oxygen at pressures 
greater than the atmospheric pressure at sea level. Use of HBO and its rationale for 
management of TBI has been reviewed elsewhere (Jain 2017). Oxygen at 1.5–2 
ATA (atmospheric pressure absolute) reduces cerebral edema by vasoconstriction 
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but prevents cerebral ischemia by high oxygen tension. HBO modifies several 
pathophysiological changes in TBI and reduces intracranial pressure. HBO also 
improves cerebral aerobic metabolism at a cellular level, i.e. by enhancing damaged 
mitochondrial recovery. HBO at 1.5 ATA for 60 min is relatively safe (Rockswold 
et al 2007). A multicenter prospective randomized clinical trial will be required to 
definitively define the role of HBO in severe TBI. One limitation of HBO therapy is 
that it requires a hyperbaric chamber and a neurosurgeon or neurologist to supervise 
the treatments.

 Hypothermia

In animal models of TBI, hypothermia has been shown to improve outcome as 
assessed by histological examination of the brain. Although the first use of hypother-
mia was in head injury, it was mostly discarded but clinical trials were resumed in the 
1990s. More than 30 clinical studies have reported effects of therapeutic hypothermia 
on outcome of TBI and cerebral ischemia. Only one clinical trial of short-term mild 
hypothermia did not show any effect in patients with severe TBI. In a randomized 
clinical trial on children with severe TBI, hypothermia therapy at 32.5 °C that was 
initiated within 8 h after injury and continued for 24 h did not improve the neurologic 
outcome (Hutchison et al 2008). A multinational randomized- controlled trial called 
POLAR (Prophylactic hypOthermia trial to Lessen trAumatic bRain injury) studied 
the effect of hypothermia on TBI during a period of 8 years (2008–2018). Cooling 
was achieved by intravenous cold saline when in the ambulance followed by use of 
cold body wraps on arrival at the intensive care unit or emergency department and 
responses were compared with the those of patients who received standard normo-
thermic management. Results reveals no benefit from costly and risky brain cooling 
after TBI as 49% of patients in both study groups showed improvement as measured 
by their capacity to live independently following recovery from the TBI (Cooper et al 
2018). New techniques such as local cooling of the brain with use of special devices 
and the combination of hypothermia with drugs are being evaluated.

 Reduction of Microglial Migration After TBI

Microglia migrate in response to a brain lesion is a random walk pattern in three 
dimensions of the brain and they cover a lot of brain tissue during the repair 
response following injury. They usually start migrating toward an injured site in 
the brain within 20 h and the peak of reactivity is reached at about 3 days – a time 
period that correlates with the peak of brain swelling, a major cause of death in 
patients with TBI.  This swelling compresses critical brain centers, including 
regions that control breathing. Therefore the study of microglia can eventually be 
useful in treating TBI and other neurological diseases. Understanding the 
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characteristics and specific molecular mechanisms underlying microglial migra-
tion after neural injury could reveal novel targets for therapeutic strategies for 
modulating neuroinflammation in human diseases. If one can slow microglia down 
in patients during the critical early periods after TBI, it may be possible to reduce 
tissue damage and improve the outcome.

 Vacuum for Mechanical Tissue Resuscitation in TBI

Application of controlled vacuum in a rat model of TBI has been shown to reduce 
extent of injuries and facilitate recovery. Effects of application of controlled vacuum 
(mechanical tissue resuscitation) to TBI in a large-animal model have been exam-
ined in swine with localized, controlled cortical injuries (Zheng et  al 2014). 
Application of −100 mm Hg for 5 days resulted in significantly improved outcomes. 
Delays of up to 3 h between injury and the initiation of treatment did not diminish 
the efficacy of the vacuum treatment.

 Prophylactic Neuroprotection Against TBI

In high risk professions such as the military where head injury is likely to occur, 
efforts are underway to find prophylactic measures, pharmaceutical as well as non- 
pharmaceuticals, to protect the brain in case of TBI and reduce the damage from 
secondary cascades after the initial impact. Prolonged use of drugs carries risk of 
side effects and use of dietary supplement creatine has been discussed earlier in 
this chapter. The effect of measures such as optimal physical training has also been 
considered.

 Role of Helmets in Protection Against TBI

Helmets have been used traditionally for protection of the head in wars. Materials 
and designs have changed over the years. The role of helmets in protecting against 
blast-induced TBI, which is the most prevalent military injury in Iraq and 
Afghanistan, has not been adequately investigated so far. A study has investigated 
the effect of the Advanced Combat Helmet (ACH) and a conceptual face shield on 
the propagation of stress waves within the brain tissue following blast events (Nyein 
et al 2010). It used a sophisticated computational framework for simulating coupled 
fluid-solid dynamic interactions and a 3D biofidelic finite element model of the 
human head and intracranial contents combined with a detailed model of the ACH 
and a conceptual face shield. Simulations were conducted in which the unhelmeted 
head, head with helmet, and head with helmet and face shield were exposed to a 
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frontal blast wave with incident overpressure of 10  atm. Direct transmission of 
stress waves into the intracranial cavity was observed in the unprotected head and 
head with helmet simulations. Compared to the unhelmeted head, the head with 
helmet experienced slight mitigation of intracranial stresses. This suggests that the 
existing ACH does not significantly contribute to mitigating blast effects, but does 
not worsen them either. By contrast, the helmet and face shield combination 
impeded direct transmission of stress waves to the face, resulting in a delay in the 
transmission of stresses to the intracranial cavity and lower intracranial stresses. 
This suggests a possible strategy for mitigating blast waves often associated with 
military concussion.

 Role of Physical Exercise in Protection Against TBI

Physical exercise is likely to alter brain function and to afford neuroprotection in 
several neurological diseases. Although the favorable effects of physical exercise 
on TBI patients is well known, the mechanism of this effect is not well understood. 
The role of free radicals in the improvement induced by physical exercise in a rat 
model of TBI induced by fluid percussion injury (FPI) has been investigated by 
providing the animals 6 weeks of swimming training prior to injury (Lima et  al 
2009). Statistical analysis of results revealed that physical training protected against 
FPI- induced TBARS and protein carbonylation increase. In addition, physical train-
ing was effective against Na+, K+-ATPase enzyme activity inhibition and α1 subunit 
level decrease after thiobarbituric acid-reactive substances. Furthermore, the effec-
tive protection exerted by physical training against FPI-induced free radical corre-
lated with the immunocontent of the catalytic α1 subunit maintenance. These data 
suggest that TBI-induced reactive oxygen species (ROS) generation decreases 
Na+,K+-ATPase activity by decreasing the total number of enzyme molecules, and 
that physical exercise protects against this effect. Therefore, the effective protection 
of selected targets, such as Na+, K+-ATPase induced by physical training, supports 
the idea that physical training may exert prophylactic effects on neuronal cell dys-
function and damage associated with TBI.

 Neuroprotection Against Late Sequelae of TBI

 Antiepileptic Drugs for Prevention of Seizures 
and Neuroprotection

TBI is a primary cause of acquired epilepsy in civilian and military adults, account-
ing for ~20% of symptomatic epilepsy in the general population. It is estimated that 
20–30% of all individuals suffering closed head trauma go on to develop posttrau-
matic epilepsy (PTE). TBI is associated with excessive central release of glutamate 
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which is, in turn, associated with a rise in intracellular Ca2+, which has been 
implicated in the pathogenesis of neuronal injury and disease. Even a minor shift in 
the balance between excitatory and inhibitory processes can create sufficient disrup-
tion in CNS connectivity to produce seizures. Since seizures are often the initial 
observable event that follows head injury, their appearance represents a clinical 
biomarker for TBI.

AEDs have been used in the management of TBI for prophylaxis and control 
of PTE. The neuroprotective effect of older AEDs has not been impressive. New 
concepts of pathomechanism of seizures in TBI and availability of newer AEDs 
have led to further investigations of their neuroprotective effect.

After the initial injury, inflammation and treatment, there is a so called ‘silent’ 
recovery, which can last months or even years before epilepsy appears, but this 
period is not really silent. Instead, misfiring circuitry can form as the damaged brain 
tries to rewire itself during the process of plasticity. Injured neurons may make new 
connections at wrong places, or the connections may be overly excitable. Since 
plasticity is needed for recovery, it should not be suppressed. Rather, efforts are 
being made to structure plasticity in a way that aids recovery without causing sei-
zures. Two newer approved AEDs, topiramate and levetiracetam, are being tested in 
the hope that they might work, perhaps by inhibiting release of harmful chemicals 
induced by posttraumatic inflammation.

Topiramate The exact mechanism of action is not established, but it likely induces 
an increase of brain GABA, homocarnosine (dipeptide of GABA and histidine), and 
pyrrolidine (an internal lactam of GABA) in human patients, and this contributes to 
seizure protection. Topiramate was shown to have a potentially beneficial effect on 
motor function following TBI in animal models and is now being tested in an 
exploratory clinical trial for prevention of seizures in TBI patients.

Levetiracetam The exact mechanism of action of is not known, but levetiracetam 
binds selectively to a synaptic vesicle protein involved with presynaptic neurotrans-
mitter release. It has an antiepileptogenic action. The inhibitory CNS effects of 
levetiracetam are due to ion channel modulation. Levetiracetam was shown to be 
neuroprotective in clinically relevant animal models of TBI supporting its use in the 
clinical setting when seizure prophylaxis is indicated (see Chap. 2). It is now being 
tested in an exploratory clinical trial for prevention of seizures in TBI patients.

 Neuroprotection During Rehabilitation Phase of TBI

Neuroprotection following CNS injury overlaps with neuroregeneration. It is a gen-
erally accepted concept that rehabilitation should start in the acute phase of neuro-
logic injury as soon as the patient’s condition is stabilized. No acute phase is 
identifiable in some chronic neurologic disorders. For example, chronic traumatic 
encephalopathy may be the cumulative result of repeated cerebral concussions in 
athletes or soldiers and may have an insidious onset. Neuroregeneration efforts may 
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not be successful without combination with neuroprotective strategies to counteract 
the progressive deterioration of neurologic function due to neurodegeneration. Cell 
transplants and gene therapy as methods for regeneration of the CNS may not be 
practical for application in the acute phase of injury, but both can have a long-term 
neuroprotective function. Various strategies for neuroregeneration following TBI 
have been described elsewhere and are summarized here (Jain 2016).

 Neuroregeneration Following TBI

 Intrinsic Factors that Influence Regeneration Following TBI

Various intrinsic factors that modulate regeneration in the CNS are listed in 
Table 4.5. Of these, neurotrophic factors are the most important.

Neuron regeneration after TBI is influenced by the release of neurotrophic fac-
tors by astrocytes. Therapeutic approaches to TBI should be aimed at restoring the 
functions of both neurons and glial cells. It should be noted that glial cells may also 
contribute to scar formation in the CNS which hinders regeneration.

 Causes of Lack of Regeneration Following TBI

The regenerative process following TBI is unsuccessful for three reasons: (1) neu-
rons are highly susceptible to death after brain injury; (2) multiple inhibitory factors 
in the CNS environments hinder regeneration; and (3) the intrinsic growth capacity 

Table 4.5 Intrinsic factors that influence regeneration in the central nervous system

Factors Role in regeneration and recovery

Neurotrophic factors Cell survival, axon growth-cone stimulation, synapse regeneration.
Neuroprotective gene 

expression
Expression of genes such as Bcl-2 and c-fos/jun may occur within 

minutes of an acute brain injury and are a determinant of eventual 
recovery.

Neural stem cells Neural stem cells can migrate to the site of injury in the brain and 
participate in regeneration.

Cadherins These are involved in synaptogenesis in the CNS.
Intracellular levels of 

cyclic
nucleotide in the 

neurons

These influence the capacity of mature CNS neurons to initiate and 
maintain a regrowth response.

Inducible nitric oxide 
synthase

This is not usually present in the brain but can be detected in the brain 
following injury and may be required for adequate repair.

Activin Strong expression of activin is seen in repair processes of the brain and 
may have a role in neuroprotection. Although a transient 
overexpression of activin after tissue injury might be beneficial for 
the repair process, sustained expression of activin could be 
detrimental to regeneration.
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of postmitotic neurons is constitutively reduced. Research is providing an insight 
into these areas and will form the basis of strategies to promote regeneration of the 
brain following TBI.

 Approaches to Regeneration of the Brain Following TBI

Several technologies are being used to facilitate regeneration and repair of the brain. 
A classification of these technologies is shown in Table 4.6.

TBI or neurosurgical procedures may cause extensive loss of cerebral paren-
chyma. Reconstruction and regeneration is desirable, not only to replace the lost 
brain substance, but also to restore lost function and prevent formation of scar tissue. 
However, no clinically effective method is available as of yet. Cell therapy is expected 
to play an important role in the repair of TBI (Jain 2009). It is important that cells are 
transplanted into an environment that is favorable for extended survival and integra-
tion within the host tissue (Tate et al 2009). Extracellular matrix proteins such as 
fibronectin and laminin are involved in neural development and may mediate subse-
quent cell signaling events. Enhanced cell survival was demonstrated following 
transplantation of a neural stem cell construct containing laminin- based scaffold into 
the traumatically injured mouse brain. Cell and gene therapies for neuroprotection in 
TBI are discussed earlier in this chapter. Neural stem cells transplanted directly into 
the injured brain were shown to survive, differentiate into neurons and promote 
functional recovery in a rat model of TBI (Ma et al 2011). There was an increase in 
the expression of SYP and GAP43 in the injured brain of NSC-transplanted rats, 
suggesting it as one of the mechanisms underlying the improved functional recov-
ery. Gene therapy, by selecting appropriate gene targets and promoting neuronal 
regeneration, may also prove to be effective in the repair of TBI.

Table 4.6 A classification of approaches to regeneration of the brain following injury

Inhibiting the factors that impede regeneration in the CNS
Reducing or eliminating scar formation
Providing cues to axons for regeneration
Repair of the injured nerve fibers
Cell therapy for promoting growth of neural tissues to replace the loss
Deep brain stimulation
Hyperbaric oxygen for neuroprotection and mobilization of intrinsic stem cells
Electrical fields (EF) for regeneration of the CNS
Pharmacological agents to promote growth of neural tissues
Restoration of neurotransmission
Struts for tissue engineering: self- degrading biomaterials, nanomaterials
Neuroprostheses: CNS-machine interaction
Intensive neurorehabilitation/enriched environment as stimulus for regeneration
Combinations of strategies
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The peptide nanofiber scaffold is an effective technology for tissue repair and 
restoration and is a promising treatment for TBI. This peptide nanofiber scaffold has 
several advantages over currently available polymer biomaterials. The network of 
nanofibers is similar in scale to the native extracellular matrix and, thus, provides an 
environment for cell growth, migration, and differentiation. This peptide disinte-
grates and is immunologically inert. Self-assembling peptide nanofiber scaffold 
may help to reconstruct the acutely injured brain and reduce the glial reaction and 
inflammation in the surrounding brain tissue (Guo et al 2009; Webber et al 2010). 
Challenges of using a tissue engineering approach for regeneration in TBI include 
a complex environment and variables that are difficult to assess. For optimal ben-
efit, the brain should be in a condition that minimizes immune response, inflam-
mation and rejection of the grafted material. Tissue engineering, using a bioactive 
scaffold counters some of the hostile factors and facilitates integration of donor 
cells into the brain, but transplantation of a combination biologic construct to the 
brain has not yet been successfully translated into clinical use (Stabenfeldt et al 
2011). The next generation of tissue engineering scaffolds for TBI may incorpo-
rate nanoscale surface feature dimensions, which mimic natural neural tissue. 
Nanomaterials can enhance desirable neural cell activity while minimizing 
unwanted astrocyte reactivity. Composite materials with zinc oxide nanoparticles 
embedded into a polymer matrix can provide an electrical stimulus when mechan-
ically deformed through ultrasound, which can act as a cue for neural tissue 
regeneration (Seil and Webster 2010). Pharmaceutical approaches to facilitate 
regeneration in TBI include:

• Pharmacological modulation of the signal transduction pathways by: (1) cyclic 
AMP-enhancers; (2) inhibitors of the phosphoinositide 3-kinase pathway; (3) 
inhibitors of inositol triphosphate receptor; and (4) NO-cyclic guanosine- 
monophosphate transduction pathway.

• Agents that promote regeneration, eg, bone morphogenetic protein 7
• Neurotrophic factors
• Retinoic acid
• Drugs that mobilize intrinsic stem cells

Stimulation of neurovascular remodeling by enhancing angiogenesis, neuro-
genesis, oligodendrogenesis, and axonal sprouting acting in concert may improve 
functional recovery after TBI (Xiong et al 2015).

 Clinical Trials of Neuroprotective Agents in TBI

 Ongoing Clinical Trials in TBI

As of end of 2018, approximately 1012 clinical trials are listed that are relevant to 
TBI (http://clinicaltrials.gov/search/term=Traumatic%20Brain%20Injury). They cover 
a wide range of problems associated with TBI and deal with surgical procedures, 
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prevention of seizures, diagnosis, rehabilitation and management of psycho- social 
sequelae of TBI. The status of selected completed or ongoing (only one) clinical 
trials relevant to neuroprotection in TBI is shown in Table 4.7.

 Failed Clinical Trials in TBI

Failure of clinical trials of TBI may be due to several reasons. It may be poor choice 
of compound, difficulty in translating animal experimental results into the clinic or 
poor design of studies. Limitation of financial support may be another reason. Failed 
clinical trials are usually not reported or published.

Table 4.7 Ongoing or completed clinical trials for neuroprotection in TBI

Agent/sponsor Mechanism of action Status/Trial#

BHR-100 (intravenous 
progesterone)/BHR 
Pharma

Neurosteroid with neuroprotective effect in 
TBI

Phase III 
completed

NCT01143064
Darbepoetin alfa (Amgen’s 

Aranesp®)/University of 
Alberta

Effect is mediated through the activation of 
epoetin receptors whose activation prevents 
the exocytosis of glutamate, a known 
neurocytotoxin, into CSF.

Phase II 
completed

NCT00375869

Erythropoietin (recombinant 
human)/Baylor Medical 
College, Houston, TX

Multiple mechanisms of neuroprotective effect: 
anti- apoptotic and reduction of cerebral 
edema

Phase III 
completed

NCT00313716
Estrogen/University of Texas 

Southwestern Medical 
Center

Single dose for anti-oxidant, antiinflammatory 
and antiapoptotic effects

Phase II 
completed

NCT00973674
Hypothermia/Australia and 

New Zealand Intensive 
Care Society

Prolonged initial hypothermia 32–33 °C 
(minimum 72 h) in children with severe TBI

Phase III 
completed

NCT00282269
Minocycline/Wayne State 

University
A tetracycline with neuroprotective effect 

againt multiple pathologies including TBI
Phase II 

completed
NCT01058395

NeuroSTAT®/NeuroVive & 
European Brain Injury 
Consortium

NeuroSTAT®: intravenous cyclosporin-A used 
for immune suppression. It is devoid of 
cremophor® or ethanol, which produce 
undesirable reactions

Phase II 
completed

NCT01825044

NNZ-2566/Neuren 
Pharmaceuticals

This is a small molecule analog of glycine- 
proline- glutamate (derived from IGF-1)

Phase II 
completed

NCT01366820
Propranolol/Ain Shams 

University
Blunts sympathetic storming phenomenon as it 

is a lipophilic nonselective β inhibitor that 
penetrates BBB

Phase IV 
completed

NCT03401515
Stem cell transplantation/

University of Texas
Autologous bone marrow derived stem cells 

for TBI in children
Phase I ongoing
NCT00254722

Memantine/Indiana 
University

Neuroprotection and cognitive enhancement 
following TBI

Completed
NCT02240589
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NMDA receptor antagonists failed to show efficacy in clinical trials of TBI due to 
the deficient properties of the molecules that entered human trials and to inappropri-
ate design of clinical studies. It has been hypothesized that glutamate is involved in 
the acute neurodestructive phase that occurs immediately following TBI (excitotox-
icity), but that, after this period, it assumes its normal physiological functions, which 
include promotion of neuronal survival. Thus NMDA receptor antagonists failed TBI 
trials in human beings because blockade of synaptic transmission mediated by 
NMDA receptors hinders neuronal survival.

As shown in Table 4.8, several clinical trials of therapeutic agents for TBI were 
discontinued due to various reasons, which were mostly failure to demonstrate 
 efficacy. Some of these were in advanced stages and had completed phase III. Reasons 
for failure are discussed and some suggestions for improvements are offered.

Table 4.8 Discontinued or failed clinical trials for neuroprotection in TBI

Agent/Company Mechanism of action Current status/comments

ACEA 1021 Glycine site glutamate antagonist Discontinued in phase I
BAY X 3702/Bayer 5HT1A agonist, ion channel 

blocker
Terminated after phase II

Bradycor/Cortech Bradykinin receptor antagonist No benefit shown in phase II 
controlled trials

Cerestat/Cambridge 
Neuroscience

Non-competitive NMDA site 
glutamate antagonist

Terminated in phase III

Corticosteroid 
Randomization After 
Significant Head Injury 
(CRASH)

Neuroprotective and antioxidant Phase III failed to show efficacy

D-CCPene/Novartis Competitive NMDA antagonist Completed phase III but 
discontinued

Dexanabinol/Pharmos A cannabinoid that inhibits 
inflammatory reaction in the 
CNS

Phase III completed but failed 
to show efficacy

Eliprodil/Synthelabo Polyamine site glutamate 
antagonist

Phase II showed no significant 
effect

Magnesium sulfate/
NINDS

Non-competitive NMDA 
antagonist

Phase III, failed to show 
efficacy

Nimodipine Calcium channel entry blocker No significant benefit in TBI
PEG-SOD Antioxidant Phase III failed to show benefit
Prednisone Neurosteroid/neuroprotective Phase II showed some benefit
Progesterone intravenous/

Emory University, Atlanta
Reduction of brain swelling and 

damage after blunt TBI
Phase III terminated due to lack 

of efficacy
Selfotel/Novartis Competitive NMDA site 

glutamate antagonist
Terminated in phase III

Tirilazad mesylate/Pfizer Lipid peroxidation inhibitor No significant benefit in phase 
III. Development 
discontinued for TBI

Traxoprodil/Pfizer NMDA N2B subunit receptor 
antagonist

Phase I in severe TBI did not 
show definitive evidence of 
efficacy
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 Differences Between Clinical Trials and Studies in Animal Models of TBI

One of the problems in management is the complexity of the pathophysiology of 
TBI. There are several divergent cascades involved in progression of brain damage 
after TBI. There is uncertainty whether the pathomechanism that are targeted are 
indeed active in an individual patient. No animal model is adequate for reproducing 
the entire spectrum of pathological changes that take place after TBI. Transgenic 
animals seem to be promising tools to improve animal models of TBI.

In experimental studies, pharmacotherapies are often administered either as pre-
treatment or very early posttreatment. In contrast, clinical studies can rarely enter a 
patient with TBI into a study in less than 3–6 h due to procedural problems such as 
obtaining an informed consent. There is a need for more detailed pharmacological 
profiles in animal studies and optimization of treatment protocols to conform to 
those encountered in clinical situations.

Endpoints in animal and clinical studies often differ significantly. Experimental 
studies generally use behavioral assessment and lesion volume measurements 
whereas clinical studies may examine combined death/disability or use surrogate 
markers such as intracranial pressure changes.

Another major difference between clinical and preclinical studies is that the for-
mer generally uses an intent-to-treat method, i.e. the patients are included in the 
treatment group even if they did not receive the effective treatment dose because of 
a procedural mistake. In animal studies, on the other hand, animals that fail to 
receive adequate doses are usually excluded from studies.

 Subgroup Analysis

One reason why it is so difficult to demonstrate effective drug treatment for TBI is 
that patients with TBI reflect a heterogeneous population in terms of underlying 
mechanisms of secondary injury. The latter often include hypoxia, ischemia, contu-
sion, diffuse axonal injury, cerebral edema and the presence of an associated intra-
cranial hematoma. In assessing therapeutic strategies, the investigators may need to 
better define the sub-population of head-injured population being studied. For 
example, despite two earlier negative trials with nimodipine in TBI, subgroup anal-
ysis indicated a potential beneficial effect in patients with traumatic subarachnoid 
hemorrhage. A clearer delineation of classes of patients with TBI may increase the 
likelihood that significant neuroprotective effects may be observed. Genotyping 
may be relevant as apolipoprotein E genotypes show more adverse effects of TBI.

 Improving the Clinical Trial Design

Complex methodological challenges posed by clinical trials in TBI are related to the 
heterogeneity of head injuries and design of trials. To address these, the IMPACT 
database on TBI was created by merging individual patient data from several clini-
cal trials so that the statistical power of TBI trials may be increased by adjusting for 
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heterogeneity with covariate adjustment and/or prognostic targeting, by exploiting 
the ordinal nature of the Glasgow Outcome Scale and by relating the outcome 
obtained in individual patients to their baseline prognostic risk. Extensive prognos-
tic analysis is required as a first step towards their aim of optimizing the chance of 
demonstrating benefit of new therapies in future trials. This approach may lead to 
the development and validation of new prognostic models, which can be applied to 
deal with heterogeneity. The findings may be synthesized into recommendations for 
the design and analysis of future clinical trials, with the expectation of increasing 
the likelihood of demonstrating the benefit of a truly effective new therapy or thera-
peutic agent for victims of TBI.

 Clinical Trials Combining Multiple Treatment Strategies

Because of the multiple pathologies involved in TBI, consideration should be given 
to clinical trials of combined treatments. Experimental studies have established that 
both necrotic and apoptotic cell death occur after TBI. Some treatment strategies 
aimed at necrosis may enhance apoptotic cell death. However, combination treat-
ments with agents directed to each type of cell death show additive if not synergistic 
treatment effects. The results are more difficult to analyze but such trials represent 
a more real-life scenario. Strategies can be developed to evaluate results of multi-
drug clinical trials. Another approach would be to develop single agents with mul-
tiple mechanisms of action to address the heterogeneous nature of TBI.  No two 
patients with the same degree of TBI respond equally to any therapy. There are 
individual variations in response to injury as well as treatment. Genomics-based 
tests may need to be incorporated in future clinical trials of TBI.

 Shortening the Trial Time

Clinical trials as conducted presently are time-consuming and there are a series of 
delays between the initiation and completion of trials. If trial time could be short-
ened, failures can be detected earlier and the trial can be discontinued. Usually a 
minimum of 6-month outcome is required as an endpoint. Worsening of neurologi-
cal status has been proposed as an alternative to 6-month outcome and has been 
shown to correlate well with the more traditional measures of outcome of trials for 
TBI. Apart from early discontinuation in case of failure, there is also shorter time to 
approval of a therapy if the trial is successful.

 Conclusions and Future of Neuroprotection in TBI

The ability of any intervention to improve the outcomes of TBI largely depends on 
its ability to inhibit disease progression by acting alone or synergistically with other 
interventions or intrinsic recovery factors. Specific approaches should be targeted to 
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the pathophysiology of the disease, and differ according to the mechanisms involved 
in the disease progression such as hypoxia, excitotoxicity, or proteinopathies. Some 
interventions provide optimal benefit with one-time application whereas others are 
most beneficial when administered over an extended period of time. The timing is 
also critical as some interventions might be beneficial within minutes of exposure to 
trauma, while others will be effective later.

Developing neuroprotective drugs for TBI is a challenge. At the cellular level, 
injury leads to disruption of the neuronal cytoskeleton. This leads ultimately to 
irreversible division of the axon over a 12 h period. Microdialysis studies in humans 
have detected very high concentrations of extracellular glutamate after brain injury. 
This injures neighboring cells and leads to a cascade of cell death and progressive 
release of excitotoxic molecules. Secondary brain damage, following severe TBI is 
considered to be a major cause for poor outcome. Impressive reductions of the 
extent of brain damage in experimental studies have raised high hopes for neuro-
protective treatment in the clinic. Therefore multiple compounds were and are 
being evaluated in trials. The role of hypothermia, mannitol, barbiturates, steroids, 
free radical scavengers, arachidonic acid inhibitors, calcium channel blockers, glu-
tamate antagonists, and K channel blockers has been investigated in clinical trials. 
There are numerousfailures in TBI clinical trials. The animal laboratory studies 
that led to some of these trials and the reasons for the failures along with sugges-
tions for future improvements have been discussed. The importance of a uniform 
strategic approach for evaluation of promising new compounds in clinical trials has 
been proposed to improve outcome in patients with severe TBI. To achieve this 
goal, 2 nonprofit organizations were founded: the European Brain Injury 
Consortium and the American Brain Injury Consortium. Their aim lies in conduct-
ing better clinical trials, which incorporate lessons learned from previous trials, 
such that the succession of negative, or incomplete studies, as performed in previ-
ous years, will cease.

One of the important goals of the US Army is to find a neuroprotective agent as 
a primary treatment for battlefield TBI particularly in closed head injuries due to 
blasts from roadside bombs, which may been accompanied by other injuries and 
hemorrhagic shock. This would preferably be an easily administered drug to protect 
the soldier’s brain against secondary injury until specialized interventions are car-
ried out at a medical center.

As of end of 2018, all monotherapy clinical trials of TBI have failed, and there 
are currently no FDA-approved pharmacotherapies for the acute treatment of 
severe TBI. Due to the complex secondary injury cascade following injury, there is 
a need for combinational neuroprotective approaches for the treatment of acute 
TBI. Future advances in the pharmacological treatment of TBI are likely to include 
the evaluation of sequentially timed therapies combining multiple and targeted 
agents, and manipulation of the newly discovered neurogenic potential of the adult 
brain together with the refinement of traditional interventions to block specific 
cytotoxic cascades. Developing new treatments for TBI is not going to be easy and 
is evidently going to require numerous clinical trials. Continued research efforts 
are required to identify and test new neuroprotective agents, to develop a better 
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understanding of the pathophysiological mechanisms, and to improve the design 
and analysis of clinical trials. New experimental approaches and clinical trial 
designs have provided cautious, optimism regarding future promise of neuropro-
tective agents.

References

Abrahamson EE, Ikonomovic MD, Dixon CE, DeKosky ST. Simvastatin therapy prevents brain 
trauma-induced increases in beta-amyloid peptide levels. Ann Neurol 2009;66:407–14.

Ainsley Dean PJ, Arikan G, Opitz B, Sterr A. Potential for use of creatine supplementation follow-
ing mild traumatic brain injury. Concussion 2017;2(2):CNC34.

Busingye DS, Turner RJ, Vink R.  Combined Magnesium/Polyethylene Glycol Facilitates the 
Neuroprotective Effects of Magnesium in Traumatic Brain Injury at a Reduced Magnesium 
Dose. CNS Neurosci Ther 2016;22:854–9.

Chou A, Krukowski K, Jopson T, et al. Inhibition of the integrated stress response reverses 
cognitive deficits after traumatic brain injury. Proc Natl Acad Sci U S A 2017;114: 
E6420-E6426.

Cole JT, Mitala CM, Kundu S, et al. Dietary branched chain amino acids ameliorate injury-induced 
cognitive impairment. PNAS 2010;107:366–71.

Cooper DJ, Rosenfeld JV, Murray L, et  al. Decompressive Craniectomy in Diffuse Traumatic 
Brain Injury. NEJM 2011;364:1493–1502.

Cooper DJ, Nichol AD, Bailey M, et al. Effect of early sustained prophylactic hypothermia on neu-
rological outcomes among patients with severe traumatic brain injury: the POLAR randomized 
clinical trial. J Am Med Assoc 2018;320:2211–2220.

Cox CS, Hetz RA, Liao GP, et al. Treatment of severe adult traumatic brain injury using bone mar-
row mononuclear cells. Stem Cells 2017;35:1065–1079.

Davis GA, Castellani RJ, McCrory P.  Neurodegeneration and sport. Neurosurgery 
2015;76:643–56.

DeKosky ST, Ikonomovic MD, Gandy S. Traumatic Brain Injury — Football, Warfare, and Long- 
Term Effects. NEJM 2010;363:1293–1296.

Ding K, Wang H, Wu Y, et al. Rapamycin protects against apoptotic neuronal death and improves 
neurologic function after traumatic brain injury in mice via modulation of the mTOR-p53-Bax 
axis. J Surg Res 2015;194:239–47.

D’Onofrio PM, Thayapararajah M, Lysko MD, et al. Gene therapy for traumatic central nervous 
system injury and stroke using an engineered zinc finger protein that upregulates VEGF-A. J 
Neurotrauma 2011;28:1863–79.

Edwards P, Arango M, Balica L, et  al. Final results of MRC CRASH, a randomised placebo- 
controlled trial of intravenous corticosteroid in adults with head injury-outcomes at 6 months. 
Lancet 2005;365:1957–9.

Erdman J, Oria M, Pillsbury L (eds). Nutrition and Traumatic Brain Injury: Improving Acute and 
Subacute Health Outcomes in Military Personnel. Institute of Medicine, National Academies 
Press, Washington, DC, 2011.

Erlich S, Alexandrovich A, Shohami E, Pinkas-Kramarski R. Rapamycin is a neuroprotective treat-
ment for traumatic brain injury. Neurobiol Dis 2007;26:86–93.

Gavett BE, Stern RA, Cantu RC, et al. Mild traumatic brain injury: a risk factor for neurodegenera-
tion. Alzheimers Res Ther 2010;2:18.

Giacino GT, Whyte J, Bagiella E, et  al. Placebo-Controlled Trial of Amantadine for Severe 
Traumatic Brain Injury. N Engl J Med 2012;366:819–26.

Guo J, Leung KK, Su H, et al. Self-assembling peptide nanofiber scaffold promotes the reconstruc-
tion of acutely injured brain. Nanomedicine 2009;5:345–51.

References



334

Harting MT, Baumgartner JE, Worth LL, et al. Cell therapies for traumatic brain injury. Neurosurg 
Focus 2008;24:E18.

Hernandez A, Tan C, Plattner F, et al. Exposure to mild blast forces induces neuropathological 
effects, neurophysiological deficits and biochemical changes. Molecular Brain 2018;11:64.

Hesam S, Khoshkholgh-Sima B, Pourbadie HG, et al. Monophosphoryl Lipid A and Pam3Cys 
Prevent the Increase in Seizure Susceptibility and Epileptogenesis in Rats Undergoing 
Traumatic Brain Injury. Neurochem Res 2018;43:1978–1985.

Hoane MR, Pierce JL, Holland MA, Anderson GD. Nicotinamide treatment induces behavioral 
recovery when administered up to 4 hours following cortical contusion injury in the rat. 
Neuroscience 2008;154:861–8.

Homsi S, Piaggio T, Croci N, et al. Blockade of acute microglial activation by minocycline pro-
motes neuroprotection and reduces locomotor hyperactivity after closed head injury in mice: a 
twelve-week follow-up study. J Neurotrauma 2010;27:911–21.

Huang XJ, Li WP, Lin Y, et al. Blockage of the upregulation of voltage-gated sodium channel nav1.3 
improves outcomes after experimental traumatic brain injury. J Neurotrauma 2014;31:346–57.

Hutchison JS, Ward RE, Lacroix J, et al. Hypothermia Therapy after Traumatic Brain Injury in 
Children. NEJM 2008;358:2447–56.

Hutchinson PJ, Kolias AG, Timofeev IS, et al. Trial of Decompressive Craniectomy for Traumatic 
Intracranial Hypertension. N Engl J Med 2016;375:1119–30.

Jain KK. Neuroprotection in Traumatic Brain Injury. Drug Discovery Today 2008;13:1082–89.
Jain KK. Cell therapy for CNS trauma. Mol Biotechnol 2009;42:367–76.
Jain KK.  Regenerative Therapy for Central Nervous System Trauma. In: Steinhoff G, editor. 

Regenerative Medicine -- from protocol to patient. 3rd ed. London: Springer, 2016.
Jain KK.  Hyperbaric oxygen therapy in neurosurgery. In, Jain KK.  Textbook of Hyperbaric 

Medicine, 6th ed. Springer, New York 2017.
Jain KK.  Nutrition and the brain. In, Roos RP (ed) MedLink Neurology. Medlink Publishing 

Corporation, San Diego, California, 2019.
Jayakumar AR, Rao KV, Panickar KS, et al. Trauma-Induced Cell Swelling in Cultured Astrocytes. 

Journal of Neuropathology & Experimental Neurology 2008;67:417–427.
Kabadi SV, Faden AI. Selective CDK inhibitors: promising candidates for future clinical traumatic 

brain injury trials. Neural Regen Res 2014;9:1578–80.
Kochanek PM, Dixon CE, Shellington DK, et al. Screening of biochemical and molecular mecha-

nisms of secondary injury and repair in the brain after experimental blast-induced traumatic 
brain injury in rats. J Neurotrauma 2013;30:920–37.

Lamade AM, Kenny EM, Anthonymuthu TS, et  al. Aiming for the target: Mitochondrial drug 
delivery in traumatic brain injury. Neuropharmacology 2018;145(Pt B):209–219.

Larsen A, Kolind K, Pedersen DS, et al. Gold ions bio-released from metallic gold particles reduce 
inflammation and apoptosis and increase the regenerative responses in focal brain injury. 
Histochem Cell Biol 2008;130:681–92.

Liao ZB, Zhi XG, Shi QH, He ZH. Recombinant human erythropoietin administration protects 
cortical neurons from traumatic brain injury in rats. Eur J Neurol 2008;15:140–9.

Lima FD, Oliveira MS, Furian AF, et al. Adaptation to oxidative challenge induced by chronic 
physical exercise prevents Na+,K+-ATPase activity inhibition after traumatic brain injury. 
Brain Research 2009;1279:147–55.

Loane DJ, Faden AI.  Neuroprotection for traumatic brain injury: translational challenges and 
emerging therapeutic strategies. Trends Pharmacol Sci 2010;31:596–604.

Loane DJ, Pocivavsek A, Moussa CE, et al. Amyloid precursor protein secretases as therapeutic 
targets for traumatic brain injury. Nat Med 2009;15:377–9.

Lu J, Frerich JM, Turtzo LC, et al. Histone deacetylase inhibitors are neuroprotective and pre-
serve NGF-mediated cell survival following traumatic brain injury. Proc Natl Acad Sci U S A 
2013;110:10747–52.

Ma H, Yu B, Kong L, et al. Transplantation of neural stem cells enhances expression of synaptic 
protein and promotes functional recovery in a rat model of traumatic brain injury. Mol Med 
Rep 2011;4:849–56.

4 Neuroprotection in Traumatic Brain Injury



335

Marklund N, Bareyre FM, Royo NC, et al. Cognitive outcome following brain injury and treatment 
with an inhibitor of Nogo-A in association with an attenuated downregulation of hippocampal 
growth-associated protein-43 expression. J Neurosurg 2007;107:844–53.

McCrory P, Zazryn T, Cameron P. The evidence for chronic traumatic encephalopathy in boxing. 
Sports Med 2007;37:467–76.

McKee AC, Cantu RC, Nowinski CJ, et al. Chronic traumatic encephalopathy in athletes: progres-
sive tauopathy after repetitive head injury. J Neuropathol Exp Neurol 2009;68:709–35.

McKee AC, Gavett BE, Stern RA, et al. TDP-43 Proteinopathy and Motor Neuron Disease in 
Chronic Traumatic Encephalopathy. J Neuropathol Exp Neurol 2010;69:918–29.

Mills J, Hadley, Bailes J. Dietary supplementation with the omega-3 fatty acid docosahexaenoic 
acid in traumatic brain injury. Neurosurgery 2011;68:474–81.

Molcanyi M, Riess P, Haj-Yasein NN, et al. Developmental potential of the murine embryonic 
stem cells transplanted into the healthy rat brain--novel insights into tumorigenesis. Cell 
Physiol Biochem 2009;24:87–94.

Mountney A, Bramlett HM, Dixon CE, et al. Simvastatin Treatment in Traumatic Brain Injury: 
Operation Brain Trauma Therapy. J Neurotrauma 2016;33:567–80.

Muroski ME, Morgan TJ Jr, Levenson CW, Strouse GF. A gold nanoparticle pentapeptide: gene 
fusion to induce therapeutic gene expression in mesenchymal stem cells. J  Am Chem Soc 
2014;136:14763–71.

Nadler Y, Alexandrovich A, Grigoriadis N, et  al. Increased expression of the gamma-secretase 
components presenilin-1 and nicastrin in activated astrocytes and microglia following trau-
matic brain injury. Glia 2008;56:552–67.

Nyein MK, Jason AM, Yu L, et al. In silico investigation of intracranial blast mitigation with rel-
evance to military traumatic brain injury. Proc Natl Acad Sci U S A 2010;107:20703–8.

Perez-Barcena J, Llompart-Pou JA, Homar J, et al. Pentobarbital versus thiopental in the treatment 
of refractory intracranial hypertension in patients with traumatic brain injury: a randomized 
controlled trial. Critical Care 2008;12:R112.

Rae CD, Broer S. Creatine as a booster for human brain function. How might it work? Neurochem. 
Int. 2015;89:249–259.

Rezai AR, Sederberg PB, Bogner J, et  al. Improved function after deep brain stimulation for 
chronic, severe traumatic brain injury. Neurosurgery 2016;79:204–11.

Rockswold SB, Rockswold GL, Defillo A. Hyperbaric oxygen in traumatic brain injury. Neurol 
Res 2007;29:162–72.

Roehl AB, Hein M, Loetscher PD, et al. Neuroprotective properties of levosimendan in an in vitro 
model of traumatic brain injury. BMC Neurol 2010;10:97.

Sakellaris G, Kotsiou M, Tamiolaki M, et al. Prevention of complications related to traumatic brain 
injury in children and adolescents with creatine administration: an open label randomized pilot 
study. J Trauma 2006;61:322–9.

Schiff ND, Giacino JT, Kalmar K, et al. Behavioural improvements with thalamic stimulation after 
severe traumatic brain injury. Nature 2007;448:600–3.

Seil JT, Webster TJ. Electrically active nanomaterials as improved neural tissue regeneration scaf-
folds. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2010;2:635–47.

Sen AP, Gulati A. Use of magnesium in traumatic brain injury. Neurotherapeutics 2010;7:91–9.
Shakur H, Andrews P, Asser T, et al. The BRAIN TRIAL: a randomised, placebo controlled trial of 

a Bradykinin B2 receptor antagonist (Anatibant) in patients with traumatic brain injury. Trials 
2009;10:109

Shear DA, Dixon CE, Bramlett HM, et  al. Nicotinamide Treatment in Traumatic Brain Injury: 
Operation Brain Trauma Therapy. J Neurotrauma 2016;33:523–37.

Shutter LA, Timmons SD.  Intracranial Pressure Rescued by Decompressive Surgery after 
Traumatic Brain Injury. N Engl J Med 2016;375:1183–4.

Siddiq I, Park E, Liu E, et al. Treatment of traumatic brain injury using zinc-finger protein gene 
therapy targeting VEGF-A. J Neurotrauma 2012;29:2647–59.

Skolnick BE, Maas AI, Narayan RK, et al. A clinical trial of progesterone for severe traumatic 
brain injury. N Engl J Med 2014;371:2467–76.

References



336

Stabenfeldt SE, Irons HR, Laplaca MC. Stem cells and bioactive scaffolds as a treatment for trau-
matic brain injury. Curr Stem Cell Res Ther 2011;6:208–20.

Stewart W, McNamara PH, Lawlor B, et al. Chronic traumatic encephalopathy: a potential late and 
under recognized consequence of rugby union? QJM 2016;109:11–15.

Swiatkowski P, Nikolaeva I, Kumar G, et al. Role of Akt-independent mTORC1 and GSK3β sig-
naling in sublethal NMDA-induced injury and the recovery of neuronal electrophysiology and 
survival. Sci Rep 2017;7:1539.

Tate CC, Shear DA, Tate MC, Archer DR, Stein DG, LaPlaca MC. Laminin and fibronectin scaf-
folds enhance neural stem cell transplantation into the injured brain. J Tissue Eng Regen Med 
2009;3:208–17.

Temkin NR, Anderson GD, Winn HR, et al. Magnesium sulfate for neuroprotection after traumatic 
brain injury: a randomised controlled trial. Lancet Neurol 2007;6:29–38.

Trabold R, Erös C, Zweckberger K, et  al. The role of bradykinin B(1) and B(2) receptors for 
secondary brain damage after traumatic brain injury in mice. J  Cereb Blood Flow Metab 
2010;30:130–9.

Wagner AK, Sokoloski JE, Chen X, et  al. Controlled cortical impact injury influences 
methylphenidate- induced changes in striatal dopamine neurotransmission. J  Neurochem 
2009;110:801–10.

Webber MJ, Kessler JA, Stupp SI.  Emerging peptide nanomedicine to regenerate tissues and 
organs. J Intern Med 2010;267:71–88.

Wu H, Lu D, Jiang H, et  al. Increase in phosphorylation of Akt and its downstream signaling 
targets and suppression of apoptosis by simvastatin after traumatic brain injury. J Neurosurg 
2008;109:691–8.

Xia Y, Hu P, Leak RK, et al. Tissue plasminogen activator promotes white matter integrity and 
functional recovery in a murine model of traumatic brain injury. Proc Natl Acad Sci U S A 
2018;115:E9230-E9238.

Xiong Y, Zhang Y, Mahmood A, Chopp M. Investigational agents for treatment of traumatic brain 
injury. Expert Opin Investig Drugs 2015;24:743–60.

Yang Y, Ye Y, Su X, et al. MSCs-derived exosomes and neuroinflammation, neurogenesis and ther-
apy of traumatic brain injury. Front Cell Neurosci 2017;11:55.

Zheng ZL, Morykwas M, Campbell D, et al. Mechanical tissue resuscitation at the site of traumatic 
brain injuries reduces the volume of injury and hemorrhage in a Swine model. Neurosurgery 
2014;75:152–62.

Zhou Z, Sun D, Levasseur JE, et al. Perfluorocarbon emulsions improve cognitive recovery after 
lateral fluid percussion brain injury in rats. Neurosurgery 2008;63:799–807.

Zhu W, Ding Y, Kong W, et  al. Docosahexaenoic Acid (DHA) Provides Neuroprotection 
in Traumatic Brain injury Models via Activating Nrf2-ARE Signaling. Inflammation 
2018;41:1182–1193.

Zweckberger K, Plesnila N. Anatibant, a selective non-peptide bradykinin B2 receptor antagonist, 
reduces intracranial hypertension and histopathological damage after experimental traumatic 
brain injury. Neurosci Lett 2009;454:115–7.

4 Neuroprotection in Traumatic Brain Injury



337© Springer Science+Business Media, LLC, part of Springer Nature 2019 
K. K. Jain, The Handbook of Neuroprotection, 
https://doi.org/10.1007/978-1-4939-9465-6_5

Chapter 5
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 Introduction

Spinal cord injury (SCI) can lead to serious neurological disability and the most 
serious form of it is paraplegia or quadriplegia. The effects of SCI are extensive and 
adversely affect multiple organ systems including the sensorimotor, respiratory, 
gastrointestinal, urinary and reproductive systems. The psycho-social effects are 
devastating, and the financial burden associated with SCI is staggering. As a result 
of advances in critical care and rehabilitation, the life span of these patients has been 
extended to as much as 40 years post-injury. However, there is no therapeutic mea-
sure available currently that enhances functional recovery significantly.

 Pathophysiology of SCI

Contrary to popular belief, most patients with SCI do not have severed cords. Most 
SCI victims have blunt damage to the cord and the majority has some axons that 
survive the injury. However, the surviving axons often are damaged and lose part of 
their myelin, the insulating sheath that permits electrical impulses to be conducted 
down the axon. Short circuiting of nerve impulses in demyelinated axons similar to 
that of an electric current in a wire whose insulation is stripped. Thus, even though 
a demyelinated axon is alive, it cannot transmit motor or sensory impulses and the 
patient effectively loses the use of it.

In both experimental and clinical SCI, the appearance of the lesion changes dra-
matically during the first few days after injury. Pathomechanism of acute SCI is shown 
in Fig. 5.1. Primary injury occurs due to mechanical factors such as impact and com-
pression. The effects of this injury progress due to secondary mechanisms.

Various secondary injury mechanisms are shown in Table 5.1.
Local spinal cord lesions are often greatly enlarged by secondary damage, which 

is accompanied by additional massive cell death. One hour after injury, the area of 
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damage is usually small and corresponded to the mechanical trauma. Extravasation 
of blood and opening of the BBB is followed by secondary cell death around the 
primary lesion at 3–6 h following injury. The secondary cell death involves neurons, 
microglia and macroglia and is virtually complete at 12 h. Inflammatory reaction 
lags behind secondary cell death and starts with adhesion of neutrophils to the lining 
of blood vessels at 3 h and at 6 h. Neutrophils increase in number within the primary 
lesion and at 24 h these cells are present abundantly throughout the lesion site and 
then they disappear. Proliferation and recruitment of macrophages and microglial 
cells becomes prominent at 2 days after injury and their density is highest within the 
lesion between 4 and 8 days following the injury.

Systemic factors

PRIMARY INJURY

SECONDARY INJURY

Local alterations:
hemorrhage, edema

Lipid peroxidation

ISCHEMIA

Hypotension Hypoxia

Energy failure

Glutamate accumulation

Lipid peroxides Cytosolic calcium↑ Vasospasm

Axonal damage
Demyelination

Secondary mechanisms of SCI

Fig. 5.1 Pathomechanism of acute spinal cord injury. (© Jain PharmaBiotech)
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 Neurotrophic Factor Changes in SCI

The concentration of neurotrophic factors is increased following injury, enforcing 
the speculation that this has something to do with repair following injury. Some of 
the changes are as follows:

bFGF A rapid increase (three-fold) in the content of bFGF mRNA at the injury site 
has been observed 6 h after contusive SCI in experimental animals and remained 
significantly increased for 1 week following SCI. These observation of a specific 
effect of SCI on bFGF mRNA expression supports a speculative hypothesis that 
bFGF may play a role in the partial recovery of function seen following incomplete 
contusive SCI.

BDNF and NT-3 BDNF and NT-3 are both involved in the repair mechanisms, 
directing the amelioration of the spinal cord injury. But the biosynthesis of BDNF 
is upregulated in a different manner from that of NT-3 following SCI. There is also 
a regional difference in responsiveness of adult CNS axons to grafts of cells express-
ing human NT-3. Sprouting of host sensory neurites was observed in the rat spinal 
cord as early as 2 weeks following grafting of genetically modified fibroblasts 
producing NT-3.

NGF Studies on the spinal cords of patients after SCI have shown that he reex-
pression of NGFR nerve growth factor receptor (NGFR) in motor neurons of the 
ventral horn begins on the fourth day after trauma and decreases within 30 days 
after trauma. This reflects an increased demand of neurotrophic mediated by NGFR 
following SCI.

Table 5.1 Secondary mechanisms in spinal cord injury

Hypotension and decreased blood perfusion of spinal cord associated with:
Neurogenic shock
Systemic shock due to injuries of other organs
Local microvascular damage
Biochemical changes
Glutamate release
Free radical production
Accumulation of neurotransmitters
Arachidonic acid release
Cytokine release
Trauma-induced autoimmune reactions
Miscellaneous mechanisms
Edema
Loss of energy metabolism
Electrolyte shifts

© Jain PharmaBiotech
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 Management of SCI

Conventional approaches to management of SCI consist of stabilization of fractures 
and removal of compressing lesions by surgery if required. Supporting treatments 
are used for various systems of the body affected by SCI. Various neuroprotective 
and regenerative approaches for SCI are shown in Table 5.2.

Table 5.2 Neuroprotective and regenerative approaches for SCI

Non-pharmacological approaches
Hyperbaric oxygen therapy
Hypothermia
Cell/tissue therapy
Cellular implants
Autologous macrophages
Autoimmune T Cells
Glial cells
Fetal neural grafts
Stem cell transplantation
Gene therapy
Pharmacological approaches to protect the injured spinal cord
Antiexcitotoxic agents: gacyclidine, GM-1 ganglioside
Antihyperglycemic agent: dichloroacetate
Antioxidants and free radical scavengers: ebselen
Calcium channel blockers
Corticosteroids: methylprednisolone
Docosahexaenoic acid
Erythropoietin
Free radical scavengers
Immunosuppressants
Interleukin-10 injection
Inosine
K+ channel blocker: 4-aminopyridine
Leukocyte inhibitor: gabexate mesilate
Opiate antagonists: dynorphin
Selenium
Strategies to promote recovery
Bacterial enzyme chondroitinase ABC
Cyclic AMP: intracellular messenger molecule to block the action of growth inhibitors
Neurotrophic factors
Nogo antibody: binds to neurite growth inhibitor Nogo blocking its activity
Nogo-A-derived peptide: vaccination to block Nogo action at Nogo receptor
Peptides: α-melanocyte stimulating hormone
Combined approaches

© Jain PharmaBiotech
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 Pharmacological Neuroprotective Agents for SCI

The role of neuroprotection in acute SCI aims at prevention of secondary injury – a 
series of deleterious events that promote progressive tissue damage and ischemia 
following the initial mechanical insult. All of these can be considered investigational.

 4-aminopyridine

The major action of 4-aminopyridine (4-AP, fampridine) is to block specialized 
potassium channels on axons. These potassium channels normally “reset” the axon 
after a nerve impulse passes through it to enable the axon to transmit another 
impulse. When an axon is demyelinated after injury, large numbers of these potas-
sium channels are exposed and “leak” potassium ions, causing the axon to “short 
circuit.” By closing the exposed potassium channels, fampridine permits the axon to 
transmit impulses again, even in a demyelinated state. 4-AP has been shown to 
increase nerve conduction in impaired axons and to result in improved neurological 
function in numerous in vitro and animal studies. A slow-release formulation of 
4-AP has completed two phase II clinical trial in SCI, but they did not reach statisti-
cal significance for the primary endpoints, i.e. reduction of spasticity, although there 
was subjective improvement in one of the trials.

 Antibodies as Neurite Growth Inhibitors in SCI

Myelin-associated inhibitory factors (MAIFs) are inhibitors of CNS axonal regen-
eration following injury. The Nogo receptor complex composed of the Nogo-66 
receptor 1 (NgR1), neurotrophin p75 receptor, and LINGO-1, represses axon regen-
eration upon binding to these myelin components. Nogo is expressed by oligoden-
drocytes but not by Schwann cells, and associates primarily with the endoplasmic 
reticulum. Development of myelin-associated growth-inhibitory proteins contributes 
to the loss of regeneration as the mammalian CNS matures. There is little axonal 
growth after SCI. Recovery of long tracts such as corticospinal tract is critical for any 
useful functional recovery. The outgrowth of neurites is hindered by neurite growth 
inhibitory proteins. Administration of antibodies to neutralize the myelin- associated 
growth inhibitory proteins after spinal cord hemisection in adult rats leads to long-
distance regrowth of a proportion of CNS axons.

Neuronal Nogo-66 receptor 1 (NgR1) mediates the effects of myelin-associate 
inhibitory ligands in the CNS, establishing the growth-restrictive environment, and 
limiting axon regeneration after SCI. Genetic ablation of NgR1 may lead to signifi-
cant recovery in  locomotor function after SCI (Tong et  al 2014). Application of 
anti-Nogo-A antibodies to the injured spinal cord has demonstrated enhanced fiber 
growth, regeneration and functional recovery both in rodent and primate models. ATI-
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355 (Novartis) an antibody against NOGO-A completed a phase I study for SCI with 
tetraplegia (ClinicalTrials.gov Identifier: NCT00406016) in 2011 in Europe, but not 
in the US, as the FDA expressed concerns with the infusion pump. The results have 
not been published. A phase II study of ATI-355 is expected to start in Europe.

The limited expression of p75 to certain types of neurons and its temporal expres-
sion during development prompted speculation that other receptors are involved in 
the NgR1 complex. An orphan receptor in the TNF family called TAJ, broadly 
expressed in postnatal and adult neurons, binds to NgR1 and can replace p75 in the 
p75/NgR1/LINGO-1 complex to activate RhoA in the presence of myelin inhibi-
tors. In vitro exogenously added TAJ reversed neurite outgrowth caused by MAIFs. 
Neurons from TAJ-deficient mice are more resistant to the suppressive action of the 
myelin inhibitors. Given the limited expression of p75, the discovery of TAJ func-
tion is an important step for understanding the regulation of axonal regeneration.

 Antiexcitotoxic Agents

 Gacyclidine

Gacyclidine is a novel NMDA receptor antagonist. In an experimental study, walk-
ing recovery was better in most of the groups treated with gacyclidine after SCI than 
in the untreated injured animals. Motor performances were related to preservation 
of a larger undamaged area of spinal cord at the level of the injury and prevention of 
extension of the anatomical lesion above the level of the injury. These results con-
firm that gacyclidine induces dose-dependent and time-dependent attenuation of 
spinal cord damage after an experimental vascular lesion. Gacyclidine reached 
phase III clinical trials in France before further development was discontinued.

 GM-1 Ganglioside

GM-1 ganglioside is found indigenously in cell membranes of mammalian CNS 
tissue and is considered to have antiexcitotoxic activity, promote neuritic sprouting, 
potentiate the effects of NGF, and prevent apoptosis. Randomized controlled clini-
cal trials did not show efficacy of GM-1 ganglioside in SCI. Therefore, GM-1 gan-
glioside is currently not recommended for use in the routine management of patients 
with acute SCI (Hurlbert et al 2015).

 Bacterial Enzyme Chondroitinase ABC

The glial scar that develops at the site of SCI contains extracellular matrix mole-
cules including chondroitin sulfate proteoglycans (CSPGs) that prevent regenera-
tion of the spinal cord. The bacterial enzyme chondroitinase ABC (ChABC), which 
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normally helps bacteria to chop up their food or invade other organisms, has been 
shown to clear a path for growing nerves by degrading CSPGs so that the damaged 
spinal cord can repair itself. Treatment with ChABC, either as an individual therapy 
or in combination with other strategies, can have multiple beneficial effects on pro-
moting repair following SCI (Bradbury and Carter 2011). These include promoting 
regeneration of injured axons, plasticity of uninjured pathways and neuroprotection 
of injured projection neurons. There is robust preclinical evidence showing benefi-
cial effects of ChABC treatment following SCI. There is a potential for translating 
ChABC treatment into a clinical therapy for SCI.

 Docosahexaenoic Acid as Neuroprotective in SCI

Several studies have shown that omega-3 polyunsaturated fatty acids such as alpha- 
linolenic acid and DHA are neuroprotective in models of SCI in rodents. However, the 
mechanism of action underlying these effects has not been elucidated. Results in clini-
cally relevant model of SCI show that significant neuroprotection can be obtained by 
combining an initial acute intravenous injection of DHA with a sustained dietary 
supplementation. Given that the safety and tolerability of preparations enriched in 
omega-3 fatty acids is already well-documented, such a combined DHA treatment 
regime deserves consideration as a promising approach to SCI management.

 Erythropoietin as a Neuroprotective in SCI

In an animal model of severe SCI, secondary inflammation was markedly attenuated 
by systemic administration of recombinant human erythropoietin (rhEPO) and associ-
ated with reduced cavitation within the cord. These findings suggest that rhEPO 
provides early recovery of function, especially after spinal cord compression, as well 
as neuroprotective, antiinflammatory and antiapoptotic actions over a longer period. 
EPO has been shown to signal through the NFκB pathway and it remains to be proven 
if the beneficial effect in SCI is by modulation of this pathway.

 Free Radical Scavengers for Neuroprotection in SCI

Free radicals are implicated in the CNS damage resulting from trauma. Several 
studies have used various free radical scavengers. Edaravone (Mitsubishi’s Radicut), 
which is approved in Japan for treatment of cerebral infarction enhances functional 
recovery and preserved more spinal cord tissue after SCI in rats. The attenuation 
of posttraumatic lipid peroxide formation by edaravone partially contributes to 
this improvement.
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Raffinee, a mixture of free radical scavengers derived from natural products, 
appeared to be safe in the subacute stage of SCI in an open label study and may be 
an effective adjuvant therapy for enhancing functional recovery. Randomized con-
trolled trials are required for further evaluation of efficacy.

The possible beneficial effects of ebselen in comparison with methylpredniso-
lone have been investigated in experimental SCI in albino rats (Kalayci et al 2005). 
SCI significantly increases spinal cord tissue malondialdehyde (MDA) and protein 
carbonyl (PC) levels and decreases SOD, glutathione peroxidase (GSH-Px), and 
catalase (CAT) enzyme activities compared to control. Methylprednisolone and 
ebselen treatments decrease tissue MDA and PC levels and prevent inhibition of the 
enzymes SOD, GSH-Px and CAT in the tissues. However, the best results are 
obtained with ebselen. Therefore, ebselen treatment might have potential benefits in 
SCI. No clinical studies have been done.

 Immunosuppressants as Neuroprotectants in SCI

Hematogenous macrophages play an essential role in the development of secondary 
damage following SCI and there is evidence that the use of immunosuppressants 
such as mycophenolate mofetil can reduce monocyte invasion and neuronal dam-
age. Mycophenolate mofetil can downregulate important monocytic adhesion mol-
ecules and inhibits monocyte adhesion to endothelial cells, thus indicating that it 
could be beneficial for neuroprotection after SCI.  Possible beneficial effects of 
mycophenolate mofetil in comparison with methylprednisolone have been investi-
gated in an experimental model of SCI in young rats (Bilginer et al 2009). Results 
showed that the administration of mycophenolate mofetil in SCI decreases apopto-
sis and improves neurologic recovery.

There is an autoimmune cellular reaction after injury that can be inhibited by 
cyclosporin-A treatment as demonstrated in rat models of SCI. Cyclosporin-A pro-
motes neuroprotection by diminishing both demyelination and neuronal cell death, 
resulting in a better motor outcome after spinal cord injury. FK506 (tacrolimus) 
protects axons from secondary injury following SCI in experimental models and its 
neuroprotective effect is greater than that of methylprednisolone. Rats treated with 
a combination of FTY720, a new immunosuppressant, and tacrolimus demonstrated 
significantly greater functional recovery by day 14 after SCI than those treated with 
either FTY720 or tacrolimus alone (Zhang et al 2009).

 Interleukin-10 for Neuroprotection in SCI

IL-10, an antiinflammatory cytokine, promotes neuronal survival following SCI by 
inducing several signaling cascades through the IL-10 receptor in spinal cord neu-
rons to activate NF-κB transcription Bcl-2 and Bcl-xL. After exposure to glutamate, 
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IL-10, blocks cytochrome c release and caspase cleavage. Action of IL-10 through 
the neuronal IL-10 receptor suggests that IL-10 may provide direct neuroprotective 
effects in SCI in addition to the known antiinflammatory effects. IL-10 delivery by 
gene transfer may be a useful adjunctive therapy for SCI (Zhou et al 2009).

 Matrix Metalloproteinase Inhibitors for SCI

The involvement of matrix metalloproteinases (MMP)-1, -2, -9 and -12 has been 
shown in the post-traumatic events after human SCI. An investigation of patients 
who died after varying periods of survival times after SCI showed that all four 
MMPs were mainly expressed during the first weeks after injury and are most likely 
involved in the destructive inflammatory events of protein breakdown and phagocy-
tosis by infiltrating neutrophils and macrophages as well as enhanced permeability 
of the blood-spinal cord barrier (Buss et al 2007). Their temporal expression pattern 
corresponds largely to prior experimental studies, several of which have indicated 
that inhibition of MMPs may lead to improved functional outcomes. However, the 
lack of any clear indication of the exact functional role (beneficial or detrimental) of 
many MMPs in human spinal cord, plus the lack of specific inhibitors suggests that 
more research on this issue is warranted. Nonetheless, the present data on the spa-
tiotemporal expression of MMPs and TIMPs following human SCI has demon-
strated that experimental animal models do not always accurately predict the timing 
and expression pattern of key molecules in the clinical situation, and that such cor-
relative investigations are important for the extension of development matrix metal-
loproteinase inhibitors from the laboratory to the clinic.

 Methylprednisolone

Although there is a controversy surrounding the use of methylprednisolone in TBI, 
clinical trial results indicate that high-dose methylprednisolone given within 8 h of 
acute SCI is a safe and modestly effective therapy that may result in important clini-
cal recovery for some patients. Evidence from several trials of acute SCI indicated 
significant improvement in neurological motor function after high dose methylpred-
nisolone is given for 24 or 48 h. However, studies in rat models of SCI failed to 
provide evidence for efficacy of methylprednisolone either in improving functional 
recovery in the hind limbs or reduction of the lesion volume.

Gene chip technologies have been employed to compare the changes in gene 
expression or activity in SCI rats subsequently treated either with methylpredniso-
lone or saline as a control. By comparing gene expression profiles between the two 
groups of experimental rats, it is possible to determine which genes were differen-
tially turned on or off as a result of methylprednisolone treatment. The results of 
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such studies suggest that methylprednisolone administration causes suppression of 
gene activity in the SCI, particularly of genes that promote inflammation and prolif-
eration of cell types that may prohibit regrowth of damaged nerve tissue. A small 
percentage of genes show increase in activity, and these are genes encoding antioxi-
dants, growth factors, and matrix proteins known to have neuroprotective effects. 
Research is in progress to determine those genes that play a causal role in nerve 
regeneration and could potentially serve as candidates for drug targets or gene 
therapy to treat chronic SCI, in which neuron regeneration may be necessary for 
functional restoration.’

Whether methylprednisolone and erythropoietin act synergistically in SCI has 
been investigated. In a rat models of contusive SCI, both high-dose methylpred-
nisolone and erythropoietin suppress proinflammatory cytokines within the injured 
spinal cord, but only erythropoietin is associated with reduced microglial infiltra-
tion, attenuated scar formation, and sustained neurological improvement. 
Coadministration of methylprednisolone antagonizes the protective effects of 
erythropoietin indicating that the suppression of proinflammatory cytokines alone 
does not necessarily prevent secondary injury. These findings suggest that gluco-
corticoids should not be coadministered in clinical trials evaluating the use of 
erythropoietin for treatment of SCI.

Administration of methylprednisolone for the treatment of acute SCI is not FDA- 
approved and is no longer recommended. There is no Class I or Class II medical 
evidence supporting the clinical benefit of methylprednisolone in the treatment of 
acute SCI.

 Minocycline as Neuroprotective in SCI

Minocycline has been reported to inhibit the expression and activity of several 
mediators of tissue injury, including inflammatory cytokines, free radicals and 
MMPs. In acute SCI in mice, gross lesion size in the spinal cord is significantly 
reduced by minocycline, and there is evidence of axonal sparing. A comparison of 
minocycline against methylprednisolone treatment for acute SCI in humans, shows 
superior behavioral recovery in the minocycline-treated animals.

A single-center, human, double-blind, randomized, placebo-controlled phase II 
study of minocycline administration after spinal cord injury was undertaken for the 
purposes of dose optimization, safety assessment and to estimate outcome changes 
and variance (Casha et al 2012). The minocycline regimen established in this study 
proved feasible, safe and was associated with a tendency towards improvement 
across several outcome measures. Although this study does not establish the effi-
cacy of minocycline in SCI the findings are encouraging. A commentary on this 
study also underscores the need to evaluate specific subpopulations of SCI 
patients (Monaco et  al 2013). For instance, a patient with a cord transection 
would not be expected to respond to a drug therapy. A complete injury where the 
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cord is anatomically intact may be responsive but would not be predicted to recover 
as well as an incomplete injury. When all injuries are grouped together, a potentially 
meaningful effect may be lost. In other words, the heterogeneity of human spinal 
cord injury must be accounted for to detect potentially important clinical differ-
ences. This study indicates that cervical injuries, specifically incomplete injuries, 
may receive the most benefit from minocycline therapy. Second, it is critical in these 
studies to use the most sensitive and clinically relevant outcome measures. There 
were no differences in ASIA motor scores for patients harboring thoracic injuries. 
However, ASIA motor scores are not particularly sensitive to segmental clinical 
recovery in the thoracic region, suggesting that alternative measures should be used 
when studying injuries to this population. Finally, this study should serve as the 
basis for a large multicenter phase III trial that can be adequately powered to detect 
potential clinical efficacy.

 Modulation of Macrophage Responses for Neuroprotection 
after SCI

Macrophages are cellular sentinels in the body, assigned to identify “attacks” from 
viruses, bacteria, or fungi and sound the alarm when they are present. However, 
these cells are a “double edged sword”. SCI activates macrophages, endowing 
them with both reparative and pathological functions. The mechanisms responsible 
for these divergent functions are unknown but are likely controlled through activa-
tion of different macrophage receptor subtypes. Various danger-associated molecu-
lar patterns released from dying cells in the injured spinal cord likely activate 
distinct subtypes of macrophage pattern recognition receptors, including bacterial 
toll-like receptors (TLRs) and fungal C-type lectin receptors (e.g. dectin-1). To 
determine the in vivo consequences of activating these receptors, ligands specific 
for TLR2 or dectin-1 were microinjected, alone or in combination, into intact spi-
nal cord (Gensel et  al 2015). Both ligands elicit a florid macrophage reaction; 
however, only dectin-1 activation causes macrophage-mediated demyelination and 
axonal injury. Coactivating TLR2 reduces the injurious effects of dectin-1 activa-
tion. When injected into injured spinal cord, TLR2 agonists enhance the endoge-
nous macrophage reaction while conferring neuroprotection. Apoptosis of axons is 
reduced, leading to smaller lesion volumes at the peak of the macrophage response. 
Moreover, the density of NG2+ cells expressing vimentin increases in and near 
lesions that are enriched with TLR2-activated macrophages. In dectin-1-null 
mutant (knock-out) mice, death of corticospinal tract axons also is reduced after 
SCI. Collectively, these data support the hypothesis that macrophages can create an 
axon growth-permissive microenvironment or cause neurotoxicity, is receptor 
dependent and it may be possible to exploit this functional dichotomy to enhance 
CNS repair.
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 Neurotrophic Factors for Neuroprotection After SCI

NTFs are among various new approaches that show promise for neurological recov-
ery and functional restoration after SCI. NTFs enhance the following mechanisms 
that participate in regeneration after acute SCI:

• Vascular proliferation
• Regeneration of transected axons
• Sprouting from intact axons
• NTFs prevent retrograde death of the axotomized brainstem spinal neurons fol-

lowing hemisection of the spinal cord.

Experimental studies of administration of NTFs in SCI models have been done 
mostly with neurotrophin-3 (NT-3). There is sprouting of sensory neurites follow-
ing NT-3 delivery to the spinal cord by implantation of genetically modified 
 fibroblasts. Similar grafts do not induce a sprouting response in the brain indicating 
a region-specific effect of NT-3 in the CNS.

These observations indicate that NTFs play a crucial role in the survival of CNS 
neurons in vivo during development and after injury. These observations also show 
that certain populations of CNS neurons are dependent on specific neurotrophic 
support after injury. Some of the effects of neural transplants in the spinal cord 
(embryonic tissue or Schwann cells) can be due to synthesis of NTFs by the trans-
planted cells.

 Fibroblast Growth Factors in the Management of SCI

Several preclinical studies have showed that fibroblast growth factors (FGFs) alone 
or combined with cell transplantation and biomaterial scaffolds are effective for 
treating SCI in animal models. Despite progress in cell transplantation and biomate-
rial scaffolds for sustained release of growth factors in SCI, clinical translation to 
promote functional recovery of patients with SCI has been limited. There are major 
challenges for the use of FGFs, such as short half-life, susceptibility to inactivation, 
and rapid dilution and metabolism if used topically. Future research should consider 
combination therapies addressing the following points (Zhou et al 2018):

• Reduction of adverse secondary effects such as inflammation and scar 
formation.

• Optimizing survival and function of spared neurons in partial lesions of the 
spinal cord.

• Replacing lost neural tissue at the site of impact by neural transplant or stem 
cells.

• Counteracting multiple inhibitory factors to promote and guide axonal regrowth.
• Establishment of appropriate connections by regenerating axons.

 Pharmacological Neuroprotective Agents for SCI
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The benefit of FGFs in human SCI, however, can only be established by further 
clinical phase II/III trials. SUN13837 (Daichi Sankyo Co), a modulator of bFGF 
signaling system, is in phase II trials for SCI.

 Promotion of Regeneration of Neurons in SCI

This remains a challenge. Neurotrophins and CNTF have been shown to have a 
stimulatory effect on spinal cord grafts. GDNF also enhances survival and growth 
of prenatal and postnatal spinal cord transplants. NGF has also been shown to 
enhance the growth of ascending sensory neurons in SCI. Gel foam saturated with 
BDNF, NT-3, CNTF, or saline as a control, placed into the lesion cavity after cervi-
cal spinal cord hemisection in rats, has been shown to significantly increase axon 
regeneration. Grafting of Schwann cells modified to overexpress human NGF factor 
significantly supports extensive axonal growth in models of SCI. Continuous intra-
medullary infusion of basic FGF initiated immediately after moderate SCI in rats 
significantly reduces the total zone of injury indicating the potential clinical useful-
ness of this approach.

A pilot study was done to assess functional outcomes of nerve repair using acidic 
FGF in patients with cervical SCI (Wu et al 2008). The injured segment of the spinal 
cord was repaired by the application of fibrin glue containing acidic FGF. Modest 
nerve regeneration occurred in all the patients after this procedure without any 
observed adverse effects. Based on the significant difference in motor and sensory 
scale scores between the preoperative status and the 6-month postoperative follow-
 up, this novel nerve repair strategy of may have a role in the repair of human cervi-
cal SCI repair and deserves further investigation, clinical consideration, and 
refinement. Since there were no controls in this study, it is difficult to compare the 
results of FGF application with spontaneous nerve regeneration.

 Rho Pathway and Rho Antagonists in SCI

The Rho signaling pathway regulates the cytoskeleton and motility and plays an 
important role in neuronal growth inhibition. SCI in both rats and mice activates 
RhoA over ten-fold in the absence of changes in RhoA expression and this plays a 
role in apoptosis in the CNS. Mice with experimentally induced SCI, treated with a 
single injection of Rho or Rho-associated kinase inhibitors delivered in a protein 
adhesive at the lesion site, show long-distance regeneration of anterogradely labeled 
corticospinal axons with rapid recovery of locomotion. Therefore, Rho signaling 
pathway is a potential target for therapeutic interventions after spinal cord injury.

Cethrin® (BioAxone Therapeutic Inc/Vertex VX-210) is a recombinant protein 
that acts as a Rho antagonist and is designed to penetrate CNS tissue to repairs dam-
aged neurons. It is formulated as a kit for delivery at the site of spinal cord injury 
during surgical intervention early after acute injury. Results of a phase I/IIa clinical 
trial for the treatment of SCI in showed that the treatment is well tolerated without 
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complications and 30% of the patients improved following treatment (McKerracher 
and Anderson 2013). A phase III clinical trial was withdrawn due to switch of spon-
soring companies.

 Selenium as a Neuroprotective for SCI

The primary objective of this study was to determine the possible apoptotic cell 
death preventive effects of the antioxidant selenium using an experimental rat SCI 
model and cultured spinal cord-derived neural progenitor cells (Yeo et  al 2008). 
Sodium selenite treatment exerted a profound preventive effect on apoptotic cell 
death, including p-P38, p-SAPK/JNK, caspases, and PARP activity, and amelio-
rated astrogliosis and hypomyelination, which occurs in regions of active cell death 
in the spinal cords of SCI rats. The foremost protective effect of selenite in SCI 
would therefore be manifested in the suppression of acute secondary apoptotic cell 
death. However, selenite does not appear to exert an antiinflammatory function 
associated with active microglia and macrophage propagation or infiltration into the 
lesion site. Selenite-mediated neuroprotection has been linked to selenite’s attenua-
tion or inhibition of p38 mitogen-activated protein kinase, pSAPK/JNK, and Bax 
activation in SCI lesion sites. Selenite also attenuates cell death via the prevention 
of cytochrome c release, caspase activation, and ROS accumulation in the cytosol. 
This study showed that selenite administered immediately after SCI significantly 
diminishes functional deficits. The selenite-treated group recovered hind limb 
reflexes more rapidly, and a higher percentage of these rats regained responses to a 
greater degree than was seen in the untreated injured rats. These data indicate that 
the therapeutic outcome of selenite is most likely the consequence of its comprehen-
sive apoptotic cell death blocking effects, resulting in the protection of white matter, 
oligodendrocytes, and neurons, and the inhibition of astrogliosis. The finding that 
the administration of selenite prevents secondary pathological events in traumatic 
SCI, and promotes the recovery of motor function in an animal model may facilitate 
the development of novel drug targets for the treatment of SCI.

 Sialidase for Enhancing Recovery After SCI

Endogenous inhibitors that prevent regeneration of axons in the injured spinal cord 
include myelin-associated glycoprotein (MAG), which binds to sialoglycans and 
other receptors on axons. MAG inhibition of axon outgrowth in some neurons is 
reversed by treatment with sialidase, an enzyme that hydrolyzes sialic acids and 
eliminates MAG-sialoglycan binding. Recombinant sialidase was delivered intra-
thecally to rats at the site of a contusive SCI and significantly enhanced recovery of 
hind limb motor function, improved autonomic reflexes, and increased axon sprout-
ing (Mountney et al 2010). These findings validate sialoglycans as therapeutic tar-
gets and sialidase as a candidate therapy for neuroprotection in SCI.

 Pharmacological Neuroprotective Agents for SCI
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 Targeting the Inflammatory Response for Neuroprotection 
in SCI

Considerable evidence now suggests that an inflammatory response to injury in the 
CNS, mediated in part by microglia, might be crucial for inducing oligodendrocyte 
apoptosis and leading to poor outcome after SCI. Late onset of apoptosis of these 
cells is linked to early inflammatory events. Therefore, blockade of inflammatory 
cascade spares oligodendrocytes and is associated with improvement of neurologi-
cal function. This approach has shown efficacy in preclinical models of SCI. However, 
one needs to consider the multitude of effects of such treatments and the complexity 
of the repair and recovery processes, including axonal growth and sprouting, cell 
replacement and remyelination.

 Uric Acid as Neuroprotective in SCI

Peroxynitrite, produced by neutrophils as a result of the body’s inflammatory 
response, contributes to the pathogenesis of various neurodegenerative disorders 
through multiple mechanisms. It is a major trigger in opening the BBB and medi-
ates secondary neuronal cell death after SCI. Physiologically relevant levels of uric 
acid (UA), a metabolic breakdown product found in blood and urine, selectively 
inhibit certain peroxynitrite-mediated reactions and block the toxic effects of per-
oxynitrite on primary spinal cord neurons in vitro. UA stops the secondary injury 
cascade by preventing the neutrophils from getting into spinal cord tissues through 
the BBB. Furthermore, administration of UA at the onset of SCI in a mouse model 
inhibits several pathological changes in the spinal cord including general tissue 
damage, nitrotyrosine formation, lipid peroxidation, activation of poly(ADP-ribose) 
polymerase, and neutrophil invasion. UA treatment improves functional recovery 
from the injury indicating that elevating UA levels may provide a therapeutic 
approach for the treatment of SCI as well as other neurological diseases with a 
peroxynitrite-mediated pathological component.

 Non-pharmacological Approaches to SCI

 Hyperbaric Oxygen Therapy

The concept of using HBO in the management of SCI parallels this application of 
this therapy for TBI. HBO reduces both edema and ischemia, which are important 
factors in the pathogenesis of traumatic myelopathy (Jain 2017). Ideally the patient 
should be treated with 2–4 h of the injury but the logistic difficulties of transporting 
the patient and giving these treatments in a hyperbaric chamber makes this approach 
difficult.
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 Hypothermia for SCI

The effect of mild hypothermic treatment on histological changes and motor function 
after a rat spinal cord compression injury has been assessed (Morino et al 2008). In 
normothermic rats, microglia proliferated up to 72 h after the compression. Proliferation 
was substantially inhibited at 48 and 72 h after compression in the hypothermic rats. 
The motor function of the hypothermic rats improved at 48 and 72 h after the compres-
sion, whereas no improvement was seen in the normothermic rats. The amount of 
TNF-α in the compressed portion of the spinal cord was lower in hypothermic rats 
compared with normothermic rats throughout the experiment. These results suggest 
that hypothermic treatment is effective for the amelioration of delayed motor dysfunc-
tion of SCI via inhibition of microglial inflammatory responses.

 Cell Therapy for SCI

Some researchers are trying to promote surviving axons in SCI to grow across the 
damaged area and reconnect with others, using combinations of different growth fac-
tors. Considerable advances have also been made in the last decade in devising and 
evaluating cell transplantation strategies for enhancing axon regeneration for patients 
with spinal cord injuries and other lesions. Thus, several studies have established that 
transplantation of glial cells can have beneficial consequences in experimental mod-
els of SCI and demyelination. The body’s capacity to restore damaged neural net-
works in the injured spinal cord is severely limited. Although various treatment 
regimens can partially alleviate SCI, the mechanisms responsible for symptomatic 
improvement remain elusive.

 Fetal Neural Grafts for SCI

Studies of intraspinal transplantation in experimental animals reveal that solid and 
suspension grafts of fetal tissues from several areas of neuraxis survive after place-
ment into the spinal cord. Moreover, these grafts mature, integrate with host’s CNS, 
enhance the growth of specific systems from the host, and enhance recovery of 
function. It is questionable whether fetal cell transplantation would become an 
important method for the treatment of human spinal cord injury. Ethical and proce-
dural problems associated with procuring human fetal tissues may be formidable.

 Olfactory-Ensheathing Cells for SCI

Olfactory ensheathing cells (OECs) are found along the full length of the olfactory 
nerve, from the basal lamina of the epithelium to the olfactory bulb, crossing the 
peripheral nervous system-CNS junction. In vitro, these cells promote robust axonal 
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growth, in part through cell adhesion molecules and possibly by secretion of neuro-
trophic growth factors that support axonal elongation and extension. In animal mod-
els of SCI, transplantation of ensheathing cells supports axonal remyelination and 
extensive migration throughout the length of the spinal cord. Potential therapeutic 
superiority of olfactory glia over Schwann cells has been demonstrated by experi-
ments in which the number of regenerating axons crossing a transection site was 
dramatically increased when olfactory ensheathing glia were placed at the interface 
between a Schwann-cell-filled guidance tube and the damaged spinal cord.

OECs, transplanted into the injured spinal cord of laboratory rats, have a remark-
able capacity to integrate into damaged pathways, laying a ‘bridge’ over the gap in 
the nerve fibers caused by injury. The cells can be obtained from tissue samples 
taken from the adult nasal lining by a technique that does no permanent damage, 
since the system, like skin, contains adult stem cells and is in a state of continuous 
self renewal. If this technique can be transferred to humans, the patient can be his/
her own cell donor. This will avoid the need to use hESCs, to find donor individuals, 
foreign stem cells, or to use powerful drugs with unknown side-effects. Thus the 
repair of the injured spinal cord is now a possibility although OEC transplants alone 
may not be sufficient for neural repair and functional recovery after SCI. In addi-
tion, OECs can induce abnormal axonal growth, making further studies necessary 
before considering their clinical use.

A clinical trial of autologous transplantation of OECs into the spinal cord in six 
SCI patients with complete, thoracic paraplegia showed that this procedure is fea-
sible and is safe up to 3 years of post-implantation, however, this conclusion should 
be considered preliminary because of the small number of trial patients (Mackay- 
Sim et al 2008). A phase I clinical trial assessed the safety and feasibility of trans-
plantation of autologous mucosal olfactory ensheathing cells and olfactory nerve 
fibroblasts in 6 patients with complete SCIresulting in chronic thoracic paraplegia 
(Tabakow et al 2013). Three patients were operated, and three served as a control 
group. The trial protocol consisted of pre- and postoperative neurorehabilitation, 
olfactory mucosal biopsy, culture of olfactory ensheathing cells, and intraspinal cell 
grafting. Patient’s clinical state was evaluated by clinical, neurophysiological, and 
radiological tests. There were no adverse effects of olfactory mucosa biopsy or 
transplantation of olfactory ensheathing cells at 1 year after surgery. There was no 
evidence of neurological deterioration, neuropathic pain, infection, or tumorigene-
sis. In one cell-grafted patient, an asymptomatic syringomyelia was observed. 
Neurological improvement was observed only in transplant recipients and the 3 
operated patients improved. Diffusion tensor imaging showed restitution of conti-
nuity of some white matter tracts throughout the focus of spinal cord injury in these 
patients. Observations at 1 year indicate that the obtaining, culture, and intraspinal 
transplantation of autologous olfactory ensheathing cells were safe and feasible. 
The significance of the neurological improvement in the transplant recipients and 
the extent to which the cell transplants contributed to it will require larger numbers 
of patients.

Obtaining OECs from various sources is still a problem. To address this, an 
observational study started in 2018 (ClinicalTrials.gov Identifier: NCT02870426) 
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using OECS from donors after brainstem death as well as from patients undergoing 
frontal craniotomy and will culture them in phase I prior to transplantation in SCI 
patients in phase II.

 Oligodendrocyte Precursor Cells for Treatment of SCI

Demyelination contributes to loss of function after SCI, and thus a potential thera-
peutic strategy involves replacing myelin-forming cells. Oligodendrocyte precursor 
cells (OPCs), the major source of oligodendrocytes responsible for myelination 
within the CNS, are a useful for cell transplantation in SCI. Proliferation, migration, 
and differentiation of OPCs are regulated by several factors including neuronal- or 
axonal-glial neurotransmitters, neurotrophic factors, and transcription factors. Most 
of OPCs are dormant with limited capacity for cell division under normal circum-
stances, but they may be activated following demyelinating injuries. However, their 
regenerating efforts are hindered by the hostile microenvironments at the site of 
injury, leading to incomplete remyelination and clinical recovery. Therefore, 
research efforts are aimed at ways to stimulate endogenous OPCs by enhancing the 
positive regulatory factors while attenuating negative ones. In view of the intricate 
neuron-glial, glial-glial, and extracellular matrix-glial cross talks, it is unlikely that 
single-agent would be effective; rather, combinatorial strategies targeted at oligo-
dendrocytes lineage protection, blockage of extracellular inhibitory molecules, and 
myelination promotion may be required (Li and Leung 2015).

Transplantation of human embryonic stem cell (hESC)-derived OPCs into adult 
rat SCI enhances remyelination and improved motor function. Transplanted OPCs 
survive, redistribute over short distances, and differentiate into oligodendrocyte 
resulting in enhanced remyelination and substantial improvement of locomotor 
ability. In contrast, when OPCs were transplanted 10 months after injury, there was 
no enhanced remyelination or locomotor recovery. Predifferentiating hESCs into 
functional OPCs has therapeutic potential for SCI.

In order to directly address cervical SCI, a C5 midline contusion injury model 
was used to assess the efficacy of a candidate therapeutic (Sharp et al 2010). The 
contusion generates reproducible, bilateral movement and histological deficits, 
although a number of injury parameters such as acute severity of injury, affected 
gray to white matter ratio, extent of endogenous remyelination, and at-level loco-
motion deficits do not correspond with these parameters in thoracic SCI. Based on 
reported benefits in thoracic SCI, hESC-derived OPCs were transplanted into this 
cervical SCI model. hESC-derived OPC transplants attenuated lesion pathogene-
sis and improved recovery of forelimb function. Histological effects of trans-
plantation included robust white and gray matter sparing at the injury epicenter, 
and iparticularly, preservation of motor neurons that correlated with movement 
recovery. These findings further an understanding of the histopathology and 
functional outcomes of cervical SCI, define potential therapeutic targets, and 
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support the use of these cells as a treatment for cervical SCI. A phase II trial is 
evaluating AST-OPC1 (Asterias Biotherapeutics) subjects with subacute cervical 
SCI (NCT02302157).

 Schwann Cell Transplants for SCI

To promote growth and remyelination, Schwann cells (the peripheral nervous sys-
tem equivalent of oligodendrocytes) have been transplanted. Unfortunately, 
Schwann cells and oligodendrocytes erect an inhibitory barrier when they encounter 
each other. Grafting of Schwann cells modified to overexpress human NGF signifi-
cantly supports extensive axonal growth in models of spinal cord injury.

 Transplantation of Glial Cells for SCI

Following acute damage to the CNS by trauma or ischemia, the glial cells as well as 
the neurons die leading to a breakdown in the integrity of the glial environment and 
this limits regeneration. Glia-depleted areas of the CNS can be reconstituted by the 
introduction of cultured glial cells. When introduced into infarcted white matter in 
the spinal cord, progenitor-derived astrocytes fill the damaged area more effectively 
than tissue-culture astrocytes although their axons do not regenerate into the recon-
stituted areas. However, they promote revascularization and attenuate scarring 
which is an impediment to regeneration. Transplantation of astrocytes derived from 
embryonic glial-restricted precursors (GRPs) has been shown to promote robust 
axon growth and restoration of locomotor function after acute transection injuries of 
the adult rat spinal cord. Pre-differentiation of glial precursors into GDAs before 
transplantation into spinal cord injuries leads to significantly improved outcomes 
over precursor cell transplantation, providing both a novel strategy and a highly 
effective new cell type for repairing CNS injuries.

 Stem Cells for SCI

Stem cell implantation into the injured spinal cord has been shown to induce 
partial recovery, but the SCI models used in these studies involved moderate 
injury, so that hind limb motor function recovered spontaneously even in 
untreated the animals to support their own weight and walk. In these studies, 
axons demyelinated by the injury were reported to be remyelinated by trans-
plant-derived oligodendrocytes.
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 Bone Marrow Stem Cells for SCI

Transplanted bone marrow (BM) cells improve neurologic disease in CNS injury 
models by generating neural cells or myelin-producing cells. A study has evaluated 
9 patients with chronic complete SCI who were treated with autologous BM-derived 
hematopoietic progenitor stem cell transplantation without any serious complica-
tions (Deda et al 2008). Autologous hematopoietic progenitor stem cell avoids the 
problems associated with immunologic rejection and GVHD, which are frequently 
caused by allografts. Another advantage of this type of cell therapy is that it is not 
associated with carcinogenesis, which can occur with ESC therapy. Results of this 
study show that autologous BM stem cell therapy is effective and safe for the treat-
ment of chronic SCI.

 Transplantation of ESCs for SCI

Several experimental studies in rats have investigated the implantation of embry-
onic stem cells (ESCs) for SCI. Although the rats recovered some spinal cord func-
tion, it is not yet clear exactly how stem cell transplantation works. They may 
secrete growth factors that induce regeneration of native oligodendrocytes. Ongoing 
studies are trying to increase the migration of cells to achieve a more uniform dis-
tribution at the site of injury. Seeding of NSCs on a polymer scaffold promotes 
long-term improvement in function in adult rat hemisection models of SCI.

 Transplantation of Induced Pluripotent Stem Cells in SCI

A study has directed neural differentiation of murine induced pluripotent stem cells 
(iPSCs) and examine their therapeutic potential in a mouse SCI model (Tsuji et al 
2010). Safe iPSC-derived neurospheres, which had been pre-evaluated as nontu-
morigenic by their transplantation into nonobese diabetic/severe combined immu-
nodeficiency mouse brain, produced electrophysiologically functional neurons, 
astrocytes, and oligodendrocytes in vitro. When these iPSC-derived neurospheres 
were transplanted into the spinal cord 9 days after contusive injury, they differenti-
ated into all three neural lineages without forming teratomas or other tumors. They 
also participated in remyelination and induced the axonal regrowth of host 5HT+ 
serotonergic fibers, promoting locomotor function recovery. However, the trans-
plantation of iPSC-derived neurospheres pre-evaluated as “unsafe” showed robust 
teratoma formation and sudden locomotor functional loss after functional recovery 
in the SCI model. These findings suggest that pre-evaluated safe iPSC clone-derived 
NSCs and progenitor cells may be a promising cell source for transplantation 
therapy for SCI.
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 Transplantation of MSCs for SCI

A study has demonstrated that genetically modified hMSC lines can survive in 
healthy rat spinal cord over at least 3 weeks by using adequate immune suppression 
and can serve as vehicles for transgene expression (Ronsyn et al 2007). Long-term 
results of 10 patients who underwent autologous intramedullary direct MSC trans-
plantation into injured spinal cords showed that in 3 of these there was improvement 
in the motor power of the upper extremities and in activities of daily living, as well 
as significant MRI and electrophysiological changes during 6-month follow-up 
(Park et  al 2012). None of the patients experienced any permanent complication 
associated with MSC transplantation. Further studies were suggested to determine 
the clinical significance of these MRI changes and the effects of transplanted MSCs 
on axon regeneration. In a phase III clinical trial of autologous MSCs therapy on 16 
patients in the chronic phase (>1 year after trauma) of SCI, only 2 showed improve-
ment in neurological status with appearance of continuity in the spinal cord tract by 
diffusion tensor imaging (Oh et al 2016). There were no adverse effects associated 
with single MSCs injection in intramedullary and intradural spaces, but therapeutic 
effect was very weak compared with multiple MSCs injections. Further clinical tri-
als to enhance the effect of MSCs injections are necessary.

 Transplantation of NSCs for SCI

NSCs present in the adult spinal cord can be expanded in vitro and improve recov-
ery when transplanted to the injured spinal cord, demonstrating the presence of cells 
that can promote regeneration but that normally fail to do so efficiently. Use of 
genetic fate mapping has shown that close to all in vitro NSC potential in the adult 
spinal cord resides within the population of ependymal cells lining the central canal, 
which are recruited by SCI and produce not only scar-forming glial cells, but also, 
to a lesser degree, oligodendrocytes (Meletis et  al 2008). Modulating the fate of 
ependymal progeny after SCI may offer an alternative to cell transplantation for cell 
replacement therapies in SCI.

Transplantation of human NSCs into the lumbar cord of normal or injured adult 
nude rats have been shown to undergo large-scale differentiation into neurons that 
formed axons and synapses and established extensive contacts with host motor neu-
rons (Yan et al 2007). Spinal cord microenvironment appeared to influence the fate 
of NSCs, with centrally located cells taking on a predominant neuronal path, and 
cells located under the pia membrane persisting as NSCs or presenting with astro-
cytic phenotypes. Slightly fewer than one-tenth of grafted neurons differentiated 
into oligodendrocytes. The presence of lesions increased the frequency of astrocytic 
phenotypes in the white matter. In view of recent similar findings from other stud-
ies, the extent of neuronal differentiation observed in this study disputes the belief 
that the spinal cord is constitutively unfavorable to neuronal repair. Restoration of 
spinal cord circuitry in traumatic and degenerative diseases may be more realistic 
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than previously thought, although major challenges remain, especially with respect 
to the establishment of neuromuscular connections.

NSC grafting in rats with SCI improves motor recovery. Although differentia-
tion of engrafted NSCs is restricted exclusively toward the astrocytic phenotype, 
the NSC-derived astrocytes show features that are typical of the early phase after 
SCI when the glial scar still allows regeneration of axons. Modifying the glial scar 
with NSCs might enhance axonal regeneration in the injured area. The use of 
genetically engineered NSCs that express trophic factors appears to be an attractive 
tool in SCI research.

Using a mouse model of SCI, it was shown that transplantation of NSCs together 
with administration of valproic acid (VPA), a known antiepileptic and histone 
deacetylase inhibitor, dramatically enhanced the restoration of hind limb function 
(Abematsue et al 2010). VPA treatment promoted the differentiation of transplanted 
NSCs into neurons rather than glial cells. Transsynaptic anterograde corticospinal 
tract tracing revealed that transplant-derived neurons reconstructed broken neuronal 
circuits, and electron microscopic analysis revealed that the transplant-derived neu-
rons both received and sent synaptic connections to endogenous neurons. Ablation of 
the transplanted cells abolished the recovery of hind limb motor function, confirming 
that NSC transplantation directly contributed to restoration of motor function. 
In contrast to some of the earlier studies, this study used a severe SCI model in which 
corticospinal tract axons were completely disrupted to assess the effectiveness of the 
new strategy. Hind limb motor function in untreated mice recovered only marginally. 
Although VPA is known to be neuroprotective, its use as a sole agent does not pro-
duce regeneration. The findings of this study show that epigenetic status in trans-
planted NSCs can be manipulated to provide effective treatment for SCI and that 
supplementation with neurons may be more beneficial than supplementation with 
oligodendrocytes for reconstructing destroyed neuronal circuits in severe SCI.

InVivo Therapeutics Corp has developed a biocompatible polymer scaffolding 
device seeded with autologous hNSCs to treat acute and chronic SCI. This involves 
a drug delivery and tissue engineering method to increase survival of NSCs after 
transplantation into the injured spinal cord. The INSPIRE study titled “Probable 
Benefit of the Neuro-spinal Scaffold for Treatment of AIS A Thoracic Acute Spinal 
Cord Injury” is ongoing as of January 2019 (NCT02138110).

 Transplantation of Human Dental Pulp Stem Cells

Transplantation of human dental pulp stem cells into the completely transected 
adult rat spinal cord has been reported to result in marked recovery of hind limb 
locomotor functions (Sakai et  al 2012). Transplantation of human bone marrow 
stromal cells or skin-derived fibroblasts led to substantially less recovery of loco-
motor function. The human dental pulp stem cells exhibited three major neurore-
generative activities: (1) inhibition of the SCI-induced apoptosis of neurons, 
astrocytes, and oligodendrocytes, which improved the preservation of neuronal 
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filaments and myelin sheaths; (2) promotion of the regeneration of transected axons 
by direct inhibition of multiple axon growth inhibitors, including chondroitin sul-
fate proteoglycan and myelin-associated glycoprotein, via paracrine mechanisms; 
(3) replacement of lost cells by differentiation into mature oligodendrocytes under 
the extreme conditions of SCI. These data demonstrate that tooth-derived stem cells 
may provide therapeutic benefits for treating SCI through both cell-autonomous and 
paracrine neuroregenerative activities.

 Transdifferentiation of Stem Cells into Cholinergic Neurons for SCI

Cholinergic neurons are very important cells in SCI because of the deficits in motor, 
autonomic and sensory neurons. Bone marrow stem cells have been evaluated as a 
source of cholinergic neurons in a rat model of contusive SCI (Naghdi et al 2009). 
Stem cells were pre-induced with β-mercaptoethanol (BME), while the induction 
was done with NGF. At the induction stage, there was a decline in the expression of 
NF-68 associated with a sustained increase in the expression of NF-200, NF-160, 
choline acetyltransferase (enzyme that synthesizes acetylcholine) and synapse I, 
whereas microtubule-associated protein-2 expression was variable. Transplanted 
cells were detected 6 weeks after their injection intraspinally and were associated 
with functional recovery. It is concluded that transdifferentiation of bone marrow 
stem cells into a cholinergic phenotype is feasible for replacement therapy in SCI.

 Evaluation of Experimental Studies of Stem Cell Transplantation in SCI

Numerous experimental studies have explored the use of stem cells for repair of 
SCI but the hope of curing paraplegia in humans with SCI have not yet realized. 
The length of time that lapses between experiments and translation into clinical 
applications frustrates patients, clinicians, venture capitalists, and politicians. 
Because of the complex train of events following injury to the spinal cord, it is dif-
ficult to evaluate any treatment. Spontaneous recovery may be due to the presence 
of spared fibers after transaction that is difficult to detect. Recovery can also be 
attributed to the resolution of processes such as edema, inflammation, altered per-
fusion, shock, and transient channelopathies. It may also be due to gradual behav-
ioral compensation by the animal and plasticity due to activation of redundant 
connections of the neural pathways.

A commentary on this topic has raised important questions that need to be 
asked for assessing such studies and these include the following (Snyder and 
Teng 2012):

• Were lesions, interventions, and results assessed in a blinded fashion?
• Was follow-up done for at least 4 months after the intervention?
• Were improvements documented motor and sensory evoked potentials?

5 Neuroprotection in Spinal Cord Injury



361

• Are the results reproducible?
• Can stem cells be isolated, characterized, and safely scaled up within a time-

frame that can produce an effect on freshly injured spinal cord?

 Gene Therapy for SCI

SCI can be ameliorated by implantation in the spinal cord of genetically modified 
cells expressing NTFs, which are large molecules and do not penetrate into the spi-
nal cord after systemic administration. Local injection into the spinal cord is not 
practical, as NTFs have to be administered for extended periods of time, but geneti-
cally modified cells (a form of gene therapy) can deliver NTFs for longer durations. 
If gene therapy is to be used to promote axon regeneration after SCI, a suitable 
vector for transgene delivery must be obtained. For example, a HSV vector is capa-
ble of transducing axotomized cells in the CNS and producing transgene expression 
in them for at least 2 weeks after injection. Some examples of delivery of NTFs to 
the injured spinal cord by genetically modified cells are:

• Primary rat fibroblasts have been genetically modified to produce and secrete 
human NGF and then grafted to nonlesioned or lesioned adult rat spinal cords for 
periods of up to 1 year in vivo.

• Treatment with genetically engineered fibroblasts producing NGF or BDNF 
has been demonstrated to accelerate recovery from experimental SCI in adult 
rats. Encapsulation of genetically modified fibroblasts secreting BDNF is an 
effective strategy for delivery of BDNF to the injured spinal cord without the 
need for immune suppression that is needed for implantation of unencapsu-
lated cells.

• For the aim of promoting regeneration of neurons across a spinal cord transec-
tion, grafting of Schwann cells modified to over-express human NGF has been 
shown to significantly support extensive axonal growth in models of SCI.

• Intraspinal delivery of NT-3 using NSCs, genetically modified by recombinant 
retrovirus, has the potential to induce spinal cord repair.

Demyelination contributes to the neurological deficits after contusive 
SCI.  Therefore, remyelination may be an important strategy to facilitate repair 
after SCI. Combining partially differentiated stem cells with gene therapy can pro-
mote the growth of new “insulation” around nerve fibers in the damaged spinal 
cords of rats. Glial-restricted precursor cells (GRPs), which differentiate into both 
oligodendrocytes and astrocytes, form normal-appearing central myelin around 
axons of cultured neurons and their proliferation as well as survival is enhanced in 
the presence of NT3 and BDNF. Combined treatment with neurotrophins and GRP 
grafts can facilitate functional recovery after SCI and may be a useful therapeutic 
strategy to repair the injured spinal cord.

 Gene Therapy for SCI
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Some of the gene therapy strategies involve implantation of genetically modified 
stem cells. For example, genetically modified olfactory ensheathing cells are capa-
ble of surviving and producing NT-3 in vivo to significantly improve the recovery 
after SCI (Ma et al 2010).

 Combined Approaches to Spinal Cord Injury

With multiple pathophysiological changes taking place after SCI, it would be diffi-
cult to imagine that a single mode of treatment would suffice. Among the CNS 
injuries SCI is more critical than TBI for the following two reasons:

 1. The compact location of important long tracts in the relatively small spinal cord 
and the brain stem produces far more profound neurological deficits than a simi-
lar injury in the larger cerebral hemispheres.

 2. The margin of reserve and plasticity in the spinal cord is much less than in the 
cerebral hemispheres.

Regarding the potential use of neurotrophic factors, the problems posed by SCI 
with disruption of long tracts are different from those of the degenerative lesions of 
the CNS. The long terms of which the corticospinal tract is the most important for 
motor function need to regenerate over a long distance for any functional recovery 
to occur. A strategy for management of SCI should consider the following important 
components:

 1. Neuroprotective agents in the acute phase to prevent the progression of the 
injury. These strategies may take into consideration improvement of oxygenation 
(by hyperbaric oxygenation) and counteraction of biochemical disturbances.

 2. Antiinflammatory agents such as methylprednisolone and erythropoietin to 
reduce inflammation, limiting neuronal apoptosis, and restoring vascular 
autoregulation.

 3. A combination of neurotrophic factors to prevent atrophy of the neurons in the sub-
acute phase and to promote the sprouting of axons. These may be applied locally at 
the site of disruption of the spinal cord or may be combined with a neural graft.

 4. Administration of antibodies to myelin-associated inhibitory protein to promote 
the regeneration of axons over a long distance. This should follow the use of 
NTFs. This technique has not been used in human patients.

 5. Use of stem cells for neural regeneration. A clinical trial of embryonic stem cell 
therapy in SCI is in progress.

 6. Scaffolding could be the final connector for regeneration. Stem cells can assem-
ble in nanofiber scaffolds

The role and sequence of all these steps needs to be worked out. If spinal cord is 
not protected in the acute phase, the damage may be too extensive to compensate by 
regenerative techniques. Use of neurotrophic factors alone may lead to disorderly 
sprouting of axons, which are not able to regenerate of long distance because of 
myelin-inhibitory proteins. Aberrant regeneration may produce neuropathic pain.
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 Discovery of New Targets for Neuroprotective Therapies 
in SCI

Technologies are available to identify and monitor the expression levels of thousands 
of genes simultaneously and are now used for studying the pathophysiology of 
SCI. Early stages after injury are characterized by the strong upregulation of genes 
involved in transcription and inflammation and a general downregulation of structural 
proteins and proteins involved in neurotransmission. Later, an increase in the expres-
sion of growth factors, axonal guidance factors, extracellular matrix molecules and 
angiogenic factors reflects the attempts for repair, while upregulation of stress genes 
and proteases and downregulation of cytoskeletal and synaptic mRNA reflect the 
struggle of the tissue to survive. DNA microarrays have the potential to aid discovery 
of new targets for neuroprotective or restorative therapeutic approaches.

A study has investigated the molecular mechanisms of SCI in rats starting with 
screening of differentially expressed genes (DEGs) based on microarray data down-
loaded from Gene Expression Omnibus with the following findings (Chen et al 2015):

• 806 DEGs were upregulated and 549 DEGs were downregulated.
• Cholesterol metabolism-associated genes were negatively correlated with time, 

while injury genes (e.g. SERPING1, C1S and RAB27A) were positively corre-
lated with time after SCI.

• A number of miRNAs (e.g. miR210, miR-487b and miR-16) were found to tar-
get cholesterol metabolism-associated DEGs.

• Upregulation of JUN, mediated by C-JUN N-terminal kinase 1 via phosphoryla-
tion, is highly induced in response to neuronal injury.

• The downregulation of expression of SNAP25, a component of the trans-SNARE 
complex, may be associated with the sensory deficit after SCI.

Most of the studies on SCI have primarily used rodent models, and few studies 
have examined SCI in non-human primates. A study of the changes in gene expres-
sion patterns following SCI in common marmosets, non-human primates, used 
microarray analysis and mRNA deep sequencing (Nishimura et al 2014). Results 
showed that, although the sequence of events is comparable between primates and 
rodents, the inflammatory response following SCI is significantly prolonged and the 
onset of glial scar formation is temporally delayed in primates compared with 
rodents. These findings indicate that the optimal time window to treat SCI signifi-
cantly differs among different species.

 Clinical Trials in SCI

There are 316 clinical trials of SCI listed on the web site of NIH as of December 2018: 
http://clinicaltrials.gov/search/open/condition=%22Spinal+Cord+Injuries%22. Most 
of these trials cover various aspects of SCI such as diagnosis, management of pain and 
complications as well as rehabilitation of paraplegia. Clinical trials relevant to neuro-
protection in SCI are shown in Table 5.3.

 Clinical Trials in SCI
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 Concluding Remarks

The North American Clinical Trials Network Consortium selected 5 agents for con-
ducting preclinical neuroprotection/pharmacotherapy trials  – riluzole, glyburide, 
magnesium sulfate, nimodipine, and minocycline – because of their translational 
potential for management of spinal cord injuries (Tator et al 2012). Along with the 
Surgical Treatment for Acute Spinal Cord Injury Study (STASCIS) Trial to evaluate 
the role and timing of surgical decompression for acute SCI, several promising 
pharmacological therapies are currently under investigation for neuroprotection. 
These include minocycline; aiding axonal conduction with the potassium channel 
blockers, neuroregenerative/ neuroprotective approaches with the Rho antagonist, 
Cethrin; as well as cell-mediated repair with stem cells, bone marrow stromal cells, 
and olfactory ensheathing cells.

There are lessons to be learned from unsuccessful SCI clinical trials. For success 
in future clinical trials in SCI, heterogeneity of patients and pathophysiology should 
be considered in assessing response to treatment. Ultimately, due to the multifacto-
rial pathophysiology of SCI, effective therapies will require combined approaches. 
The strategic management of SCI is likely to involve the administration of drugs to 
mitigate the secondary injury in the acute phase, followed by cell transplantation 
therapy to regenerate damaged spinal cord tissue from subacute to chronic phase 
(Nori et al 2017).
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 Introduction

Although the concept of neuroprotection was originally applied to acute neurologi-
cal conditions, it has been extended to chronic diseases of the brain characterized by 
as neurodegeneration because some of the basic mechanisms of damage to the CNS 
are similar in these conditions.

Neurodegenerative disorders that will be discussed in the following chapter 
include Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease 
(HD) and amyotrophic lateral sclerosis (ALS). Neuroprotection is the mechanism 
of action of some of the drugs used in the treatment of these conditions. Among all 
the neurodegenerative disorders, neuroprotective therapy research and development 
is most advanced in PD. A brief description of pathomechanism of neurodegenera-
tion will be given as an introduction to neuroprotection.

 Pathomechanism of Neurodegeneration

Neurodegeneration in PD, AD, and other neurodegenerative diseases seems to be 
multifactorial, in that a complex set of toxic reactions including inflammation, glu-
tamatergic neurotoxicity, increases in iron and nitric oxide, depletion of endogenous 
antioxidants, reduced expression of trophic factors, dysfunction of the ubiquitin- 
proteasome system, and expression of proapoptotic proteins leads to the demise of 
neurons. Gangliosides, which are sialylated glycosphingolipids, are the major class 
of glycoconjugates on neurons and carry most of the sialic acid within the 
CNS. Ganglioside synthesis is essential for the development of a stable CNS, pos-
sibly by means of the promotion of interactions between axon and glia. Interruption 
of ganglioside synthesis produces CNS degeneration and altered axon-glial interac-
tions. Thus, the fundamental objective in neurodegeneration and neuroprotection 
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research is to determine which of these factors constitutes the primary event, the 
sequence in which these events occur, and whether they act in concurrence in the 
pathogenic process. This has led to the current notion that drugs directed against a 
single target will be ineffective and rather a single drug or cocktail of drugs with 
pluripharmacological properties may be more suitable.

Cellular NAD+ concentrations change during aging, and modulation of NAD+ 
production can prolong healthy life span. Several factors regulate NAD+ and supple-
mentation with NAD+ precursors may represent a new therapeutic opportunity for 
aging as well as its associated disorders, particularly neurodegenerative diseases 
(Verdin 2015). Among other factors involved in neurodeneration, α-synuclein, 
apoptosis and glutamate toxicity play an important role and will be discussed in the 
following sections.

 Aging and Neurodegeneration

Aging is a risk factor for many diseases, featured by expression changes of genes 
related to apoptosis, cell cycle, cell senescence, inflammation, as well as mitochon-
drial genes. The other common denominators of aging include altered expression of 
genes linked to epigenetic alterations, genomic instability, telomere attrition and 
proteostasis. Mitochondrial dysfunction has been proposed to accelerate aging and 
neurodegeneration through accumulation of mtDNA mutations and the generation 
of ROS. Commercially available realtime PCR arrays enable analysis of expression 
of these genes can provide a better understanding of how transcriptional changes 
relate to the aging process. This can facilitate the development of neuroprotective 
strategies for neurodegenerative disorders.

 α-Synuclein in Neurodegeneration and Neuroprotection

Synucleinopathies are progressive neurodegenerative disorders characterized by the 
abnormal aggregation and accumulation of α-synuclein, an abundant neuronal pro-
tein that can adopt different conformations and biological properties. Proteins like 
α-synuclein can spread between neurons in a prion-like manner. This self- 
propagating capacity enables different stable conformational states, known as pro-
tein strains, which can be modulated by environmental as well as by protein-intrinsic 
factors. An analysis of these factors reveals that the unique combination of the 
neurodegeneration- related metal copper and the pathological H50Q α-synuclein 
mutation induces a significant alteration in the aggregation properties of α-synuclein 
(Villar-Piqué et al 2016). The presence of copper induces formation of structurally 
different and less-damaging α-synuclein aggregates. These aggregates exhibit a 
stronger capacity to induce α-synuclein inclusion formation in recipient cells, 
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which shows that the structural features of α-synuclein species determine their 
effect in neuronal cells and supports a lack of correlation between toxicity and 
inclusion formation. This study supports the hypothesis that protein aggregation is 
not a primary cause of cytotoxicity.

α-synuclein and cysteine-string protein-α (CSPα), both synaptic vesicle proteins, 
are independently linked to neurodegeneration. Dominantly inherited mutations in 
α-synuclein cause PD, but the physiological role of α-synuclein remains unknown. 
Deletion of CSPα produces rapidly progressive neurodegeneration in mice, presum-
ably because the cochaperone function of CSPα is essential for neuronal survival. 
Transgenic expression of α-synuclein abolishes the lethality and neurodegeneration 
caused by deletion of CSPα; conversely, ablation of endogenous synucleins exacer-
bates these phenotypes. Deletion of CSPα inhibits SNARE complex assembly; 
transgenic α-synuclein ameliorates this inhibition. In preventing neurodegeneration 
in CSPα-deficient mice, α-synuclein does not simply substitute for CSPα but acts by 
a downstream mechanism that requires phospholipid binding by α-synuclein. These 
observations reveal a powerful in vivo activity of α-synuclein in conjunction with 
CSPα and SNARE proteins, protects nerve terminals against injury and suggest that 
this occurs on the presynaptic membrane interface.

In conclusion, α-synuclein, when appearing in normal amounts, protects against 
neurodegeneration, but an excess of the same specific protein causes PD. Clumps of 
α-synuclein, called Lewy bodies, are found in the brain cells of patients with PD, 
AD and other degenerative diseases. Formation of Lewy bodies may take α-synuclein 
out of circulation in cells, thus removing its protective action.

 Dysregulation of Cyclin-Dependent Kinase 5

Cyclin-dependent kinase 5 (Cdk5) is a proline-directed serine/threonine kinase and 
its dysregulation is implicated in neurodegenerative diseases. Likewise, C-terminus 
of Hsc70-interacting protein (CHIP) is linked to neurological disorders, serving as an 
E3 ubiquitin ligase for targeting damaged or toxic proteins for proteasomal degrada-
tion. A study has shown that CHIP is a novel substrate for Cdk5, which phosphory-
lates CHIP at Ser20 via direct binding to a highly charged domain of CHIP (Kim et al 
2016). Co-immunoprecipitation and ubiquitination assays reveal that Cdk5-mediated 
phosphorylation disrupts the interaction between CHIP and truncated apoptosis-
inducing factor (tAIF) without affecting CHIP’s E3 ligase activity, resulting in the 
inhibition of CHIP-mediated degradation of tAIF. Lentiviral transduction assay 
shows that knockdown of Cdk5 or overexpression of CHIPS20A, but not CHIPWT, 
attenuates tAIF-mediated neuronal cell death induced by hydrogen peroxide. 
Thus, Cdk5-mediated phosphorylation of CHIP negatively regulates its neuropro-
tective function, thereby contributing to neuronal cell death progression following 
neurotoxic stimuli. This knowledge can be used in development neuroprotective 
approaches for neurodegenerative disorders.
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 Dysregulation of Translation

Aberrant translational repression is emerged as a common factor in several neuro-
degenerative disorders. The mechanisms underlying translational repression have 
not been fully elucidated but, in some cases, involve activation of the integrated 
stress response pathway by disease-associated, aggregation-prone proteins, e.g., 
studies in mouse models of prion and tauopathy disorders show a link between 
expression of misfolded forms of prion and tau proteins, respectively, as well as 
phosphorylated alpha subunit of eukaryotic initiation factor 2-dependent transla-
tional repression (Bosco 2018). Disorders in these models can be alleviated by phar-
macological and genetic interventions that restore protein translation. ALS- and 
frontotemporal dementia-associated protein fused in sarcoma (FUS) modulates 
translation during disease and translational repression extends to the nonsense- 
mediated decay (NMD) pathway (Kamelgarn et al 2018). These findings reinforce 
the concept that translation dysregulation plays a role in pathogenesis of neurode-
generative diseases and highlights the factors involved in NMD as therapeutic 
targets for these disorders.

 Exosomes in CNS Neurodegeneration and Neuroregeneration

Exosomes are nanovesicles (50–90 nm in diameter) that correspond to the intralumi-
nal vesicles of the endosomal multivesicular bodies and are secreted upon fusion of 
multivesicular bodies with the plasma membrane. They regulate neuronal develop-
ment and regeneration in the CNS and modulate synaptic functions. In neurodegen-
erative diseases, they have an important role in propagating neurotoxic misfolded 
protein and other molecules from one cell to another, thus contributing to neurotoxic-
ity. Exosomes that are shuttled between glia and neurons in physiological conditions 
have a role in supporting and maintaining neuronal homeostasis. Exosomal miR-
124a, a mediator of this function, is downregulated in both spinal cord and CSF dur-
ing neurodegenerative conditions such as ALS (Properzi et al 2015). Identification of 
exosomal pathways and other molecules involved in neurodegenerative diseases can 
provide not only important insights in the pathogenesis of these diseases but also 
discovery of novel diagnostic and prognostic biomarkers as well as therapeutic 
approaches.

 Genomics of Neurodegenerative Diseases

Neurodegeneration Consortium (NDC) includes University of Texas MD Anderson 
Cancer Center, Baylor College of Medicine, and the Massachusetts Institute of 
Technology. In 2013, NDC received a commitment of $5 million from the Huffington 

 Pathomechanism of Neurodegeneration



374

Foundation to help fund the consortium’s genomics-based work in AD and other 
neurodegenerative disorders. NDC’s research using genomic technology is used to 
identify new molecular targets for treatment of neurodegenerative diseases. NDC 
collaborators are inhibiting and interrogating thousands of genes, one at a time, in 
order to identify those that may decrease the levels of proteins that cause disease. 
High-throughput screens are being conducted at Baylor in three model systems — 
human cells, fruit flies, and transgenic mice — to integrate information with data 
from the human genome in order to identify potential targets for new therapies. MD 
Anderson scientists are researching innate mechanisms that protect neurons after 
injury. Another project being evaluated targets the development of diagnostic tools 
for the early detection of neurodegenerative diseases before symptoms are evident, 
and for determining response to new therapies.

 Impairment of Neural Transport in Neurodegenerative 
Disorders

Trafficking of transcription factors between the cytoplasm and the nucleus is an 
essential aspect of signal transduction, which is particularly challenging in neurons 
due to their highly polarized structure. Disruption in the subcellular localization of 
many proteins, including transcription factors, is observed in affected neurons of 
human neurodegenerative diseases. There is evidence to support alterations in 
nuclear transport as potential mechanisms underlying the observed mislocalization 
of proteins. Oxidative stress, which plays a key pathogenic role in these diseases, 
has also been associated with significant alterations in nuclear transport. One strat-
egy for neuroprotection in neurodegenerative disorders might be to target specific 
proteins whose mislocalization is associated with neuronal degeneration (Patel and 
Chu 2011). For example, degenerating substantia nigra neurons in PD showed pre-
served Nrf2 nuclear localization but decreased nuclear localization of factors 
involved in trophic signaling, suggesting selective alterations in the nuclear trans-
port of subsets of transcription factor. Targeting the activation and/or subcellular 
localization of specific pathways would minimize potential toxicity resulting from 
nonselective effects of modulating global nuclear transport. For diseases where key 
proteins are mislocalized, such as pCREB in PD, TDP-43 in ALS and frontotempo-
ral dementia, and Nrf2 in AD and Friedreich’s ataxia, targeting their localization to 
the correct subcellular compartment could help delay or even reverse neuronal 
degeneration. For diseases where mutant proteins have a toxic gain of function, such 
as the polyglutamine-expanded proteins in the nucleus, perhaps preventing their 
accumulation in these compartments is the strategy of choice. Pharmacological 
agents for the above-mentioned strategies are limited, however, and therefore future 
studies are needed to focus on the development of agents that can specifically 
accomplish these goals.
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 Lack of Neurotrophic Factors

Uncontrolled neuronal death in the brain often gives rise to neurodegenerative ill-
nesses like PD or AD. Whether or not neurons have a long and healthy life is, apart 
from other factors, determined by the presence of neurotrophic factors. Support of 
ageing neurons by endogenous neurotrophic factors such as glial cell line-derived 
neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) may 
determine whether the neurons resist or succumb to neurodegeneration. Presence of 
the neurotrophic factor GDNF and its receptor Ret are essential for the survival of 
neurons in a specific brain region. In mice the inactivation of the receptors of two 
neurotrophic factors in the substantia nigra, an area in which early cell death gives 
rise to PD, development proceeds normally, but in the adult animal a significant 
decrease of dopaminergic neurons is observed over time, similar to what is seen in 
patients suffering from PD.

 Neuroinflammation in Neurodegenerative Disorders

Neuroinflammation (glial cell-propagated inflammation) is increasingly recognized 
as the underlying basis for a broad range of neurodegenerative diseases such as AD, 
PD and MS. Neuroinflammation is the process by which microglia and astrocytes 
respond to specific inflammatory stimuli. Neuroinflammatory diseases result from 
an abnormally high or chronic activation of microglia and astrocytes. The overacti-
vation of these cells can lead to increased levels of inflammatory and oxidative 
stress molecules, which in turn can lead to neuronal damage and neuronal death. 
The damage and death to neurons can then lead to further activation of microglia 
and astrocytes, which initiates a propagation of a localized, vicious cycle of neuro-
inflammation. A corollary of the neuroinflammation hypothesis is that selective sup-
pression of neurotoxic products produced by excessive glial activation will result in 
neuroprotection.

The increased appreciation of the importance of neuroinflammation in the pro-
gression of pathophysiology for diverse neurodegenerative diseases has increased 
interest in the rapid discovery of neuroinflammation-targeted therapeutics. Efforts 
include searches among existing drugs approved for other uses, as well as develop-
ment of novel synthetic compounds that selectively downregulate neuroinflamma-
tory responses. The use of existing drugs to target neuroinflammation has largely 
met with failure due to lack of efficacy or untoward side effects. However, the de 
novo development of new classes of therapeutics based on targeting selective 
aspects of glia activation pathways and glia-mediated pathophysiology, versus tar-
geting pathways of quantitative importance in non-CNS inflammatory responses, is 
yielding promising results in preclinical animal models.
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 Neurodegeneration Associated with Protein Misfolding

Many neurodegenerative disorders are characterized by conformational changes in 
proteins that result in misfolding, aggregation and intra- or extra-neuronal accumu-
lation of amyloid fibrils. HD and PD show intracellular protein aggregates in 
affected neurons.

 Modulation of Neurodegeneration by Molecular Chaperones

Molecular chaperones provide a first line of defense against misfolded, aggregation- 
prone proteins and are among the most potent suppressors of neurodegeneration 
known for animal models of human disease. Recent studies have investigated the role 
of molecular chaperones in ALS, AD, PD and polyglutamine diseases. Molecular 
chaperones are neuroprotective because of their ability to modulate the earliest aber-
rant protein interactions that trigger pathogenic cascades. A better understanding of 
the molecular basis of chaperone-mediated protection against neurodegeneration 
might lead to the development of therapies for neurodegenerative disorders that are 
associated with protein misfolding and aggregation.

 Intrabodies Targeting Protein Misfolding in Neurodegeneration

A combination of antibody and genetic engineering has emerged as a powerful tool 
for developing reagents that specifically target the misfolding process itself, and/or 
abnormal interactions of the misfolded protein species. Several intracellular antibody 
fragments (intrabodies) have been tested with focus on HD, where in vivo efficacy of 
intrabodies has been demonstrated. Human single chain Fv antibodies selected against 
the fibrillar form of α-synuclein targets isomorphic conformations of misfolded poly-
glutamine proteins. Using this intrabody as a tool for modulating the kinetics of amy-
loidogenesis, it was shown that escalating aggregate formation of a pathologic 
huntingtin fragment is not cytoprotective in striatal cells, but rather heightens oxida-
tive stress and cell death as detected by flow cytometry (Kvam et al 2009). Instead, 
cellular protection is achieved by suppressing aggregation using a previously described 
intrabody that binds to the amyloidogenic N-terminus of huntingtin. Targets in other 
neurodegenerative disorders, including AD and prion diseases, provide opportunities 
for intracellular manipulations. Given the specificity and versatility of antibody-based 
reagents, the wide range of options for conformational and post-translationally-
modified targets, and the recent improvement in gene delivery, this is a promising area 
for developing therapy of neurodegenerative disorders.

 Targeting Proteins Aggregation to Prevent Amyloid Formation

Individual amino acids have an intrinsic propensity for aggregation into highly 
organized amyloid structures. It is now possible to identify the regions of the 
sequence of an unfolded peptide or protein that are most important for promoting 

6 Neuroprotection in Neurodegenerative Disorders



377

amyloid formation and study polypeptides associated with neurodegenerative dis-
eases: Aβ42, α-synuclein and tau. The knowledge of the location and the type of the 
sensitive regions for aggregation is important both for rationalizing the effects of 
sequence changes on the aggregation of polypeptide chains and for the development 
of targeted strategies to combat diseases associated with amyloid formation. 
Compounds that halt the pathogenic process are in development.

 Tau and Neurodegeneration

Tau is a microtubule-associated protein, which is widely expressed in the CNS, 
predominantly in neurons, where it regulates microtubule dynamics, axonal trans-
port, and neurite outgrowth. The aberrant assembly of tau is the hallmark of several 
human neurodegenerative diseases, collectively known as tauopathies. They include 
AD, Pick’s disease, progressive supranuclear palsy, and frontotemporal dementia 
and parkinsonism linked to chromosome 17. Several abnormalities in tau, such as 
hyperphosphorylation and aggregation, alter its function and are central to the 
pathogenic process.

Biochemical and functional interactions have been described between FKBP52 
and tau. FKBP52 is a member of the FKBP (FK506-binding protein) family that 
comprises intracellular protein effectors of immunosuppressive drugs (such as 
FK506 and rapamycin). FKBP52, which is abundant in brain, binds directly and 
specifically to tau, especially in its hyperphosphorylated form (Chambraud et al 
2010). The relevance of this observation is confirmed by the colocalization of 
both proteins in the distal part of the axons of cortical neurons and by the antago-
nistic effect of FKBP52 on the ability of tau to promote microtubule assembly. 
Overexpression of FKBP52 in differentiated PC12 cells prevents the accumula-
tion of tau and results in reduced neurite length. These findings indicate a role for 
FKBP52  in tau function and may help to decipher and modulate the events 
involved in tau-induced neurodegeneration. Unlike FKBP12, FKBP52 does not 
bind calcineurin, and thus FKBP52 does not mediate the immunosuppressant 
capacity of FK506. Therefore, the pharmacological modulation of the rotamase 
activity of FKBP52 by nonimmunosuppressive FK506/rapamycin derivatives 
may offer a unique approach for preventing/reducing the pathogenic effects of 
misfolded tau.

 Role of Apoptosis in Neurodegenerative Disorders

Apoptosis or programmed cell death, which is mediated by genetic programs intrin-
sic to the cell, is being implicated in neurodegenerative disorders. During the nor-
mal development of the vertebrate nervous system, as many as 50% of the different 
types of neurons normally die soon after they establish synaptic connections with 
their target cells. It has been hypothesized that this death is due to failure of these 
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neurons to obtain adequate amounts of survival-specific neurotrophic factors from 
target cells. The mechanism of death is postulated to be deprival of extracellular 
survival signals, which normally suppress programmed cell suicide.

A possible treatment option is to interrupt the signaling networks that link neuro-
nal damage to apoptotic degradation in neurodegeneration. The viability of this 
option depends upon the extent to which apoptosis accounts for neuron loss, whether 
or not interruption of apoptosis signaling results in recovery of neurological function 
and whether or not there are significant downsides to targeting apoptosis. Several 
compounds acting at different sites in known apoptotic signaling networks are cur-
rently in development and a few are in clinical trials. These are mentioned in differ-
ent parts of this report. Some of the categories of compounds under investigation as 
antiapoptotic agents are shown in Table 2.1 (Chap. 2). Because there is no clinical 
experience with antiapoptotic agents, some doubts have been expressed about the 
efficacy of this approach. There is also some concern if antiapoptotic compounds 
might promote cancer because some apoptotic signaling factors are dysregulated in 
cancer.

 Role of Glia in Neurodegeneration

Glia is the non-neural connective tissue in the brain. In transgenic mice glia-specific 
expression of mutant ataxin-7 suffices to produce ataxia and neurodegeneration 
consistent with excitotoxic injury. Impairment of glutamate transport secondary to 
glial dysfunction thus contributes to neurodegeneration in polyglutamine diseases 
such as spinocerebellar ataxia type 7. A glia-mediated, inflammatory immune 
response, age-related increases in glial activation and expression of cytokines may 
act in synergy with other genetic and acquired environmental risks to culminate in 
neuroinflammation.

 Role of Metals in Neurodegeneration

Metals such as aluminum, iron, zinc and copper have been implicated in the etiology 
of neurodegenerative disorders. Interactions of Aβ with the biological metals copper 
and zinc can induce conformational alterations in Aβ causing it to adopt a multitude 
of toxic forms. Zn2+ has been used to modulate the assembly kinetics and morphol-
ogy of congeners of the Aβ associated with AD. N-terminal region of Aβ can access 
different metal-ion-coordination environments and formation of different complexes 
can lead to profound changes in Aβ self-assembly kinetics, morphology, and toxicity. 
Related metal-ion coordination may be critical to the etiology of other neurodegen-
erative disorders.
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 Spread of Neurodegeneration

With the discovery of transmission of prions, the possibility of spread of other 
proteins associated with neurodegenerative diseases has been raised. In a trans-
genic mouse model AD that differentially expresses pathological human tau in the 
entorhinal cortex, a trans-synaptic mechanism of spread along anatomically con-
nected networks, between connected and vulnerable neurons, was shown to reca-
pitulate the tauopathy that defines the early stages of AD (Liu et al 2012). There 
is strong support for the hypothesis that spread of disease and templating are 
general phenomena in neurodegenerative disease, are relevant to the biology and 
epidemiology of AD, PD, and frontotemporal dementia, as well as to new 
approaches to treatment. Neurodegenerative diseases seem to have a templating 
phenomenon in common with the prion diseases. The term “templating” for intra-
cerebral propagation currently seems to be mechanistically accurate and should 
be used in preference to prion-like spread, which can be misleading (Hardy and 
Revesz 2012).

 TDP-43 Proteinopathy and Neurodegenerative Diseases

The number of neurodegenerative diseases associated with pathological aggregates 
of transactivation response element (TAR)-DNA-binding protein 43 (TDP-43) has 
increased, leading to the new designation ‘TDP-43 proteinopathy.’ Frontotemporal 
lobar degeneration (FTLD), ALS and related neurodegenerative disorders are 
examples because 0f TDP-43 component of the ubiquitinated inclusions that are 
their pathological hallmarks. TDP-43 proteinopathies are distinct from most other 
neurodegenerative disorders because TDP-43 inclusions are not amyloid deposits. 
Biochemically, TDP-43 proteinopathies are characterized by decreased solubility, 
hyperphosphorylation, and cleavage of TDP-43 into 25- and 35-kDa fragments, 
and by altered cellular localization. Besides TDP-43-positive inclusions, both spo-
radic and familial forms of FTLD and ALS have the pathologic TDP-43 signature 
of abnormal hyperphosphorylation, ubiquitination and C-terminal fragments in 
affected brain and spinal cord, suggesting that they share a common mechanism of 
pathogenesis (Kwong et al 2008). Other studies of TDP-43 proteinopathy reveal 
that several different mutations can lead to TDP-43 proteinopathies, including 
mutations in progranulin and valosin-containing protein. Research is needed to 
decipher and exploit the link between these mutations and TDP-43 pathology. 
Ability to accurately identify TDP-43 proteinopathies early in the disease course 
will improving the ability to impact these diseases once targeted therapies have 
been developed.
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 Viral Infections and Neurodegeneration

A number of viral infections involve the brain and produce neurodegeneration and 
dementia, particularly AIDS and avian influenza. Neuroprotection in these condi-
tions starts with treatment of the primary viral infection.

 AIDS and the Nervous System

Nervous system and the immune system are the main targets of human immunode-
ficiency virus-1 (HIV-1) infection. Neurological manifestations of acquired immu-
nodeficiency syndrome (AIDS) directly related to HIV are acute viral meningitis, 
chronic meningitis, HIV-encephalitis, HIV-associated dementia (HAD), vacuolar 
myelopathy, and involvement of the peripheral nervous system.

Like all lentiviruses, HIV-1 infection is characterized by multisystem involvement 
including neurologic disease. As with other lentiviruses, HIV-1 infects macrophages, 
a process thought to be pivotal in the development of disease, including neurologic 
disease. Infected macrophages carry HIV into the nervous system, resulting in CNS 
disease. Helper T lymphocyte infection by HIV eventually leads to the depletion of 
these cells, resulting in a profound immunosuppression that leads to systemic and 
neurologic opportunistic infections and neoplasms. Anti-HIV drugs themselves have 
adverse effects on the CNS.  As the number of long-term survivors increase with 
highly active antiretroviral therapy (HAART therapy), chronic neurological disability 
is seen more frequently. With implementation of HAART, neurocognitive impairment 
can be reversed to some extent, but prognosis is guarded with a subset of these patients 
progressing to HIV-associated dementia at later stages of disease.

The mechanism of HIV-1 induced dementia remains poorly understood. HIV-1 
infects macrophages and microglia, but not neurons, although neurons are injured 
and die by apoptosis. The predominant pathway to neuronal injury is indirect 
through release of macrophage, microglial and astrocyte toxins, although direct 
injury by viral proteins might also contribute. These toxins overstimulate neurons, 
resulting in the formation of free radicals and excitotoxicity, similar to other neuro-
degenerative diseases. Parts of the dendrites in the brain are abruptly torn off in a 
process known as “synaptic pruning”. Such damage occurs in parts of the brain 
crucial for thinking, decision-making, and movement and memory, which accounts 
for symptoms like difficulties concentrating, forgetfulness, poor coordination, 
confusion, and gait disturbances.

The presence of HIV-associated dementia leads to a significant increase in the 
overall morbidity due to AIDS. A combination of factors contribute including an 
increased number of hospitalizations, increased duration of hospital stays, and 
decreased life expectancy as compared to patients with AIDS who do not have 
dementia.

HIV-1 associated dementia appears to be evolving from a subacute dementing 
disease to a more protracted disorder. The neuropathology incited by HIV infection 
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involves activation of chemokine receptors, inflammatory factors, and NMDA 
receptor-mediated excitotoxicity, all of which can activate several downstream. 
Post mortem brain specimen from HIV-associated dementia patients and trans-
genic mice expressing the viral envelope protein gp120 present with similar neuro-
pathological signs.

A normally functioning adult human brain can partially replenish or repair 
itself through neurogenesis, the proliferation and development of adult neural 
progenitor/stem cells (aNPCs) into new nerve cells. Neurogenesis can take place 
only within specific regions of the brain, such as the dentate gyrus of the hippo-
campus. Impaired adult neurogenesis has been observed in several neurodegen-
erative diseases, including HIV-1-associated dementia. The HIV-envelope 
glycoprotein gp120, which is associated with HIV-1 dementia pathogenesis, 
inhibits proliferation of aNPCs in vitro and in vivo in the dentate gyrus of the hip-
pocampus of HIV/gp120- transgenic mice (Okamoto et al 2007). This molecular 
mechanism of HIV-1 dementia is: HIV/gp120 arrests cell-cycle progression of 
aNPCs at the G1 phase via a cascade consisting of p38 mitogen-activated protein 
kinase (MAPK) →  MAPK-activated protein kinase 2 (a cell-cycle checkpoint 
kinase) → Cdc25B/C.

The central problem in HIV dementia is not that brain cells simply die. Rather, 
they become sick and lose their ability to communicate with each other. Because the 
cells are still alive, there is hope that the condition could be stopped or even reversed 
with proper neuroprotective therapy.

Approximately two thirds of patients with HIV encephalitis (HIVE) show cogni-
tive impairment and neurodegeneration, while one third are cognitively unimpaired 
and their neuronal populations are preserved. Thus, it is possible that these individu-
als might have the capacity to produce neurotrophic factors capable of protecting 
neurons against the deleterious effects of HIV.

 Avian Influenza as Cause of Neurodegeneration

Epidemiological studies done in the 1980s showed that survivors of the 1918 
Spanish influenza had a greater incidence of Parkinson’s disease (PD) later in life 
than the general population. Recent studies have suggested that the currently circu-
lating strain of avian influenza has similar pathology to the 1918 flu. Though the 
subtypes of the viruses are different (Spanish flu shares the H1N1 subtype with the 
current H1N1 swine flu, whereas avian influenza has an H5N1 subtype), both 
viruses appear to enter the CNS and can cause encephalitis. As of 2009, 61% of the 
433 known human cases of H5N1 avian influenza infection have proved fatal. 
Animals infected by H5N1 viruses have demonstrated acute neurological signs 
ranging from mild encephalitis to motor disturbances to coma. Longer-term 
neurologic consequences of H5N1 infection among surviving hosts have been 
examined by using the C57BL/6J mouse, a mouse strain that can be infected by 
the A/Vietnam/1203/04 H5N1 virus without adaptation, which showed that this 
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virus travels from the peripheral nervous system in the gut and lung to higher levels 
of the neuroaxis into the CNS (Jang et al 2009). PD starts in peripheral neurons and 
slowly makes its way into the CNS, much like the progression of viral infection. 
The virus infects the areas that are the most sensitive to chronic inflammation such 
as the midbrain, where much of the neuronal death seen in PD occurs. In regions 
infected by H5N1 virus, activation of microglia and α-synuclein phosphorylation 
and aggregation was observed that persists long after resolution of the infection. 
Significant loss of dopaminergic neurons (17%) was also observed in the substantia 
nigra 60 days after infection. These results suggest that a pandemic H5N1 pathogen, 
or another neurotropic influenza virus, could initiate CNS disorders of protein 
aggregation including PD and AD.

 Neurodegenerative Disorders with Dementia

The word “dementia” is derived from Latin: de means out” and mens means “mind”, 
literally, “out of mind”. This term first appeared in the works of Celsius and Galen 
in the second century. In 1981, the Committee on Geriatrics of the Royal College of 
Physicians of the United Kingdom defined dementia as “a global impairment of 
higher cortical functions, including memory, the capacity to solve the problems of 
everyday living, the performance of learned perceptual motor skills and the correct 
use of social skills and the control of emotional reactions, in the absence of gross 
clouding of consciousness.” Several pathological processes in the brain can lead to 
dementia including neurodegeneration, cerebrovascular inefficiency, infections, 
metabolic disturbances, toxins and drugs, etc. Neurodegenerative disorders causing 
dementia are listed in Table 6.1.

Table 6.1 Neurodegenerative disorders with dementia

Disease Important features

Alzheimer disease Deterioration of memory, dementia and Aβ deposits
Corticobasal degeneration Asymmetrical parkinsonism, intellectual decline and taupathy
Creutzfeldt-Jakob disease Transmissible spongiform encephalopathy

Accumulation of abnormal prion protein in the brain
Dementia with Lewy bodies Cognitive impairment and spontaneous motor features of 

parkinsonism
Frontotemporal dementia/ Pick 

disease
Behavioral changes often begin with apathy
Frontotemporal atrophy with protein TDP-43 deposits

Genetic neurodegenerative 
disorders

See text

Huntington disease Chorea, behavioral disturbances and dementia
Loss of GABAergic neurons in basal ganglia and cortex

Parkinson disease (PD) Tremor at rest, rigidity and bradykinesia
Loss of dopamine neurons in the substantia nigra

© Jain PharmaBiotech
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 Dementia with Lewy Bodies

Dementia with Lewy bodies is the second most common form of neurodegenera-
tive dementia, accounting for up to 20% of cases in the elderly. The protein 
α-synuclein aggregates into fibrils in Lewy bodies and the molecular characteris-
tics of these aggregates are indistinguishable from those in PD with dementia, but 
their distribution differs. Individuals with dementia with Lewy bodies may respond 
very well to cholinesterase inhibitors, which are the current first-line therapy for 
this condition.

α-Synuclein (αS) assembly has been implicated as a critical step in the develop-
ment of Lewy body diseases such as Parkinson’s disease and dementia with Lewy 
bodies. Melatonin, a secretory product of the pineal gland, is known to have benefi-
cial effects such as an antioxidant function and neuroprotection. Melatonin has been 
shown to decrease αS-induced cytotoxicity, suggesting a mechanism of action by 
inhibition of assembly of toxic polymers and protection of neurons from their effect 
(Ono et al 2012).

 Frontotemporal Dementia

Frontotemporal dementia (FTD), originally described as Pick disease, is a fatal neu-
rodegenerative disorder and the leading cause of dementia among individuals 
<65 years of age. At least half of all cases of FTP are sporadic, in people with no 
family history of the disease and no known genetic disorder. However, 40% of 
patients do have a family history, and some may have an identifiable genetic muta-
tion. In the remaining 10%, the disease is inherited: a dominant gene makes the 
symptoms inevitable, sometimes as early in life as the 30s in anyone who inherits a 
copy from an affected parent. And each child of an affected parent has a 50–50 
chance of inheriting the bad gene.

Discovery of TDP-43 in the ubiquitin-positive cases of FTD as the underlying 
protein changed the concept of ubiquinopathy to “TDP-43-proteinopathy” as the 
most common pathological and biological variety of FTP (Neumann et al 2009). 
FUS (fused in sarcoma) protein has been identified in some TDP-43-negative cases. 
Inherited cases have been linked to mutations in two genes, both on the chromo-
some 17; one gene codes for tau and the other codes for a protein called progranulin 
and causes a deficiency of it, which appears linked to the buildup of TDP-43. FTD 
has been considered as a taupathy.

Current treatment is mostly symptomatic as so far no drugs have shown disease- 
modifying or neuroprotective properties. Nimodipine, already approved for the pro-
phylaxis and treatment of ischemic neurologic deficits caused by cerebral vasospasm 
after subarachnoid hemorrhage, may increase progranulin in the brain. The advan-
tage of this approach, if it proves effective, is that it has been for used several years 
and is relatively safe. But increasing progranulin levels is associated with risk of 
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developing cancer in animal experiments. A study in rTg4510 mouse model of 
FTD, which expresses a mutant form of the tau protein, provides proof-of-concept 
for therapeutic benefits of SIRT2 inhibitors in both tau-associated FTD and AD, and 
suggests that development of potent, brain permeable SIRT2 inhibitors is warranted 
(Spires-Jones et al 2012).

P2D Bioscience has developed a series of potent, centrally acting antiinflamma-
tory drugs for the treatment of FTD: PD2024, PD2015 and PD2244. These com-
pounds are orally active, and their mechanism of action is inhibition of TNFα via 
blockade of TNFα synthesis by inhibition of TNFα mRNA. As these TNFα inhibi-
tors decrease both central and plasma TNFα levels, plasma TNFα levels may there-
fore serve as a target to titrate PD2024/2015 doses to insure adequate target 
engagement in preclinical and clinical studies. In FTD transgenic mouse models, 
the compounds block the development of FTD tau-inclusion bodies and prevent the 
development of cognitive and behavior deficits. PD2024 and PD2015 treatment also 
block the development of disease-associated CNS inflammation measured by 
microglial activation. Therefore, PD2024 and PD2015 both appeared to be 
disease- modifying or neuroprotective agents. P2D’s TNFα inhibitors are currently 
in non- GLP preclinical safety/tox studies.

A study has shown immune-mediated genetic enrichment specifically in FTD, 
particularly within the HLA region suggesting that for a subset of patients, immune 
dysfunction may contribute to FTD risk (Broce et al 2018). These findings have 
potential implications for clinical trials targeting immune dysfunction in patients 
with FTD.

 Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is a rare neurodegenerative disease, related to 
both PD and Pick disease. PSP is characterized by the accumulation of tau protein 
aggregates in the basal ganglia, brainstem and cerebral cortex leading to rapid dis-
ease progression and death. The neurofibrillary tangles that define the neuropathol-
ogy of PSP are comprised of aggregated 4R tau and show a well-defined distribution. 
Classically, PSP is diagnosed by symptoms that include progressive gait disturbance, 
early falls, vertical ophthalmoparesis, akinetic-rigid features, prominent bulbar dys-
function and frontosubcortical dementia. There are currently no effective therapies 
for the treatment of this rapidly degenerating and debilitating disease. Davunetide is 
a novel neuroprotective peptide that is thought to impact neuronal integrity and cell 
survival through the stabilization of microtubules. Preclinical activity in models of 
tauopathy has been translated to clinical studies, demonstrating pharmacologic 
activity that has supported further development (Gold et al 2012). Davunetide’s effi-
cacy and tolerability have been tested in a placebo- controlled study in PSP patients. 
It is in phase II/III clinical trials making it the most advanced drug candidate in this 
indication.
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 Genetic Disorders with Neurodegeneration

There are several genetic disorders characterized by progressive neurodegeneration. 
Few have any treatment available. In addition to replacement of the missing 
enzymes, neuroprotective strategies are needed to prevent progressive brain dam-
age. A few examples of such disorders are given here.

 Batten Disease

Neuronal ceroid lipofuscinosis (Batten disease) covers a group of several inherited 
lysosomal storage diseases (LSDs), with an overall frequency of 1 in 12,500 births. 
All are characterized by progressive blindness and dementia and granular osmio-
philic deposits are seen on histological examination of the brain. Biochemically, 
Batten’s disease is caused by a deficiency in the lysosomal enzyme palmitoyl pro-
tein thioesterase-1 (PPT1).

Neuronal ceroid lipofuscinosis type 2 (CLN2), a form of Batten disease, is a rare, 
autosomal recessive, pediatric neurodegenerative disease resulting from pathogenic 
variants in the gene encoding lysosomal enzyme tripeptidyl peptidase 1 (TPP1). 
Deficiency of TPP1 results in LSD that causes neurodegeneration.

Ppt1 knockout mice display hallmarks of Batten’s disease and mimic the human 
pathology: accumulation of lipofuscin, degeneration of CNS neurons. Various 
forms of Batten disease result from mutations in at least 8 genes which code for 
proteins involved in different aspects of lysosomal protein catabolism. The waste 
products accumulate and kill healthy cells until the patient dies. Most children with 
Batten’s disease lose their ability to walk and talk by the age of 6 years. Often 
children with Batten’s disease die between 8 and 12 years of age. Mice homozy-
gous for the motor neuron degeneration mutation show abnormalities similar to 
those of Batten’s disease. They are inexpensive to breed and maintain and can be 
used to test therapeutic interventions. A canine model of Batten disease is also 
available.

 Cell and Gene Therapies

Allogeneic bone marrow transplantation fails to arrest disease progression in a 
canine model. In a non-randomized clinical trial, an AAV vector, expressing the 
human CLN2 cDNA, was injected into several locations in the brains of ten children 
with Batten disease (Worgall et al 2008). There was some suggestion of a slowing 
of progression of Batten disease in the treated children and controlled trials were 
recommended.

The cell therapy approach used earlier was transplantation of fetal immature 
neural stem cells (NSC) into brains of afflicted children, which transform into cells 
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capable of producing the missing enzyme. Such an experiment has shown promise 
in Batten-afflicted mice. A phase I trial using NSCs was approved by the FDA in 
2005. Stem Cells Inc., the trial sponsor, receives its fetal tissue from a nonprofit 
California foundation that also collects tissue from miscarriages and other surgical 
processes. The procedure involves drilling small holes through each child’s skull 
and injecting the NSCs into the brain. Immunosuppressant drugs are given to pre-
vent rejection of the transplanted cells and they will be closely monitored for a year. 
This procedure was performed on a boy with Batten disease in 2006 at Oregon 
Health Sciences University (Portland, OR), who recovered from surgery but longer 
term effects are not known.

In an experimental study, purified non-genetically modified human CNS stem 
cells, grown as neurospheres (hCNS-SCns), were transplanted into the brains of 
immunodeficient Ppt1/ mice where they engrafted robustly, migrated extensively, 
and produced sufficient levels of PPT1 to alter host neuropathology (Tamaki et al 
2009). Grafted mice displayed reduced autofluorescent lipofuscin, significant neu-
roprotection of host hippocampal and cortical neurons, and delayed loss of motor 
coordination. Human NSCs were transplanted because, theoretically, these trans-
plants are self-renewing and can provide life-long production of the missing PPT1. 
Early intervention with cellular transplants of hCNS-SCns into the brains of Batten’s 
disease patients may also provide some therapeutic benefit through protection of 
endogenous neurons. A phase Ib study is to determine if transplantation of human 
CNS stem cells (HuCNS-SC) is safe subjects with infantile and late infantile neuro-
nal ceroid lipofuscinosis was withdrawn for lack of timely patient accrual and no 
further development has been reported since 2015.

 Cerliponase Alfa

Intravenous enzyme replacement therapy is a challenge as it is difficult to get the 
PPT1 enzyme into the brain. Cerliponase alfa (also called zymogen) is a recombi-
nant form of human TPP1 that replaces the missing enzyme with potential use in 
patients with Batten and CLN2 disease. The administration of enzyme into the ven-
tricular CSF of young dogs that are spontaneously homozygous for TPP1 deficiency 
has been shown to lead to widespread distribution and uptake in the brain, clearance 
of lysosomal storage material, and neuroprotective effect. The treated dogs had 
delayed onset and slower progression of neurologic signs and brain atrophy with an 
extended life span in a dose-dependent manner (Vuillemenot et al 2015). This was 
the basis of a clinical study of recombinant human TPP1 administered by intraven-
tricular infusion in children with CLN2 disease.

The safety and efficacy of cerliponase alfa were assessed in an open-label phase 
I/II study involving 24 children 3–8 years old with Batten disease (Cherukuri et al 
2018). Results showed that 20 of the 23 treated patients experienced either a slower 
than expected progression of the disease, a stabilization of the progression of the 
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disease or some improvement in their motor and language abilities, which was a 
significant therapeutic effect. In an extension study, the slowdown in the progres-
sion of Batten’s disease was observed for >1 year and occurred even when the dis-
ease was already advanced.

In a multicenter, open-label study of the effect of intraventricular infusion of cer-
liponase alfa every 2 weeks in children between the ages of 3 and 16 years with 
neuronal ceroid lipofuscinosis type 2 (CLN2) disease, the rate of clinical decline was 
lower than among historical controls (Schulz et al 2018). Intraventricular administra-
tion enhances delivery of cerliponase alfa to the CNS and may reduce the risk of 
immune-mediated adverse events associated with systemic enzyme- replacement 
therapy. However, delivery device-related complications including infection and 
leakage were reported that required removal of the device.

Cerliponase alfa (Brineura) was approved for the treatment of Batten’s disease 
by the FDA in 2017 and subsequently by the EMA in Europe (Markham 2017). 
Long-term safety of the medicine will be monitored through a patient registry. The 
product will be available as a solution for intracerebroventricular infusion (150 mg) 
and should be administered only by a trained healthcare professionals knowledge-
able in intracerebroventricular administration.

 Familial Dysautonomia

Familial dysautonomia (FD) is a fatal genetic disorder that disrupts development 
of the peripheral nervous system (PNS) and causes progressive degeneration of 
the PNS and retina, ultimately leading to blindness. FD is caused by a point muta-
tion in the gene IKBKAP/ELP1 that results in a tissue-specific reduction of the 
IKAP/ELP1 protein, a subunit of the Elongator complex. Hallmarks of the disease 
include vasomotor and cardiovascular instability and diminished pain and tem-
perature sensation caused by reductions in sensory and autonomic neurons. It has 
been suggested but not demonstrated that mitochondrial function may be abnor-
mal in FD. An Ikbkap/Elp1 conditional-knockout mouse model recapitulates the 
selective death of sensory (dorsal root ganglia) and autonomic neurons observed 
in FD. Neuronal mitochondria in these mice have abnormal membrane potentials, 
produce elevated levels of reactive oxygen species, are fragmented, and do not 
aggregate normally at axonal branch points (Ohlen et al 2017). The small hydrox-
ylamine compound BGP- 15 improves mitochondrial function as well as it pro-
tects neurons from dying in  vitro and in  vivo. Given that impairment of 
mitochondrial function is a common pathological component of neurodegenera-
tive diseases such as ALS, AD, PD and HD, these findings identify a neuroprotec-
tive approach that may have efficacy in multiple neurodegenerative conditions. 
Future studies on the efficacy of BGP-15 for mitigating neuronal loss in other 
disorders is warranted.
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 Friedrich Ataxia

 Pathomechanism of FA

Friedreich ataxia (FA) is a progressive genetic neurological disorder associated with 
degeneration of the dorsal columns and spinocerebellar tracts, which produce cer-
ebellar ataxia. It originates from a triplet expansion in the first intron of the gene 
coding for frataxin (FXN) and the resulting impaired transcription causes depletion 
of this mitochondrial protein. This results in an iron-sulfur cluster enzyme defi-
ciency due to impaired iron handling in the mitochondrion, aconitase being particu-
larly affected. Mitochondrial iron accumulation and ensuing oxidative damage 
primarily affects sensory neurons, the myocardium, and endocrine glands.

 Neuroprotection in FA

As a mean to counteract disease progression, it has been suggested to chelate free 
mitochondrial iron. There is a renewed interest in this strategy because of availabil-
ity of deferiprone, a chelator preferentially targeting mitochondrial iron. Brain MRI 
of FA patients, compared with age-matched controls, reveals smaller and irregularly 
shaped dentate nuclei with regional iron accumulation which is reduced by treat-
ment with deferiprone. Deferiprone facilitates transfer of iron from extracellular 
media into nuclei and mitochondria, from nuclei to mitochondria, from endosomes 
to nuclei, and from intracellular compartments to extracellular apotransferrin, which 
alleviates iron accumulation in dentate nuclei of FRDA patients. Deferiprone is in 
phase II trials in Europe, Australia and Canada.

Clinical trials in the future are expected to address amelioration of the effects of 
frataxin deficiency and methods for increasing frataxin expression. These therapies 
are directed at all levels of biochemical dysfunction in FA. Agents such as ideben-
one, a synthetic analog of ubiquinone and a potent antioxidant, potentially improve 
mitochondrial function and decrease production of reactive oxygen species. 
Idebenone has conditional market authorization as Catena® (Santhera 
Pharmaceuticals) in Canada but is in phase III trials in the US and in Europe. 
Idebenone has demonstrated promising effect on the neurological manifestations 
of FA in clinical trials as measured by the ICARS scale (International Cooperative 
Ataxia Rating Scale) as well as Activities of Daily Living ADL as measured by 
Friedreich’s Ataxia Rating Scale (Tsou et al 2009).

Targeted histone deacetylase (HDAC) inhibitors and erythropoietin increase lev-
els of frataxin when used in vitro, suggesting that they may provide methods for 
increasing frataxin levels in patients. Erythropoietin has been tested in a small phase 
II trial in Austria, while HDAC inhibitors are still in a preclinical stage. Lundback 
is conducting a placebo-controlled trial of Lu AA24493, carbamoylated form of 
human erythropoietin with neuroprotective effect, to evaluate safety, tolerability 
and efficacy parameters of the drug in patients suffering from FA.
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 Leigh Syndrome

Leigh syndrome, the most common pediatric manifestation of mitochondrial dis-
ease, is characterized by bilaterally symmetric lesions in the gray matter of the 
brainstem, basal ganglia, or cerebellum. It affects ∼1 in 40,000 live births and can 
be due to mutations in any of 75 different gene s. Typically manifesting in the first 
year of life, it is characterized by progressive loss of mental and movement abilities. 
Children with this disorder often become hypotonic and may develop vision and 
hearing loss. Although the course of disease can vary widely among individuals, 
severely affected children die within the first few years of life, usually from respira-
tory failure. Diagnosis is based on clinical presentation and classic findings on 
T2-weighted brain MRI. A small subset of these disorders are related to defects in 
vitamin transport and alleviated with dietary supplementation, such as in the case of 
riboflavin, thiamine, and biotin deficiencies; however, there are no proven therapies 
for most of these disorders. Several experimental strategies are currently under 
investigation in preclinical and clinical settings, including agents that target oxida-
tive stress, the mechanistic target of rapamycin pathway, NAD+ pool sizes, and 
complex I bypass (idebenone).

Experimental strategies including hypoxia are being tested in animal models. 
Mice lacking the complex I subunit, Ndufs4, develop a fatal progressive encepha-
lopathy resembling Leigh syndrome and die at ≈60 days of age. Continuously 
breathing normobaric 11% O2 from an early age prevents neurological disease and 
dramatically improves survival in these mice to ≈270 days whereas intermittent 
hypoxia is ineffective (Ferrari et al 2017). Moreover, breathing normobaric 11% O2 
in mice with late-stage encephalopathy reverses their established neurological dis-
ease, evidenced by improved behavior, circulating disease biomarkers, and survival 
rates. The MRI brain lesions and histopathologic changes reverse after 4 weeks of 
hypoxia, but following return to normoxia, Ndufs4 KO mice die within days. Future 
work is required to determine if hypoxia can be used to prevent and reverse neuro-
degeneration in other animal models, and to determine if it can be provided in safely 
to enable human therapeutic trials.

 Niemann-Pick Type C Disease

Neurodegeneration is associated with some genetic disorders that manifest in 
childhood. Niemann-Pick type C (NP-C) disease is a fatal, autosomal recessive, 
childhood neurodegenerative disease belonging to the category of lysosomal stor-
age disorders. Only 500 patients worldwide are known to have the disease, includ-
ing about 200  in the US.  The NP-C mouse recapitulates the cholesterol and 
sphingolipid storage, onset of neurological deficits, histopathological lesions, 
Purkinje cell loss and early death typical of the most severe form of human NP-C. 
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Disordered cholesterol trafficking might disrupt neurosteroidogenesis, thereby 
contributing to the NP-C phenotype.

Replenishing the depleted neurosteroid hormone allopregnanolone, the prime 
casualty of the disruption, significantly delays the onset of some of the neurological 
deficits in animal models. However, it is not known with certainty if neurosteroid 
synthesis is disrupted in children with the disease. Therefore, the potential efficacy 
of allopregnenolone in children with NP-C cannot be predicted.

Miglustat (Actelion’s Zavesca) was designed to block the action of an enzyme 
involved in producing the fats that cause problems in NP-C. The drug failed to meet 
the main goal in a 29-patient study comparing it to a placebo on measurements of eye 
movements that are a sign of the disease’s progression. However, other findings from 
surveys of NP-C patients who had been treated with Zavesca showed the drug slowed 
the progression of a relentlessly progressive disease and stabilized problems with 
swallowing, walking and speaking. Zavesca pill is approved by the FDA for patients 
with NP-C.

 Spinal and Bulbar Muscular Atrophy

Spinal and bulbar muscular atrophy (SBMA) also called Kennedy’s disease, attacks 
motor neurons. SBMA is caused by expansion of a polyglutamine tract in the andro-
gen receptor. SBMA causes slowly progressive weakness and swallowing prob-
lems, but most patients have a normal lifespan. It is a genetic disorder that almost 
exclusively affects men. Although ALS also attacks motor neurons, but unlike 
SBMA, it causes rapidly progressive weakness and is usually fatal within 5 years of 
diagnosis. It is equally common in men and women. In most cases, there is no 
known cause and only a small fraction of cases is genetic.

It has been previously shown that Akt-mediated phosphorylation of AR reduces 
ligand binding and attenuates the mutant AR toxicity. Now it has been shown that in 
culture IGF-1 reduces AR aggregation and increases AR clearance via the ubiquitin- 
proteasome system through phosphorylation of AR by Akt (Palazzolo et al 2009). In 
vivo, SBMA transgenic mice overexpressing a muscle-specific isoform of IGF-1 
selectively in skeletal muscle show evidence of increased Akt activation and AR 
phosphorylation and decreased AR aggregation. Augmentation of IGF-1/Akt 
 signaling rescues behavioral and histopathological abnormalities, extends the life 
span, and reduces both muscle and spinal cord pathology of SBMA mice. This study 
establishes IGF-1/Akt-mediated inactivation of mutant AR as a strategy to counteract 
disease in vivo and demonstrates that skeletal muscle is a viable target tissue for 
therapeutic intervention in Kennedy’s disease.

Promising results have inspired a larger, multicenter clinical trial in Japan at 
Nagoya University Graduate School of Medicine, which also developed the mouse 
model of SBMA used in the Neuron study. Their plan is to look at different forms 
of IGF-1 in the SBMA mouse model and see which works best, and then hopefully 
take it into clinical trials. This research might also lead to new formulations of 
IGF-1 or new ways to deliver it.
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Experimental studies of treatment for SBMD have focused on the interaction of 
the androgen receptor with its ligand, testosterone. Elimination of testosterone in 
animal models by castration seems to be neuroprotective and restore some of the 
lost motor function, which led to interest in the use of antiandrogenic therapies for 
treating humans with SBMD. However, randomized, placebo-controlled trials did 
not show a significant effect of dutasteride (a 5α-reductase inhibitor) or leuprorelin 
(a gonadotropin-releasing hormone agonist) on the progression of muscle weakness 
or swallowing dysfunction in patients with SBMD. However, interest in androgen- 
modulating therapy as a treatment for continues and a study using long-term treat-
ment (8  years) with leuprorelin showed delay in functional decline and death 
(Hashizume et al 2017). The thiazole class of antibiotics inhibit androgen receptor 
signaling in a neuron-selective manner, sparing androgen receptor signaling in mus-
cles, and thus, they have a potential for the prevention or treatment of SBMD mani-
festations (Otto-Duessel et al 2017).

Treatment of SBMA knock-in mice with clenbuterol (a β-agonist), decreases the 
accumulation of polyglutamine-expanded androgen receptor, improved muscle 
pathology, ameliorated motor function, and extended survival, suggesting a novel 
therapeutic strategy for SBMA (Milioto et al 2017).

 Spinal Muscular Atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive disorder that affects the 
motoneurons of the spinal anterior horn, resulting in hypotonia and muscle weak-
ness. The disease is caused the loss of functional survival in motor neuron (SMN) 
protein due to mutations or deletion in the SMN1 gene and clinical severity is in part 
determined by the copy number of the centromeric copy of the SMN gene (SMN2). 
The SMN2 mRNA lacks exon 7, resulting in a production of lower amounts of the 
full-length SMN protein. Knowledge of the molecular mechanism of diseases has 
led to the discovery of drugs capable of increasing SMN protein level through acti-
vation of SMN2 gene. Drosophila has been used as a model system to integrate 
results from large-scale genetic and proteomic studies and bioinformatic analyses to 
define a unique SMN interactome to provide a basis for a better understanding of 
SMA (Sen et al 2013). Such efforts not only help dissect Smn biology but also may 
point to potential clinically relevant targets.

Several agents that activate STAT5 in human and mouse cell lines enhance SMN 
expression from the SMN2 gene and can compensate, at least in part, for the loss of 
production of a functional protein from SMN1. Prolactin (PRL) has been shown to 
increase SMN levels via activation of the STAT5 pathway. PRL increased SMN 
mRNA and protein levels in cultured human and mouse neuronal cells. PRL treat-
ment increased SMN levels, improved motor function, and enhanced survival in a 
mouse model of severe SMA (Farooq et al 2011). Clinical experience with PRL is 
limited, although safe and effective use of recombinant PRL has been demonstrated 
in mothers with lactation insufficiency. PRL crosses the BBB and treatment is 
expected to ameliorate disease progression as well as improve the function of the 
remaining motor neurons. Combinaton of the effect of PRL with SMN2 transcript 
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stabilizers and/or neuroprotective compounds such as Y-27632 (Rho kinase inhibi-
tor) is also worth considering (Bowerman et al 2010).

Restoring SMN protein even after disease onset has been shown to reverse neu-
romuscular pathology in a mouse model of SMA (Lutz et al 2011). This study also 
showed that there was a therapeutic window of opportunity defined by the extent of 
neuromuscular synapse pathology and the ability of motor neurons to respond to 
SMN induction, following which restoration of the protein to the organism failed to 
produce therapeutic benefit. Nevertheless, these results suggest that even in severe 
SMA, timely reinstatement of the SMN protein may halt the progression of the 
disease and serve as an effective postsymptomatic treatment. Table 6.2 shows drugs 
in clinical trials for SMA.

The only drug approved for the treatment of SMA is a RNA-targeted antisense 
therapeutic nusinersen (Ionis’ Spinraza). Nusinersen binds to a specific sequence in 
the intron, downstream of exon 7 on the pre-mRNA of the SMN2 gene, which 
modulates the splicing of the SMN2 mRNA transcript to include exon 7, thereby 
increasing the production of full-length SMN protein (Hoy 2017).

Among the most studied compounds for the treatment of SMA are histone deacet-
ylase (HDAC) inhibitors. Several of these epigenetic modifiers have been shown to 
increase expression of the crucial SMN gene in vitro and in vivo, an effect linked to 
increased histone acetylation and remodeling of the chromatin landscape surround-
ing the SMN gene promoter (Lunke and El-Osta 2013). Valproic acid (VPA), a 
HDCA inhibitor, was evaluated in a clinical trial on patients with type II and III SMA 
(Darbar et al 2011). There was an improvement of the daily activities at the end of 
the VPA treatment period. Thus, treatment of SMA patients with VPA may have a 
potential neuroprotective and slow the progression of the disease.

Olesoxime (Trophos SA’s TRO19622 acquired by Roche) is a cholesterol-like 
small molecule with remarkable neuroprotective properties in  vitro, as well as 
in vivo. It is currently in phase II trials for SMA.

A recombinant AAV9 gene therapy, chariSMA™ (scAAV9.CB.SMN), is used 
to introduce fully functioning copies of a SMN gene, intended to supplement the 
body’s production of SMN protein in SMA1. Results of a phase I clinical trial 
(ClinicalTrials.gov number, NCT02122952) showed that single-dose intravenous 
SMA gene-replacement therapy resulted in longer survival, superior achievement 

Table 6.2 Drugs in clinical trials for spinal muscular atrophy

Agent Company Stage

AVXS 101, sc AAV9 SMN1 gene therapy AveXis Phase I
CK-107 skeletal muscle troponin activator Cytokinetics/Astellas Phase II
LMI070, small molecule splicing modifier Novartis Phase I/II
Nusinersen (Spinraza™) SMN2 antisense 

splicer modifier
Ionis Pharmaceuticals /Biogen Approved in 

January 2017
Olisoxime, neuroprotectant Roche Phase II
RG7916, small molecule splicing modifier Roche Phase I

© Jain PharmaBiotech
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of motor milestones, and better motor function than in historical cohorts (Mendell 
et al 2017). Further studies are necessary to confirm the safety and efficacy of this 
gene therapy.

 Creutzfeldt-Jakob Disease

Creutzfeldt-Jakob disease (CJD) belongs to a group of transmissible spongiform 
encephalopathies (TSEs) consisting of a group of fatal neurodegenerative diseases 
in animals and man. The common feature of TSEs is the accumulation of an abnor-
mal isoform of prion protein in the brains of affected animals and humans. Best- 
known forms of TSE’s include CJD in humans and bovine spongiform encephalopathy 
(BSE) or “mad cow disease”. BSE is transmissible to man and causes a variant of 
CJD (vCJD) and iatrogenic CJD as a result of improperly sterilized intracerebral 
electrodes, transplants of cornea or dura mater from an affected individual, and 
purified preparations of human growth hormone. It has been hypothesized that 
PrPSc deposits in the CNS, causing dysfunction, and that in the presence of PrPSc, 
PrPC is converted to PrPSc. In the case of experimentally transmitted prion disease, 
the inoculated PrPSc enters the CNS and thereby start the conversion of PrPC to 
PrPSc and the eventual induction of disease.

The prion diseases with a worldwide incidence of ~1 case per million per year, 
constitute an unusual group of neurodegenerative disorders. Although they are simi-
lar in many ways to other more common diseases, such as AD and ALS, they are set 
apart based on their transmissible nature. The etiologic agent of the TSEs was pro-
posed to be a “slow virus” explain its transmissible nature and the prolonged incuba-
tion period observed during experimental transmission studies but the idea that 
protein may be a critical component of the infectious agent was pursued by Prusiner 
who established the basis for a new form of transmissible pathogen, one that is com-
posed of only protein and lacks any replicative elements such as nucleic acid (Prusiner 
2001). Prion protein (PrP) exists in two major isoforms: the nonpathogenic or cellu-
lar form, designated PrPC, and the pathogenic form, designated PrPSc.

The classic symptoms of CJD are confusion and forgetfulness that progress rap-
idly to a triad of dementia, myoclonus, and an abnormal electroencephalogram 
(EEG). The disease is invariably fatal.

 Neuroprotection in Creutzfeldt-Jakob Disease

The finding that turning off expression of PrPSc in the mice rescues them from 
disease and leads to recovery from cognitive and behavioral symptoms is encourag-
ing and suggests that the disease process is not inexorably fatal after it starts.

Until recently there was no pharmacologic treatment for the prion diseases, but 
some drugs are emerging as potential therapies to protect against the progressive 
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destruction of brain tissue. Unfortunately, there is still no approved treatment to 
slow the course of CJD, and there is no way to prevent the disease from developing 
in a clinically asymptomatic individual who carries a mutant PrP gene associated 
with familial CJD. A major limitation to neuroprotection is that there is already 
significant damage to the brain by the time most patients with CJD are diagnosed.

An understanding of how prions propagate from the site of entry to the brain is 
essential for developing strategies to prevent the spread of prions into the brain after 
exposure via food or medical procedures. Prions are known to reach the spinal cord 
by traveling along peripheral nerves. However, prions are also found in blood and 
permeability of the BBB has been considered as a factor in passage of prions into 
the brain. A study on mice with increased brain blood vessel permeability has shown 
that these mice are similar to wild-type mice in their susceptibility to prion disease 
and incubation times after peripheral inoculation (Keller et al 2019). These results 
suggest that passage of prions through the BBB may not be relevant to the develop-
ment of disease, and imply that any effective post-exposure treatment should rather 
aim at other rate-limiting steps of prion propagation. It may be possible to develop 
effective post-exposure prophylaxis of prion diseases, which may prevent neurode-
generation even after extraneural infection has already taken place.

 Pharmacological Neuroprotectants Against CJD

A major direction for drug development for prion diseases lies in the inhibition of 
the conversion of PrPC to the PrPSc conformation. Experimental work has sug-
gested that polysulfated compounds, such as pentosan polysulfate, suramin, and 
heparan sulfate retard PrPSc generation in cell culture. Pharmacological approaches 
to neuroprotection in CJD are listed in Table 6.3.

Tricyclic derivatives of acridine and chlorpromazine exhibit inhibition of PrP(Sc) 
formation in cultured cells chronically infected with prions. Quinacrine was consid-
ered to be quite potent in this effect and a variety of acridine-based analogues of 

Table 6.3 Pharmacological approaches to neuroprotection in CJD

Pharmaceutical approaches
2-aminothiazoles: IND24 and IND81
Astemizole (used to treat allergic rhinitis)
Flupirtine: an approved nonopioid NSAID
Polysulfated compounds: e.g. pentosan polysulfate, suramin, and heparan sulfate
Tacrolimus
Tricyclic derivatives of acridine and chlorpromazine
Innovative biological approaches
Antisense oligonucleotides
Immunotherapy: antibody directed to all or part of PrP
RNAi

© Jain PharmaBiotech

6 Neuroprotection in Neurodegenerative Disorders



395

quinacrine were synthesized, which demonstrated variable antiprion potencies and 
emphasized the importance of the aliphatic side chain at the middle ring in  mediating 
the inhibition of PrP(Sc) formation. Because quinacrine and chlorpromazine have 
been used in humans for many years as antimalarial and antipsychotic drugs, respec-
tively, and are known to pass the BBB, they could be considered for the treatment 
of CJD and other prion diseases.

Flupirtine, a nonopioid NSAID analgesic approved in Europe, is also a NMDA 
antagonist. Flupirtine prevents the toxic effect of PrP, the presumed etiologic agent 
of the CJD as well as the excitatory amino acid glutamate on cortical neurons. 
Possible neuroprotective effects of flupirtine might be promising in the treatment of 
CJD, AD, and multiple sclerosis (Klawe and Maschke 2009). Flupirtine was able to 
slow the rapid cognitive decline caused by CJD in a randomized, double-blind, 
placebo- controlled multicenter clinical trial conducted in Germany in 1997. With 
exception of reliable evidence of efficacy from this single trial, a review of all clini-
cal trials of other therapies for prion diseases found unsatisfactory results (Stewart 
et al 2008). The neuroprotective properties of flupirtine seen among CJD patients 
may have a broader application in other patient populations, including those with 
AD and MS.

GlaxoSmithKline has screened over 150,000 potential drugs from huge chemical 
libraries to find one effective against CJD. The strategy is to try and find small mol-
ecules, which bind selectively to PrPC and prevent it being turned into PrPSc.

Scientists at the Scripps Research Institute (Jupiter, FL) have developed the PrP–
FRET-enabled high throughput assay (PrP–FEHTA) to screen for compounds that 
decrease PrP expression (Karapetyan et  al 2013). They screened a collection of 
drugs approved for human use and identified astemizole (used to treat allergic rhi-
nitis) and tacrolimus, which reduced cell-surface PrP and inhibited prion replication 
in neuroblastoma cells. Tacrolimus reduced total cellular PrP levels by a 
 nontranscriptional mechanism. Astemizole stimulated autophagy, a hitherto unre-
ported mode of action for this pharmacophore. Astemizole, but not tacrolimus, pro-
longed the survival time of prion-infected mice. Given the absence of any treatment 
option for CJD patients and the favorable drug characteristics of astemizole, includ-
ing its ability to cross the BBB, it may be considered as therapy for CJD patients and 
for prophylactic use in familial prion diseases. These results validate PrP-FEHTA as 
a drug discovery platform to identify antiprion compounds.

Previous studies have identified that 2-aminothiazoles – IND24 and IND81 – 
double the survival times of scrapie-infected, wild-type mice. However, mice 
infected with Rocky Mountain Laboratory (RML) prions, a scrapie-derived strain, 
and treated with IND24 eventually exhibit neurological dysfunction and die. In one 
study, the investigators serially passaged the brain homogenates in mice and cul-
tured cells and found that the prion strain isolated from IND24-treated mice, desig-
nated RML(IND24), emerged during a single passage in treated mice (Berry et al 
2013). When passaged in CAD5 cells, the prions remained resistant to high concen-
trations of IND24. Although IND24 treatment extended the lives of mice propagat-
ing different prion strains, including RML, another scrapie-derived prion strain 
ME7, and chronic wasting disease, it was ineffective in slowing propagation of CJD 
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prions in transgenic mice. These studies demonstrate that prion strains can acquire 
resistance upon exposure to IND24 that is lost upon passage in mice in the absence 
of IND24. These data suggest that monotherapy can select for resistance. Therefore, 
intermittent therapy with mixtures of antiprion compounds may be required to slow 
or stop neurodegeneration.

 Innovative Approaches to Neuroprotection in CJD and the Future

Experiments have shown that knockdown of PrPC following lentiviral delivery of 
RNAi into the hippocampus of scrapie-infected mice leads to a prolongation in 
survival, with a decrease in behavioral defects and neuropathology. Another promis-
ing avenue for treatment is osmotic pump delivery of antisense oligonucleotides 
into the ventricle (Nazor Friberg et al 2012).

There have also been attempts to knockdown PrP by means of immunotherapy, 
primarily with antibody directed to all or part of PrP (Roettger et al 2013). These 
antibodies have been shown to increase lifespan, and in some cases, prolong the 
incubation period of scrapie mice. There are limitations to this approach as some of 
the antiprion antibodies are neurotoxic in animals.

 Approaches to Neuroprotection in Neurodegenerative 
Disorders

Primary aim of therapy of neurodegenerative disorders is to prevent further damage 
to the brain. Neuroprotection may be combined with or followed by strategies to 
enhance neuroregeneration. Several neuroprotective agents described in Chap. 2 
have been investigated for this purpose. A study has reviewed the limitations of 
preclinical data and proposed agenda for research on translational clinical neuropro-
tection (Lauterbach et al 2010). Drugs that warrant further study for neuroprotection 
in neurodegenerative disease include pramipexole, thioridazine, risperidone, olanzap-
ine, quetiapine, lithium, valproate, desipramine, maprotiline, fluoxetine, buspirone, 
clonazepam, diphenhydramine, and melatonin. Those with multiple neuroprotective 
mechanisms include pramipexole, thioridazine, olanzapine, quetiapine, lithium, 
valproate, desipramine, maprotiline, clonazepam, and melatonin. Those best viewed 
circumspectly in neurodegenerative disease until clinical disease course outcomes 
data become available, include several antipsychotics, lithium, oxcarbazepine, val-
proate, several tricyclic antidepressants, certain SSRIs, diazepam, and possibly 
diphenhydramine.

Neuroprotective approaches will be described for individual neurodegenerative 
disorders but some of these are useful in multiple disorders. Examples of these are 
antioxidants and glutamate-based therapies.

6 Neuroprotection in Neurodegenerative Disorders
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 Glutamate-Based Therapies for Neurodegenerative Disorders

The role of glutamatergic system in neurodegeneration is the basis for antiglutama-
tergic therapies. Glutamate-based therapies in clinical use/development for neuro-
degenerative disorders are shown in Table 6.4.

 Histone Deacetylase Inhibitors for Neurodegenerative Disorders

Histone deacetylase inhibitors (HDACis) were shown to be beneficial in animal 
models of neurodegenerative diseases. Such results were mainly associated with the 
epigenetic modulation caused by HDACis, especially those from class I, via chro-
matin deacetylation. However, other mechanisms may contribute to the neuropro-
tective effect of HDAC inhibitors, since each HDAC may present distinct specific 
functions within the neurodegenerative cascades, e.g. HDAC6 for which the role in 
neurodegeneration has been partially elucidated so far (Simões-Pires et al 2013). 
The strategy to be adopted in promising therapeutics targeting HDAC6 is still con-
troversial. Specific inhibitors exert neuroprotection by increasing the acetylation 
levels of α-tubulin with subsequent improvement of the axonal transport, which is 
usually impaired in neurodegenerative disorders. On the other hand, an induction of 

Table 6.4 Glutamate-based therapies in clinical development for neurodegenerative disorders

Drug Company/Sponsor Mechanism of action Status/Indication

Amantadine Merz NMDA receptor antagonist Marketed /PD
Phase II HD

Budipine Byk Gulden (Germany) NMDA antagonist Preregistration in 
Germany/ PD

CX518 (Ampalex) Cortex Pharmaceuticals AMPA receptor antagonist Phase II /AD
Eliprodil NINDS, USA NMDA NR2B receptor 

antagonist
Phase II /PD

Memantine 
(Namenda)

Forest Labs/ Merz/ 
Neurobiological 
Technologies

NMDA receptor antagonist Marketed /AD

Neramexane Forest Labs/ Merz/ NMDA receptor antagonist Phase III /AD
No benefit shown

Remacemide 
hydrochloride

AstraZeneca NMDA receptor antagonist Phase II/ PD

Riluzole (Rilutek) Sanofi Glutamate release inhibitor Marketed/ ALS
Phase III/ PD

Talampanel 
(Kinampa)

IVAX Corporation AMPA receptor antagonist Phase II/ PD
Phase II/ epilepsy

© Jain PharmaBiotech
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HDAC6 would theoretically contribute to the degradation of protein aggregates 
which characterize various neurodegenerative disorders, including AD, PD and HD. 
In various neurodegenerative diseases, the mechanisms underlying HDAC6 interac-
tion with other proteins seem to be a promising approach in understanding the mod-
ulation of HDAC6 activity.

 Iron Chelation for Neuroprotection

Oxidation–reduction (redox) activity of increased levels of inappropriately stored 
iron in the brain may contribute to neurodegenerative diseases. High levels of malo-
ndialdehyde, a product of lipid peroxidation, and of other biomarkers of protein and 
nucleic acid oxidative damage have been detected in the brains of patients with PD, 
AD, and Friedreich’s ataxia.

Iron chelation has been considered for neuroprotection. Iron chelator deferiprone, 
which penetrates the blood-brain barrier, has been investigated for the treatment of 
aceruloplasminemia, pantothenate kinase-associated neurodegeneration, Friedreich’s 
ataxia, and PD. Several studies have indicated that deferiprone therapy, with removal 
of iron from the brain on the shown by MRI studies, have the potential to prevent or 
slow the progression of neurodegeneration. In a pilot trial of  deferiprone in patients 
with early-stage PD, treatment for 1 year resulted in a decrease in both substantia 
nigra iron deposits and motor-scale indicators of disease progression (Devos et  al 
2014). A follow-up multicenter phase II/III trial is ongoing (NCT00943748).

Iron chelation has neuroprotective effect even when iron dysregulation is not the 
primary cause of the disease. Some examples from animal experimental studies are:

• Zinc-desferrioxamine conjugate has been shown to attenuate oxidative injury in 
a mouse model of retinitis pigmentosa by chelation of labile iron in combination 
with release of zinc (Obolensky et al 2011).

• The chelator salicylaldehyde isonicotinoyl hydrazine protects the rodent spinal 
cord against trauma.

• Both elevated levels of the endogenous iron-storage protein ferritin and adminis-
tration of the metal chelator clioquinol protect the mouse brain against the neu-
rotoxin MPTP, which induces a PD-like neurodegeneration.

• Deferiprone protects against ferric nitrilotriacetate, hydrogen peroxide, and Aβ1- 
40- induced neuronal cell death in vitro.

 Mitochondria Permeability Transition Pore Complex 
and Neuroprotection

Mitochondria play a central role in controlling the balance in favor of either survival 
or death of brain tissue, which proceeds mostly via the mitochondrial pathway of 
apoptosis. Permeability transition pore (mPTP) development in mitochondria is a 
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decisive stage of apoptosis. Therefore, regulation of the permeability of both outer 
and inner mitochondrial membranes helps to induce neuroprotection. Through 
mPTP control, mitochondria can to a large degree manage the intracellular calcium 
homeostasis, and thus control the potent death cascade initiated by excess calcium. 
The 18-kDa translocator protein (TSPO; previously called peripheral benzodiaze-
pine receptor), and two new mitochondrial proteins  – 2′,3′-cyclic nucleotide 
3′-phosphodiesterase (CNP) and p42(IP4) (also designated centaurin alpha1; ADAP 
1) – are involved in the control of the mPTP (Azarashvili et al 2010). Furthermore, 
ligands of TSPO, as well as substrates of CNP, are possible modulators of mPTP 
function. In silico-directed studies help to explore new small molecules targeting 
the mPTP to improve their drug-like properties and bioactivity with a role of mPTP 
in neurodegenerative diseases, including AD, PD, and HD (Kalani et  al 2018). 
Control and regulation of mPTP function might provide multiple important targets, 
which are suitable for developing neuroprotective therapies of neurodegenerative 
diseases.

 Modulation of Proteostasis in Neurodegenerative Disorders

Proteins within a cell exist in a dynamic state, a balance between synthesis and 
degradation, in which they turn over continuously. Proteolysis plays a central role in 
protein renewal, which maintains the quality of proteins within the cell by destroy-
ing dysfunctional components. Both proteasomal degradation and autophagy per-
form physiologically important cellular tasks, and their functional loss may lead to 
various pathological situations.

Protein aggregates are common features in different neurodegenerative diseases 
such as: (1) amyloid plaques and tau tangles in Alzheimer’s disease; (2) α-synuclein–
rich Lewy bodies and Lewy neurites in Parkinson’s disease; (3) huntingtin aggre-
gates in Huntington’s disease; and (4) aggregates of superoxide dismutase 1 (SOD1), 
TDP43, and FUS in amyotrophic lateral sclerosis. Although the precise mechanisms 
of protein aggregation-associated toxicity remain unclear, the accumulation of 
aggregated proteins in the diseased neurons indicates imbalances in protein homeo-
stasis (proteostasis). Enhancement of proteasomal activity through inhibition of 
USP14 may reduce the levels of aberrant proteins in cells under proteotoxic stress 
(Tanaka and Matsuda 2014). Accordingly, activators of the proteasome and/or 
autophagy may form the basis of new strategies for neuroprotection in neurodegen-
erative diseases. Another therapeutic strategy of restoring proteostasis to normal 
levels by boosting the activity of molecular chaperones is being investigated (Park 
and Hoang 2017). One way to achieve this is to activate HSF1 (heat shock factor 
protein 1) by inhibiting HSP90 (heat shock protein 90), thereby stimulating the 
expression of multiple chaperones. This strategy has been shown to be effective in 
fly models of Parkinson’s disease.

 Approaches to Neuroprotection in Neurodegenerative Disorders
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Neuroprotection in Parkinson Disease
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 Introduction

Parkinson’s disease (PD) is a progressive disorder of the CNS characterized by 
tremor at rest, bradykinesia (slowness of movement), rigidity and flexed posture. 
Pathologically, the key deficit is loss of pigmented dopamine-producing neurons in 
the substantia nigra. Although the cause of the disease remains unknown, 
considerable progress has been made to expand our knowledge of the clinical 
features, neuropathology and treatment of the disease since the description of the 
disease by James Parkinson about 200 years ago.

 Epidemiology of Parkinson’s Disease

Several studies have reported epidemiological data on PD, which affects ~10 mil-
lion persons worldwide, but here are wide variations in the reported prevalence of 
this disease in different parts of the world. The prevalence estimates for PD range 
from 10 to 405/100,000 with an average of 100/100,000 population and increase 
with advancing age. The prevalence among population over the age of 65 rises to 
over 1% with a peak in the age group 70–79. The age distribution curve is consis-
tent with the current concept of PD as a disorder of age-related neuronal vulnera-
bility. Crude incidence rates range worldwide from 5 to 25 per 100,000 per year. In 
spite of these variations, it is possible to compile prevalence figures in the seven 
major market countries (US, UK, Germany, France, Italy, Spain, Japan). Table 7.1 
provides the estimates for the prevalence of PD for the years 2017 to 2027. High 
prevalence in the next decade is partly explained by longer life spans.

Table 7.1 Prevalence of Parkinson’s disease in major markets 2017–2027

Country (population) Year 2017 Year 2022 Year 2027

United States (310 million) 1,200,000 1,720,000 2,170,000
France (62 million) 250,000 320,000 410,000
Germany (82 million) 330,000 400,000 510,000
Italy (60 million) 240,000 300,000 390,000
Spain (45 million) 220,000 290,000 350,000
United Kingdom (63 million) 260,000 350,000 440,000
Japan (128 million) 500,000 620,000 730,000
Number of affected persons 3,000,000 4,000,000 5,000,000

© Jain PharmaBiotech
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 Pathophysiology of Parkinson’s Disease

Various factors in the etiology of this disease are listed in Table 7.2. Those relevant 
to neuroprotection will be discussed in the following sections.

 Alteration of Dopamine Homeostasis

The vesicular monoamine transporter 2 (VMAT2; SLC18A2) is responsible for 
packaging dopamine into vesicles for subsequent release and has been suggested to 
serve a neuroprotective role in the dopamine system. Mice that express ~5% of 
normal VMAT2 (VMAT2 LO) display age-associated nigrostriatal dopamine 
dysfunction that ultimately results in neurodegeneration (Caudle et al 2007). This is 
associated with decreased striatal dopamine and decreased expression of the 
dopamine transporter and tyrosine hydroxylase. Furthermore, an increase in 
α-synuclein immunoreactivity and accumulation and neurodegeneration in the 
substantia nigra pars compacta is observed in aged VMAT2 LO mice. Thus, VMAT2 
LO animals replicate many of the key aspects of PD.  These data suggest that 
mishandling of dopamine via reduced VMAT2 expression is, in and by itself, 
suffices to cause dopamine-mediated toxicity and neurodegeneration in the 
nigrostriatal dopamine system. In addition, the altered dopamine homeostasis 
resulting from reduced VMAT2 function may be conducive to pathogenic 
mechanisms induced by genetic or environmental factors thought to be involved in 
PD. With progression of PD pathology there is an exponential decline in nigrostriatal 

Table 7.2 Factors in the etiology of Parkinson’s disease

Aging
Apoptosis
Asynchronous neuronal activity
Autoimmune mechanisms
Disruption of iron homeostasis
Disturbance of intracellular calcium homeostasis
Environmental toxins
Excitotoxicity
Genetic factors: gene mutations
Infection
Misfolding proteins
Mitochondrial dysfunction
Oxidative stress
Role of dopamine transporters
Role of neurotrophic factors

© Jain PharmaBiotech
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dopamine function and a compensatory increase in dopamine turnover, which may 
help delay onset of symptom, but also contributes to the development of treatment- 
related motor complications (de la Fuente-Fernández et al 2011).

 Apoptosis

Apoptosis is associated with cell death of dopaminergic neurons in PD. Expression 
of TNF (tumor necrosis factor)-α, a factor that may trigger apoptosis, has been 
detected in glial cells in postmortem specimens of substantia nigra from PD patients. 
Agents that might prevent apoptosis are being considered as candidate for drug 
development for neurodegenerative disorders. These include bcl-2, the human 
oncogene homologue for ced-9 (cell death inhibitor gene).

 Calcium Interaction with α-Synuclein

Calcium has a role in the normal physiological function of α-synuclein, which is 
primarily localized at the pre-synaptic terminals where high calcium fluctuations 
occur. Calcium is known to bind to α-synuclein at its C terminus and increases its 
lipid-binding capacity (Lautenschläger et al 2018). The interaction of α-synuclein 
with synaptic vesicles disturbs the homeostasis, and the imbalance can be caused by 
a genetic doubling of the amount of α-synuclein (gene duplication), by an age- 
related slowing of the breakdown of excess protein, by an increased level of calcium 
in neurons that are sensitive to PD, or an associated lack of calcium buffering 
capacity in these neurons lead to α-synuclein aggregation and toxicity related to 
PD. Understanding the role of α-synuclein in physiological or pathological processes 
may aid in the development of new treatments for PD. One possibility is that calcium 
channel blockers might also be neuroprotective in PD.

 Disruption of Iron Homeostasis

The brain requires iron for mitochondrial respiration and synthesis of myelin, neu-
rotransmitters, and monoamine oxidases. Iron accumulates in distinct parts of the 
brain in patients with neurodegenerative diseases, and there are suggestions that 
neurons die because they contain too much iron. Neuronal iron handling is not well 
understood. A study focused on dopaminergic neurons, affected in PD and 
manipulated molecules involved in iron uptake and release (Matak et  al 2016). 
Results showed that loss of ferroportin, which exports cellular iron, had no apparent 
effect. In contrast, loss of transferrin receptor, involved in iron uptake, caused 
neuronal iron deficiency and neurodegeneration with features like PD indicating 
that neuronal iron deficiency may contribute to neurodegeneration in human disease.

 Pathophysiology of Parkinson’s Disease
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 Excitotoxicity

This occurs when there is excessive release and accumulation of glutamate leading 
to persistent activation of NMDA or AMPA receptors, the disturbance of intracellular 
Ca2+. Impaired energy metabolism at the mitochondrial level may lead to disruption 
of normal membrane function, including loss of voltage-dependent Mg2+ block of 
NMDA receptors, allowing persistent activation of these receptors even in the 
presence of normal glutamate levels. This phenomenon is significant for CNS 
degeneration in general but its role in PD has not been established.

 Genes and PD

Mutations in several genes including α-synuclein and parkin have been linked to 
familial PD.  Parkin plays a key role in for dopamine neuron survival. Loss-of- 
function mutations in the parkin gene are known to result in autosomal recessive 
juvenile parkinsonism, which causes selective degeneration of nigrostriatal 
dopaminergic neurons in the absence of Lewy bodies. Protective effect of 
overexpression of parkin against lactacystin-induced apoptosis is not associated 
with its ability to promote the formation of ubiquitinated inclusions. It is likely that 
Lewy body formation may be only a compensatory mechanism of dopaminergic 
neurons attempting to counteract toxicity, and not the ultimate cause of neuronal 
death. Animals overexpressing parkin show significant reductions in α-synuclein- 
induced neuropathology, including preservation of tyrosine hydroxylase-positive 
cell bodies in the substantia nigra and sparing of tyrosine hydroxylase-positive 
nerve terminals in the striatum.

The first large-scale whole genome map of genetic variability associated with PD 
was based on association of ~200,000 SNPs in patients with PD and the results 
highlighted changes in 12 genes that may increase the risk for PD in some people. 
Variation in two previously known regions of the genome, PARK10 and PARK11, 
are likely associated with PD susceptibility and 10 additional SNPs were identified 
that appear to be associated with PD susceptibility. Some of these are in or near 
genes with direct biological relevance to the disease. For example, one of these, the 
SEMA5A gene, may play an important role in both the development and programmed 
death of dopamine-producing neurons in the brain, which is a hallmark of PD. The 
size of the effect is small for any single SNP; combinations of gene variants or 
interactions with environmental factors may be necessary to develop PD. Independent 
replication across populations will clarify the role of the genomic loci tagged by 
these SNPs in conferring PD susceptibility.

DJ-1 (PARK7) is the third gene that has been linked to PD. Mutations in the DJ-1 
gene cause early onset PD with autosomal recessive inheritance. Overexpressing 
the mutant DJ-1 has no protective effect on cultured dopaminergic cells that are 
subjected to chemical stress. By contrast, knocking down endogenous DJ-1 with 
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antisense DJ-1 renders cells more susceptible to oxidative damage. DJ-1 improves 
survival by increasing cellular glutathione levels through an increase in the rate- 
limiting enzyme glutamate cysteine ligase and blocking glutathione synthesis 
eliminates the beneficial effect of DJ-1. By a separate mechanism, overexpressing 
wild type DJ-1 inhibits the protein aggregation and cytotoxicity usually caused by 
human α-synuclein. Under these circumstances, DJ-1 increases the level of heat 
shock protein 70 but does not change the glutathione level. These findings indicate 
that DJ-1 protects dopaminergic neurons from oxidative stress through up-regulation 
of glutathione synthesis and from the toxic consequences of mutant human 
α-synuclein through increased expression of heat shock protein 70. Thus DJ-1 has 
multiple specific mechanisms for protecting dopamine neurons from cell death.

Although initial studies using DJ-1-deficient neurons indicated that DJ-1 specifi-
cally protects the neurons against the damage induced by oxidative injury in multi-
ple neuronal types and degenerative experimental paradigms, but how oxidative 
stress-induced death is ameliorated by DJ-1 is not completely clear. Results of a 
study show the involvement of DJ-1  in modulation of AKT, a major neuronal 
prosurvival pathway induced upon oxidative stress (Aleyasin et  al 2010). DJ-1 
promotes AKT phosphorylation in response to oxidative stress induced by H2O2 
in vitro and in vivo following MPTP treatment. Moreover, DJ-1 is necessary for 
normal AKT-mediated protective effects, which can be bypassed by expression of a 
constitutively active form of AKT. Taken together, these data suggest that DJ-1 is 
crucial for full activation of AKT upon oxidative injury, which serves as one 
explanation for the protective effects of DJ-1.

Using microarrays to analyze brains from PD patients, >570 genes have been 
identified that act abnormally during the development of PD, a finding which could 
help physicians predict the likelihood of it developing and provide targets for new 
treatments.

Midbrain DA neurons of PD patients and elderly humans contain high levels of 
somatic mtDNA mutations, which may impair respiratory chain function. Knockout 
mice with disruption of the gene for mitochondrial transcription factor A (Tfam) in 
DA neurons (termed MitoPark mice) mice have reduced mtDNA expression and 
respiratory chain deficiency in midbrain DA neurons, which leads to a parkinsonism 
phenotype with adult onset of slowly progressive impairment of motor function 
accompanied by formation of intraneuronal inclusions and dopamine nerve cell 
death. Confocal and electron microscopy show that the inclusions contain both 
mitochondrial protein and membrane components. These findings show that 
respiratory chain dysfunction in DA neurons may be of pathophysiological 
importance in PD.

Mutations in the leucine-rich repeat kinase two gene (LRRK2) are linked to PD 
susceptibility, particularly those in the LRRK2 GTPase (Roc) and COR domains, 
which increase LRRK2 kinase activities in cells and tissues. Review of genetic and 
biochemical evidence supports the involvement of LRRK2 kinase activity in PD 
susceptibility. Small molecule LRRK2 kinase inhibitors that block these activities 
have been shown to provide neuroprotection in PD models, and definition of a 
therapeutic window for LRRK2 inhibition and the safety of chronic dosing in 
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human patients are topics for discussion. LRRK2 kinase inhibitor therapy is feasible 
in PD patients and four key areas must be considered for achieving neuroprotection: 
(1) identification of patient populations most likely to benefit from LRRK2 kinase 
inhibitors; (2) prioritization of superior LRRK2 small molecule inhibitors based on 
drug performance; (3) incorporation of biomarkers and empirical measures of 
LRRK2 kinase inhibition in clinical trials; and (4) use of appropriate efficacy 
measures guided partly by rigorous preclinical modeling (West 2017). Meticulous 
and rational development decisions can potentially prevent incredibly costly errors 
and provide the best chances for LRRK2 inhibitors to slow the progression of 
PD.  Besides PD, mutations in the LRRK2 gene are associated with, chronic 
inflammation and mycobacterial infections. There is evidence supporting the idea 
that LRRK2 has an immune function. Use of genetic, pharmacological and 
proteomics approaches has revealed that LRRK2 kinase activity negatively regulates 
phagosome maturation via the recruitment of the Class III phosphatidylinositol-3 
kinase complex and Rubicon to the phagosome in macrophages (Härtlova et  al 
2018). LRRK2 prevents phagosomes from fusing with lysosomes in both human 
and mouse macrophages, making them less efficient at clearing bacteria and 
increasing susceptibility to M. tuberculosis. Deleting the LRRK2 gene or treating 
the cells with an LRRK2 blocker significantly reduces levels of M. tuberculosis. 
Similarly, LRRK2 might be preventing immune cells in the brain from degrading 
cell debris properly, leading to a build-up of protein in neurons that disrupts their 
function in PD.

Approximately 5–10% of PD patients carry a heterozygous GBA mutation, mak-
ing GBA variants the most common genetic risk factors for PD. The GBA- N370S 
mutation is the most common GBA risk variant, and patients have a clinical presen-
tation similar to idiopathic PD (Beavan and Schapira 2013).

 Histone Deacetylase 4 as a Regulator of Progression of PD

High-resolution, single-cell transcriptomic analyses of induced pluripotent stem cell 
(iPSC)-derived dopamine neurons carrying the GBA-N370S PD risk variant, have 
identified transcriptional repressor histone deacetylase 4 (HDAC4) as an upstream 
regulator of progression of PD (Lang et al 2019). HDAC4 was mislocalized to the 
nucleus in PD iPSC-derived dopamine neurons and repressed genes early in the dis-
ease axis, leading to late deficits in protein homeostasis. Treatment of iPSC- derived 
dopamine neurons with HDAC4-modulating compounds upregulated genes early in 
the DE axis and corrected PD-related cellular phenotypes. These findings suggest 
HDAC4 as a therapeutic target for PD. All compounds tested in experimental studies 
of PD are currently in clinical development for unrelated conditions, mostly cancer. 
Tasquinimod, which inhibits formation of the HDAC4/N-CoR/HDAC3 repression 
complex by locking HDAC4 in an inactive form, has been tested in phase II and III 
clinical trials for treating prostate cancer with a good safety profile.
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 Oxidative Stress

Oxidative stress resulting from increased free radical production or defect in anti-
oxidant defenses is implicated in the neurodegenerative process. Free radicals such 
as superoxide radical, nitric oxide (NO) and hydroxyl radical damage essential 
components of the dopaminergic neuron, including DNA, mitochondria, protein 
structures and the cell membranes resulting in the disruption of their function and 
ultimately cell death. Oxidative stress may play a role in the etiology of PD as 
follows:

• Levodopa itself, the most commonly administered agent in PD, induces oxida-
tive stress and degeneration of dopamineric neurons in vitro. Chemical oxida-
tion of dopamine produces potentially toxic semiquinones and accelerated 
metabolism of dopamine by MAO-B produces excessive formation of hydrogen 
peroxidase.

• Evidence of the oxidative stress in substantia nigra of patients with PD is reduced 
glutathione, levels, increased SOD levels, increased aluminum levels and 
increased level of heme oxygenase.

• Free radicals also damage guanine in the DNA as indicated by raised levels of 
8-hydroxydeoxyguanosine

• NO, although a potential free radical scavenger is a highly reactive free radical 
and can react with superoxide radicals to form peoxynitrite anion  - a potent 
oxidative radical. NO itself may act directly at several sites of the electron 
transport chain, including complex I, whose activity is specifically reduced in 
PD. Inhibition of NO synthesis prevents destruction of dopamine neurons and 
evolution of parkinsonian symptoms in baboons treated with MPTP (Jain 2019g).

• MPTP acts via its metabolite MPP+ which inhibits the mitochondrial respiratory 
chain and leads to secondary oxidative stress

• Iron concentrations in substantia nigra are 70% higher in patients with Parkinson’s 
disease as compared with normal subjects. Iron catalyses the conversion of 
hydrogen peroxide to the highly reactive hydroxyl radical.

• Low-grade chronic antioxidant deficiency has been postulated to be the underly-
ing cause of PD.

• Oxidative stress interacts with excitotoxic mechanisms and altered energy 
metabolism to disturb the interneuronal calcium homeostasis to produce 
programmed cell death (apoptosis).

There is no doubt that oxidative stress occurs in PD, but its exact role remains 
questionable for the following reasons:

• The cause of free radical production, defects in antioxidant defenses, and free 
radical species involved have not been identified.

• Free radicals may be a secondary phenomenon. Cell death by other causes can 
itself lead to oxidative stress and increased free radical production.

• Antioxidant therapies have not been proven to be neuroprotective in PD patients

 Pathophysiology of Parkinson’s Disease
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 Role of Neurotrophic Factors

Lack of NTF production may constitute the common underlying mechanism of 
various degenerative disorders of the nervous system. Measurements of the levels of 
NTFs and cytokines in the brains of patients with PD as well as normal subjects 
using highly sensitive sandwich enzyme immunoassays show that concentrations of 
IL-1β, IL-6, EGF, and TGF-β are higher in dopaminergic striatal regions in PD 
patients as compared with controls whereas there are no significant differences in 
the cerebral cortex. These elevations may be the result of compensatory responses 
in the dopaminergic nigrostriatal region in PD.

 Role of Misfolding Proteins

Neurodegenerative diseases, including PD and HD, shares striking molecular and cell 
biology common features. Each of the diseases involves protein misfolding and aggre-
gation, resulting in inclusion bodies and other aggregates within cells. These aggre-
gates often contain ubiquitin, which is the signal for proteolysis by the 26S proteasome, 
and chaperone proteins that are involved in the refolding of misfolded proteins.

A synergistic effect between conditions that promote the formation of damaged 
proteins and those in which proteasomal function is impaired provide further 
support for the notion that cell loss in PD could be related to a defect in protein 
handling. The link between the ubiquitin-proteasome system and neurodegeneration 
has been strengthened by the identification of disease-causing mutations in genes 
coding for several ubiquitin-proteasome pathway proteins in PD. Chaperone and 
proteosome systems fail in PD resulting in the accumulation of misfolded proteins 
in cells and cell death. Mutant forms of α-synuclein and parkin can undermine the 
chaperone and protein disposal system.

A cause-and-effect relationship between misfolded α-synuclein proteins (Lewy 
bodies) and neurodegeneration has been unclear in the past. A new study has found 
that in wild-type nontransgenic mice, a single intrastriatal inoculation of synthetic 
α-Syn fibrils led to the cell-to-cell transmission of pathologic α-synuclein and 
PD-like Lewy pathology in anatomically interconnected regions (Luk et al 2012). 
Lewy pathology accumulation resulted in progressive loss of dopamine neurons in 
the substantia nigra pars compacta, but not in the adjacent ventral tegmental area, and 
was accompanied by reduced dopamine levels culminating in motor deficits. Thus 
α-synuclein aggregates of are not just hallmarks of PD, they also initiate pathology.

 Role of α-Synuclein in Dementia of PD

Synucleinopathies, such as PD and dementia with Lewy bodies are characterized by 
the accumulation of α-synuclein (aSyn) in intracellular inclusions known as Lewy 
bodies. The cellular prion protein (PrPC) has been identified as a key mediator in 
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aSyn-induced synaptic impairment. The aSyn-associated impairment of long-term 
potentiation can be blocked in Prnp null mice and rescued following PrPC blockade 
(Ferreira et al 2017). The authors found that extracellular aSyn oligomers formed a 
complex with PrPC that induced the phosphorylation of Fyn kinase via metabotropic 
glutamate receptors 5 (mGluR5). aSyn engagement of PrPC and Fyn activated 
NMDA receptor (NMDAR) and altered calcium homeostasis. Blockade of mGluR5- 
evoked phosphorylation of NMDAR in aSyn transgenic mice rescued synaptic and 
cognitive deficits, supporting the hypothesis that a receptor-mediated mechanism, 
independent of pore formation and membrane leakage, suffices to trigger early 
synaptic damage induced by extracellular aSyn.

 Synaptic Vesicle Glycoprotein 2C Disruption in PD

Synaptic vesicle glycoprotein 2C (SV2C) plays a role in dopamine neurotransmis-
sion and PD. SV2C is expressed on the vesicles of dopamine-producing neurons, 
and genetic deletion of SV2C causes a reduction in synaptic release of dopamine, 
which is associated with a decrease in motor activity (Dunn et  al 2017). SV2C 
expression is specifically disrupted in mice that express mutated α-synuclein and in 
humans with PD. Together, these data establish SV2C as an important mediator of 
dopamine homeostasis and a potential contributor to PD pathogenesis. Future stud-
ies will elucidate the mechanisms responsible for the observed reduction in dopa-
mine tone and release following genetic deletion of SV2C. The precise relationship 
between SV2C and nicotine neuroprotection remains unknown, but SV2C-knockout 
animals have altered neurochemical, behavioral, or neuroprotective response to 
nicotine. These data are relevant to genome-wide association studies that have iden-
tified SV2C as a genetic mediator of the neuroprotective effects of smoking.

 Neuroprotective Strategies for PD Based on Pathomechanism

Summary of the pathogenic steps implicated in excitotoxic damage are shown in 
Fig. 7.1. This serves as a basis for neuroprotective strategies.

Despite of several postulated mechanisms, cause of death of dopamine-contain-
ing neurons of the brain’s substantia nigra in PD remains a mystery. One explana-
tion is that the unusual reliance of these neurons on L-type Cav1.3 Ca2+ channels to 
drive their maintained, rhythmic pacemaking renders them vulnerable to stressors, 
which contribute to disease progression. The reliance on these channels increases 
with age, as juvenile dopamine-containing neurons in the substantia nigra use pace-
making mechanisms common to neurons not affected in PD. These mechanisms 
remain latent in adulthood and blocking Cav1.3 Ca2+ channels in adult neurons 
induces a reversion to the juvenile form of pacemaking. Such blocking (rejuvena-
tion) protects these neurons in both in vitro and in vivo models of PD and can lead 
to a new strategy to slow or stop the progression of the disease.

 Neuroprotective Strategies for PD Based on Pathomechanism
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 A Genetic Animal Model of PD for Testing Neuroprotective 
Strategies

DJ-1 mutations cause autosomal recessive early-onset PD. A subset of DJ-1 nullizy-
gous mice, a model of PD pathology, when fully backcrossed to a C57BL/6J back-
ground, display dramatic early-onset unilateral loss of dopaminergic (DA) neurons 
in their substantia nigra pars compacta (SNpc), progressing to bilateral degeneration 
of the nigrostriatal axis with aging. In addition, these mice exhibit age- dependent 
bilateral degeneration at the locus ceruleus (LC) nucleus and display mild motor 
behavior deficits at aged time points. These findings effectively recapitulate the early 
stages of PD. Therefore, the DJ1-C57 mouse provides a tool to study the preclinical 
aspects of neurodegeneration. Exome sequencing has enabled identification of can-
didate modifying genes that segregate with the phenotype, providing potentially 
critical clues into how certain genes may influence the penetrance of DJ-1 related 
degeneration in mice (Rousseaux et al 2012). Thus, the murine model reproduces a 
clinically detectable phenotype owing to the modification of a PD-related gene. 

Fig. 7.1 Neuroprotective strategies against death of dopamine-containing neurons in PD. (© Jain 
PharmaBiotech)
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Affected DJ1-C57 mice display unilateral DA cell loss with a predilection for the 
SNpc at an early age, which progresses to bilateral degeneration of the nigrostriatal 
axis and LC at an older age associated with mild motor disturbances. This progres-
sion to a bilateral phenotype is significant as it resembles the typical unilateral-to-
bilateral progression of autosomal recessive early-onset PD in humans, with 
insignificant changes in α-synuclein or LRRK2 expression, suggesting a disease pro-
cess that is independent of Lewy body generation. This murine model of early PD 
mimics the pathology of sporadic PD and provides an opportunity to explore neuro-
protective interventions at a stage prior to advanced loss of DA neurons.

 Aldehyde Dehydrogenase 1 Protects Nigrostriatal Dopaminergic 
Neurons

Subpopulations of DA neurons within the substantia nigra pars compacta (SNpc) 
display a differential vulnerability to loss in PD. In rodent SNpc, DA neurons can be 
divided into two subpopulations based on the expression of aldehyde dehydrogenase 
1 (ALDH1A1). A study has shown that, in α-synuclein transgenic mice, a murine 
model of PD-related disease, DA neurodegeneration occurs mainly in a dorsomedial 
ALDH1A1-negative subpopulation that is also prone to cytotoxic aggregation of 
α-synuclein (Liu et  al 2014). The topographic ALDH1A1 pattern observed in 
α-synuclein transgenic mice is conserved in human SNpc. Postmortem evaluation of 
brains of patients with PD reveals a severe reduction of ALDH1A1 expression and 
neurodegeneration in the ventral ALDH1A1-positive DA subpopulations. ALDH1A1 
expression is also suppressed in α-synuclein transgenic mice. Deletion of Aldh1a1 
exacerbates α-synuclein-mediated DA neurodegeneration and α-synuclein aggrega-
tion, whereas Aldh1a1-null and control DA neurons are comparably susceptible to 
1-methyl-4-phenylpyridinium-, glutamate-, or camptothecin-induced cell death. 
ALDH1A1 overexpression appears to preferentially protect against α-synuclein-
mediated DA neurodegeneration but does not rescue α-synuclein-induced loss of 
cortical neurons. These findings suggest that ALDH1A1 protects subpopulations of 
SNpc DA neurons by preventing the accumulation of dopamine aldehyde intermedi-
ates and formation of cytotoxic α-synuclein oligomers.

 RNAi Screening to Identify Neuroprotective Genes in a PD 
Model

Genomic multiplication of the locus-encoding human α-synuclein, a polypeptide 
with a propensity toward intracellular misfolding, results in PD. Results have been 
reported from systematic screening of nearly 900 candidate genetic targets, 
prioritized by bioinformatic associations to existing PD genes and pathways, via 
RNAi knockdown (Hamamichi et  al 2008). Depletion of 20 gene products 
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reproducibly enhanced misfolding of α-synuclein over the course of aging in the 
nematode C. elegans. Subsequent functional analysis of positive targets revealed 
five previously unreported gene products that significantly protect against age- and 
dose-dependent α-synuclein-induced degeneration in the dopamine neurons of the 
worms. These include two trafficking proteins, a conserved cellular scaffold-type 
protein that modulates G protein signaling, a protein of unknown function, and one 
gene reported to cause neurodegeneration in knockout mice. These data represent 
putative genetic susceptibility loci and potential therapeutic targets for PD.

 Strategies to Stop Aggregation of α-Synuclein

α-synuclein aggregation is a pathological hallmark of PD. Attenuating or stopping 
aggregation of α-synuclein is thus a highly pursued strategy to combat pathology in 
PD. Several factors have been reported to influence the aggregation propensity of 
α-synuclein, including oxidative stress, posttranslational modifications in 
α-synuclein, and increased local concentration. Proposed strategies to stop or reduce 
α-synuclein aggregation include enhancing the levels of heat shock proteins to 
stabilize protein folding, using compounds with antioxidant or antiaggregant 
activity, promoting intracellular degradation of α-synuclein, or immunotherapies to 
clear α-synuclein (Pineda and Burré 2017).

 Targeting Mitochondrial Dysfunction in PD

Dysfunctional mitochondria and oxidative stress play an important role in patho-
genesis of PD (Bose and Beal 2016). The secondary mitochondrial dysfunction 
caused by the events that originate outside mitochondria is a promising therapeutic 
target, therefore, pharmacological agents targeting mitochondrial dysfunction and 
oxidative stress are prime candidates for neuroprotection in PD. However, clinical 
potential of gene therapies for the primary mitochondrial disorders connected with 
a mutation in mitochondrial DNA (mtDNA) or in nuclear genes encoding 
mitochondrial proteins in PD has not been realized as yet, but drugs can be used to 
treat PD patients with mitochondrial disorders. Some of the pharmacological 
strategies for ameliorating mitochondrial dysfunction in PD are (Schapira et  al 
2014):

• Bioactive molecules targeted to mitochondria, e.g., mitochondria-penetrating 
peptide antioxidants have been used to target the inner mitochondrial membrane 
and protect the neurons in the MPTP model of PD.

• Modulation of druggable mitochondrial targets.
• Use of pharmacological agents acting on the transcription of mitochondrial 

genes for indirect effect on mitochondria.
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Targeting of mitochondria can be achieved by altering the transcription of nuclear-
encoded mitochondrial proteins that control the major mitochondrial pathways regu-
lating mitochondrial biogenesis; fission, fusion and mitophagy (Hudson 2016). An 
example is Mdivi-1 (mitochondrial division inhibitor) that inhibits dynamin-related 
protein1 (Drp1) and 15-oxospiramilactone (S3) that inhibits USP30, a mitochondri-
ally localized deubiquitinase, and hydrazine (M1) with an unknown target (Yue et al 
2014). Drp1 inhibition attenuates neurotoxicity and dopamine release deficits in vivo 
and pushing the balance of fission-fusion toward fusion is beneficial in PD models 
with altered mitochondrial function (Rappold et al 2014).

Use of Capicor (meldonium connected with γ-butyrobetain) in treatment of PD 
patients results in overexpression of Parkin in leukocytes, normalization of 
prooxidant-antioxidant balance in blood plasma, prevention of mitochondrial 
degradation, stimulation of mitochondrial fusion and elimination of damaged 
mitochondria in platelets via the mitophagy pathway (Mankovska et al 2019). This 
compound can act through the DJ-1-connected pathway, which works in parallel 
with PINK1/Parkin. As has been shown in rotenone- and MPTP-treated mice, 
phenylbutyrate increased DJ-1 expression, protected DA neurons in SNpc and 
reduced deterioration in motor and cognitive functions.

 Management of Parkinson’s Disease

Therapeutic interventions for Parkinson’s disease can be divided into four broad 
classes:

 1. Symptomatic treatment which simply reduces or masks signs and symptoms
 2. Neuroprotective therapies which retard or halt the underlying pathologic 

process
 3. Curative strategies in which the normal tissue function is restored
 4. Preventive interventions in which the causes and risk factors are identified and 

eliminated.

Most of the currently used therapies for PD fall into the symptomatic category 
and very few in the other three categories. There is no cure for the disease. Targeted 
symptomatic treatments and neuroprotective or curative treatments are the focus of 
future research efforts. Various therapeutic strategies for the treatment of PD are 
shown in Table 7.3.

 Limitation of Conventionally Administered Dopamine Therapy

Levodopa is still the mainstay of treatment of PD. Despite the known benefit of 
levodopa in reducing the symptoms of PD, concern has been expressed that its use 
might hasten neurodegeneration. The clinical data on the rate of progression of PD 
suggest that levodopa either slows the progression of PD or has a prolonged effect 
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Table 7.3 Strategies for the treatment of Parkinson’s disease

Enhancement of dopaminergic transmission
Administration of dopamine (DA) agonists
  Apomorphine
  Bromocriptine
  Cabergoline
  Lisuride
  Pergolide (withdrawn from the US market in 2007 due to fatal heart valve damage)
  Pramipexole
  Ropinirole
Enhancement of dopamine synthesis
  Modification of levodopa pharmacokinetics
  Stimulation of tyroxine hydroxylase
  Use of DA precursors, e.g., levodopa
Enhancement of DA release
  Amantadine
  Dextroamphetamine
  Electroconvulsive therapy
  Methylphenidate
  Nicotine
  Pemoline
Blocking of dopamine reuptake
  Benztropine
  Bupropion
  Mazindol
  Tricyclics
Inhibition of DA degradation
  COMT (catechol-O-methyltransferase) inhibitors
  MAO (monoamine oxidase)-B inhibitors
Manipulation of non-dopaminergic neurotransmission
Acetylcholine: anticholinergics
GABA (gamma amino butyric acid): progabide
Serotonin: lisuride
Neurosurgical management
Brain cell/tissue transplantation
Deep brain stimulation
Pallidotomy
Thalamotomy
Neuroprotective strategies
Antioxidants and free radical scavengers
Dopamine agonists
Exercise and environmental enrichment
Glutamate antagonists
MAO-inhibitors
Methylprednisolone for reducing neuroinflammation: 2B3–201 (BBB Therapeutics)

(continued)
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on the symptoms of the disease. In contrast, the neuroimaging data suggest either 
that levodopa accelerates the loss of nigrostriatal dopamine nerve terminals or that 
its pharmacologic effects modify the dopamine transporter. The potential long-term 
effects of levodopa on PD remain uncertain.

Recent observations suggest that the oral administration of currently available 
dopaminomimetics to relatively advanced PD patients leads to nonphysiologic 
intermittent stimulation of striatal neurons that express dopamine receptors. 
Resultant activation of signal transduction pathways from these dopaminergic 
receptors on medium-sized GABAergic neurons apparently induces long-term 
potentiation of adjacent glutamatergic receptors of the NMDA subtype. The effects 
of dopaminergic drugs thus become modified in ways that favor the clinical appear-
ance of response fluctuations and peak-dose dyskinesias. In PD models as well as in 
patients with PD, continuous dopaminergic replacement tends to prevent or allevi-
ate these adverse effects. By continuously maintaining appropriate cerebral dopa-
mine concentrations, molecular techniques that stimulate an increase in the 
intrastriatal activity of tyrosine hydroxylase, the rate-limiting enzyme for dopamine 
synthesis might be expected to palliate parkinsonian symptoms with less risk of the 
disabling consequences of current therapy. Several refinements of drug delivery in 
PD have been discussed elsewhere (Jain 2019f). Clinical study of these approaches 
could also serve as initial, relatively simple proof-of-principle evaluations of the 
safety and efficacy of genetic approaches to the treatment of basic disease processes 
in PD. Of all the methods of drug delivery in PD, perhaps the most effective is gene 
therapy.

 Neuroprotective Therapy in PD

An understanding of the molecular pathophysiology of PD provides the possibility 
of neuroprotective therapy to halt or reverse the process of the disease. The 
neurodegenerative process in PD likely involves a cascade of events including 
oxidative stress, mitochondrial dysfunction and excitotoxicity leading to cell death 
which offer targets for neuroprotective therapy. Because of the slow evolution of the 
neurodegenerative process, which starts before the symptomatic phase, there is an 

Prevention of DAergic neuron demise: Nuclear receptor-related 1 (Nurr1):Retinoid X receptor α 
activation

Treatment of dementia
Rivastigmine
Neuroreparative strategies
Cell transplants
Gene therapy
Neurotrophic factors: GDNF

© Jain PharmaBiotech

Table 7.3 (continued)
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opportunity for slowing the rate of progression of the disease. An additional reason 
for considering neuroprotective therapy in PD is the possibility that levodopa and its 
metabolites may kill cells by causing lipid peroxidation, membrane disruption and 
damaging the mitochondrial respiratory apparatus.

There are several strategies for neuroprotection in PD although there is no truly 
neuroprotective drug. Drugs listed as “disease modifying” are not necessarily 
neuroprotective as assessment of disease modification employs clinical measures 
that are more relevant to halting or slowing of the worsening of disability in everyday 
activities; diminishing the decline of ratings focused on distinctive PD features; 
alteration of the rate of disease progression; avoidance of reaching specific clinical 
milestones associated with disease progression, i.e. improving long-term outcomes 
for patients by slowing of the underlying disease processes. Several clinical trials 
have aimed to demonstrate these putative disease progression-modifying benefits.

Among anti-PD drugs, only those with antioxidant effects, e.g. dopamine ago-
nists, are in clinical use as neuroprotectants, the others are in clinical trials. 
Dopaminergic drugs smoothen out dopaminergic tone and could possibly smoothen 
out dopaminergic tone and interrupt the vicious cycle of dopamine deficiency that 
leads to disinhibition of the subthalamic nucleus and glutamate-induced 
excitotoxicity. This provides a rationale for the use of dopamine agonists and 
selective NMDA receptor antagonists to block glutamate effects. Surgical 
interventions can also inhibit neuronal firing in the subthalamic nucleus.

 Neuroprotective Effect of Currently Used Drugs for PD

 Pramipexole

Pramipexole is a nonergoline D3 dopaminergic agonist that has been shown to be 
safe and effective compared with placebo in early PD. Pramipexole has a relatively 
high affinity for a2 adrenoreceptors but has little effect on other neurotransmitter 
systems. In addition to an antiparkinsonian effect, it is considered to have a 
neuroprotective effect demonstrated by prevention of levodopa-induced toxicity 
in vitro. The possible mechanisms are as follows (Jain 2019a):

• Site-directed antioxidant effect on dopamine neurons and receptors, which is an 
action that it does not share with bromocriptine and pergolide.

• Like other dopamine agonists, pramipexole reduces dopamine synthesis turnover 
in mice during repeated injections of amphetamine and, thus, reduces the free 
radical formation during this process. This is considered to contribute to the 
neuroprotective effect of pramipexole.

• Pramipexole attenuates intracellular processes such as the mitochondrial transi-
tion pore opening that is associated with programmed cell death.

• It stimulates a midbrain-derived neurotrophic activity.
• Neuroprotective effect is demonstrated by prevention of levodopa-induced toxic-

ity in vitro.
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• Pramipexole attenuates intracellular processes such as the mitochondrial transi-
tion pore opening that is associated with programmed cell death.

• In vitro and in vivo studies of pramipexole in PD models show that it decreases 
the phosphorylation of α-synuclein, which may contribute to its neuroprotective 
properties (Chau et al 2013).

• Pramipexole was shown to effectively reduce dopamine neuron and fiber loss in 
the MPTP mouse models suggest that neuroprotection could be due to a reduced 
amount of MPP+ taken up into DA terminals.

• Pramipexole has biological regulatory effects on dopaminergic neuron-associ-
ated genes, which may explain both the slower decline of imaged dopamine 
transporter and the neuroprotective effect.

• Studies in cell model system show that pramipexole prevented cell death but the 
protective effect is not prevented by dopamine receptor blockade and protection 
occurrs at concentrations at which pramipexole does not demonstrate antioxidant 
activity. This indicates that non-dopaminergic mechanisms may be involved in 
the neuroprotective effect of pramipexole, which require further investigation for 
their clinical relevance.

• Pramipexole protects dopaminergic neurons from glutamate neurotoxicity by the 
reduction of intracellular dopamine content, independently of dopamine D2-like 
receptor activation.

In a double-blind randomized study, patients initially treated with pramipexole 
demonstrated a reduction in loss of striatal [123I]-CIT uptake, a biomarker of 
dopamine neuron degeneration, compared with those initially treated with levodopa. 
A review of various studies shows that neuroprotection requires treatment prior to 
neurologic insult and high concentrations of pramipexole are required (Albrecht 
and Buerger 2009).

 Rasagiline Mesylate

Rasagiline mesylate is a novel, potent, second-generation, selective, irreversible 
MAO-B inhibitor that blocks the breakdown of dopamine. It is approved for the 
treatment of PD. Indications for use of once-daily rasagiline are as a monotherapy 
in early PD and as an adjunct to levodopa in moderate to advanced disease. 
Rasagiline significantly improves symptoms during initial monotherapy in patients 
with early PD and as adjunct treatment to levodopa in moderate-to-advanced 
patients. Rasagiline is well tolerated up to doses as high as 20 mg per day. Evidence 
for neuroprotective effect of rasagiline is as follows (Jain 2019b):

• Structure activity studies have shown that the neuroprotective activity is associated 
with the propargyl moiety of rasagiline, which protects mitochondrial viability.

• Experimental evidence supports rasagiline’s neuroprotective efficacy, showing that 
neuronal survival is related to the antiapoptotic properties of its propargyl moiety.

• Aminoindan metabolite of rasagiline has been shown to have neuroprotective 
properties (Bar-Am et al 2010).

 Neuroprotective Effect of Currently Used Drugs for PD
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Whether rasagiline is associated with clinically significant neuroprotection is the 
subject of ongoing clinical trials. ADAGIO study was a randomized, double-blind, 
placebo-controlled, early-start vs delayed-start study to assess rasagiline as a disease 
modifying therapy in PD (Olanow et al 2009). Early treatment with rasagiline at a 
dose of 1 mg per day provided benefits that were consistent with a possible disease- 
modifying effect, but early treatment with rasagiline at a dose of 2 mg per day did 
not. Disease modifying or neuroprotective effect of rasagiline is difficult to assess 
in 2 late start clinical trials because of its symptomatic effect on PD as well (Ahlskog 
and Uitti 2010). However, compared to delayed start, early initiation of rasagiline 
provides long-term clinical benefit due to neuroprotection (Hauser et al 2009).

 Ropinirole

Ropinirole, a non-ergot dopamine agonist, scavenges free radicals and suppresses 
lipid peroxidation in vitro, but these activities are very weak, suggesting that the 
antioxidant effect of ropinirole observed in vitro may be a minor component of its 
neuroprotective effect in vivo (Jain 2019c). Administration of ropinirole for a week 
increases glutathione, catalase and SOD activities in the striatum and protects 
striatal dopaminergic neurons against 6-hydroxydopamine (6-OHDA) in mice. 
Pretreatment with sulpiride prevents ropinirole from enhancing striatal glutathione, 
catalase and SOD activities and abolishes the protection of dopaminergic neurons 
against 6-OHDA. These findings indicate that activation of glutathione, catalase and 
SOD mediated via dopamine D2 receptors may be the principal mechanism of neu-
roprotection by ropinirole.

Another study has shown that ropinirole can block the rotenone-induced phos-
phorylation of JNK, P38 and p-c-Jun, but promote the phosphorylation of ERK1/2 
(Chen et al 2008). Furthermore, the authors demonstrated that ropinirole can reduce 
the rotenone-induced cleavages of caspase 9, caspase 3 and PARP and elevate the 
expression of antiapoptotic proteins of p-Akt and bcl-2. These results provide a 
basis for neuroprotection by this drug for the treatment of PD.

Ropinirole may have more PD-modifying and neuroprotective properties than 
levodopa as shown in a randomized trial reported in 2002, which was one of the first 
studies designed to use PET imaging in PD patients to differentiate how two 
different therapies (ropinirole vs levodopa) affect progression of the loss of 
dopamine function. Compared with baseline PET scan, 18F-dopa uptake in the 
putamen at study termination showed 30% slower disease progression with 
ropinirole. In the substantia nigra, 18F-dopa uptake improved after treatment with 
ropinirole but worsened in those who received levodopa. A prospective 2-year 
randomized double-blind study in Europe showed that ropinirole is associated with 
slower progression of PD than levodopa as assessed by 18F-dopa PET. Progression 
of the loss of dopamine function >10 years can now possibly be stretched to a few 
more years by starting early and maintaining treatment with ropinirole. The effect 
of ropinirole is similar to that of pramipexole reported in the previous section.
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 Rivastigmine for Treatment of Dementia and Falls Associated 
with PD

Approximately 40% of patients with PD are estimated to develop dementia, which 
can have a devastating effect on patients and their families. The risk for developing 
dementia among PD is ~4–6 times higher than among elderly people without this 
disease. PD patients also have lower levels of ACh. Rivastigmine, an AChE inhibitor, 
enhances ACh and is approved for the treatment AD and mild to moderate dementia 
associated with PD.

With the degeneration of DA-producing nerve cells, patients with PD often have 
issues with unsteadiness when walking. Deficiency of ACh, a chemical which helps 
us to concentrate, makes it extremely difficult for PD patients to pay attention to 
walking. A randomized, double-blind, placebo-controlled, phase II clinical trial in 
UK has shown that treatment with rivastigmine reduces the frequency of falls in PD 
(Henderson et al 2016).

 Selegiline

Selegiline is a MAO-B inhibitor which has been used as a neuroprotective in the 
treatment of early PD. The mechanisms of selegiline’s beneficial adjunctive action 
in the treatment of PD are not fully understood but the following explanations are 
offered, most of which emphasize its role as a neuroprotective (Jain 2019d):

• The efficacy of selegiline was initially attributed to a neuroprotective effect by 
inhibition of MAO-B activity, but is now considered to occur independently of 
this activity by other mechanisms. These include protection of neurons against 
neurotoxins, stimulation of gene expression of L-aromatic amino acid 
decarboxylase, increase in striatal phenylethylamine levels, and activation of 
dopamine receptors.

• Selegiline may increase dopaminergic activity by other mechanisms, including 
interfering with dopamine reuptake at the synapse. Selegiline reduces the 
turnover of dopamine; therefore, selegiline has been considered to reduce free 
radical formation and, thus, act as a neuroprotective agent.

• Effects resulting from selegiline administration may also be mediated through its 
metabolites. Two of its three principal metabolites − amphetamine and 
methamphetamine − have pharmacological actions of their own. They interfere 
with neuronal uptake and enhance the release of several neurotransmitters, e.g. 
norepinephrine, dopamine, and serotonin; however, the extent to which these 
metabolites contribute to the effects of selegiline is unknown.

• The beneficial effect of selegiline has been attributed to neuroprotection via inhi-
bition of apoptosis.

 Neuroprotective Effect of Currently Used Drugs for PD
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• Experimental studies suggest that c-Jun-N terminal kinase pathways are involved 
in oxidative stress-induced dopaminergic neuronal degeneration, and pretreatment 
with selegiline affords neuroprotection by inhibiting these cell death-signaling 
pathways.

 Non-pharmacological Strategies for Neuroprotection in PD

 Deep Brain Stimulation for PD

Deep brain stimulation (DBS) is recognized for treatment of movement disorder in 
PD. Once considered to induce functional inactivation like the older ablative proce-
dures with targets in basal ganglia, current hypotheses suggest that the therapeutic 
benefits of high frequency DBS are due to increase in the regularity of the firing pat-
terns in the basal ganglia. There is now increasing evidence that DBS can both inhibit 
neurons and activate axons, generating a wide range of effects. This means that mech-
anisms that underlie DBS work not only locally but also at the network level. Studies 
in a computational model of the cortico-basal ganglia- thalamo- cortical loop in normal 
and parkinsonian conditions under the effects of stimulation at several frequencies 
reveal that the stimulation injected in the loop elicits neural perturbations that travel 
along multiple pathways with different latencies and rendezvous in striatum 
(Santaniello et al 2015). If the stimulation frequency is high enough, these perturba-
tions overlap (reinforcement) and cause more regular, stimulus-locked firing patterns 
in striatum. Overlap is maximal at clinically relevant high frequency DBS and restores 
more normal activity in the remaining structures of the loop suggesting that neural 
restoration and striatal reinforcement may be mechanisms of therapeutic effect.

DBS not only induces synaptic plastic changes in neurons over a wide network, 
but it may also trigger cellular and molecular changes in other cells, particularly 
astrocytes. The glial-neuronal interactions may produce effects that are not explained 
by simple activation/inhibition theories alone. Various studies suggest the following 
effects of high-frequency DBS (Fenoy et al 2014):

• Activatation of astrocytes leading to the release of gliotransmitters that can regu-
late surrounding neurons at the synapse

• Activated astrocytes modulate synaptic activity and increase axonal activation
• Activated astrocytes can signal further astrocytes across large networks, contrib-

uting to observed network effects induced by DBS
• Activated astrocytes can help explain the disparate effects of activation and inhi-

bition induced by high frequency stimulation at different sites
• Astrocytes contribute to synaptic plasticity through long-term potentiation and 

depression, possibly helping to mediate the long-term effects of DBS
• DBS may increase delta-opioid receptor activity in astrocytes to confer neuro-

protection. Together, the plastic changes in these glial-neuronal interactions 
network-wide likely underlie the range of effects seen, from the variable tempo-
ral latencies to observed effect to global activation patterns.
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 Effect of Exercise and Environmental Enrichment on PD

Exposure to an enriched environment (a combination of exercise, social interactions 
and learning) or exercise alone for at least 3 months totally protects against MPTP- 
induced PD in mice (Faherty et  al 2005). Exercise prevented cell death in the 
substantia nigra of adult mice that otherwise occurs following injection of 
MPTP. The study initially investigated whether a so-called enriched environment 
could protect mice treated with MPTP. Activities included exercise wheels, 
companionship of other mice and a tunnel with a configuration that researchers 
changed weekly to provide mental stimulation. After 3 months, the amount of 
GDNF in the substantia nigra of mice in the enriched environment cages increased 
350% over the level found in the control mice kept in standard cages. Furthermore, 
changes in mRNA expression would suggest that increases in GDNF, coupled with 
a decrease of dopamine-related transporters, e.g. dopamine transporter and vesicular 
monoamine transporter, contribute to the observed neuroprotection of dopamine 
neurons in the nigrostriatal system following MPTP exposure. This non- 
pharmacological neuroprotective approach presents significant implications for the 
prevention and/or treatment of PD in humans.

Voluntary physical exercise has only a limited effect on symptoms of PD but 
forced exercise such as tandem biking where the back rider is forced to pedal at 60 
RPM to keep up with the rider in front has been reported to reduce tremor and 
improve body control (Alberts et al 2011). This study has correlated symptomatic 
improvement with brain activation on MRI.  In animal studies, forced exercise 
causes release of stress-linked hormones in the brain, which then prompt various 
reactions in the cells and tissues. A likely explanation for the improvement in PD 
patients is that more pedal strokes per minute cause more muscle contractions than 
fewer pedal strokes, generating more messages to the brain, which result in increased 
response by biochemical reactions.

 Calorie Restriction in PD

Calorie restriction (CR) is neuroprotective in PD but the mechanisms are not clear. 
CR has been shown to lessen the severity of neurochemical deficits and motor 
dysfunction in primate models of PD. Levels of GDNF, which is known to promote 
the survival of DA neurons, increase significantly in the caudate nucleus of monkeys, 
suggesting a role for GDNF in the anti-PD effect of CR.

During CR, elevated ghrelin, a gut hormone with neuroprotective properties, pre-
vents neurodegeneration in an 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) model of PD. CR attenuates the MPTP-induced loss of substantia nigra 
(SN) dopamine neurons and striatal dopamine turnover in ghrelin wildtype but not 
knockout mice, demonstrating that ghrelin mediates CR’s neuroprotective effect 
(Bayliss et al 2016). Ghrelin signaling through adenosine monophosphate-activated 
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protein kinase (AMPK) in SN dopamine neurons mediates CR’s neuroprotective 
effects. Therefore, targeting AMPK in dopamine neurons may recapitulate 
neuroprotective effects of CR without requiring dietary intervention.

 Development of Neuroprotective Therapies for PD

Advances in understanding the molecular mechanisms of cell death and the patho-
genesis of sporadic and familial PD are creating new opportunities for the develop-
ment of neuroprotective therapies. Some of these are described here.

 9-methyl-β-carboline

β-carbolines are potential endogenous and exogenous neurotoxins that may contrib-
ute to the pathogenesis of PD. 9-methyl-β-carboline exhibits multimodal effects that 
could be beneficial in the treatment of PD. It shows stimulatory effects to dopami-
nergic neurons by increasing the expression of tyrosine hydroxylase and its tran-
scription factors in pre-existing dopa decarboxylase immunoreactive neurons. 
Furthermore, 9-methyl-β-carboline has emerged as a substance with the rare 
property of a protective and regenerative/restorative potential for dopaminergic 
neurons by inducing gene expression of several neurotrophic factors and decreasing 
apoptotic cell signals. It reduces protein levels of α-synuclein and inhibits 
monoamine oxidase A and B. Finally, 9-methyl-β-carboline acts on multiple targets 
in the inflammatory cascade by inhibiting the proliferation of microglia, by 
decreasing chemotactic cytokines and by creating an anti-inflammatory environment 
in the CNS. These findings indicate that 9-methyl-carboline has a potential role as a 
new drug for the treatment of PD (Polanski et al 2011).

 α-Synuclein O-GlcNAcylation for Neuroprotection in PD

A study has investigated the effect of O-GlcNAcylation on the aggregation and 
toxicity of α-synuclein, the aggregating protein in PD by using synthetic protein 
chemistry to prepare six different O-GlcNAcylated forms of α-synuclein and 
showed that they have largely inhibitory, but site-specific, effects on the aggregation 
and cellular toxicity of this protein (Levine et al 2019). The study also demonstrated 
that O-GlcNAcylation can inhibit the aggregation of an aggressive mutant of 
α-synuclein, indicating that therapies currently in development that increase this 
modification might be applied in animal models that rely on this mutant. These 
results suggest that O-GlcNAc may be a cellular strategy to prevent protein 
aggregation, which could potentially be exploited for neuroprotection in PD.
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 Adenosine AA2 Receptor Antagonists

Since adenosine A2A receptor is selectively localized in striatum for controlling 
motor activity, it appeared to be an attractive target for a novel treatment in 
PD.  Several selective antagonists of adenosine A2A receptor have shown anti- 
parkinsonian effect in vivo and in vitro without any problematic side effects, which 
are observed in dopaminergic therapy.

Recent epidemiological studies have established an association between the con-
sumption of coffee or other caffeinated beverages and a reduced risk of developing 
PD. Caffeine may help prevent the dopaminergic deficits characteristic of PD.  In 
experimental animal studies, caffeine, at doses comparable to those of typical human 
exposure, attenuate MPTP-induced loss of striatal dopamine and dopamine trans-
porter binding sites. The effects of caffeine are mimicked by several A2A antagonists 
and by genetic inactivation of the A2A receptor, suggesting that caffeine attenuates 
MPTP toxicity by A2A receptor blockade. These data suggest a neural basis for the 
inverse association of caffeine with development of PD, and the potential of A2A 
antagonists as a novel treatment for PD. A study to investigate the putative interac-
tion between chronic exposure to A2A receptor antagonist caffeine and genetic influ-
ences on PD has shown that A2A knockout completely prevented loss of dopamine 
and dopaminergic neurons caused by the mutant α-synuclein (Kachroo and 
Schwarzschild 2012). The results imply that A2A receptor is essential for neurotoxic-
ity in a mutant α-synuclein model of PD. Results of a study, which show that serum 
levels of caffeine and 9 of its downstream metabolites are significantly decreased in 
patients with early PD (Fujimaki et al 2018). Together with prior studies, these find-
ings indirectly support the neuroprotective potential of caffeine.

Istradefylline is an approved anti-PD drug that has a specific antagonistic action 
on the A2A receptor in the brain and is expected to provide benefit to patients with 
PD.  It is used as an adjunctive therapy to levodopa/carbidopa to improve motor 
function in patients who experience motor response complications.

Vipadenant (BIIB014), and ST-1535 are new adenosine A2A antagonists that 
have undergone clinical trials for evaluation of their efficacy in patients with 
PD. Development of Vipadenant was discontinued due to toxicity. ST-1535 (2-butyl- 
9-methyl-8-(2H-1,2,3-triazol 2-yl)-9 H-purin-6-ylamine) shows a promising poten-
tial in experimental models of PD and a safe profile in clinical studies (Pinna 2009). 
ST3932 and ST4206, two ST-1535 metabolites, show a pharmacological activity like 
ST1535, both in vitro and in vivo, and may be regarded as an interesting pharmaco-
logical alternative to ST1535 for non-dopaminergic treatment of PD (Stasi et  al 
2015). However, no clinical development beyond phase I has been reported.

 Antiapoptotic Strategies for PD

Antiapoptotic strategies are a more recent approach to neuroprotection that have the 
advantage that it is not necessary to determine the cause of the neurodegeneration in 
order to rescue neurons. Antiapoptotic strategies are often technically a more 
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complex approach due in part to the more gene-based mechanisms that occur during 
apoptosis and to the general role of apoptosis-related signals in normal physiological 
functioning. Antiapoptotic approach has successfully protected against neuronal 
cell death in animal models of PD and is a promising therapy that warrants further 
investigation.

 ATP13A2 Activation

ATP13A2 is a lysosomal P-type transport ATPase that has been implicated in PD for 
providing protection against α-synuclein, Mn2+, and Zn2+ toxicity in various 
model systems. ATP13A2 contains a unique N-terminal hydrophobic extension on 
its cytosolic membrane surface, where it accumulates in an inactive autophosphory-
lated state until it interacts with the lysosomal signaling lipids phosphatidic acid 
(PA) and phosphatidylinositol(3,5)bisphosphate [PI(3,5)P2] resulting in stimulation 
of autophosphorylation (Holemans et al 2015). In a cellular model of PD, only cata-
lytically active ATP13A2 offers cellular neuroprotection against rotenone-induced 
mitochondrial stress, which relies on the availability of PA and PI(3,5)P2. Thus, the 
N-terminal binding of PA and PI(3,5)P2 act as a key to unlock the activity of 
ATP13A2, which may offer a therapeutic strategy to reduce α-synuclein toxicity or 
mitochondrial stress in PD.

 Augmenting CNS Glucocerebrosidase Activity

Mutations of GBA1, the gene encoding glucocerebrosidase, represent a common 
genetic risk factor for developing the synucleinopathies such as PD and dementia 
with Lewy bodies. PD patients with or without GBA1 mutations also exhibit lower 
enzymatic levels of glucocerebrosidase in the CNS, suggesting a possible link 
between the enzyme and the development of the disease. Early treatment with glu-
cocerebrosidase has been shown to modulate α-synuclein aggregation in a presymp-
tomatic mouse model of Gaucher-related synucleinopathy and ameliorate the 
associated cognitive deficit. This link has been probed further by evaluating the 
efficacy of augmenting glucocerebrosidase activity in the CNS of symptomatic in a 
transgenic mouse model overexpressing A53T α-synuclein (Sardi et al 2013). AAV- 
mediated expression of glucocerebrosidase in the CNS of symptomatic mice com-
pletely corrected the aberrant accumulation of the toxic lipid glucosylsphingosine 
and reduced the levels of ubiquitin, tau, and proteinase K-resistant α-synuclein 
aggregates. Hippocampal expression of glucocerebrosidase in mice also reversed 
their cognitive impairment. Correspondingly, overexpression of glucocerebrosidase 
in the CNS of A53T α-synuclein mice reduced the levels of soluble α-synuclein, 
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suggesting that increasing the glycosidase activity can modulate α-synuclein pro-
cessing and may modulate the progression of α-synucleinopathies. Therefore, 
increasing glucocerebrosidase activity in the CNS by gene therapy represents a 
potential neuroprotective strategy for GBA1-related and non-GBA1–associated 
synucleinopathies, including PD.

 β2-Adrenoreceptor Agonists

Copy number mutations implicate excess production of α-synuclein as a possibly 
causative factor in PD and β2-adrenoreceptor (β2AR) is a regulator of the α-synuclein 
gene. β2AR ligands modulate α-synuclein gene transcription through histone 3 
lysine 27 acetylation of its promoter and enhancers. Long-term follow-up of mil-
lions of patients has revealed that, the β2AR agonist salbutamol, a brain-penetrant 
asthma medication, is associated with reduced risk of developing PD. Conversely, 
the β2AR antagonist propranolol, a β-blocker prescribed for hypertension, is linked 
to a doubling of the risk for PD. β2AR activation has been shown to have a neuro-
protective effect in mouse models of PD and patient-derived cells indicating that 
β2AR is linked to transcription of α-synuclein and risk of PD in a ligand-specific 
fashion and constitutes a potential target for neuroprotective therapies (Mittal et al 
2017). Of the two other β2AR agonists used in asthma, clenbuterol is not approved 
for human use in the US, and metaproterenol, while FDA approved, is not known to 
cross the BBB. To reposition salbutamol as neuroprotectant again PD, much work 
still needs to be done to replicate the results, optimize the drug’s effect on the brain, 
and complete clinical trials.

 Calcium Channel Blockers for PD

The dopaminergic neurons in the substantia nigra pars compacta are vulnerable 
because of their increasing reliance with age upon L-type Ca2+ channels with a pore- 
forming Cav1.3 subunit to support autonomous activity. This reliance could pose a 
sustained stress on mitochondrial ATP generating oxidative phosphorylation, accel-
erating cellular aging and death. Systemic administration of isradipine, a dihydro-
pyridine blocker of these channels, forces dopaminergic neurons in rodents to revert 
to a juvenile, L-type Ca2+ channel independent mechanism to generate autonomous 
activity (Chan et al 2010). This rejuvenation confers protection against toxins that 
produce experimental PD, pointing to a potential neuroprotective strategy for 
PD. Their long track record of safe use in the treatment of hypertension makes dihy-
dropyridines particularly attractive as therapeutic agents in PD.
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 Cell Therapies for PD

Cell therapies for PD are mostly aimed at replacing the therapeutic substances and 
as such do not have a neuroprotective effect. Implantation of fetal dopamine neurons 
can reduce parkinsonism in patients, current methods are rudimentary, and a reliable 
donor cell source is lacking. Several other cell preparations are used for replacement 
of dopamine. Only those cell therapies, which contribute to neuroprotection, are 
described here. A more detailed description is given in a report on cell therapy (Jain 
2019e).

 Activation of Endogenous Stem Cells and Neural Precursors

Multiple cell types in many brain regions are afflicted in PD and a therapeutic strat-
egy that activates a general neuroprotective response may be valuable. The presence 
of endogenous stem cells and neural precursor cells (NPCs) in the adult mammalian 
CNS suggests an innate potential for regeneration. However, it is first necessary to 
examine the microenvironmental signals required to activate these innate reparative 
mechanisms.

The small molecule neurotransmitter dopamine has been shown to regulate cell 
cycle in developing and adult brain, and the D3 receptor is known to play an 
important role in dopaminergic development. Pharmacological activation of the 
dopamine D3 receptor has been shown to trigger neurogenesis in the substantia 
nigra of the adult rat brain. Studies on rats suggests that dopamine D3 receptor 
agonists, which are used to treat PD, might prompt stem cells that normally remain 
dormant in the adult brain to develop into neurons. The newly developed neurons 
could connect with other parts of the brain and restore function. Investigating how 
the current dopaminergic drugsinduce neurogenesis or developing new compounds 
to enhance neurogenesis could provide an entirely new avenue for treating PD.

Animal studies link dopamine neuron loss to reduced numbers of NPCs, and 
patients with PD have fewer NPCs in the hippocampus and subventricular zone. 
Notch ligands have been shown to support neural precursor cells in vitro and in vivo. 
Neural precursors express the angiopoietin receptor Tie2, which can be activated by 
injections of angiopoietin2 precursors in the adult brain (Androutsellis-Theotokis 
et al 2009). Signaling downstream of Tie2 and the Notch receptor regulate blood 
vessel formation. Angiopoietin2 and notch ligand Dll4 with opposing effects on 
blood vessel density rescue injured dopamine neurons with motor behavioral 
improvement in a model of PD. A combination of growth factors with little impact 
on the vasculature retains the ability to stimulate neural precursors and protect 
dopamine neurons. The cellular and pharmacological basis of the neuroprotective 
effects achieved by these single treatments needs further analysis.

There is a synergy between exogenous and endogenous NPC actions. NPC 
implantation before the 6-OHDA insult in animal models of PD can create a host 
microenvironment conducive to stimulation of endogenous NPCs and protection of 
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mature SNC (Madhavan et al 2009). The NPCs expressed GDNF, sonic hedgehog, 
and stromal cell-derived factor 1 alpha, providing a molecular basis for the observed 
neuroprotection and endogenous NPC response to transplantation.

 NtCell Therapy for PD

NeurotrophinCell (NtCell), an injectable live cell treatment, uses immune-protected 
alginate-encapsulated choroid plexus pig cells, which produces CSF and a several 
NTFs. In experimental studies, NtCell is transplanted into striatum, which is 
lesioned by a chemical that mimics the HD process. The biocapsules act as an 
immune barrier, allowing for the therapeutic cocktail of proteins produced by the 
cells to leave the capsule, but the body’s immune system can not reject the cells. No 
immunosuppression is required in the treatment. Efficacy of NtCell has been 
demonstrated in primate models and it is well tolerated with no evidence of adverse 
effects. NtCell is in clinical investigation for treatment of other neurodegenerative 
disorders. In 2015, a phase I/IIa clinical study of NtCell in PD met the primary 
endpoint of safety and improved clinical features; a phase IIb study to determine 
safety as well as efficacy commenced in 2016 and was reported to be active as of 
2018 although not recruiting any new patients (NCT01734733). The 24-month 
efficacy data for all three dose groups will be available in May 2019.

 Stem Cells for PD

Neural stem cells (NSCs), in addition to being more available than fetal cells (dopa-
mine neurons), have other advantages over their controversial counterparts. 
Preclinical studies, using stem cells from sources other than fetal tissue, are promis-
ing. Stem cells can do more than just replace lost dopaminergic neurons, as they can 
differentiate into supportive cells as well. Stem cells can be engineered to produce 
factors that might rescue host cells or ensure their long-term survival and thus have a 
neuroprotective function. Transplanted ESCs into the striatum can develop spontane-
ously into DA neurons, which can restore cerebral function and behavior in an ani-
mal model of PD.  ESCs-derived DA neurons, however, are not yet ready for 
transplantation into patients because of purity and safety issues. The requirement that 
cells implants must be completely free of non-brain cells has not been fulfilled yet. 
Even a few persisting ESCs could turn into other tissues such as muscle or bone.

DA neurons can be generated from long-term cultures of human fetal mesence-
phalic precursor cells, which can be expanded in  vitro using FGF-2 and can be 
converted into cells immunoreactive for TH, a marker for dopamine neurons. The 
TH immunoreactive cells exhibited morphological and functional properties 
characteristic of DA neurons in culture. These precursor cells might serve as a 
useful source of human DA neurons for studying the development and degeneration 
of human DA neurons and may serve as a continuous, on-demand source of cells for 
transplantation in patients with PD.
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 Pluripotent Stem Cell-Derived Neurons

Human pluripotent stem cell-derived neurons (hPSC)-derived mDA neurons that 
were engineered to express DREADDs (designer receptor exclusively activated 
by designer drug) have been created (Chen et al 2016). Dopamine release is regu-
lated by exogenous administration of an otherwise inert small molecule, the 
receptor agonist clozapine-N-oxide (CNO), to activate the DREADDs in mDA 
neurons. With the use of CRISPR (clustered regularly interspaced short palin-
dromic repeats) technology, hESCs were created with inhibitory and excitatory 
DREADDs and then differentiated into mDA neurons. By patch-clamping analy-
sis, CNO induced depolarization of excitatory neuron but induced hyperpolariza-
tion in inhibitory mDA neurons, suggesting direct CNO regulation of these 2 
types of neurons.

In a mouse PD model created via a unilateral 6-hydroxydopamine–induced 
lesion in the substantia nigra, DREADD-expressing hESCs were implanted into the 
striatum. The hESCs were confirmed to differentiate into mDA neurons by 
stereologically assessing tyrosine hydroxylase, human cell human nuclei, and 
FOXA2 expression. Human neural cell adhesion molecule staining revealed that 
implanted cells successfully innervate the caudate-putamen (the appropriate 
projection site of mDA neurons). Finally, spontaneous excitatory postsynaptic 
currents were recorded from medium spiny neurons (an index of presynaptic 
glutamate release), and their frequency increased after CNO administration in 
hM3Dq (excitatory) DREADD-expressing mDA neurons, indicating successful 
cellular integration into host circuitry.

Finally, motor behaviors of PD mice were tested with and without CNO admin-
istration. To test for limb akinesia resulting from the unilateral substantia nigra 
lesion and the effects of CNO, multiple motor tests were performed. After implanta-
tion of mDA neurons, all groups displayed nearly recovered motor symptoms. CNO 
administration in the hM3Dq (excitatory) group caused further motor improvement 
in the ipsilateral limb touches and rotation tests, whereas CNO administration to the 
hM4Di (inhibitory) group showed motor symptoms like pre- mDA transplantation. 
CNO administration to the enhanced green fluorescent protein (control) group 
showed no effect. These results suggest that CNO activates a gain of function for the 
excitatory hM3Dq cells, with reversible CNO treatment conferring the ability to 
fine-tune mDA function.

This report highlights an exogenous, noninvasive strategy to control and refine 
therapeutic outcomes in PD using hPSC transplantation. Both excitatory and 
inhibitory CNO effects in each treatment group are reversible and potentially titrated 
for clinical modulation. In addition, the use of CRISPR technology to introduce 
transgenic DREADD expression is more precise compared with viral transfection 
of hPSCs, offering hope for translating this novel stem cell-based strategy into a 
viable clinical PD therapy.
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 Transplantation of iPSC-Derived Neural Progenitors

A study has shown that transplanted autologous iPSC-derived neural progenitors 
survive for up to 6 months and differentiate into neurons, astrocytes, and myelinating 
oligodendrocytes in the brains of MPTP-induced hemiparkinsonian rhesus monkeys 
with a minimal inflammatory cells and reactive glia (Emborg et al 2013). As the 
cells were derived from each monkey’s own skin, this finding represents a significant 
step toward personalized regenerative therapy of PD. Since the skin cells were not 
“foreign” tissue, there were no signs of immune rejection, which is a major problem 
with cell transplants. The other advantage of this approach is the absence of any 
signs of cancer, which is a potential complication of ESC transplants. The researchers 
did not transplant enough neurons to replace the dopaminergic cells in the brain and 
the animal’s behavior did not improve. Although promising, the transplant technique 
is a long way from entering the clinic. Further safety and efficacy studies will be 
required. A precaution during manufacture is to select cells at the right stage of 
maturity for transplantation; too immature cells may not mature and cells at 
advanced stages of maturity may not survive. Usually 2 weeks are required for ideal 
maturity.

In October 2018, the first clinical trial of iPSCs in PD started at Kyoto University 
in Japan with injection of 2.4 million cells on the left side of the brain in the first 
patient. iPSCs were used to create “dopaminergic progenitor” cells with the aim to 
show that these transplanted stem cells will help replace the lost dopamine- 
producing cells and restore dopamine production. The patient will be monitored for 
side effects, and if no problems occur, another 2.4 million stem cells will be injected 
into the right side of his brain. The investigators plan to enroll a total of seven 
patients in the trial and to follow the patients for 2 years. The iPSCs were derived 
from donors; therefore, patients will need to take immunosuppressive drugs to pre-
vent rejection of the transplanted cells.

 Cogane

Cogane™ (Phytopharm, previously PYM50028), a herbal, orally active, nonpeptide 
NTF-inducer, has been shown to restore dopaminergic function after MPP-induced 
damage to midbrain neurons in vitro and in MPTP-lesioned mice. In rat midbrain 
neurons, administration of PYM50028, either before or after MPP, significantly pre-
vented or reversed both MPP-induced neuronal atrophy and cell loss (Visanji et al 
2008). These effects were potent and of a magnitude equivalent to that achieved by 
administration of GDNF. Oral administration of Cogane to MPTP-lesioned mice, 
commencing after striatal impairment was evident, resulted in a significant eleva-
tion of striatal GDNF and attenuated the loss of striatal dopaminergic transporter 
levels and dopaminergic neurons in the substantia nigra. Cogane did not inhibit 
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MAO-B in vitro, nor did it alter brain levels of MPP in vivo. Cogane crosses the 
BBB and has neuroprotective as well as neurorestorative potential. It is in phase II 
clinical trials for the treatment of neurodegenerative disorders, particularly PD.

 Conserved Dopamine Neurotrophic Factor for PD

A conserved dopamine neurotrophic factor (CDNF) has been identified as a neuro-
trophic factor for dopamine neurons. CDNF, together with its previously described 
vertebrate and invertebrate homologue the midbrain-astrocyte-derived neurotrophic 
factor, is a secreted protein with eight conserved cysteine residues, predicting a 
unique protein fold and defining a new, evolutionarily conserved protein family. 
CDNF (Armetl1) is expressed in several tissues of mouse and human, including the 
mouse embryonic and postnatal brain. In vivo, CDNF prevents the 6-OHDA-
induced degeneration of dopaminergic neurons in a rat experimental models of 
PD. A single injection of CDNF before 6-OHDA delivery into the striatum signifi-
cantly reduces amphetamine-induced ipsilateral turning behavior and almost com-
pletely rescues dopaminergic tyrosine-hydroxylase-positive cells in the substantia 
nigra. CDNF is at least as efficient as GDNF in experimental settings and is better 
tolerated suggesting that it might be beneficial for the treatment of PD, but its safety 
needs to be established in humans.

 Doxycyline as a Neuroprotectant in PD

Doxycycline, an antibiotic used against bacterial infections, prescribed at lower 
doses, reduces the toxicity of α-synuclein and has a neuroprotective effect in PD 
(González-Lizárraga et al 2017). The researchers synthesized small oligomers of 
α-synuclein and conducted in vitro trials to find out whether doxycycline interfered 
in the process of aggregation and fibril formation. With a combination of 3 tech-
niques  – NMR, X-ray scattering and infrared spectroscopy –they were able to 
observe two distinct situations. In medium without doxycycline, α-synuclein aggre-
gated and began forming amyloid fibrils. In medium containing the antibiotic, 
α-synuclein formed another type of aggregate with a different shape and size, which 
caused no damage to the cell membrane. Using TEM, the researchers observed that 
presence of doxycycline in the culture medium reduced α-synuclein aggregation by 
>80% and increased cell viability correspondingly. Doxycycline improved the 
symptoms of PD in the animal model. Preliminary results suggest that besides its 
antiinflammatory action via a reduction in the release of some cytokines, doxycy-
cline also alters the expression of key genes for the development of PD. Clinical 
trials of doxycycline in PD are planned.
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 Free Radical Scavengers for Neuroprotection in Parkinson’s 
Disease

Dopamine neurons are particularly vulnerable to oxidative stress. The most promi-
nent mechanism proposed for death of dopaminergic neurons in PD is increased 
generation of reactive oxygen/nitrogen species (ROS/RNS).

 Antioxidants

Several antioxidants have been tried based on the free radical hypothesis of neural 
damage in PD. One drug with antioxidant effect as a basis for neuroprotection is 
dihydroergocryptine; another is vitamin E.

The rationale for use of vitamin E in PD is based on the hypothesis that it attenu-
ates the dopaminergic neuronal degeneration of the disease. Vitamin E may have a 
neuroprotective effect that reduces PD risk, and further studies to investigate this 
continue. Microtubule-associated protein tau (MAPT) is a susceptibility gene for 
idiopathic PD and hypermethylation of the MAPT gene is neuroprotective by reduc-
ing MAPT expression. The effect of vitamin E on MAPT, an example of gene- 
environment interaction, represents is a possible explanation of beneficial effect of 
vitamin E (Coupland et al 2014)

 Diapocynin

LRRK2R1441G transgenic (tg) mice overexpress a mutant form of leucine-rich 
repeat kinase 2 (LRRK2) and are reported to develop PD-like symptoms at 
~10  months of age. Tests of motor coordination reveal a significant defect in 
LRRK2R1441G mice by 16 months of age. LRRK2R1441G tg mice, or wild type 
littermates, were given diapocynin (a proposed NADPH oxidase inhibitor) starting 
at 12  weeks of age, which prevented decreased performance on tests of motor 
coordination (Dranka et al 2013). No loss in open field movement or rearing was 
found. Tyrosine hydroxylase staining was similar in both the substantia nigra and 
striatum in all treatment groups. Together these data demonstrate that diapocynin is 
a viable neuroprotective agent for PD.

 Tea Extracts as Neuroprotectives

Tea extracts are known to possess anti-oxidant and antiinflammatory properties. 
Green tea catechin polyphenols are now considered to invoke a spectrum of cellular 
mechanisms of action related to their neuroprotective activity. These include iron 
chelation, scavenging of radicals, activation of survival genes and cell signaling 
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pathways, and regulation of mitochondrial function and possibly of the ubiquitin- 
proteasome system.

Both green tea and black tea extracts attenuate the neurotoxic action of 6-OHDA- 
induced neuronal death. They prevent nuclear translocation and activation of cell 
death promoting NF-κB. Brain penetrating property of polyphenols may make such 
compounds an important class of drugs for treatment of neurodegenerative diseases.

 Gene Therapy for PD

The introduction of functional genes into the brain of patients with PD may, e.g. 
prove useful for replacing a defective gene, introduce a potentially neuroprotective 
or neurorestorative protein, or enable the physiological delivery of a deficient 
neurotransmitter. The strategies for application of gene therapy techniques to a 
treatment for PD have expanded beyond the classical dopamine replacement toward 
the use of NTFs in enhancing cell function or preventing cell death. In addition, the 
utility of CNS-derived neural progenitors as alternative cell types for ex vivo gene 
therapy in an animal model of PD has been tested. Current gene therapy models for 
PD have focused on three treatment strategies: (1) the replacement of biosynthetic 
enzymes for dopamine synthesis; (2) the addition of NTFs for protection and 
restoration of dopaminergic neurons; and (3) replacement of the loss of parkin gene 
activity. Concepts of neuroprotection and restoration of the nigrostriatal pathway 
are important themes for genetic treatment strategies for PD and may include genes 
to prevent apoptosis or detoxify free radicals. Gene therapy techniques applicable to 
Parkinson disease are listed in Table 7.4 and details are described in the special 
report on gene therapy (Jain 2019f).

 Implantation of Genetically Engineered Cells

Because bFGF is known to enhance the survival of dopaminergic neurons in vitro, 
the effect of cells genetically modified to produce bFGF in improving the functional 
efficacy of dopaminergic neurons implanted in rats with experimental PD has been 
investigated in several studies. The results showed that bFGF-producing cells have 
potent growth-promoting effects on the implanted dopaminergic neurons in vivo 
and produced behavioral improvements in the treated rats. Interest has also been 
focused on the development of proliferating cell lines for transplantation that can be 
genetically manipulated to produce NTFs such as GDNF and BDNF to PD will 
focus on the use of genetically modified cells carrying genes for dopamine- 
synthesizing enzymes or NTFs.

Fibroblasts, even though they do not integrate with the brain, are preferred cells 
for implantation because they remain where they are inserted, and their location can 
be verified by a suitable marker and PET scanning. Astrocytes, though they inte-
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grate with the brain tissues, wander off and it is difficult to predict their final 
location.

Differences between direct gene transfer into striatal cells and cell transplanta-
tion are:

• Graft cells are localized, and the diffusion of dopamine is retarded by extracel-
lular matrix secreted from the graft whereas gene transfer delivers tyrosine 
hydroxylase gene to relatively widespread cells without production of extracel-
lular matrix.

• Graft cells contain dopamine transporters that can result in reuptake of dopa-
mine, thereby diminishing the diffusion of dopamine. In contrast, direct gene 
transfer into nondopaminergic striatal cells should not add any dopamine trans-
porters to the striatum and diffusion of dopamine can continue unimpeded by 
dopamine transporters.

Table 7.4 Gene therapy techniques applicable to Parkinson disease

In vivo vector-mediated direct transfer of genetic material to cerebral target cells: viral 
vectors

AAV or lentiviral vector for the parkin gene transfer
AAV vector with glial cell line-derived neurotrophic factor gene
AAV vector with human aromatic L-amino acid decarboxylase (hAADC) gene
Adenoviral vector with glial cell line-derived neurotrophic factor gene
Adenoviral-mediated transfer of genes encoding proteins that produce the inhibitory transmitter 

gamma-aminobutylic acid in the subthalamic nucleus, suppressing its hyperactivity
Direct striatal delivery of L-dopa using recombinant adeno-associated viral vectors
Herpes simplex virus-1 vectors with tyrosine hydroxylase gene
Lentiviral gene transfer of a modified Neurturin construct
In vivo vector-mediated direct transfer of genetic material to cerebral target cells: nonviral 

vectors, e.g., plasmid DNA-lipofectin complex
Ex vivo genetic manipulation of cultured cells in vitro and transplantation into the brain
Fibroblasts (3 T3) producing:
  Basic FGF
  Combination of tyrosine hydroxylase and glutamyl transpeptidase cyclohydroxylase-1
  GDNF
  Glutamyl transpeptidase cyclohydroxylase-1
  Multiple neurotrophic factors: GDNF, BDNF
  Neurturin (homolog of GDNF)
  Tyrosine hydroxylase
Myoblasts producing tyrosine hydroxylase
Pancreatic endocrine cells producing tyrosine hydroxylase
Astrocytes producing:
  BDNF
  L-3,4-dihydroxyphenylalanine
  Tyrosine hydroxylase gene
Transplantation of neural stem cells transduced with tyrosine hydroxylase gene

© Jain PharmaBiotech
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 Gene Therapy Using GDNF

Among the various NTFs, GDNF is receiving the most attention for therapy of PD 
and its administration by gene therapy would be an ideal method of delivery. GDNF 
mRNA is mainly expressed in neurons of the cortex, the hippocampus, the striatum, 
the substantia nigra, the thalamus, the cerebellum, and the spinal cord. Its synthesis 
is not restricted to dopaminergic areas. The widespread expression of GDNF 
throughout the adult brain suggests that its administration in PD should be restricted 
to the altered structures to avoid possible deleterious side effects.

An adeno-associated virus vector (AAVgdnf) has been developed that contains 
the cDNA for GDNF. AAVgdnf introduced unilaterally prior to 6-hydroxydopamine 
administration results in neuroprotection in a rat model of PD.

A bicistronic construct, AAVthIRESaadc, which contains both the human tyro-
sine hydroxylase and AADC genes, has also been tested. AADC is responsible for 
the conversion of levodopa to dopamine in dopaminergic neurons. Elevated levels 
of dopamine could be demonstrated near injection tracts following the intrastriatal 
injection of bicistronic vector in MPTP-treated monkeys. Convection- enhanced, 
MRI-guided delivery of an AAV vector with human AADC gene bilaterally to the 
putamen has been completed in a phase I trial in PD patients (Valles et al 2010). 
PET uptake correlated with hAADC transgene expression and confirmed the find-
ings of T2 hyperintensity on MRI and hAADC immunohistochemistry. Long-term 
evaluation of a phase I study of AADC gene therapy for PD using AAV2- hAADC 
vector has shown stable transgene expression >4  years after vector delivery and 
continued safety (Mittermeyer et al 2012).

CERE-120 (Sangamo Therepeutics) is comprised of an AAV vector carrying the 
gene for neurturin (NTN), a member of the same family as GDNF. CERE-120 was 
initially studied in patients with PD enrolled in two clinical studies who were 
followed for >2  years (some for ~5  years) and CERE-120 was well tolerated. 
Whereas CERE-120 was not better than placebo on the primary efficacy measure in 
a completed study, several measures of improvement suggested a modest benefit. 
Analyses of autopsied brains from subjects previously administered AAV2-neurturin 
gene transfer in the trials indicate that optimizing the effects of neurotrophic factors 
in PD likely requires delivery to both the degenerating cell bodies in substantia 
nigra and their terminals in striatum (Bartus et al 2013). In order to build upon these 
findings and increase the chances for a stronger clinical benefit, a dose increase and 
modifications in the delivery targets have been implemented in the current study on 
~60 patients (NCT00985517). Phase I has been completed. Phase II randomized 
study on ~52 patients will provide more information about the safety of CERE-120 
and evaluate if it is beneficial in the treatment of PD. Half of the subjects will receive 
CERE-120 and the other half will undergo a “placebo” surgery where no medication 
will be injected by a neurosurgeon directly in the substantia nigra. Participants in 
both phases of the study will be followed for 3 years after surgery.

The AAV vector is a good candidate for anti-apoptotic gene therapy because it 
can infect postmitotic neurons. Apoptotic protease activating factor-1 delivery using 
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an AAV vector system inhibits mitochondrial apoptotic signaling pathway and pre-
vents dopaminergic cell death in a mouse model of PD. An AAV vector containing 
the gene for AADC, can restore and extend the therapeutic effectiveness of levodopa 
when delivered directly to the striatum. Patients with advanced PD receiving such a 
vector are expected to respond more readily to levodopa as the enhanced AADC 
expression will improve dopamine generation at the site of action. AAV2-AADC 
gene therapy (VY-AADC01, Voyager Therapeutics) is currently in an open-label 
phase I safety and efficacy study that is testing hAADC administered by MRI- 
guided convective infusion into the putamen of subjects with PD who have fluctuat-
ing responses to levodopa (NCT01973543).

A recombinant adenovirus (Ad) vector expressing tyrosine hydroxylase, admin-
istered by intracerebral injection in the 6-hydroxydopamine rodent model of PD, 
decreases rotational asymmetry. Ad-mediated GDNF injection into the rat striatum 
was shown to reduce loss of dopamine neurons. In another study, Ad-mediated 
GDNF injected into the 6-hydroxydopamine rat model of PD not only prevented 
dopaminergic neuronal degeneration but also improved motor function. These stud-
ies indicate that similar benefits may occur in patients with PD.

A tropism-modified Ad5 vector that contains the fiber knob domain from canine 
Ad serotype 2 has been constructed, and delivery to the substantia nigra or striatum 
showed that this vector produced a neuronally restricted pattern of gene expression 
(Lewis et al 2014). Besides precise control of transgene expression, this vector can 
be further developed to be a high-capacity vector, which can maintain transgene 
expression in the CNS for over a year. Targeted stereotactic delivery to substantia 
nigra or striatum is possible for enabling clinical trials in human patients.

Lentiviral vectors have been used to carry the cDNA for neublastin (a neuro-
trophic factor of GDNF family). Neuroprotective effect has been reported following 
injection of these vectors into the striatum and ventral midbrain of animal models of 
PD. One approach involves an equine infectious anemia virus-based lentiviral sys-
tem encoding amino acid decarboxylase, tyrosine hydroxylase, and GTP cyclohy-
drolase I in a single transcriptional unit (Nakata et al 2012). Results of a phase II 
trial to evaluate gene therapy in patients on levodopa therapy, which was designed 
to deliver key enzymes involved in the synthesis of dopamine by a lentiviral vector 
bilaterally in the putamen, showed that it was safe and effective with improvement 
in motor behavior in all patients (Palfi et al 2014).

 Parkin Gene Therapy

The loss of parkin’s E3-ligase activity leads to dopaminergic neuronal degeneration 
in early-onset autosomal recessive juvenile parkinsonism, suggesting a key role of 
parkin for dopamine neuron survival. Overexpression of wild-type rat parkin 
protects against the toxicity of mutated human A30P α-synuclein in a rat lentiviral 
models of PD.  Animals overexpressing parkin show significant reductions in 
α-synuclein-induced neuropathology, including preservation of tyrosine 
hydroxylase-positive cell bodies in the substantia nigra and sparing of tyrosine 
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hydroxylase-positive nerve terminals in the striatum. The parkin-mediated 
neuroprotection is associated with an increase in hyperphosphorylated α-synuclein 
inclusions, suggesting a key role for parkin in the genesis of Lewy bodies. These 
results indicate that parkin gene therapy is a promising candidate treatment for PD.

 Concluding Remarks About Gene Therapy for PD

Gene therapy for PD is in its infancy. Several nonhuman primate studies, however, 
have been completed and preliminary results appear promising. Clinical trials are 
just starting. Three overlapping approaches are used: (1) augmentation of dopamine 
levels via increased neurotransmitter production; (2) modulation of the neuronal 
phenotype; and (3) neuroprotection. The first two therapies focus on increasing 
dopamine production via direct delivery of genes involved in neurotransmitter 
synthesis (amino acid decarboxylase, tyrosine hydroxylase and GTP cyclohydrolase 
1. To bypass the degenerating nigrostriatal pathway, another clinical trial utilizes 
rAAV2 to deliver glutamic acid decarboxylase to the STN, converting a subset of 
excitatory neurons to GABA-producing cells. The third approach is aimed at 
protecting the degenerating nigrostriatum by striatal delivery of rAAV2 harboring 
the neuroprotective gene, neurturin, aiming to slow disease progression by enhancing 
neuronal survival.

Advantages of gene therapy over current treatments need to be shown in terms of 
the risk/benefit and cost/efficacy ratios. The following issues remain to be resolved:

• Toxicological analyses of novel vector approaches.
• Development of safe marker genes that can be delivered and facilitate serial 

neuroimaging.
• Molecular genetic switches capable of regulating gene expression in the CNS.
• Development of new genomic level DNA repair approaches such as chimero-

plasty and relevant ethical studies.
• Development of technologies or methods to distribute or disperse vectors in the 

CNS.

The technique of direct delivery of the vector to the striatum or substantia nigra 
is a standard neurosurgical procedure. However, for the diffuse neurological mani-
festations of PD, global delivery of the vector to the brain may be preferred. 
Intraventricular delivery has also been tried and may result in preferential expres-
sion in ependymal and circumventricular tissues. Among the ex vivo approaches, 
the most important is implantation of genetically engineered cells releasing NTFs 
(protective and regenerative) and among the in vivo approaches is the delivery of 
tyrosine hydroxylase gene (neurotransmitter restoration). Perhaps the ideal approach 
would be a combination of these two therapies. Data from clinical trials suggest that 
gene therapy targeting multiple brain regions including the striatum and substantia 
nigra can be safe and well tolerated in PD patients (Allen and Feigin 2014). There 
are still challenges, including how to modulate gene expression and how to deter-
mine the optimal target, dose, and selection of patient population for study in future 
gene therapy trials.
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 Heat Shock Protein 70

Neurodegeneration, mediated by α-synuclein, is implicated in the pathogenesis of 
PD.  Dopaminergic neuronal loss also occurs in Drosophila melanogaster upon 
directed expression of α-synuclein. Directed expression of the molecular chaperone 
Hsp70 prevents dopaminergic neuronal loss associated with α-synuclein in Drosophila 
and interference with endogenous chaperone activity accelerates α-synuclein toxicity. 
Two explanations have been offered for this finding: (1) Hsp70 may mitigate 
α-synuclein toxicity by delaying the onset of degeneration; or (2) α-synuclein aggre-
gated with Hsp70 may cause the chaperone protein to be sequestered, leading to its 
loss of function and subsequent nerve degeneration. In either case, augmenting chap-
erone pathways might be effective in the treatment of PD. Inhibition of α-synuclein 
toxicity by DJ-1, a protective gene (see following section) correlates with up-regula-
tion of the stress-inducible form of Hsp70 (Liu et al 2008).

 Liver X Receptor β Agonists

Liver X receptor β (LXRβ) is a member of the nuclear receptor super gene family 
expressed in the CNS, where it is important for cortical layering during development 
and survival of dopaminergic neurons throughout life. MPTP model of PD was used 
to investigate the possible use of LXRβ as a target for prevention or treatment of PD 
(Dai et al 2012). The dopaminergic neurons of the substantia nigra of LXRβ−/− 
mice were much more severely affected by MPTP than were those of their WT lit-
termates. In addition, the number of activated microglia and GFAP-positive 
astrocytes was higher in the substantia nigra of LXRβ−/− mice than in WT litter-
mates. Administration of the LXR agonist GW3965 to MPTP-treated WT mice pro-
tected against loss of dopaminergic neurons and of dopaminergic fibers projecting 
to the striatum, and resulted in fewer activated microglia and astroglia. LXRβ was 
not expressed in the neurons of the substantia nigra but in the microglia and astro-
glia. It is concluded that LXR agonists may have beneficial effects in treatment of 
PD by modulating the cytotoxic functions of microglia.

 Melatonin as a Neuroprotectant in PD

Besides its regulatory effects in light-dark cycle, melatonin is a hormone with neu-
roprotective, antiinflammatory, and antioxidant properties. It acts as a free- radical 
scavenger and reduces reactive oxygen species. Because melatonin improves mito-
chondrial dysfunction in neurodegeneration, the neuroprotection afforded by its use 
is more effective in early stages of the PD (Wongprayoon and Govitrapong 2017). 
Melatonin also regulates the expression of neurotrophins that are involved in the 
survival of dopaminergic neurons and reduces α-synuclein aggregation, thus pro-
tecting the dopaminergic system against damage (Mack et al 2016).
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There is considerable evidence that pharmacological doses of melatonin are neu-
roprotective in diverse models of neurodegeneration including PD. Melatonin pre-
treatment of mice potentially protects all the substantia nigra pars compacta cells 
from MPTP toxicity and death (Ma et al 2009). Hyperhomocysteinemia and homo-
cysteine (Hcy) mediated dopaminergic neurotoxicity is involved in the pathogenesis 
of PD. Melatonin administration significantly improves mitochondrial complex-I 
activity and protects the SN neurons from the toxic insults of oxidative stress 
induced by Hcy (Paul et al 2018).

 Nicotine as a Neuroprotective in PD

Effect of long-term nicotine treatment has been investigated against nigrostriatal 
damage in primate studies. Animals receiving MPTP suffer less loss of function in 
their dopamine-containing brain cells than those who received both MPTP and 
nicotine, indicating a neuroprotective effect of nicotine. The levels of striatal 
tyrosine hydroxylase, dopamine transporter, vesicular monoamine transporter, 
dopamine and nicotinic receptors are higher in nicotine-treated MPTP-lesioned 
primates than in lesioned animals not receiving nicotine. MPTP-induced cell loss in 
the substantia nigra is unaffected by nicotine treatment, indicating that nicotine acts 
at the striatal level to restore/maintain dopaminergic function. These data further 
support the possibility that nicotine has a neuroprotective effect and contributes to 
the lower incidence of PD in smokers. The results of this study suggest that nicotine 
may be useful as a therapy in the treatment of early-stage PD. The mechanisms of 
neuroprotective effects of nicotine is like that of ACh inhibitors, i.e. it prevents 
glutamate neurotoxicity through α4 and α7 nACh receptors as well as the PI3K-Akt 
pathway (Akaike et al 2010). Another explanation of this beneficial effect is that 
nicotine may stimulate the release of NTFs that play a key role in nerve cell growth 
and repair. It is also possible that the nicotine may activate the immune system to 
protect the cells from MPTP-induced damage. In a randomized, open-label, blinded- 
endpoint evaluation phase II study, high doses of transdermal nicotine were well 
tolerated, but failed to show significant improvement in UPDRS motor scores 
(Villafane et  al 2018). However, improvement in unblinded secondary outcomes 
(UPDRS-II, UPDRS-IV, doses of l-DOPA equivalents) suggest a possible benefit 
for patients treated with nicotine, which should be confirmed in larger double blind, 
placebo-controlled studies.

 Nilotinib for PD

Nilotinib (Tasigna), tyrosine kinase Abelson (Abl) inhibitor, was developed as an 
anticancer drug and approved by the FDA for treatment of chronic myeloid leukemia 
(CML). Researchers in neurodegenerative diseases came across nilotinib in their 
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research for approved cancer drugs that could penetrate the BBB and turn on the 
“garbage disposal machinery” inside neurons to clear toxic intracellular proteins 
and prevent their accumulation within, or secretion outside of, brain cells. When 
used in higher doses for CML, nilotinib forces cancer cells into autophagy − a 
biological process that leads to the death of tumor cells.

The dose used in CML treatment is significantly higher than what was used in a 
randomized proof-of-concept study (NCT02281474) on PD patients with diffuse 
Lewy Body disease −150 and 300 mg daily as compared to 800 mg daily for CML 
and was safe and well tolerated (Pagan et al 2016). Nilotinib was detectable in the 
CSF and seems to engage the target Abl. In smaller doses once a day, nilotinib turns 
on autophagy for about 4–8 h, which is long enough to clean out the cells without 
causing cell death. Then proteins that build up again are cleared when the drug is 
given again the next day. Patients in this trial showed positive changes in relevant 
CSF biomarkers of PD − α-synuclein, Aβ-40/42 and dopamine − with statistically 
significant changes in total Tau and p-Tau. Previous studies have shown that 
α-synuclein and Aβ 40/42 in CSF are decreased as PD worsens, while Tau and p-Tau 
are increased in CSF with the onset of dementia. Production of dopamine increased 
in many patients, requiring doses of levodopa and other dopamine-sparing drugs 
used to treat PD to be lowered or stopped. Improvement in cognition and motor skills 
were the most dramatic results. Stopping nilotinib treatment led to cognitive and 
motor decline despite reinstating levodopa therapies. No definite conclusions were 
drawn due to small number of subjects and lack of placebo group. A larger phase II, 
randomized, double blind, placebo-controlled study is evaluating the impact of low 
doses of nilotinib treatment on safety, tolerability, pharmacokinetics and biomarkers 
in PD (NCT02954978). The study is expected to be completed by the year 2020.

 Neuroprotective Effect of Leucine-rich Repeat Kinase-2 
Inhibitors

Leucine-rich repeat kinase-2 (LRRK2) mutations are a common cause of PD. A 
study has identified inhibitors of LRRK2 kinase that are protective in in vitro and 
in  vivo models of LRRK2-induced neurodegeneration (Lee et  al 2010). These 
results establish that LRRK2-induced degeneration of neurons in  vivo is kinase 
dependent and that LRRK2 kinase inhibition provides a potential new neuroprotective 
paradigm for the treatment of PD. GW5074 is a lead compound for this approach.

 Neuroprotective Effect of DJ-1 Protein

Loss of vulnerable neuronal groups is a consistent feature of several familial forms 
of PD.  Mitochondrial dysfunction, oxidative stress, and proteasome failure are 
among the several hypotheses suggested to explain the molecular basis of neuronal 
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damage. The discovery of different recessive genes for PD, where loss of protein 
function is associated with neuronal damage, may increase our understanding of the 
process, or processes, involved. For example, the recessive gene parkin, an E3 
ubiquitin-protein ligase, protects neurons against several damaging insults, including 
α-synuclein mutations that also cause PD and mitochondrial damage. The finding of 
mutations in a second gene associated with recessive PD, DJ-1, provides an 
opportunity to understand cellular pathways that protect against neuronal damage. 
DJ-1 may protect neurons from various stressful stimuli like parkin, another reces-
sive gene that causes PD.

 Neurotrophic Factors

Several NTFs have been investigated for possible application in the treatment of 
PD. Potential mechanisms of benefit of NTFs in PD are:

 1. Slowing of the progression of degeneration
 2. Enhancing the activity of the remaining neurons
 3. Induction of regeneration
 4. Support of transplanted dopaminergic cells
 5. Induction of proliferation and differentiation of neuronal stem cells

The secretion of NTFs combined with activation of specific receptors of trans-
planted human mesenchymal stem cells is an alternative mechanism for neuropro-
tection of degenerating neurons in PD.

 Basic Fibroblast Growth Factor for PD

bFGF can induce a significant increase of both tyrosine hydroxylase immunoreac-
tive cell number and tyrosine hydroxylase enzymatic activity. This effect is medi-
ated by proliferating GFAP immunoreactive cells. This effect of bFGF on tyrosine 
hydroxylase positive human cells in vitro, if confirmed by experiments in vivo, may 
provide a rationale for using this strategy for the treatment of PD. Monkeys with 
MPTP-induced parkinsonism have shown improvement in behavior and 18F-dopa 
up-take in the corpus striatum during the infusion of acid fibroblast growth factor 
and basic fibroblast growth factor. These findings support the therapeutic potential 
of FGF in the treatment of PD. Because bFGF is known to enhance the survival of 
dopaminergic neurons in vitro, the effect of cells that have been genetically modified 
to produce basic fibroblast growth factor and improve the functional efficacy of 
dopaminergic neurons have been investigated in rats with experimental PD. The 
results showed that bFGF-producing cells have potent growth-promoting effects on 
the implanted dopaminergic neurons in vivo and produced behavioral improvements 
in the treated rats.
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 BDNF for PD

In vitro studies have shown that BDNF has a role in increasing the survival of dopa-
minergic neurons and dopamine up-take in fetal midbrain cells. Experiments in rats 
indicate that intrastriatal injection of BDNF can attenuate the loss of dopaminergic 
neurons and rotational asymmetry that result from an injection of 6-hydroxydopa-
mine in the same location. Intrastriatal grafts of cells genetically engineered to pro-
duce BDNF also protect against 6-hydroxydopamine-induced degeneration. 
Intrathecal infusion of BDNF has a preventive effect on the neurological syndrome 
and histological damage of the substantia nigra in MPTP- induced parkinsonism in 
monkeys. GDNF combined with BDNF has a synergistic effect on injured neurons. 
Due to its colocalization with dopaminergic neurons and its role in cognition, BDNF 
might possess a dual role in PD, both as a neuroprotective molecule, since its inhibi-
tion leads to loss of nigral dopaminergic neurons, and as a neuromodulator, as its 
enhanced expression ameliorates cognitive processes. Infusion of BDNF can 
enhance the innervation of the host striatum by engrafted dopaminergic neurons as 
determined by tyrosine hydroxylase immunostaining.

 GDNF for PD

Of the various neurotrophic factors, GDNF is the most suitable for the treatment of 
PD. The aim of this therapy is to rescue the patient’s own dopaminergic neurons, 
making neuron grafting unnecessary. Axotomy of dopaminergic neurons in the 
medial forebrain bundle in rat leads to a loss of tyrosine hydroxylase that can be 
prevented by injection of glial cell line-derived neurotrophic factor adjacent to the 
substantia nigra. GDNF, when injected directly into the brains of experimental 
animals with parkinsonism induced by MPTP, exerts both a protective and reparative 
effect on the nigrostriatal dopaminergic system. Intrastriatal injection of GDNF has 
been shown to attenuate the effects of injury to mesostriatal dopaminergic system 
by 6-hydroxydopamine. All these findings indicate that GDNF may be beneficial in 
the treatment of PD.  A continuous release of low levels of GDNF close to the 
substantia nigra can protect the nigral dopaminergic neurons from an axotomy- 
induced lesion and significantly improving pharmacological rotational behavior by 
a mechanism other than dopaminergic striatal reinnervation. This is best achieved 
by implants of polymer-encapsulated genetically modified cells releasing GDNF.

GDNF administered by intracerebroventricular injection is biologically active. 
In a phase I/II study, GDNF did not improve parkinsonism, possibly because it did 
not reach the target tissues  - putamen and substantia nigra. Development by this 
method of administration was discontinued. An open pilot trial used direct adminis-
tration by small battery-powered pump, implanted in the abdomen, delivered a 
steady trickle of GDNF into the putamen. A phase II placebo controlled randomized 
trial of GDNF vs placebo in UK, sponsored by North Bristol NHS Trust, required 
patients to undergo surgery to implant microcatheters precisely into the brain, and 
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has been completed (NCT03652363). Patients visited the clinic on a 2-weekly basis 
for infusions of GDNF or placebo. Specific tests were carried out at regular intervals 
to assess the symptoms. All participants underwent radio-isotope brain imaging at 
the beginning and end of the study. Periodic MRI scan was done to assess the deliv-
ery of the study drug or placebo. In the longer term the pumps, which need to be 
refilled by injection every month, can be replaced with neural stem cells that are 
engineered to produce GDNF. Current trials for delivery of GDNF use gene 
therapy.

 MANF for PD

Mesencephalic-astrocyte-derived neurotrophic factor (MANF) is an endogenous, 
highly-conserved, ubiquitously expressed and highly potent secreted human growth 
factor up-regulated in the adaptive pathway of the unfolded protein response result-
ing in the prevention of apoptosis, particularly of dopamine producing neurons in 
the substantia nigra (SN). MANF represents a new family of neurotrophic factors 
with mechanisms of action fundamentally differentiated from its predecessors. 
Examined whether MANF was shown to have neuroprotective and neurorestorative 
effect in an experimental model of PD in rats (Voutilainen et al 2009). The authors 
also studied the distribution and transportation of intrastriatally injected MANF in 
the brain and compared it with GDNF.  Intrastriatally injected MANF protected 
nigrostriatal dopaminergic nerves from 6-OHDA-induced degeneration as evalu-
ated by counting TH-positive cell bodies in the SN and TH-positive fibers in the 
striatum. More importantly, MANF also restored the function of the nigrostriatal 
dopaminergic system when administered either 6 h before or 4 weeks after 6-OHDA 
administration in the striatum. MANF was distributed throughout the striatum more 
readily than GDNF. The precise mechanisms how MANF exerts neuroprotective 
and neurorestorative actions remain to be determined. The mechanism of MANF 
action differs from that of GDNF because intrastriatally injected 125I-MANF was 
transported to the frontal cortex, whereas 125I-GDNF was transported to the 
SN. These results suggest that MANF is readily distributed throughout the striatum 
and has significant therapeutic potential for the treatment of PD. It is currently in 
preclinical development for the treatment of several apoptosis-related disorders 
including PD.

 Neurturin for PD

Neurturin (NTN) is a homologue of GDNF and when used in a microencapsulated 
form, can preserve tyrosine hydroxylase immunoreactivity in a rat model of PD 
and might have therapeutic value for the treatment of the disease in humans. 
Neurturin and GDNF, both members of the GDNF family of growth factors, exert 
very similar biological activities in different systems, including the substantia 
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nigra. NTN and GDNF are differentially regulated during postnatal development. 
NTN mRNA progressively decreases in the ventral midbrain and progressively 
increases in the striatum, coincident with a decrease in GDNF mRNA expression, 
suggesting distinct physiological roles for each factor in the nigrostriatal system. 
However, in ventral midbrain cultures NTN promotes survival comparable with 
GDNF, but only GDNF induces sprouting and hypertrophy of developing dopami-
nergic neurons. NTN has been shown to prevent 6-OHDA-induced degeneration 
of adult dopaminergic neurons in vivo. NTN is as potent as GDNF in preventing 
the death of nigral dopaminergic neurons, but only GDNF induces sprouting, or 
hypertrophy of dopaminergic neurons. Such differences are likely to underlie 
unique roles for each factor in postnatal development and are exploited in the 
treatment of PD.

 Platelet Derived Growth Factor

Platelet derived growth factor (PDGF) is a NTF, which was originally identified in 
platelets and in serum. It has a neuroprotective effect in neurodegenerative disorders 
similar to that of other NTFs. The effect of intracerebroventricular administration of 
PDGF-BB (Newron Sweden AB) on PD, using an implanted catheter and an 
implanted SynchroMed® II pump, was investigated in a phase II clinical trial com-
pleted in 2011 (NCT00866502). PDGF-BB was safe and well tolerated in patients 
with moderate PD, in contrast to the potential benefit shown by PET data, there 
were no dose-dependent effects on clinical efficacy parameters in this small sample 
size at the doses investigated (Paul et al 2015). Further clinical trials are investigat-
ing the efficacy of PDGF-BB and its potential for mediating long-term relief of 
symptoms as well as the effect on the restoration of the nigrostriatal system, as sup-
ported by preclinical studies, and slowing of disease progression in PD.

 Concluding Remarks on the Use of Neurotrophic Factors in PD

Results of microdialysis studies show that that GDNF, CDNF, and MANF have 
divergent effects on dopaminergic neurotransmission, as well as on dopamine 
synthetizing and metabolizing enzymes (Renko et al 2018). Currently, the use of 
NTFs remains the best option for the prevention of the progression of PD. They are 
superior to enzyme replacement strategies. The choice of NTF is open, and GDNF 
alone or in combination with other NTFs is under consideration. Cerebral dopamine 
neurotrophic factor (CDNF) and MANF are gaining attention for PD due to their 
neurotrophic effects on dopaminergic neurons. In various animal models of PD, 
CDNF is efficient in protecting and repairing dopaminergic neurons, and it inhibits 
endoplasmic reticulum stress, neuroinflammation, and apoptosis (Tang et al 2017). 
Beneficial effects of CDNF and MANF in in vitro and in vivo experimental models 
of PD justify further investigation (Sampaio et al 2017).
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 Nrf2-mediated Neuroprotection in PD

Under conditions of oxidative stress, the transcription factor NF-E2-related factor 
(Nrf2) binds to antioxidant response element (ARE) to induce antioxidant and phase 
II detoxification enzymes. Transgenic mice with Nrf2 under control of the astrocyte- 
specific promoter for the GFAP (GFAP-Nrf2) on both a Nrf2+/+ and a Nrf2−/− 
background were administered MPTP (Chen et al 2009). In the latter case, only the 
astrocytes expressed Nrf2. Independent of background, MPTP-mediated toxicity 
was abolished in GFAP-Nrf2 mice. These striking results indicate that Nrf2 
expression restricted to astrocytes is sufficient to protect against MPTP and 
astrocytic modulation of the Nrf2-ARE pathway is a promising target for therapeutics 
aimed at reducing or preventing neuronal death in PD.

 Nuclear Receptor-Related 1: Retinoid X Receptor α Activation

Nuclear receptor-related 1 (Nurr1):Retinoid X receptor α (RXRα) activation has a 
double therapeutic potential for PD, offering both neuroprotection and symptomatic 
relief. BRF110, a unique in vivo active Nurr1:RXRα-selective lead molecule, was 
designed to prevent DAergic neuron demise and striatal DAergic denervation in vivo 
against PD-causing toxins in a Nurr1-dependent manner (Spathis et  al 2017). 
BRF110 also protects against PD-related genetic mutations in iPSC-derived 
DAergic neurons from PD patients and a genetic mouse model of PD.  Besides 
neuroprotection, BRF110 up-regulates tyrosine hydroxylase (TH), aromatic l-amino 
acid decarboxylase (AADC), and GTP cyclohydrolase I (GCH1) transcription; 
increases striatal DA in vivo; and has symptomatic efficacy in postneurodegeneration 
PD models, without inducing dyskinesias that occur with chronic daily treatment. 
The combined neuroprotective and symptomatic effects of BRF110 indicate that 
Nurr1:RXRα activation is a otherapeutic approach that can impede PD progression 
as well as improve symptoms of PD.

 Omega-3 Polyunsaturated Fatty Acids

Omega-3 (n-3) polyunsaturated fatty acids (PUFAs) may exert neuroprotective 
action in PD, as previously shown in AD. High n-3 PUFA dietary consumption has 
been shown to completely prevent the MPTP-induced decrease of TH-labeled nigral 
cells, Nurr1 mRNA, and dopamine transporter mRNA levels in the substantia nigra 
in mice (Bousquet et al 2008). Although n-3 PUFA dietary treatment had no effect 
on striatal dopaminergic terminals, the high n-3 PUFA diet protected against the 
MPTP-induced decrease in dopamine and its metabolite dihydroxyphenylacetic 
acid in the striatum. Taken together, these data suggest that a high n-3 PUFA dietary 
intake exerts neuroprotective actions in an animal model of PD. Because the brains 
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of mice that were fed PUFAs did not show significant changes in arachidonic acid, 
linolenic acid, or eicosapentaenoic acid, the study suggest that DHA is the primary 
omega-3 fatty acid involved in the protective effect demonstrated in this study.

In North America, the average intake of DHA is between 60 and 80 mg a day, 
while recommended daily minimum is 250 mg daily. This DHA deficiency is a risk 
factor for developing PPD, and dietary supplementation with omega-3 has the 
potential for preventing and treating PD in humans.

 RAB3B Overexpression

RAB3 is a monomeric GTPase protein that is highly enriched in synaptic vesicles 
and is involved in synaptic vesicle trafficking and synaptic transmission, disturbances 
of which have been implicated in several neurodegenerative diseases, including 
PD. Overexpression of one RAB3 isoform, RAB3B, increases neurotransmitter con-
tent, dopamine uptake, and levels of presynaptic proteins in human dopaminergic 
cells. In one study, AAV-mediated RAB3B overexpression in DA neurons of the rat 
substantia nigra (SN) increased striatal dopamine content, number and size of synap-
tic vesicles, and levels of the presynaptic proteins, confirming in  vitro findings 
(Chung et al 2009). Measurement of extracellular DOPAC, a dopamine metabolite, 
following l-DOPA injection supported a role for RAB3B in enhancing the dopamine 
storage capacity of synaptic terminals. RAB3B overexpression in cells protected 
against toxins that simulate aspects of PD in vitro, including an oxidative stressor 
6-hydroxydopamine (6-OHDA). Furthermore, RAB3B overexpression in rat SN 
both protected neurons and resulted in behavioral improvement in a 6-OHDA retro-
grade lesion model of PD. These results suggest that RAB3B improves dopamine 
handling and storage capacity at presynaptic terminals and protects vulnerable DA 
neurons. RAB3B overexpression is a potential neuroprotective strategy in PD.

 Reservatrol for PD

Resveratrol has shown relevant therapeutic effects for the treatment of PD. 
Numerous studies have shown the neuroprotective effects of resveratrol both in vitro 
and on in  vivo models. Resveratrol protects dopamine neurons against 
lipopolysaccharide-induced neurotoxicity through its antiinflammatory actions. 
Antioxidant effects of reservatrol reduce the production of ROS and enable repair of 
mitochondrial function in PD. Resveratrol-mediated neuroprotection is attributed to 
the inhibition of NADPH oxidase, which is supported by the following observations 
(Zeng et al 2017):

• Resveratrol reduces NADPH oxidase-mediated generation of ROS.
• LPS-induced translocation of NADPH oxidase cytosolic subunit p47 to the cell 

membrane is significantly attenuated by resveratrol.
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• Resveratrol fails to show neuroprotection in cultures from NADPH oxidase- 
deficient mice.

• Neuroprotection is related to an attenuation of the activation of mitogen-acti-
vated protein kinases and nuclear factor-kappaB signaling pathways in 
microglia.

These findings suggest that resveratrol exerts neuroprotection against LPS- 
induced dopaminergic neurodegeneration, and NADPH oxidase may be a major 
player in resveratrol-mediated neuroprotection.

 RNAi Therapy for PD

RNAi-based strategies that mediate the specific knockdown of target genes by 
administration of small interfering RNAs (siRNAs) can be applied for the treat-
ment of PD. siRNAs specific to the α-synuclein gene associated with PD have 
been designed and synthesized. When administered into the brain of an inducible 
mouse model of synucleinopathy, these siRNAs are effective in reducing 
α-synuclein levels. There is significant lowering of α-synuclein mRNA levels 
in vivo, suggesting the applicability of RNAi therapeutics as a possible disease-
modifying therapy for PD.

In cellular and animal models, blocking the action of the enzyme SIRT2, which 
is known to regulate the cell cycle and may have a role in aging, has been shown to 
protect the neurons damaged in PD from the toxic effects of α-synuclein. Experiments 
using RNAi to suppress SIRT2 in human cell lines expressing α-synuclein show that 
only the inhibition of SIRT2 reduced α-synuclein toxicity.

RNAi has been combined with lentiviral vector-based gene therapy to turn off 
α-synuclein in dopamine neurons. By using a dual cassette lentivirus that 
co-expresses an α-synuclein-targeting shRNA, it is possible to deliver the RNAi to 
the brain of rats and turn off the α-synuclein protein in neurons. The results 
demonstrate potent silencing of human α-synuclein expression in vitro and in vivo 
by viral vector-based RNAi and provide the tools for developing effective gene 
silencing therapeutics for synucleinopathies, including PD. If the RNAi approach 
works in the mouse, a gene therapy based on silencing the α-synuclein gene will be 
developed for clinical trials for PD.

Inefficient delivery of siRNA to the brain limits in vivo application of RNAi. 
siRNA complexed with a 4–12 kDa branched polyethylenimine (PEI) F25-LMW 
with superior transfection efficacy for delivery of siRNA in vivo distributes widely 
across the CNS down to the lumbar spinal cord after a single intracerebroventricular 
infusion. siRNA against α-synuclein (SNCA), complexed with PEI F25-LMW, has 
been injected into the lateral ventricles of mice overexpressing human wild-type 
SNCA leading to 65% reduction of SNCA mRNA expression in the striatum and is 
accompanied by reduction of SNCA protein by ∼50% without any toxicity 
(Helmschrodt et  al 2017). These results support the efficacy and safety of PEI 
nanoparticle-mediated delivery of siRNA to the brain for therapy of PD.
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 Safinamide

Safinamide (Xadago®, Newron Pharmaceutical) is a unique molecule with multiple 
mechanisms of action, targeting both dopaminergic and glutaminergic systems. 
These include potent, selective and reversible inhibition of monoamine oxidase 
(MAO-B), without a MAO-A effect, dopamine re-uptake inhibition, sodium channel 
blocking activity and calcium channel modulation. The Na+ channel blockade is 
characterized by frequency and use dependency, selectively affecting neurons with 
abnormal firing patterns and leaving normal activity unaltered. Safinamide was 
initially developed as an antiepileptic agent, reaching phase I trials.

Safinamide is highly effective in animal models of PD and L-dopa induced motor 
fluctuations. The greater potential of safinamide as a neuroprotectant in PD is by 
slowing down the rate of death of the cells in the substantia nigra. This inferance is 
based on preclinical studies and safinamide’s unique multifaceted mechanisms of 
action that all provide potential for improving neuronal survival. Safinamide has 
excellent bioavailability, linear kinetics, and is suitable for once-a-day administration. 
Clinical trials of safinamide concurrent with dopamine agonists for patients with PD 
showed 30% reduction in motor scores. Safinamide is approved in several countries 
as an add-on therapy for PD.

Therefore, safinamide may be used in PD to reduce levodopa dosage and also 
represents a valuable therapeutic drug to test disease-modifying potential (Caccia 
et  al 2006). Safinamide was licensed to Merck Serono and is now in phase III 
clinical trials for PD. Available data confirms the potential efficacy of safinamide in 
PD but further studies are needed for neuroprotective effects (Onofrj et al 2008). 
Safinamide combines both dopaminergic and non-dopaminergic actions that may 
add a new dimension to treatment of PD as an adjunct to current drugs (Schapira 
2010). There are also efforts to demonstrate the cognition-improving features of 
safinamide in clinical trials. If successful, this is a promising approach for the future 
marketing of the drug, as the results would underline the unique profile with 
combined inhibition of MAO-B activity and glutamate release (Müller 2010).

 Sirtuin 2 Inhibitors for Neuroprotection in PD

In cellular and animal models, blocking the action of the enzyme SIRT2, which is 
known to regulate the cell cycle and may have a role in aging, has been shown to 
protect the neurons damaged in PD from the toxic effects of α-synuclein. Compound 
B2, which promotes the formation of larger inclusions, paradoxically reduces 
toxicity of α-synuclein in cellular disease models, possibly by reducing the overall 
number of inclusions. Assays of B2’s activity against a panel of key enzymes show 
only one significant association – a weak but selective inhibition of SIRT2.

SIRT2 is known to act on a major protein component of microtubules, cellular 
structures that help move objects within cells, among other functions. Inhibition 
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of SIRT2 might promote microtubule-dependent transportation of α-synuclein 
into large aggregates or it could strengthen microtubules that have been destabi-
lized by misfolded α-synuclein. An experiment using RNAi to suppress SIRT2 
and a related enzyme in human cell lines expressing α-synuclein confirmed that 
only the inhibition of SIRT2 reduced α-synuclein toxicity. More powerful inhibi-
tors of SIRT2, based on the structure of B2, have been developed and identified. 
One of these novel inhibitors called AGK2 has 10 times the potency of B2 and can 
protect dopamine- producing neurons from α-synuclein toxicity in cultured rat 
neurons and in an insect model of PD. Several additional compounds that act on 
the SIRT2 pathway have been identified, some which may be even better than 
AGK2 as candidates for drug development. For PD, one can now pursue a straight-
forward drug development process by identifying potent and selective candidates 
from this class of compounds that can be tested in animal studies and eventual 
human trials. The study, also suggests that inhibiting this pathway could help in 
the treatment of other conditions in which abnormal proteins accumulate in the 
brain.

 Squalamine and PD

Squalamine, a natural product with known anticancer and antiviral activity, dramati-
cally affects α-synuclein aggregation in vitro and in vivo. The mechanism of action 
of squalamine was elucidated by investigating its interaction with lipid vesicles, 
which are known to stimulate nucleation, and find that this compound displaces 
α-synuclein from the surfaces of such vesicles, thereby blocking the first steps in its 
aggregation process (Perni et al 2017). The authors also showed that squalamine 
almost completely suppressed the toxicity of α-synuclein oligomers in human neu-
roblastoma cells by inhibiting their interactions with lipid membranes. They further 
examine the effects of squalamine in a Caenorhabditis elegans strain overexpress-
ing α-synuclein and observed a dramatic reduction of α-synuclein aggregation as 
well as almost complete elimination of muscle paralysis. These findings suggest 
that squalamine can be a neuroprotective in PD.

 Statins and PD

Statins were originally developed for the treatment of hypercholesterolemia an 
effect resulting from their ability to lower circulating cholesterol concentrations. 
There is growing evidence that statins have effects that extend past their lipid 
lowering activity. Statins have been suggested to slow the progression of AD and 
have the possibility also to be a potential new therapy for the treatment of 
PD. Simvastatin and lovastatin may be particularly useful as they readily penetrate 
the BBB. Simvastatin reverses the downregulation of dopamine D1 and D2 receptor 

7 Neuroprotection in Parkinson Disease



453

expression in the prefrontal cortex of 6-hydroxydopamine-induced parkinsonism in 
rats. Given the association of dopaminergic dysfunction in the prefrontal cortex and 
cognitive deficits in PD, these findings may have implication in the treatment of 
cognitive decline in advanced PD.

In transgenic mouse models that neuronally overexpress human α-synuclein, 
lovastatin treatment mice displayed significantly reduced neuronal α-synuclein, a 
hallmark of PD, in the temporal cortex comparison to saline-treated controls (Koob 
et al 2010). The reduced α-synuclein accumulation in lovastatin-treated mice was 
associated with abrogation of neuronal pathology. The results from this study the 
possibility that treatment with cholesterol-lowering agents may be beneficial for 
patients with PD.

 Targeting Bax

Pro-apoptotic protein Bax is highly expressed in the SNpc and that its ablation 
attenuates SNpc developmental neuronal apoptosis. In adult mice, there is an 
up-regulation of Bax in the SNpc after MPTP administration and a decrease in Bcl- 
2. These changes parallel MPTP-induced dopaminergic neurodegeneration. Mutant 
mice lacking Bax are significantly more resistant to MPTP than their wild-type 
littermates. Thus, Bax plays a critical role in the MPTP neurotoxic process and 
suggests that targeting Bax may provide protective benefit in the treatment of PD.

 Vitamin D for Neuroprotection in PD

A longitudinal study from has demonstrated an association between low serum vita-
min D levels and the subsequent development of PD (Knekt et  al 2010). In the 
29-year follow-up of 3173 subjects who were free from PD at start of the study, 
serum 25-hydroxyvitamin D level was determined from frozen samples stored at 
baseline. Estimates of the relationship between serum vitamin D concentration and 
PD incidence were calculated using the Cox model. Individuals with higher serum 
vitamin D concentrations showed a reduced risk of PD. The DATATOP (Deprenyl 
and Tocopherol Antioxidative Therapy of Parkinsonism) cohort is a well- 
characterized cohort of subjects with early, nondisabling PD. The cohort is well 
suited for examining the prevalence of vitamin D insufficiency early in the course 
of the disease. Vitamin D status in stored blood samples from patients with PD 
enrolled in the placebo group of the DATATOP trial was examined (Evatt et  al 
2011). The prevalence of vitamin D insufficiency in patients with early PD was 
similar to or higher than those reported in previous studies. Vitamin D concentrations 
did not decline during progression of PD. The results of a double-blind, placebo- 
controlled trial showed that Vitamin D3 supplementation (1200 IU)/per day) may 
stabilize PD for a short period in patients with FokI TT or CT genotypes without 
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triggering hypercalcemia, although this effect may be nonspecific for PD (Suzuki 
et al 2013).

The mechanisms by which vitamin D has a neuroprotective effect against PD are 
not understood, but it may act via antioxidative mechanisms, immunomodulation, 
enhanced nerve conduction or other means. Vitamin D receptors and an enzyme 
responsible for the formation of the active form, 1,25-hydroxyvitamin D, have been 
found in high levels in the substantia nigra, the region of the brain affected most in 
PD. This raises the possibility that chronic inadequacy of vitamin D leads to the loss 
of dopaminergic neurons in the substantia nigra region and vitamin D supplementa-
tion may be neuroprotective.

 Vaccine for PD

Degeneration of the nigrostriatal dopaminergic pathway, the hallmark of PD, can be 
recapitulated in MPTP-intoxicated mice. Adoptive transfer of copolymer-1 immune 
cells to MPTP recipient mice has been shown to lead to T cell accumulation within 
the SNpc, suppression of microglial activation, and increased local expression of 
astrocyte-associated GDNF.  This immunization strategy results in significant 
protection of nigrostriatal neurons against MPTP-induced neurodegeneration that is 
abrogated by depletion of donor T cells. Such vaccine treatment strategies may 
provide benefit for PD.

Based on previous studies that suggest immunization as a potential therapy for 
AD, immunization has been considered for PD as abnormal folding of α-synuclein 
leads to neurodegeneration in both conditions, which are marked by the presence of 
Lewy bodies (abnormal clumps of α-synuclein) in the brain. Normally, α-synuclein 
supports communication between neurons abnormal proteins clumping can cut off 
neuron activity, blocking normal signaling between brain cells and ultimately 
choking the cells to death. In transgenic (tg) mice that produce high relative affinity 
antibodies, vaccination with human α-synuclein decreases accumulation of 
aggregated α-synuclein in neuronal cell bodies and synapses that is associated with 
reduced neurodegeneration. Furthermore, antibodies produced by immunized mice 
recognize abnormal human α-synuclein associated with the neuronal membrane 
and promotes the degradation of human α-synuclein aggregates, probably via 
lysosomal pathways. These results suggest that vaccination is effective in reducing 
neuronal accumulation of human α-synuclein aggregates and that further 
development of this approach might have a potential role in the treatment of PD 
with dementia.

α-synuclein interacts with tau in disease and may act in a synergistic mechanism, 
implicating tau oligomers as a potential therapeutic target for PD.  A study has 
evaluated the efficacy of targeting the toxic, oligomeric form of tau protein by 
passive immunotherapy by treating 7-month-old mice overexpressing mutated 
α-synuclein (A53T mice) with tau oligomer-specific MAb (TOMA) and a control 
antibody and assessed both behavioral and pathological phenotypes (Gerson et al 
2018). Results showed that A53T mice treated with TOMA were protected from 
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cognitive and motor deficits 2 weeks after a single injection. Levels of toxic tau 
oligomers were specifically decreased in the brains of TOMA-treated mice. Tau 
oligomer depletion also protected against dopamine and synaptic protein loss. These 
findings indicate that targeting tau oligomers is beneficial in a mouse model of 
synucleinopathy and may be a viable therapeutic strategy for treating diseases in 
which tau and α-synuclein have a synergistic toxicity.

 Clinical Trials of Neuroprotection in Parkinson’s Disease

In January 2019, 2175 clinical trials for PD were listed on US Government web site 
for clinical trials: http://clinicaltrials.gov/ct2/results?cond=%22Parkinson+Dise
ase%22. They cover all aspects of PD including diagnosis and management. Very 
few are relevant to neuroprotection in PD. Some are mentioned in the preceding 
text. NIND is conducting Exploratory Trials in Parkinson’s Disease (NET-PD, 
which is a series of clinical research studies conducted at more than 50 centers 
across the US and Canada to find drugs to slow the progression of PD. Neuroprotective 
drugs currently in clinical trials for PD are shown in Table 7.5 and failed trials are 
shown in Table 7.6.

Table 7.5 Current clinical trials of neuroprotective therapies for Parkinson disease

Drug/Method Company/Institution Delivery/Rationale/Comments Status

BIIB014 Biogen Idec Adenosine A2A receptor antagonist Phase IIa
CERE-120
(AAV2-NTN)

Ceregene/Sangamo 
Biosciences

AAV mediated transfer of neurturin gene 
by stereotaxic injection in putamen of 
brain.

Phase II

Cogane™ 
(PYM50028)

Phytopharm Oral neurotrophic factor inducer Phase II

Creatine and 
minocycline

NINDS NET-PD Neuroprotective agents Phase II
Phase III 

plan
Green Tea 

Polyphenol
Xuanwu Hospital, 

Beijing, China
To assess the neuroprotection effect of 

green tea polyphenol in de novo PD
Phase II

Isradipine Northwestern 
University

A dihydropyridine blocker of CA2+ 
channels

Phase II

Istradefylline
(KW-6002)

Kyowa Hakko 
(Japan)

A2A receptor antagonist Phase III

Mesenchymal 
stem cells 
(MSCs)

Jaslok Hospital, 
Mumbai, India

Autologous MSCs from bone marrow, 
transplanted by stereotactic techniques 
into the striatum of the patient.

Open label
Uncontrolled

Safinamide Newron Pharma/
Merck Serono

Na+ channel blocker, Ca2+ channel 
modulator and MAO-B inhibitor

Phase III

PDGF Newron Sweden AB PDGF administered intraventricular by 
catheter and an implanted 
SynchroMed® II pump (Medtronic)

Phase II
completed

SYN-115 Biotie Therapies Adenosine A2A antagonist Phase IIb

©Jain PharmaBiotech
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 Evaluation of Neuroprotective Therapies for PD

Evaluation criteria for potential neuroprotective drugs for PD are:

Scientific rationale There should be consistency of preclinical data and credible 
mechanism relevant to PD although mechanism may be unknown in many cases.

Blood-brain barrier (BBB) penetration Evidence should be obtained by direct 
experiments or inference that BBB penetration occurs and can achieve concentra-
tions needed for the neuroprotective effect with intended route of administration.

Safety and tolerability Safety and tolerability should be demonstrated in humans 
in the dose and route of administration needed for the proposed effect (at least Phase 
I data); no further safety data required before use in PD.

Efficacy This should be shown consistently in relevant animal models of disease 
and in human clinical studies.

These criteria were applied to evaluation of several neuroprotective agents for 
PD and the results are shown in Table 7.7.

Table 7.7 Evaluation of neuroprotective agents for PD

Drug Mechanism
BBB 
penetration

Safety/
tolerability

Efficacy/
animal 
studies

Efficacy/
human 
studies

9-methyl-β- 
carboline

Stimulates DA- ergic 
neurons by increasing 
the expression of TH

+ + + −

Ascorbic acid Antioxidant + + − −
Amantadine Glutamate antagonist + + + −
Aluzenyl nitrone Antioxidant + − + −
Caffeine Adenosine antagonist + + + +
Coenzyme 10 Mitochondrial stabilizer + + + +
COX-1 & 2 

inhibitors
Anti-inflammatory + + + −

Creatine Mitochondrial stabilizer + + + −
Erythropoietin Undetermined/multiple + − + +
Estrogen Undetermined/multiple + + + +
Folate Undetermined/multiple + + + −
GPI-1485 Trophic factor + + − −
GM1 ganglioside Trophic factor + + + −
Minocycline Antiapoptotic + + + −
Modafanil Unknown + + − −
N-acetyl cysteine Antioxidant + + + −
Nicotine Unknown + + + +
Pramipexole Antioxidant + + + +
Ropinorole Antioxidant + + + +
Rasagiline Antioxidant/antiapoptotic + + + −
Remacemide Glutamate antagonist + + + −
Selegiline Antioxidant/antiapoptotic + + + +

© JainPharmaBiotech
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 Current Status and Future Challenges for Neuroprotection 
in PD

Current therapies provide effective control of symptoms, particularly in the early 
stages of the disease, but disease progression is associated with the development of 
nondopaminergic features such as postural instability, falling, and dementia that are 
not adequately controlled with existing medications. There are many candidate neu-
roprotectives based on pathological and laboratory studies, but none of them have 
shown a significant disease-modifying effect in PD. None of the clinical trials on 
neuroprotective therapies for PD has yet provided solid evidence for neuroprotec-
tion. Obstacles to the development of a neuroprotective therapy in PD include:

• Uncertainty as to the precise cause of cell death in PD and what to target.
• Lack of an animal model of PD that precisely reflects the pathogenesis of human 

PD.
• Delineation of a clinical end point that is an accurate measure of the underlying 

disease and is not confounded by symptomatic effects of a study intervention.
• Limitation of brain imaging studies. Presynaptic biomarkers of dopamine func-

tion are subject to regulatory changes, which compromises the direct interpreta-
tion of neuroimaging results in clinical trials of neuroprotective therapies for PD.

In order to design rational neuroprotective therapies for PD, there is need to fur-
ther investigate the multisystem degeneration in this disease. The development of 
transgenic models in which to study the neuroprotective therapies designed to target 
the abnormal pathways in PD would be important. The new neuroprotective/neuro-
rescue therapies include novel antioxidants and promitochondrial agents (e.g. coen-
zyme Q10, antiapoptotic strategies, antioxidant drugs and antiinflammatory agents. 
All such studies still have the limitations and uncertainties of preclinical phases but 
have the advantage that they act on more basic and pathogenic mechanism of the 
disease. These should be applied early in the course of the disease even before the 
symptoms appear. If a reliable biomarker for PD can be discovered, neuroprotective 
therapy can be started in the presymptomatic phase so that the currently used symp-
tomatic drugs may not even be necessary.
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 Introduction

Alzheimer’s disease (AD) is a progressive degenerative disorder of the brain that 
begins with memory impairment and eventually progresses to dementia, physical 
impairment, and death. Patients develop various psychiatric and neurological signs 
in the course of the disease. The prevalence rates of dementia vary significantly in 
different countries but range from 2.1% to 10.5%. AD is the most common type of 
dementia, accounting for 50–60% of all cases and is described in detail in a special 
report on AD (Jain 2019).

Several other types of dementias are considered in the differential diagnosis of 
AD and sometimes all the dementias are lumped together if the type is not known. 
Other well-known types of dementias are: vascular dementia, dementia of aging, 
and dementia associated with HIV infection. The focus of this section is on AD and 
some other dementias will be described in Chap. 11.
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 Pathomechanism of Alzheimer’s Disease

A knowledge of basics of pathology and pathomechanisms of AD is essential for 
neuroprotectice strategies. Numerous factors are involved in pathogenesis of AD.

 Pathology of AD

 Cerebral Atrophy and Neuronal Loss

The brain in AD often appears atrophic (shrunken) with enlarged ventricles and 
sulci. The overall brain weight is invariably reduced, but there is a significant 
overlap with the normal range of brain weight corrected for age. Widespread cortical 
neuronal loss occurs and is more obvious in cases with younger onset. The deep 
layers of the temporal cortex and the hippocampus appear to be most affected. 
Substantial neuronal dropout also occurs in the basal forebrain cholinergic cells, as 
well as in the monoaminergic cells of the locus ceruleus and the raphe nuclei.

 Neuritic Plaques and Neurofibrillary Tangles

Senile or neuritic plaques and neurofibrillary tangles (NFTs), as seen on micro-
scopic examination, are the hallmarks of diagnosis of AD. The most characteristic 
finding in the brains of patients with AD is a profusion of deposits of amyloid β 
(Aβ), a peptide found in only small quantities in normal brains. This 42-amino acid 
peptide, also called Aβ42, is generated in  vivo by proteolytic cleavage of the 
Alzheimer’s precursor protein (APP), which is encoded on chromosome 21. These 
peptides are deposited in an insoluble extracellular beta-pleated sheet that forms the 
basis of the senile plaque. In healthy people, Aβ42 is cleared before it aggregates 
into plaque. However, in AD brains, Aβ accumulates and aggregates into insoluble 
fibrillar material as a plaque. A wide range of genetic and biochemical data suggest 
that either the amyloid aggregates themselves or partially aggregated precursors on 
the pathway towards amyloid, play a causative role in AD. Therefore, prevention of 
Aβ42 aggregation is considered a promising strategy for the treatment and/or 
prevention of AD. The plaque, itself, may be a target for intervention. The plaque 
amyloid is in a state of dynamic balance with soluble Aβ, possibly accounting for 
the plaque dissolution observed with Aβ immunizations in transgenic mouse models 
of AD. Treatments that reverse plaque and tangle pathology in animal models may 
not reverse symptoms of the human disease because loss of neurons and synapses, 
rather than the plaques, are the key determinants of dementia.

NFTs are intracellular collections of abnormal filaments and have a distinctive 
paired helical structure in AD.  NFTs also appear in the brain in small numbers 
among nondemented older adults and may represent a nonspecific end-stage 
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neuronal finding. The protein components of NFTs have been identified as 
microtubular components, tau (microtubular associated protein) and ubiquitin. 
Ubiquitin is a signaling peptide for proteolytic processing. Abnormal phosphorylation 
of tau contributes to pathogenesis of the NFTs, which are also found throughout the 
neocortex and limbic nuclei. They are also strongly represented in the basal 
forebrain, substantia nigra, raphe nuclei, and locus ceruleus.

 Role of Tau in the Pathogenesis of AD

NFTs arise from phosphorylation of tau protein. Tau is a constituent of microtubules 
and the main component of NFTs, where it appears in a hyperphosphorylated form. 
Aβ and NFTs may be functionally linked, although the mechanisms by which amy-
loid deposition promotes pathological tau filament assembly are poorly understood. 
It has been suggested that tau is proteolyzed by multiple caspases at a highly con-
served aspartate residue (Asp421) in neurons treated with Aβ1-42 peptide. Caspase 
cleavage of tau generates a truncated protein that lacks its C-terminal 20 amino 
acids and assembles more rapidly and more extensively into tau filaments in vitro 
than wild-type tau. Using a monoclonal antibody (MAb) that specifically recog-
nizes tau truncated at Asp421, it has been shown that tau is proteolytically cleaved 
at this site in the fibrillar pathologies of AD brain. These findings suggest a novel 
mechanism linking amyloid deposition and NFTs in AD. Aβ promotes pathological 
tau filament assembly in neurons by triggering caspase cleavage of tau and generate 
a proteolytic product with enhanced polymerization kinetics.

Although the cognitive decline is known to correlate with the degree of neurofi-
brillary pathology, whether the formation of filaments or the preceding abnormal 
hyperphosphorylation of tau is the inhibitory entity that leads to neurodegeneration 
has been elusive. In the AD brain, cytosolic hyperphosphorylated tau (P-tau) seques-
ters normal tau (N-tau), microtubule-associated protein (MAP) 1, and MAP2, which 
results in the inhibition of microtubule assembly and disruption of microtubules. 
The efforts in finding a therapeutic intervention for tau-induced neurodegeneration, 
therefore, should be directed either at preventing the abnormal hyperphosphoryla-
tion of P-tau or at neutralizing its binding to normal MAPs, rather than at preventing 
its aggregation into filaments. It is now well accepted that spread of tau pathology 
correlates with cognitive decline in AD.

 RNA-Binding Proteins and AD

Stress induces aggregation of RNA-binding proteins to form inclusions, termed 
stress granules (SGs). Relationship between SG proteins and neuropathology in 
brain tissue from P301L Tau transgenic mice, as well as in cases of AD has been 
examined (Vanderweyde et  al 2012). The pattern of SG pathology differs 
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dramatically based on the RNA-binding protein examined. SGs positive for T-cell 
intracellular antigen-1 (TIA-1) or tristetraprolin (TTP) initially do not colocalize 
with tau pathology, but then merge with tau inclusions as disease severity increases. 
In contrast, G3BP (ras GAP-binding protein) identifies a novel type of molecular 
pathology that shows increasing accumulation in neurons with increasing disease 
severity, but often is not associated with classic biomarkers of tau pathology. TIA-1 
and TTP both bind phospho-tau, and TIA-1 overexpression induces formation of 
inclusions containing phospho-tau. These data suggest that SG formation might 
stimulate tau pathophysiology. Thus, study of RNA-binding proteins and SG 
biology highlights novel pathways interacting with the pathophysiology of AD, 
providing potentially new avenues for identifying diseased neurons and potentially 
novel mechanisms regulating tau biology.

 Amyloid Precursor Protein

Aβ, as mentioned before, is derived from an integral membrane protein precursor - 
APP. The biological function of the APP is currently unclear. X-ray crystallography 
has revealed that APP consists of 2 long rod-like molecules that form a very tight 
complex with the head of one molecule touching the tail of the other. This observation 
suggests that APP may function to mediate cell-to-cell contact by interacting with 
itself, a process known as homophilic binding. By functioning as its own binding 
partner, the APP from neighboring cells may thus affect the proteolytic processes 
that convert APP to the neurotoxic Aβ.

According to the amyloid cascade hypothesis, APP fragment Aβ, is the cause of 
AD and therapeutic targets for disease modification are APP and Tau proteins. Most 
of the medical research has been devoted to modulation of Aβ production, inhibition 
of Aβ aggregation and enhancement of Aβ degradation. An alternative hypothesis 
views Aβ as the result rather than the cause of AD. The amyloidogenic pathway 
which produces the Aβ peptide forming plaques represents only 90% of APP 
processing during AD progression and the rest is non-amyloidogenic pathway 
producing peptides.

 APP Intracellular Domain

Aβ peptides are generated when APP is cleaved by presenilins, a process that also 
produces APP intracellular domain (AICD). AICD-overexpressing transgenic mice 
show abnormal activation of GSK-3β, a pathological feature of AD. These mice 
exhibit additional AD-like characteristics, including hyperphosphorylation and 
aggregation of tau, neurodegeneration and working memory deficits that are 
prevented by treatment with lithium, a GSK-3β inhibitor (Ghosal et  al 2009). 
Consistent with its potential role in AD pathogenesis, AICD levels are elevated in 
brains from AD patients. The in  vivo findings that AICD can contribute to AD 
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pathology independently of Aβ have important therapeutic implications and may 
explain some observations that are inconsistent with the amyloid hypothesis. It 
implies that eliminating the toxic effects of Aβ alone will be insufficient to abolish 
all pathological features of AD.

 Relation of APP Mutations to CNS Disorders

Although APP is involved in the pathogenesis of AD but its physiological role in the 
CNS is not known. Many physical interactions between APP and intracellular 
signaling molecules have been described. APP increases considerably after brain 
damage in areas where new nerve paths need to be formed. APP can induce 
postdevelopmental axonal arborization, which depends critically on a conserved 
motif in the C-terminus and requires interaction with the Abelson (Abl) tyrosine 
kinase. An interaction was also between APP and the JNK stress kinase cascade. 
Because more APP is made, more plaques can develop in the brain, a typical 
symptom of AD. This explains the strong link between brain damage and AD. Not 
only do patients with major brain damage have more chance of developing AD later 
in life, their brains also often show plaques that strongly resemble those of AD 
patients. Various mutations in APP and their relations to AD as well as other CNS 
disorders are shown in Table 8.1. Most of these are related to familial AD that will 
be described later in this chapter.

Table 8.1 Relation of mutations in amyloid precursor protein to CNS disorders

Phenotype APP mutation

Alzheimer disease, early-onset, with cerebral amyloid angiopathy APP duplication
Amyloidosis with cerebral hemorrhage GLU693LYS

GLU693GLN
LEU705VAL

Dementia, presenile, and cerebroarterial amyloidosis ALA692GLY
Familial Alzheimer disease VAL717ILE

VAL717PHE
VAL717GLY
LYS670ASN
ALA713THR
ILE716VAL
VAL715MET
GLU693GLY
THR714ILE
THR714ALA

Familial Alzheimer disease, late-onset GLU665ASP
Familial Alzheimer disease, leukoencephalopathy ASN23ASP
Schizophrenia ALA713VAL

© Jain PharmaBiotech
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 Relation of APP to Aβ Deposits and Pathogenesis of AD

Another factor that affects APP is sorLA (sorting protein-related receptor), which is 
a type-1 membrane protein of unknown function that is expressed in neurons. sorLA 
interacts with APP in  vitro and in living cells and both proteins colocalize in 
endosomal and Golgi compartments. Overexpression of sorLA in neurons causes 
redistribution of APP to the Golgi and decreased processing to Aβ, whereas ablation 
of sorLA expression in knockout mice results in increased levels of Aβ in the brain 
like the situation in AD patients. Thus, sorLA acts as a sorting receptor that protects 
APP from processing into Aβ and thereby reduces the burden of amyloidogenic 
peptide formation. Consequently, reduced receptor expression in the human brain 
may increase Aβ production and plaque formation and promote spontaneous AD.

Amyloid deposits by themselves do not damage the brain, but in the presence of 
ApoE, amyloid forms into hair-shaped fibrils, and neuritic plaques. The fact that 
ApoE4 can increase both the amount of Aβ and the formation of amyloid fibrils 
seems to indicate this version of the lipoprotein is a genetic risk factor for 
AD. Accumulation of Aβ in the brain triggers a complex and poorly understood 
pathologic reaction that results in the development of AD. Despite intensive study, 
there is no consensus as to how Aβ accumulation causes neurodegeneration in 
AD. A fraction of these Aβ peptides never leave the membrane lipid bilayer after 
they are generated and accumulations of intramembranous Aβ peptides might affect 
the functions of APP itself and the assembly of the PS1, Aph1, Pen 2, Nicastrin 
complex. The elements that incriminate Aβ peptide fragments in the pathogenesis of 
AD can be summarized as follows:

 1. Aβ is produced when APP is cut in 2 by the enzyme β-secretase, and then cut 
once again by γ-secretase.

 2. Aβ accumulation precedes the appearance of AD symptoms.
 3. Brain to blood transport is believed to be a major determinant of the amount of 

Aβ protein found in brain. Based on studies in a mouse model, impaired efflux 
has been suggested as a mechanism by which Aβ can accumulate in the CNS and 
so lead to AD.

 4. Mutations near the cleavage sites in APP that result in Aβ secretion are the cause 
of early onset familial AD characterized by high levels of Aβ in the brain.

 5. Down’s syndrome patients, who have an extra copy of chromosome 21 that con-
tains the gene for APP, also show increased Aβ production and develop AD at an 
early age.

 6. Mutations in the presenilins, responsible for final processing of APP, have been 
linked to overproduction of Aβ production and early onset of AD.

Neuronal labeling and transcranial 2-photon imaging in a transgenic mouse 
model of AD have shown that that dendrites passing through or near fibrillar amy-
loid deposits undergo spine loss and shaft atrophy, and nearby axons develop large 
varicosities, together leading to neurite breakage and large-scale, permanent disrup-
tion of neuronal connections. Thus, fibrillar amyloid deposition is more detrimental 
to neuronal circuitry than previously thought. Therefore, prevention and early clear-
ance of plaques is important.
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 Role of Neprilysin in Aβ Degradation

Neprilysin (NEP) is one of the major enzymes involved in Aβ degradation. NEP 
expression is highly dependent on the AICD released by APP processing. Mouse 
embryonic fibroblasts devoid of APP processing, either by the lack of the catalytically 
active subunit of the γ-secretase complex or by the lack of APP and the APP-like 
protein 2 (APLP2), showed a decreased NEP expression, activity and protein level 
(Grimm et  al 2015). Similar results were obtained by utilizing cells lacking a 
functional AICD domain (APPΔCT15) or expressing mutations in the genes 
encoding for PS1. AICD supplementation or retransfection with an AICD encoding 
plasmid could rescue the down-regulation of NEP further strengthening the link 
between AICD and transcriptional NEP regulation, in which Fe65 acts as an 
important adaptor protein. AICD generated by the amyloidogenic pathway seems to 
be more involved in the regulation of NEP expression. This study demonstrates an 
AICD-dependent regulation of the Aβ-degrading enzyme NEP in vitro and in vivo 
and the underlying mechanisms might be useful for developing new therapeutic 
strategies for the treatment of AD.

 Role of Secretases in Amyloid Cascade

APP undergoes proteolysis by normal constitutively expressed enzymes known as 
secretases. Three principal secretases have amyloid precursor protein activity: 
α-secretase, β-secretase, and γ-secretase.

β-secretase cleavage represents the first step in the generation of Aβ polypeptides 
and initiates the amyloid cascade that leads to neurodegeneration in AD. Comparative 
Western blot analysis shows a 2.7-fold increase in protein expression of the 
β-secretase enzyme (BACE1, beta site APP cleaving enzyme) in the cerebral cortex 
of AD patients as compared to age-matched controls. Similarly, the levels of the 
APP C-terminal fragment produced by β-secretase are increased nearly 2-fold in 
AD cortex. There is a correlation between Aβ loads and BACE elevation, which 
suggests that BACE elevation may lead to increased Aβ production and enhanced 
deposition of amyloid plaques in sporadic AD patients. BACE2, a novel protease 
homologous to BACE1, have also been identified. The two BACE enzymes encoded 
by genes BACE1 (on chromosome 11q23.3) and BACE2 (on chromosome 21q22.3), 
define a new family of transmembrane aspartic proteases. BACE1 is an attractive 
drug target for AD.

The curbing of neuronal plaques makes inhibition of γ-secretase activity a main 
objective for new AD drugs. γ-secretase enzyme is also required for another protein, 
Notch, to function. Inhibitors of γ-secretase dangerously diminish production of 
key immune cells. Next generation of drugs will be able to prevent γ-secretase from 
triggering plaque production without interfering with the enzyme’s role in Notch 
signaling. In the presence of Notch bits and pieces, there is significantly less 
production of Aβ40. Seven different γ-secretase inhibitors have been ranked in 
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order of their ability to interfere with cleavage by Notch or APP. The results suggest 
that γ-secretase belongs to a class of enzymes that have “binding sites” where 
molecules can latch on to the enzyme without competing with one another and 
without becoming subject to cleavage.

Unlike most of membrane proteins, γ-secretase performs its proteolytic function 
neither inside nor outside the cell; instead, the crucial cut is made within the cell’s 
thin membrane. In fact, all the proteins and protein complexes involved - APP and 
the α-, β-, and γ-secretases - are cell-membrane proteins, which penetrate the walls 
of the brain’s neural cells. AD research would greatly benefit if their structures, 
particularly that of γ-secretase, could be established at high resolution by x-ray 
crystallography. The combined effects of β-secretase and γ-secretase on APP result 
in the formation of peptides ranging from 39 amino acids to 43 amino acids in 
length. Presenilin interacts with nicastrin, APH-1 and PEN-2, all of which are 
required for γ-secretase function. Presenilins also interact with alpha-catenin, beta- 
catenin and glycogen synthase kinase-3β (GSK-3β), but a functional role for these 
proteins in γ-secretase activity has not been established. Therapeutic concentrations 
of lithium, a GSK-3 inhibitor, block the production of Aβ peptides by interfering 
with APP cleavage at the γ-secretase step, but do not inhibit Notch processing. 
Importantly, lithium also blocks the accumulation of Aβ peptides in the brains of 
mice that overproduce APP. The target of lithium in this setting is GSK-3α, which 
is required for maximal processing of APP. Since GSK-3 also phosphorylates tau 
protein, the principal component of neurofibrillary tangles, inhibition of GSK-3α 
offers a new approach to reduce the formation of both amyloid plaques and 
neurofibrillary tangles, the two pathological hallmarks of AD.

 Role of Nicastrin

A key step in the production of Aβ has now been defined. γ-secretase catalyzes the 
intramembrane cleavage of APP and Notch after their extracellular domains are 
shed by site-specific proteolysis. The ectodomain of nicastrin, an essential 
glycoprotein component of the γ-secretase complex, binds the new amino terminus 
that is generated upon proteolysis of the extracellular APP and Notch domains, 
thereby recruiting the APP and Notch substrates into the γ-secretase complex. 
Chemical- or antibody-mediated blocking of the free amino terminus, addition of 
purified nicastrin ectodomain, or mutations in the ectodomain markedly reduce the 
binding and cleavage of substrate by γ-secretase. These observations indicate that 
nicastrin is a receptor for the amino-terminal stubs that are generated by ectodomain 
shedding of type I transmembrane proteins. An understanding of this step may aid 
in the discovery of drugs that could block development of the disease. Now that 
nicastrin’s function has been ascertained, it opens a way to block just the splitting of 
APP, leaving all other functions of the enzyme intact, e.g., it is possible to generate 
chemical compounds that specifically prevent nicastrin from latching on to APP. If 
APP does not attach to nicastrin, it remains intact and harmless. Meanwhile, 
nicastrin would be free to bind all the other essential proteins.
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 Neurotoxicity of Aβ Deposits

Aβ deposits are a hallmark of AD and present in all cases. However, 30% of persons 
over the age of 70 have Aβ deposits without signs of dementia. Various Aβ species 
may play relevant roles in AD, causing neurotoxicity by distinct non-overlapping 
mechanisms affecting neuronal function and viability over multiple time courses.

Although a fraction of neurons is silenced in the cerebral cortex of animal mod-
els of AD, other neurons are hyperactive in Aβ plaque-enriched regions. To deter-
mine what comes first, neuronal silencing or hyperactivity, and the what underlying 
mechanisms, the activity patterns of hippocampal CA1 neurons were examined in a 
mouse model of AD in vivo using two-photon Ca2+ imaging (Busche et al 2012). 
Neuronal activity in the plaque-bearing CA1 region of older mice was found to be 
profoundly altered. There was not only a marked increase in the fractions of both 
silent and hyperactive neurons, but also a selective increase in hyperactive neurons 
in the hippocampus of young mice prior to the formation of plaques, suggesting that 
soluble species of Aβ may underlie this impairment. Furthermore, the authors 
demonstrated that direct application of soluble Aβ can induce neuronal hyperactivity 
in wild-type mice. This responded to acute treatment with the γ-secretase inhibitor 
LY-411575, which reduced soluble Aβ levels and rescued neuronal dysfunction. 
Thus, the study identifies hippocampal hyperactivity as a very early functional 
impairment in AD transgenic mice and provides direct evidence that soluble Aβ is 
crucial for hippocampal hyperactivity.

 Aβ Production and Clearance

The steady-state level of Aβ depends on the balance between production and clear-
ance (Fig. 8.1). The transport of Aβ across the BBB is mainly mediated by receptor for 
advanced glycation end products (RAGE) and lipoprotein receptor- related protein on 
endothelial cells. Aβ in the extra- and intra-cellular space can be degraded by enzymes 
such as neprilysin and insulin-degrading enzyme. Peripheral anti-Aβ antibodies and 
Aβ-bindable substances can enter the brain at low levels, where they prevent Aβ 
aggregation and resolve Aβ fibrils. By binding to peripheral Aβ they also act as a 
peripheral sink to promote the efflux of Aβ from the brain and disrupt the Aβ equilib-
rium between the brain and the blood, resulting in the clearance of Aβ from the brain. 
These mechanisms of Aβ clearance are targets for drug development for AD.

The glymphatic system is a brain-wide paravascular pathway for CSF and inter-
stitial fluid (ISF) exchange that facilitates efficient clearance of Aβ from the brain. 
CSF enters the brain along para-arterial channels to exchange with ISF, which is in 
turn cleared from the brain along para-venous pathways. Because soluble Aβ clear-
ance depends on glymphatic pathway function, it has been proposed that failure of 
this clearance system contributes to amyloid plaque deposition and AD progression. 
Visualization of CSF-ISF exchange across the rat brain, following administration of 
intrathecal paramagnetic contrast agent, provides proof of this concept using 
dynamic contrast-enhanced MRI was used to (Iliff et  al 2013). Key features of 
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glymphatic pathway function were confirmed including visualization of para-arte-
rial CSF influx through two key influx nodes at the pituitary and pineal gland 
recesses. Dynamic MRI enabled the definition of simple kinetic parameters to char-
acterize glymphatic CSF-ISF exchange and solute clearance from the brain.

 Aβ-Mediated Synaptic and Cognitive Deficits

Experiments in AD mouse models have shown that soluble oligomeric clusters of 
Aβ degrade synapses and impair memory formation. Aβ-driven effects in these mice 
depend on AMPA receptor (AMPAR) subunit GluA3 whereas hippocampal neurons 
that lack GluA3 are resistant against Aβ-mediated synaptic depression and spine 
loss (Reinders et  al 2016). In addition, Aβ oligomers block long-term synaptic 
potentiation only in neurons that express GluA3. Furthermore, although 
Aβ-overproducing mice show significant memory impairment, memories in GluA3- 
deficient congenics remain unaffected. These experiments indicate that the presence 
of GluA3-containing AMPARs is critical for Aβ-mediated synaptic and cognitive 
deficits. Aβ initiates synaptic and memory deficits by removing GluA3-containing 
AMPA receptors from synapses.

 Interaction of Aβ with Neuron-Specific Na+/K+-ATPase α3 Subunit

One mechanism of Aβ neurotoxicity involves the interaction between patient- 
derived Aβ assemblies, termed amylospheroids (ASPD), and the neuron-specific 
Na+/K  +  -ATPase α3 subunit (Ohnishi et  al 2015). This interaction causes 

Fig. 8.1 Mechanisms of Aβ clearance. Abbreviation: LRP lipoprotein receptor-related protein, 
RAGE receptor for advanced glycation end products. (© Jain PharmaBiotech)
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neurodegeneration through pre-synaptic Ca overload, which explains earlier obser-
vations that such neuronal hyperactivation is an early indicator of AD-related neu-
rodegeneration. Importantly, amylospheroid concentrations correlate with disease 
severity and progression in AD patients and their interactions with neuron- specific 
Na+/K+-ATPase α3 subunit (NAKα3) may be a useful therapeutic target for AD. It 
opens new possibilities for knowledge-based design of peptidomimetics that inhibit 
neurodegeneration in AD by blocking aberrant ASPD-NAKα3 interaction.

 Relation of Aβ Deposits to Synaptic Activity

Use of in vivo microdialysis with field potential recordings has shown that Aβ levels 
in the brain interstitial fluid are dynamically and directly influenced by release of 
neurotransmitters from synaptic vesicles (small packets) on a timescale of minutes 
to hours. The neurotransmitters cross the synapse and bind to receptors on the 
surface of the receiving nerve cell. This is the primary way by which nerve cells 
send messages to each other. Aβ levels drop when brain cells’ ability to send 
messages is dampened or blocked completely. These findings suggest that synaptic 
activity, i.e. communication between brain cells, may modulate a neurodegenerative 
disease process, in this case by influencing Aβ metabolism and ultimately region- 
specific Aβ deposition. The findings also have important implications for retarding 
the development of AD by using pharmaceuticals to selectively reduce some 
communication between brain cells. However, it still needs to be determined if 
increased levels of Aβ can be partially linked to certainclasses of the nerve cell 
messengers and receptors that cells use to communicate with each other. Normal 
brain function produces Aβ and naturally clears it from the brain. Instead, it appears 
that synaptic activity is regulating the amount of Aβ that gets released from inside 
brain cells, where Aβ is produced. Further studies will determine if certain 
neurotransmitters can be linked to changes in Aβ levels.

 Role of dsDNA Breaks in Neurodegeneration Due to Aß

Progressive neuronal DNA damage in aging brains has been closely linked with the 
onset of neurodegenerative disorders such as AD. One type of neuronal damage, 
double-strand DNA breaks (DSBs), might also be a regular part of healthy learning 
and memory functions. A study has compared transgenic AD model mice with 
increased levels of APP and healthy controls (Suberbielle et  al 2013). Results 
showed that the mice’s activities led to an increase in DSBs, especially in the dentate 
gyrus, a brain region that is involved in learning and memory. Within 24  h, the 
breaks were found to be repaired in the healthy mice but not in the mice with 
elevated levels of Aß. Thus, transient increases in neuronal DSBs occur due to 
physiological brain activity, and Aβ exacerbates DNA damage, most likely by 
eliciting synaptic dysfunction. The investigators could prevent accumulation of the 
DNA damage caused by Aß through two different strategies; by improving neuronal 
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connectivity in the AD mice using the drug levetiracetam; or by regulating the tau 
protein, which has been shown to have a synergistic effect with Aß in increasing 
DSB levels. Both methods offer a solution for preventing the increase in DNA 
breaks caused by the Aß. To better understand the role of DSBs, current investigations 
are trying to determine if they might occur randomly in chromosomes or if they take 
place at very specific sites involved in learning and memory. The findings could also 
lead to future research into the role of DSBs in neuroplasticity.

 Sequence of Events in Neurotoxicity of Aβ

Bulk of currently available evidence indicates that tau mediates the deleterious 
effects of Aβ oligomers, and that abnormal changes in tau biology and subcellular 
localization might be responsible for neuronal dysfunction and cognitive decline. 
One review emphasises the timing at which these oligomers might act by postulating 
three successive waves of exposure to oligomers (Aβ56, Aβ trimers and Aβ dimers) 
during aging and AD (Lesne 2014). In this model, Aβ56 would be the main initiator 
toxin of the first wave during midlife, leading to abnormal changes in tau protein but 
without causing neuronal death, possibly through compensatory cellular 
mechanisms. Its role could be envisioned as priming the cells for a secondary insult, 
rendering them more sensitive to the exposure of additional toxins. This model 
could explain a long silent asymptomatic phase of the disease. The second toxic 
wave would be mediated by exposure to a rapid accumulation of Aβ trimers around 
neurons already stressed by Aβ56, triggering additional pathological changes of tau 
molecules. Neurons exposed to the first two waves cannot avoid cellular death, 
likely due to the depletion in resources required to maintain compensatory 
mechanisms. This phase might coincide with MCI and a nascent neuronal atrophy 
in sensitive brain regions. The third and final wave of exposure to Aβ oligomers 
would be induced by Aβ dimers, which would act as executioner species in this 
model. Due to the apparent relationship between Aβ dimers and dense-core amyloid 
plaques, these assemblies of Aβ would induce additional and specific changes of the 
tau protein and lead to death of neurons near amyloid deposits.

Death of neurons in AD may involve multiple interacting pathways as follows 
(Currais et al 2015):

• Accumulation of intraneuronal Aβ and inflammation precede plaque formation 
and nerve cell death in AD.

• Intracellular Aβ activates a broad spectrum of inflammatory signaling pathways 
and a dynamic interplay between these pathways may lead to either cell survival 
or death.

• Cell death can only be completely prevented by 5-LOX inhibitors, cannabinoids 
and caspase inhibitors. When the cell death process is underway, death can be 
reduced by some prostaglandins.

• Once initiated, cell death is potentiated by arachidonic acid, some leukotrienes, 
CB1/2 inhibitors and cytokines that enhance proinflammatory pathways.
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• Despite these complexities, the data strongly suggest that early intervention via 
the reduction of intraneuronal Aβ proteotoxicity may reduce AD initiation or 
progression.

Models of Aβ-induced cell death will help in conceiving and developing novel 
therapeutic strategies aimed at countering cellular processes activated by these Aβ 
oligomers. Administering one or multiple drugs at specific ages/clinical phases of 
AD might prevent, limit or stop its progression.

 Impairment of Mitochondrial Energy Metabolism

Mitochondrial dysfunction is a consistent feature of AD. Mitochondrial energy 
metabolism is impaired by the expression of mutant APP and/or Aβ. Increasing 
evidence points to several mitochondrial functions that are affected in AD and 
deficit in this organelle may be at the heart of the progression of AD (Cadonic et al 
2016). Reduced expression of nuclear-encoded oxidative phosphorylation 
(OXPHOS) subunits required for the translation of mitochondrial-encoded 
OXPHOS genes in blood from patients with AD, which is accompanied by increased 
expression of some of these OXPHOS genes, particularly those residing closest to 
the transcription start site (Lunnon et al 2017). The role of mitochondria in AD may 
be significant and is emerging as a main area of AD research. Early mitochondrially 
targeted therapeutic interventions may be effective in delaying AD progression in 
elderly individuals and in treating AD patients.

 Disturbances in Brain Metabolism in Early AD

Aβ plaque deposition precedes the clinical manifestations of dementia of the AD by 
many years and is associated with changes in brain metabolism. Aerobic glycolysis 
is regional glucose use apart from that entering oxidative phosphorylation. A PET 
study showed that the spatial distribution of aerobic glycolysis in normal young 
adults correlates spatially with Aβ deposition in individuals with AD and cognitively 
normal participants with elevated Aβ, suggesting a possible link between regional 
aerobic glycolysis in young adulthood and later development of AD pathology 
(Vlassenko et al 2010).

The disrupted metabolism of sugar, fat and calcium is part of the process that 
causes the death of neurons in AD. The metabolism of these substances is the job of 
the cell mitochondria, which serve as the cell’s power plant and supply the cell with 
energy. However, for the mitochondria to do this, they need good contact with another 
part of the cell called the endoplasmic reticulum (ER). The specialized region of ER 
that is in contact with mitochondria is called the mitochondria- associated membranes 
(MAMs), and they play an important role in, for example, lipid synthesis, calcium 
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homeostasis, and apoptotic signaling. Perturbation of MAM function has previously 
been suggested in AD as shown in fibroblasts from AD patients and a neuroblastoma 
cell line containing familial presenilin-2 AD mutation. A study of the MAM region 
in nerve cells, and examination of interaction between the mitochondria and the ER 
in early symptomatic stage AD has revealed lumpy plaques containing up-regulated 
MAM-associated proteins that are toxic to neurons although at this point in the 
development of the disease Aβ has not formed large amounts (Hedskog et al 2013). 
By studying an ER-mitochondria bridging complex, inositol-1,4,5-triphosphate 
receptor-voltage-dependent anion channel, the authors revealed that nanomolar con-
centrations of Aβ increased inositol-1,4,5-triphosphate receptor and voltage-depen-
dent anion channel protein expression and elevated the number of ER-mitochondria 
contact points as well as mitochondrial calcium concentrations. These data suggest 
an important role of ER-mitochondria contacts and cross-talk in AD pathology.

 Disturbance of Lipid Metabolism in the Brain

Lipid metabolism is fundamental for brain development and function. A study has 
uncovered a fatty acid-mediated mechanism suppressing endogenous neural stem 
cell (NSC) activity in AD (Hamilton et al 2015). Postmortem AD brains and triple-
transgenic (3xTg) AD mice accumulate neutral lipids within ependymal cells, the 
main support cell of the forebrain NSC niche. Mass spectrometry and microarray 
analyses identified these lipids as oleic acid-enriched triglycerides that originate 
from niche-derived rather than peripheral lipid metabolism defects. In wild-type 
mice, locally increasing oleic acid was enough for recapitulating the AD-associated 
ependymal triglyceride phenotype and inhibit NSC proliferation. Moreover, 
inhibiting the rate-limiting enzyme of oleic acid synthesis rescued proliferative 
defects in both adult neurogenic niches of 3xTg AD mice. These abnormal fat 
deposits could be a trigger for AD. This is the reason why NSCs, which normally 
help repair brain damage, are unresponsive in AD.

This study provides a new approach for treating AD. Inhibitors of the enzyme that 
produces these fatty acids are currently being tested for metabolic diseases such as 
obesity, and could be effective in AD. They aslo prevent these fatty acids from build-
ing up in the brains of mice predisposed to the disease, but the impact of this treat-
ment on all the aspects of AD is not yet known. However, it significantly increases 
NSC activity, which plays an important role in learning, memory and regeneration.

 Dopamine and AD

Dopamine is a neurotransmitter involved in several brain functions ranging from 
emotions control, movement organization to memory formation. It is also involved 
in the regulation of mechanisms of synaptic plasticity. However, its role in AD 
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pathogenesis is not clear. Several studies indicate a role for dopamine in Aβ 
formation as well as in cognitive decline. It has been shown that dopamine D2-like 
receptors could be mostly responsible for dopamine dysfunction in AD. A study has 
examined the effects of the dopamine agonist rotigotine on cortical excitability and 
on central cholinergic transmission in cases of AD (Martorana et al 2013). Rotigotine 
induces unexpected changes in both cortical excitability (increased) and central 
cholinergic transmission (restored) of AD patients. These unexpected effects might 
depend on dysfunction of the dopamine D2-like receptors. This finding indicates 
that future strategies to ameliorate cognitive decline in AD could also involve some 
dopaminergic drugs.

 Functioning Role of Genes in Pathomechanism of AD

Functional role of genes in pathophysiological mechanisms of AD has been high-
lighted by joint modeling of brain imaging information and genetic data. However, 
since GWA studies are essentially limited to the exploration of statistical correla-
tions between genetic variants and phenotype, the validation and interpretation of 
the findings are usually nontrivial and prone to false positives. To address this issue, 
the functional genetic mechanisms underlying brain atrophy in AD have been inves-
tigated by studying the involvement of candidate variants in known genetic regula-
tory functions (Lorenzi et al 2018). This approach, termed functional prioritization, 
aims at testing the sets of gene variants identified by high-dimensional multivariate 
statistical modeling with respect to known biological processes to introduce a biol-
ogy-driven validation scheme. When applied to the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) cohort, the functional prioritization enabled iden-
tification of a link between tribbles pseudokinase 3 (TRIB3) and the stereotypical 
pattern of gray matter loss in AD, which was confirmed in an independent validation 
sample. This provides evidence about the relation between this gene and known 
mechanisms of neurodegeneration.

 Epigenetic Dysregulation in AD

Epigenetic dysregulation, which leads to the alteration of gene expression in the 
brain, occurs in pathlogical aging and neurodegeneration. A study in the late-stage 
familial AD (FAD) mouse model found that repressive histone H3 dimethylation at 
lysine 9 (H3K9me2) and euchromatic histone methyltransferases EHMT1 and 
EHMT2 were significantly elevated in the prefrontal cortex, which are like post- 
mortem findings in human patients with AD (Zheng et al 2019). Concomitantly, 
H3K9me2 at glutamate receptors was increased in prefrontal cortex of aged FAD 
mice, which was linked to the diminished transcription, expression and function of 
AMPA and NMDA receptors. Treatment of FAD mice with specific EHMT1/2 
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inhibitors reversed histone hypermethylation and led to the recovery of glutamate 
receptor expression and excitatory synaptic function in prefrontal cortex and 
 hippocampus. Moreover, the impaired recognition memory, working memory, 
and  spatial memory in aged FAD mice were rescued by the treatment with 
EHMT1/2 inhibitors. These results suggest that disrupted epigenetic regulation of 
glutamate receptor transcription underlies the synaptic and cognitive deficits in 
AD, and  targeting histone methylation enzymes may represent a novel therapeutic 
strategy for AD.

 Insulin, Diabetes and AD

An aging population at risk of neurodegenerative diseases and an increasingly obese 
population at risk of metabolic alterations such as type 2 diabetes, are usually 
considered as independent conditions, but epidemiological studies, including 
population-based studies of incidence of dementia, have reported an association 
between diabetes and AD.  Increasing evidence from molecular studies also link 
these disorders.

Abnormal insulin metabolism may contribute to the clinical symptoms and 
pathophysiology of AD. Hyperinsulinemia is associated with a higher risk of AD 
and decline in memory. The highest risk is due to diabetes treated with insulin. 
Possible explanations of this association include the fact that diabetes is a disease 
that affects the vasculature and is a risk factor for cerebrovascular disease. A stroke 
can precipitate dementia in a patient with AD pathology. Diabetes also leads to gly-
cation of proteins, which could act as sources of oxidative stress. Finally, diabetes 
and amyloid may converge. Soluble Aβ is degraded by insulin degrading enzyme 
(IDE). A region of the chromosome 10q, close to the IDE gene has been linked to 
late onset AD and to plasma levels of Aβ42. Transgenic mice with IDE gene dele-
tion develop hyperinsulinemia, glucose intolerance and increased brain levels of 
Aβ42. Other basic studies suggest that insulin may alter APP trafficking and increase 
Aβ production.

The co-existence of brain insulin/insulin growth factor (IGF) deficiency and 
resistance suggests that AD may represent a brain-specific form of diabetes, ie, type 
3 diabetes. This hypothesis is supported by the findings in experimental animal 
models in which intracerebral streptozotocin is used to deplete insulin from the 
brain and not pancreatic insulin. Brain-specific insulin depletion produced by STZ 
treatment and insulin resistance are associated with progressive neurodegeneration 
that shares many features with AD.

Insulin signaling has been linked with a protective mechanism that naturally 
shields synapses against deterioration induced by Aβ-derived diffusible ligands 
(ADDL). The protective role of insulin derives from insulin receptor signaling- 
dependent downregulation of ADDL binding sites rather than ligand competition 
(De Felice et  al 2009). The finding that synapse vulnerability to ADDLs can be 
mitigated by insulin suggests that bolstering brain insulin signaling, which can 
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decline with aging and diabetes, could have significant potential to slow or deter AD 
pathogenesis.

Measurements of glucose and glycated hemoglobin levels were done on diabetic 
as well as non-diabetic subjects without dementia and followed up for a median 
period of 6.8 years to examine the relationship between glucose levels and the risk 
of dementia (Crane et al 2013). Based on the number of participants who developed 
dementia, the investigators concluded that higher glucose levels may be a risk factor 
for dementia, even among persons without diabetes.

In addition to direct links between insulin and IGF-1 signaling and the 
AD-associated pathological events, other processes such as inflammation, oxidative 
stress and mitochondrial dysfunction are either common to both conditions or 
perhaps responsible for a mechanistic link between metabolic and neurodegenerative 
disease (Ribe and Lovestone 2016). An understanding of such associations is 
important not only for the understanding of disease mechanisms but also in the 
search for novel therapeutic options.

 Mechanisms Underlying Cognitive Deficits in AD

Transgenic mice expressing human amyloid precursor proteins (hAPP) and Aβ in 
neurons develop phenotypic alterations resembling AD. The mechanisms underly-
ing cognitive deficits in AD and hAPP mice are largely unknown. Two molecular 
alterations have been identified that accurately reflect AD-related cognitive 
impairments. Learning deficits in mice expressing familial AD-mutant hAPP 
correlated strongly with decreased levels of the calcium-binding protein calbindin- 
D28k (CB) and the calcium-dependent immediate early gene product c-Fos in gran-
ule cells of the dentate gyrus, a brain region critically involved in learning and 
memory. These molecular alterations are age-dependent and correlated with the 
relative abundance of Aβ1–42, but not with the amount of Aβ deposited in amyloid 
plaques. CB reductions in the dentate gyrus primarily reflected a decrease in 
neuronal CB levels rather than a loss of CB-producing neurons. CB levels were also 
markedly reduced in granule cells of humans with AD, even though these neurons 
are relatively resistant to AD-related cell death. Thus, neuronal populations resisting 
cell death in AD and hAPP mice can still be drastically altered at the molecular 
level. The tight link between Aβ-induced cognitive deficits and neuronal depletion 
of CB and c-Fos suggests an involvement of calcium-dependent pathways in 
AD-related cognitive decline and could facilitate the preclinical evaluation of novel 
AD treatments.

The molecular basis for memory failure in AD has been recently hypothesized, 
in which a significant role is attributed to small, soluble oligomers of Aβ-peptide. 
Aβ oligomeric ligands are potent inhibitors of hippocampal long-term potentiation 
and have been linked to synapse loss and reversible memory failure in transgenic 
mouse AD models. Soluble oligomeric Aβ ligands are also intrinsic to AD pathology 
in humans and can be used in new approaches to AD therapeutics and vaccines.
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 Microglia and AD

Dysfunction of microglia plays an important role in AD. RIPK1 is highly expressed 
by microglial cells in human AD brains. A study in the APP/PS1 transgenic mouse 
model, showed that inhibition of RIPK1, using both pharmacological and genetic 
means, reduced amyloid burden, the levels of inflammatory cytokines, and memory 
deficits (Ofengeim et al 2017). Furthermore, inhibition of RIPK1 promoted microglial 
degradation of Aβ in vitro. Characterization of the transcriptional profiles of adult 
microglia from APP/PS1 mice revealed a role for RIPK1 in regulating the microglial 
expression of CH25H and Cst7, a biomarker for disease-associated microglia (DAM), 
which encodes an endosomal/ lysosomal cathepsin inhibitor named Cystatin F. The 
authors present evidence that RIPK1-mediated induction of Cst7 leads to an impair-
ment in the lysosomal pathway. These data suggest that RIPK1 may mediate a critical 
checkpoint in the transition to the DAM state. This study highlights a non-cell death 
mechanism by which the activation of RIPK1 mediates the induction of a DAM phe-
notype, including an inflammatory response and a reduction in phagocytic activity, 
and connects RIPK1-mediated transcription in microglia to the etiology of AD. These 
results indicate that RIPK1 is an important therapeutic target for the treatment of AD.

 Neuroinflammation and AD

Neuroinflammation is the process by which microglia and astrocytes respond to 
specific inflammatory stimuli. Neuroinflammatory diseases result from an abnor-
mally high or chronic activation of microglia and astrocytes. The overactivation of 
these cells can lead to increased levels of inflammatory and oxidative stress mole-
cules, which in turn can lead to neuronal damage and neuronal death. The damage 
and death to neurons can then lead to further activation of microglia and astrocytes, 
which initiates a propagation of a localized, vicious cycle of neuroinflammation. 
Activated microglia is found to be intimately associated with senile plaques and 
may play a central role in mediating chronic inflammatory conditions in AD.

As some amyloid deposition occurs with aging, it is the body’s subsequent reac-
tion to the plaque that is the triggering event specific to AD. In this model of AD, 
macrophages react to the insoluble Aβ, causing an inflammatory cascade that ulti-
mately leads to neuronal death. This reaction distinguishes the more benign diffuse 
amyloid plaques from cored neuritic plaques associated with the disruption of neu-
ronal architecture and function.

Epidemiological studies suggest that the NSAID indomethacin slows the pro-
gression of AD. Based on the hypothesized that inflammation alters BBB handling 
of Aβ, mice treated with lipopolysaccharide (LPS) had increased brain influx and 
decreased brain efflux of Aβ, recapitulating the findings in AD (Jaeger et al 2009).

Neuroinflammation involves an innate immune reaction of sufficient intensity to 
self-attack on neurons occurs. This phenomenon is best described as autotoxicity to 
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distinguish it from classical autoimmunity, which involves cloning of peripheral 
lymphocytes. Several substances that have been identified in AD brain are known to 
promote and sustain inflammatory responses. They include Aβ; the pentraxins 
C-reactive protein and APP; complement proteins; the inflammatory cytokines IL-1, 
IL-6 and tumor necrosis factor (TNF)-α the protease inhibitors α-2-macroglobulin 
and α-1-antichymotrypsin; and the prostaglandin generating cyclo-oxygenase 
COX-1 and COX-2. This forms the basis of recommendation that orally effective 
agents that counteract the influence of these inflammatory stimulators should be 
effective in treating AD.

Increased production of the common IL-12 and IL-23 subunit p40 by microglia 
was found in the APPPS1 AD mouse model (Vom Berg et al 2012). Genetic ablation 
of the IL-12/IL-23 signaling molecules p40, p35 or p19, in which deficiency of p40 
or its receptor complex had the strongest effect, resulted in decreased cerebral 
amyloid load. Although deletion of IL-12/IL-23 signaling from the radiation- 
resistant glial compartment of the brain was most efficient in mitigating cerebral 
amyloidosis, peripheral administration of a neutralizing p40-specific antibody 
likewise resulted in a reduction of cerebral amyloid load in APPPS1 mice. 
Furthermore, intracerebroventricular delivery of antibodies to p40 has been shown 
to significantly reduce the concentration of soluble Aβ species and reverse cognitive 
deficits in aged APPPS1 mice (Griffin 2013). The concentration of p40 is also 
increased in the CSF of subjects with AD, which suggests that inhibition of the 
IL-12/IL-23 pathway may attenuate AD pathology and cognitive deficits.

A corollary of the neuroinflammation hypothesis is that selective suppression of 
neurotoxic products of excessive glial activation will result in neuroprotection. The 
increased appreciation of the importance of neuroinflammation in the progression 
of pathophysiology for diverse neurodegenerative diseases has increased interest in 
the rapid discovery of neuroinflammation-targeted therapeutics. Efforts include 
searches among existing drugs approved for other uses, as well as development of 
novel synthetic compounds that selectively downregulate neuroinflammatory 
responses. The use of existing drugs to target neuroinflammation has largely met 
with failure due to lack of efficacy or untoward side effects. However, the de novo 
development of new classes of therapeutics based on targeting selective aspects of 
glia activation pathways and glia-mediated pathophysiologies, versus targeting 
pathways of quantitative importance in non-CNS inflammatory responses, is 
yielding promising results in preclinical animal models. The hypotheses regarding 
inflammation as a contributing factor to the progression of AD are well supported 
and have led to wider therapeutic possibilities than previously envisioned.

 Nitric Oxide and AD

Although one of the simplest biological molecules in nature, nitric oxide (NO) has 
found its way into nearly every phase of biology and medicine including its role as a 
critical endogenous regulator of blood flow and thrombosis, a neurotransmitter, and 
a pathophysiological mediator of inflammation (Jain 2019b). NO is generated by the 
enzyme nitric oxide synthase (NOS). There are three types of NOS: neuronal NOS 
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(nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS). As a reactive gas, NO 
functions both as a signaling molecule in nerve cells, as well as a killer molecule by 
activated immune cells. The chemistry of NO can result in the formation of different 
reactive NO species (RNOS) that can produce conditions of oxidative stress.

Human brain cells deprived of a key form of iron, called heme, develop damage 
like that seen in cells with AD.  One mechanism for the harm may be oxidative 
stress, or the rusting of neurons. Heme deficiency in brain cells decreases 
mitochondrial complex IV, activates NOS, alters APP, and corrupts iron and zinc 
homeostasis. The metabolic consequences resulting from heme deficiency are like 
dysfunctional neurons in patients with AD. Heme deficiency can be caused by too 
little vitamin B6, as well as by exposure to aluminum and other toxic metals. It is a 
frequent companion of aging, menopause, and pregnancy.

Aβ and tau, the major components of senile plaques and NFTs, respectively, have 
been considered central mediators of the pathogenesis of AD. Rather than occur as 
initiators of disease pathogenesis, the lesions may be consequent to oxidative stress and 
function as a primary line of antioxidant defense. Given this, it is perhaps not surprising 
that the increased sensitivity to oxidative stress in the aged brain, even in control indi-
viduals, is invariably marked by the appearance of both Aβ and tau. Additionally, in 
AD, where chronic oxidative stress persists and is superimposed upon an age-related 
vulnerable environment, one would predict, and there is, an increased lesion load. The 
notion that Aβ and tau function as protective components brings into serious question 
the rationale of current therapeutic efforts targeted toward lesion removal.

NO plays a role in the pathogenesis of AD because Aβ stimulates NO production 
by microglia. NO is known to enhance glutamate release and to inhibit its uptake, 
leading to excitotoxicity that further increases Aβ production in glia. However, NO 
generation also may have neuroprotective effects via the action of NO as an 
antioxidant, or via a direct NO-mediated inhibition of caspases. In addition, 
however, there is now compelling evidence that cGMP-dependent pathways 
contribute directly to neuroprotective mechanisms through inhibition of apoptotic 
cell death, attenuation of oxidative stress, and decreases in intracellular calcium 
accumulation that can lead to compromised mitochondrial function. Perhaps most 
importantly, a cGMP-dependent process can inhibit inflammatory activation of 
microglial cells by Aβ peptides. The amyloid peptides Aβ1-42 and Aβ25-35 strongly 
inhibit the activity of constitutive NOS activity in cell-free and cellular systems, 
providing a possible molecular mechanism for the onset and/or maintenance of 
AD. NO may be a key factor that connects amyloid and tau pathologies. There is 
strong clinical and basic evidence that the NO/sGC/cGMP signal transduction 
cascade is compromised in AD, and that deficits in this system contribute to the 
symptoms of cognitive impairment and dementia that characterize AD. In parallel, 
aberrant NO signaling in the inflammatory cascade plays a role in the 
neurodegeneration that leads to the progressive decline in brain function, and 
ultimately complete disability. Activation of the sGC/cGMP signal transduction 
cascade in the brain may therefore provide symptomatic relief by stabilizing 
cognitive function, but also offers the potential to slow disease progression by 
activating cGMP-dependent neuroprotective pathways in the brain. Conflicting 
roles of NO in AD is shown in Fig. 8.2.
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Fig. 8.2 Nitric oxide neurotoxicity and neuroprotection in relation to Alzheimer disease. 
Mutations of presenilins (PSs) and amyloid precursor protein (APP) are associated with increased 
production of Aβ. Neurofibrillary tangles (NFT) formation is the result of tau hyperphosphorylation, 
which leads to cell death secondary to cellular trafficking disruption. PSs have also been implicated 
in the process of tau hyperphosphorylation. ApoEε4 genotype is considered a risk factor for AD. It 
appears to affect Aβ production and a correlation between ApoEε4 and cholinergic deficit has been 
established. Cholinergic deficit is one of the most significant findings in AD and is implicated in 
memory impairments observed in this disease. Increased production of Aβ induces NO production 
either by disrupting Ca2+ homeostasis and subsequent increased in intracellular Ca2+ (nNOS and 
eNOS-mediated NO release) or by interactions with glial cells (iNOS-mediated NO release). NO 
is a free radical and can produce peroxynitrite. These reactive oxygen species induce a variety of 
neurotoxic mechanisms, including DNA/protein alternations, mitochondrial dysfunction, poly 
ADP-ribose polymerase (PARP) overactivation, apoptosis, neuroinflammation, and lipid 
peroxidation (which jeopardize cellular membrane integrity leading to further Ca2+ influx and NO 
release). These mechanisms are likely to be involved in cell death and memory impairments 
observed in AD. Several potential relationships may exist between various AD biomarkers (dashed 
arrows). ApoEε4 may induce iNOS-mediated NO production. NFT formation may influence Aβ 
accumulation and vice versa. APP metabolism may play a role in tau phosphorylation and 
subsequent NFT formation. NO, by activating a variety of signaling molecules, may induce Aβ by 
decreasing Ca2+ influx and neuroinflammation (thickened arrows). This NOS isoform may have a 
similar role in neurodegenerative diseases such as AD. (© Jain PharmaBiotech)
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 Oxidative Stress and AD

Oxidative stress has been implicated in neurodegenerative disorders including AD, 
in which an increase occurs in oxidation of brain lipids, carbohydrates, proteins and 
DNA.  Some of the products of oxidation have been found in the major 
histopathological alterations in AD: neurofibrillary tangles and senile plaques. The 
oxidative modifications are closely associated with a subtle inflammatory process in 
the brain in AD. A scheme of oxidative stress and AD is shown in Fig. 8.3.

Aβ1-42 may be central to the pathogenesis of AD and Aβ1-42-induced free radi-
cal oxidative stress is implicated in the neurodegeneration observed in AD brain. 
The free radical scavenger vitamin E prevents Aβ1-42-induced reactive oxygen 
species (ROS) formation, protein oxidation, lipid peroxidation, and neurotoxicity in 
hippocampal neurons, consistent with this hypothesis. ApoEε4, is a risk factor for 
AD. Synaptosomes from ApoE knockout mice are more vulnerable to Aβ-induced 
oxidative stress than are those from wild-type mice. Other oxidative modified 
proteins have been identified in AD brain by proteomics analysis, and these proteins 
may be related to increased excitotoxicity, aberrant proteasomal degradation of 
damaged or aggregated proteins, and altered energy production. Taken together, 
these studies may help explain the ApoE allele dependence on risk for AD, some of 
the functional and structural alterations in AD brain, and strongly support a causative 
role of Aβ1-42-induced oxidative stress and neurodegeneration in AD.

Alterations in sphingolipid and cholesterol metabolism during normal brain 
aging and in the brains of AD patients have been shown to result in accumulation of 
long-chain ceramides and cholesterol. Membrane-associated oxidative stress occurs 
in association with the lipid alterations, and exposure of hippocampal neurons to A 

Fig. 8.3 Oxidative stress and Alzheimer disease. (© Jain PharmaBiotech)
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induces membrane oxidative stress and the accumulation of ceramide species and 
cholesterol. Treatment of neurons with α-tocopherol or an inhibitor of sphingomy-
elin synthesis prevents accumulation of ceramides and cholesterol and protects 
them against death induced by Aβ. These findings suggest a sequence of events in 
the pathogenesis of AD in which Aβ induces membrane-associated oxidative stress, 
resulting in perturbed ceramide and cholesterol metabolism which, in turn, triggers 
a neurodegenerative cascade that leads to clinical disease.

 Spread of Neurodegeneration

With the discovery of transmission of prions, the possibility of spread of other pro-
teins associated with neurodegenerative diseases has been raised. In a transgenic 
mouse model AD that differentially expresses pathological human tau in the ento-
rhinal cortex, a trans-synaptic mechanism of spread along anatomically connected 
networks, between connected and vulnerable neurons, was shown to recapitulate 
the tauopathy that defines the early stages of AD (Liu et al 2012). There is strong 
support for the hypothesis that disease spread and templating are general phenom-
ena in neurodegenerative disease, are relevant to the biology and epidemiology of 
AD as well as to new approaches to treatment. Neurodegenerative diseases seem to 
have a templating phenomenon in common with the prion diseases. The term “tem-
plating” for intracerebral propagation currently seems to be mechanistically accu-
rate and should be used in preference to prion-like spread, which can be misleading 
(Hardy and Revesz 2012).

A study with functional connectivity MRI has shown that AD and other forms of 
dementia may spread within neural networks in the brain by moving directly 
between connected neurons (Zhou et  al 2012). Although AD is not considered 
infectious, abnormal protein structures are implicated in common dementias other 
than Creutzfeldt-Jakob disease, which is propagated by prions. Transplantion of 
post-mortem, human brain extracts from dementia patients into genetically modified 
mice results in disease.

 Risk Factors in the Etiology of AD

Various factors that play a role in the pathogenesis of AD are described in the pre-
ceding section. Various risk factors are discussed in this section but some of them 
overlap with factors for pathogenesis of AD. A meta-analysis of literature shows 
that modifiable risk factors of AD are obesity, carotid artery stenosis, low education 
level, depression, hypertension, frailty, smoking, high levels of homocysteine, and 
type 2 diabetes (Xu et al 2015). Table 8.2 lists risk factors that play a role in the 
etiology and pathogenesis of AD. A few examples are discussed in the following 
sections.
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 Epigenetic Link Between Aging and AD

Aging is the strongest risk factor for AD, although the underlying mechanisms remain 
unclear. The chromatin state, particularly through the mark H4K16ac, has been impli-
cated in aging and thus may play a pivotal role in age-associated neurodegeneration. 
Comparison of the genome-wide enrichment of H4K16ac in the lateral temporal lobe 
of AD individuals against both younger and elderly cognitively normal controls has 
revealed that while normal aging leads to H4K16ac enrichment, AD entails dramatic 
losses of H4K16ac in the proximity of genes linked to aging and AD (Nativio et al 
2018). The authors’ analysis highlights the presence AD-related changes with distinc-
tive functional roles. Furthermore, they discovered an association between the 
genomic locations of significant H4K16ac changes with genetic variants identified in 
prior AD genome-wide association studies and with expression quantitative trait loci, 
establishing the basis for an epigenetic link between aging and AD.

 Level of Education/Type of Job and Risk of AD

Whereas neuritic plaques, diffuse plaques, and NFTs are all strongly related to 
cognitive function, education only modifies the relation of neuritic plaques and 
diffuse plaques to cognition, but not NFTs. Higher education delays the onset of 

Table 8.2 Risk factors for Alzheimer’s disease

Aging with frailty
Amyloid precursor protein and Aβ accumulation with neural and vascular sequelae
Carotid artery stenosis
Depression
Diabetes type 2
Disturbances in regulation and receptors of neurotrophic factors
Elevated low-density lipoprotein cholesterol level
Environmental toxins: trace metals particularly aluminum
Family history of dementia
Genetic risk factors, e.g. ApoE genotype
Head injury
Hypertension
Inflammatory reactions and immunological disturbances
Membrane disturbances, phospholipid metabolism, and disruption of signal transduction
Neuroendocrine disturbances
Neurotransmitter defects and imbalances
Obesity
Oxidative injury and free radicals
Socioeconomic factors: lower level of education
Smoking
Tau hyperphosphorylation

© Jain PharmaBiotech
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accelerated cognitive decline, but once it starts it is more rapid in persons with 
higher education. The link is between AD and less mentally demanding occupa-
tions reported in some studies is not clear. It is possible that the disease has a very 
early effect on the individual’s capacity to pursue a mentally challenging occupa-
tion or the higher levels of mental demands result in increased brain cell activity, 
which may help maintain a ‘reserve’ of brain cells that resists the effects of AD. It 
is also possible that jobs with higher mental demands require skills that enhance an 
individual’s ability to perform well on the tests used to diagnose AD. The disease 
may go undetected in these people until it is much more advanced than in those 
whose jobs pose lower mental demands. Those with higher socioeconomic status 
generally hold jobs with higher mental demands compared to those with lower 
socioeconomic status. Therefore, variations in income, access to health care, better 
nutrition, and other factors related to socioeconomic status could be responsible in 
part for these findings.

A cross-sectional study has evaluated self-reported histories of recent and past 
cognitive activity, as well as recent physical activity in normal elderly individuals 
with no clinical evidence of AD (Gidicsin et al 2015). Using backward elimination 
general linear models, the authors tested the hypotheses that greater cognitive or 
physical activity would be associated with lower PiB-PET retention, greater 18F-FDG-
PET metabolism, and larger hippocampal volume, as well as better cognitive perfor-
mance on neuropsychological testing. History of greater cognitive activity was 
correlated with greater estimated IQ and education, as well as better neuropsycho-
logical testing performance. Self-reported recent physical activity was related to 
objective exercise monitoring. However, no evidence was found of an association of 
PET findings, or hippocampal volume with past or current levels of cognitive activ-
ity, or with current physical activity. It was concluded that better cognitive perfor-
mance with lifelong cognitive activity may be due to a mechanism that is independent 
of brain Aβ burden, brain glucose metabolism, or hippocampal volume.

 Metals and AD

Aluminum Considerable evidence has accumulated that inorganic aluminum from 
dietary sources or other environmental metallic toxins contributes to the risk of 
AD. Most people experience aluminum brain overload with aging. In autopsy stud-
ies, high levels of aluminum in the brain have been shown to roughly correlate with 
density of amyloid plaques and neurofibrillary tangles. Patients with AD have been 
reported to experience increased absorption of aluminum with higher blood levels. 
Chelation therapy to lower aluminum is believed to slow the progression of AD.

Role of aluminum in the causation of AD, however, remains controversial. Most 
of the studies in the literature examine exposure to aluminum in drinking water. 
These studies suggest that a relationship exists between aluminum and AD involv-
ing relative risks of approximately 2 for populations exposed to aluminum concen-
trations in drinking water higher than 0.1 mg/l. Types of exposure to this metal by 
other means (food, medications and occupational exposure) have received little 
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attention. The epidemiological studies on this topic entail certain methodological 
limitations, and their results are not consistent. Therefore the results available to 
date do clearly determine that any relationship exists between exposure to alumi-
num and the risk of developing AD.

Copper and zinc Aβ precipitation and toxicity in AD are suspected to be caused 
by abnormal interactions with neocortical metal ions, especially Zn, Cu and Fe. 
However, Aβ might also participate in normal metal-ion homeostasis. An inevitable, 
age-dependent rise in brain Cu and Fe might hypermetallate the Aβ peptide, causing 
the catalysis of H2O2 production that mediates the toxicity and auto-oxidation of Aβ. 
The greater incidence of AD in females could be due to greater constitutive activity 
of the synaptic Zn transporter (ZnT3), and attenuated binding of metal ions to the 
rodent homologue of Aβ might explain why these animals are spared AD pathology. 
Synaptic ZnT3 activity may promote cerebral amyloid angiopathy (CAA), a 
common finding in AD, by indirectly raising exchangeable Zn2+ concentrations in 
the perivascular spaces of the brain. This histochemically reactive Zn2+ is enriched 
in CAA in a transgenic mouse models of AD, and a dramatic reduction of CAA 
occurs after targeted disruption of the Znt3 gene in these mice. Other points in favor 
of the metal theory of AD are as follows:

• Although Aβ is produced throughout the body, plaques only form in certain brain 
regions.

• Cu and Zn are the source of much of the oxidative damage in AD brains and the 
reason why plaques are toxic to neurons.

• Strategies that simply attempt to block Aβ production such as vaccines and 
secretase inhibition may cause unacceptable toxicities and side-effects.

Interactions of Aβ with the biological metals Cu and Zn can induce conforma-
tional alterations in Aβ causing it to adopt a multitude of toxic forms. Zn2+ has been 
used to modulate the assembly kinetics and morphology of congeners of the Aβ 
associated with AD. N-terminal region of Aβ can access different metal-ion-coordi-
nation environments and different complexes can lead to profound changes in Aβ 
self- assembly kinetics, morphology, and toxicity.

Serum Cu not bound to ceruloplasmin appears slightly elevated in patients with 
AD. A study assessed levels of Cu, iron, Zn, transferrin, ceruloplasmin, peroxides, 
total antioxidant capacity, free Cu, and apolipoprotein E genotype in patients with 
mild or moderate AD clinically followed up after 1 year (Squitti et al 2009). Free Cu 
predicted the annual change in MMSE, adjusted for the baseline MMSE by means 
of a linear regression model: it raised the explained variance from 2.4% (with only 
sex, age, and education) to 8.5%. When the annual change in MMSE was divided 
into <3 or > or = 3 points, free Cu was the only predictor of a more severe decline. 
Hyperlipidemic patients with higher levels of free Cu seemed more prone to worse 
cognitive impairment. Free Cu at baseline correlated with the ADL and IADL 
clinical scales scores at 1  year. These results show an association between Cu 
deregulation and unfavorable evolution of cognitive function in AD. Further research 
is needed to establish whether Cu is an independent risk factor for cognitive decline.
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AD patients have defective serum ceruloplasmin associated with defective Cu 
binding and subclinical Zn deficiency. Defective ceruloplasmin in AD patients may 
imply reduced capacity to protect from chronic soluble inorganic Cu exposure and 
its attendant toxicity, which have been implicated in the progression of 
AD. Antiamyloidogenic reactivity of EGCG (epigallocatechin-3-gallate) toward Cu 
and Zn metal-Aβ species has been demonstrated on a structure-based mechanism 
(Hyung et  al 2013). This may support the beneficial effect on AD of green tea 
extracts that contains EGCG.

 Psychosocial Stress and Risk of AD

Chronic stress is associated with hippocampal damage and impaired memory in 
animals and humans. Chronic psychosocial stress is a recognized risk factor for 
late-onset Alzheimer’s disease (LOAD). Chronic stress induces neuroinflamma-
tion by failure of microglia to clear abnormally accumulating Aβ, which causes 
neurodegeneration in AD, thereby deteriorating cognitive function (Piirainen et al 
2017). Genome-wide association studies have linked variants in several immune 
genes, such as TREM2 and CD33, the expression of which in the brain is restricted 
to microglia, with cognitive dysfunctions in LOAD. Thus, inflammation-promot-
ing chronic stress may create a vicious cycle of aggravated microglial dysfunction 
accompanied by increased Aβ accumulation, collectively exacerbating neurode-
generation. Proneness to experience psychological stress is a risk factor for AD 
independent of AD biomarkers such as cortical plaques and tangles. A 38-year 
follow-up study suggests that midlife neuroticism in women is associated with 
increased risk of AD, and that distress mediates this association (Johansson et al 
2014).

 Sleep Deprivation

Insomnia and irregular sleep schedules have been linked to the onset of AD. Aβ 
aggregation is a concentration-dependent process that is likely responsive to changes 
in brain interstitial fluid (ISF) levels of Aβ, which were correlated with wakefulness 
by using in  vivo microdialysis in mice (Kang et  al 2009). ISF Aβ levels also 
significantly increased during acute sleep deprivation and during infusion of orexin, 
a neuropeptide hormone that regulates wakefulness, but decreased with infusion of 
a dual orexin receptor antagonist, almorexant, which is currently being studied by 
pharmaceutical companies to treat insomnia. Chronic sleep restriction - sleep only 
4 h a day for 21 days - significantly increased, and a dual orexin receptor antagonist 
decreased, Aβ plaque formation in APP transgenic mice. Thus, the sleep-wake cycle 
and orexin may play a role in the pathogenesis of AD.  The study shows that 
environmental conditions and behavior can directly affect Aβ metabolism and 
disease onset. Further studies are planned in collaboration with epidemiologists to 

8 Neuroprotection in Alzheimer Disease



495

connect sleep disorders and AD through case studies. The study suggests that Aβ 
metabolism could be directly targeted in therapeutic approaches, but further research 
is needed as there are two receptors, OX1 and OX2, that bind orexin and the dual 
antagonist blocks both. It would be useful to find out which of these receptors is 
modifying the molecule and affecting Aβ concentration.

Independent evidence associates Aβ pathology with both non-rapid eye move-
ment (NREM) sleep disruption and memory impairment in older adults. Aβ burden 
in medial prefrontal cortex (mPFC) has been shown to correlate significantly with 
the severity of impairment in NREM SWA generation (Mander et  al 2015). 
Moreover, reduced NREM SWA generation was further associated with impaired 
overnight memory consolidation and impoverished hippocampal-neocortical 
memory transformation. Furthermore, structural equation models revealed that the 
association between mPFC Aβ pathology and impaired hippocampus-dependent 
memory consolidation was not direct, but instead statistically depended on the 
intermediary factor of diminished NREM SWA.  By linking Aβ pathology with 
impaired NREM SWA, these data implicate sleep disruption as a mechanistic 
pathway through which Aβ pathology may contribute to hippocampus-dependent 
cognitive decline in the elderly. Synaptic activity is almost 40% lower than during 
sleep than while awake. Sleep may be considered as a power-cleanse for the brain 
as it helps clear out Aβ.

 Traumatic Brain Injury and AD

Traumatic brain injury (TBI) has been suggested as a risk factor for 
AD. Epidemiological studies show that 30% of patients, who die of TBI, have Aβ 
plaques. Several studies on this topic have reported an excess history of TBI in those 
with AD only in males.

Although TBI is recognized as risk factor for AD, this may involve complex 
interactions of genetic risk (ApoE4) and environmental factors. Young adults who 
experience a moderate or severe TBI have a higher risk of developing AD and other 
forms of dementia later in life even after correcting for the factor of aging as 
observed in a follow-up of more than US veterans from the Second World War. Men 
who have the ε4 form of the gene have a higher risk of AD but there does not seem 
to be any interaction between the type of ApoE gene present and head injury in 
predicting the risk of non-AD dementia. Subsequent studies did not confirm this 
interaction but have instead reported that TBI and ApoE act additively to increase 
the risk of AD. As the veterans in this study sustained head injuries in early life, the 
increased risk of dementia 65 years later suggests that the pathogenesis of AD may 
be traced to origins decades before the appearance of clinical symptoms. This is 
consistent with the perspective that the disease is a chronic one that unfolds over 
many decades, with an extended latent phase as well as a prodromal stage.

Autopsy studies of TBI, ApoEε allele frequency, and AD confirm clinical studies 
suggesting severe TBI to be a risk factor for the development AD, which is higher 
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in subjects lacking ApoEε4 alleles. Further studies in larger autopsy series are 
needed to elucidate the relationship between TBI, genetic predisposition, and AD.

Association between AD and TBI is supported by the observation that the 
destructive cellular pathways activated in AD are also triggered following TBI. Both 
disorders are associated with build-up of Aβ, which has also been found in one-third 
of TBI victims, some of whom are children. It is also known that people who 
experience such a TBI have a 400% increased risk of developing AD. Buildup of Aβ 
occurs during secondary damage that follows immediate “necrotic” death of nerve 
cells after TBI and can last months, if not years, resulting in large areas of loss of 
brain tissue.

A potential association has been reported between amyloid deposition acutely 
after TBI and a genetic polymorphism of the AB-degrading enzyme, neprilysin 
(Johnson et al 2009). The length of the GT repeats in AB-accumulators was longer 
than in non-accumulators. Specifically, there was an increased risk of AB plaques 
for patients with >41 total repeats. In addition, the presence of 22 repeats in at least 
one allele was independently associated with plaque deposition. In contrast, the 
presence of 20 GT repeats in one allele was independently associated with a reduced 
incidence of AB deposition. These data suggest a genetically linked mechanism that 
determines which TBI patients will rapidly form AB plaques. Moreover, these 
findings provide a potential genetic screening test for individuals at high risk of 
TBI, such as participants in contact sports and military personnel.

 AD and Cognitive Impairment with Aging

Similar manifestations of functional decline in aging and AD obscure differences in 
the underlying cognitive mechanisms of impairment. A study has examined the 
contributions of top-down attentional and bottom-up perceptual factors to visual 
self-movement processing in aging and AD including a control group of younger 
adults (Mapstone et al 2008). A novel heading discrimination task was administered 
requiring subjects to determine direction of simulated self-movement from left or 
right. Computerized measures of processing speed and divided and selective 
attention, and psychophysical measures of visual motion perception were also 
administered to all subjects. Both older groups showed significant difficulty in 
judging the direction of virtual self-movement. Both older groups showed 
impairments on measures of divided and selective attention relative to the younger 
adult control group, while the AD group showed a selective impairment in outward 
optic flow perception relative to both control groups. Multiple linear regression 
revealed distinct attentional and perceptual contributions to heading discrimination 
performance for the two older groups. In older adult control subjects, poorer heading 
discrimination was attributable to attentional deficits whereas, in AD patients, it was 
largely attributable to deficits of visual motion perception. These findings suggest 
that successive attentional and perceptual deficits play independent roles in the 
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progressive functional impairments of aging and AD. The attentional deficits that 
dominate in older adults may promote the development of the perceptual deficits 
that further constrain performance in AD.

 Concluding Remarks on Pathophysiology of AD

Several factors in the etiology of AD are responsible for the plethora of theories of 
cause of AD, which is certainly not the result of a single operative mechanism but 
more likely comprises one or more processes that lead to intrinsic neuronal cell 
killing. Initially considered to be mainly a neurological disorder, AD is now better 
understood and is thought to be caused by alterations in the three main biological 
systems, which ensure the body’s homeostasis: the nervous, endocrine and immune 
system. Hence, alterations of certain neurons lead to modifications in endocrine 
regulation. This in turn, impacts the activity and viability of other neurons and the 
function of the immune systems. Alteration in the immune response plays also a key 
role in the development of AD.

The multiple genetic loci associated with AD (e.g. presenilin-1 and presenilin-2, 
ApoEε4, APP) suggest that the pathologic expression of AD is a final common 
pathway for several metabolic or structural abnormalities. The ε4 allele for ApoE, a 
chromosome 19 gene, confers increased risk for the development of late-onset 
familial and sporadic AD. ApoE binds with high avidity to the Aβ component of 
amyloid present in senile plaques, neurofibrillary tangles, and cerebral blood 
vessels, but the observed polymorphisms are not felt to be the proximate cause of 
AD. Its specificity for AD is questionable, as ApoE4 frequency is also increased in 
dementia with Lewy bodies.

Although extensive data support a central pathogenic role for Aβ in AD, the 
amyloid hypothesis remains controversial, in part because a specific neurotoxic 
species of Aβ and the nature of its effects on synaptic function have not been defined 
in vivo. Natural oligomers of human Aβ are formed soon after generation of the 
peptide within specific intracellular vesicles and are subsequently secreted from the 
cell. Clumps of just a few molecules of misfolded Aβ protein can hinder memory 
processes in rat brains. Cerebral microinjection of cell medium containing these 
oligomers and abundant Aβ monomers but no amyloid fibrils markedly inhibit 
hippocampal long-term potentiation in rats in vivo. Finally, treatment of cells with 
γ-secretase inhibitors prevents oligomer formation at doses that allow appreciable 
monomer production, and such medium no longer disrupts LTP, indicating that 
synaptotoxic Aβ oligomers can be targeted therapeutically.

It has been shown previously that fibrillar aggregates that are closely similar to 
those associated with clinical amyloidoses can be formed in vitro from proteins not 
connected with these diseases, including the SH3 domain from bovine phosphatidyl- 
inositol- 3′-kinase and the amino-terminal domain of the Escherichia coli HypF pro-
tein. Species formed early in the aggregation of these non-disease-associated proteins 
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can be inherently highly cytotoxic. This provides added evidence that avoidance of 
protein aggregation is crucial for the preservation of biological function.

It is difficult to depict a unified hypothesis of pathomechanism of AD. A glimpse 
of some of the mechanisms is shown in Fig.  8.4. Components of it have been 
described and shown.

Toxic tau protein is now considered to have a much greater role than amyloid 
plaques in AD pathogenesis supporting a long-held hypothesis that amyloid protein 
accumulates as dementia progresses, ie, it is a result of neurodegeneration, not the 
cause. According to the infectious agent hypothesis, the pathogen may elicit pro-
duction of Aβ as an immune response and it may also interact with genetic factors.

 Management of Alzheimer’s Disease

Treatment of AD requires attention to the following aspects of the disease:

• Treatment of primary cognitive symptoms
• Management of secondary problems
• Slowing of the progression of the disease. This requires neuroprotective 

strategies.

Fig. 8.4 Pathomechanism of AD. (© Jain PharmaBiotech)
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Several drugs have been used or investigated in the treatment of AD; many of 
these have been abandoned and others are still in development. Cholinergic 
approaches are shown in Table 8.3. The mainstays of management of AD currently 
are cholinesterase (ChE) inhibitors: rivastigmine, donepezil and galantamine. 
Although not classified as neuroprotective, there is evidence that long-term use of 
these drugs slows the progression of disease.

 Neuroprotective Approaches to Alzheimer’s Disease

Multiple mechanisms are involved in the pathogenesis of AD.  Current therapies, 
based on cholinergic augmentation, target one of the several disturbances in AD. Free 
radical scavengers aim at eliminating only one type of culprit. One of the problems 
in designing rational therapies is disagreement on the cellular events that cause brain-
cell death in AD and lead to dementia. One view is that amyloid plaques, composed 
primarily of Aß, accumulate outside of brain neurons, growing larger and larger until 
they rupture the cells and kill them. Another view is that neurofibrillary tangles 
(NFTs) kill the cell. Therapies relevant to neuroprotection are shown in Table 8.4. Of 
these those aimed at Aß protein appear to be more important than others. Drugs with 
multiple actions appear in more than one category. Some of these agents have been 
described in other chapters and some will be described in the following text.

Table 8.3 Cholinergic approaches to the treatment of Alzheimer’s disease

Presynaptic: increasing ACh production and release
Choline
Lecithin
L-acetylcarnitine
Synaptic: increasing ACh by decreasing its breakdown (AChE inhibitors), in clinical use
Physostigmine (Synapton)
Tacrine (Cognex)
Rivastigmine (Novartis’ Exelon)
Donepezil (Eisai/Pfizer’s Aricept)
Galantamine (Janssen’s Reminyl)
Cholinergic approaches in development
AChE inhibitors with additional neuroprotective effects
AChE inhibitor with antiglutamate effect: huperzine-A
AChE inhibitor with inhibition of the accumulation of the toxic Aβ: phenserine
AChE inhibitors with selective action
Antibodies directed against AChE
Butyrylcholinesterase inhibitors
Inverse agonists targeting GABA- benzodiazepine receptor complex: AC-3933 (Dainippon)
Muscarinic M1 receptor agonists
Nicotinic receptor modulation

© Jain PharmaBiotech
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Table 8.4 Neuroprotective approaches to Alzheimer’s disease

Antiapoptotic agents
Inhibiting pre-programmed cell death: phenserine
Antiinflammatory drugs for neuroinflammation
Etanercept
NSAIDs
PPARgamma (peroxisome proliferator- activated receptor gamma)-agonists
Prednisone
Antioxidant and free radical scavengers
Colostrinin
Curcumin
Dehydroascorbic acid
Idebenone (synthetic analog of co-enzyme Q)
Melatonin
Reservatrol
Synthetic antioxidants
Antisense therapeutics
Cell therapy
Choroid plexus epithelial cells for AD
Stem cell transplantation for AD
Clearance of Aβ deposits and plaques
Galantamine
Monoclonal antibodies for removal of Aβ
Nanotechnology for removal of Aβ deposits
Nilotinib
Cholesterol-lowering agents
Acyl-CoA:cholesterol acyltransferase inhibitors
Cholesterol absorption inhibitors
Extended release niacin
Statins: lovastatin, pravastatin, simvastatin
Gene Therapy
Delivery of NTFs by genetically engineered cells
Delivery of NGF by viral vectors
Neprilysin gene therapy
Glutamate antagonists
Partial NMDA receptor antagonists: memantine
Inhibition of formation of Aβ deposits
22R-hydroxycholesterol
Calcium channel blockers
Chelation therapy
Prevention of the transformation of spherons into amyloid plaques
Secretase modulators
Serum amyloid protein (SAP) inhibitors
Trojan-horse approach to prevent build-up of Aβ aggregates
Miscellaneous neuroprotective agents

(continued)
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 Antiapoptotic Agents

 Phenserine

Phenserine is a potent, brain targeted, reversible and highly selective inhibitor of the 
ACh. In preclinical studies, inhibition of this enzyme has been shown to improve 
memory and cognitive performance. It can also slow or halt cell death and disease 
progression. Phenserine works through two mechanisms: (1) it inhibits the 
degradation of the neurotransmitter ACh in the brains of animals, and (2) it inhibits 
the production of a toxic form of the Aβ protein in the brain that is thought to be a 
cause of the death of brain cells in AD. Unlike other AChE inhibitors that simply 
suppress the activity of the enzyme, Phenserine’s dual mechanism of action sug-
gests that it not only has the potential to improve memory and cognition but also to 
slow the progression of the disease.

The regulation of βAPP protein expression by phenserine is posttranscriptional 
as it suppresses βAPP protein expression without altering βAPP mRNA levels. 
However, phenserine’s action is neither mediated through classical receptor 
signaling pathways, involving extracellular signal-regulated kinase or 
phosphatidylinositol 3-kinase activation, nor is it associated with the AChE activity 
of the drug. Furthermore, phenserine reduces expression of a chloramphenicol 
acetyltransferase reporter fused to the 5’-mRNA leader sequence of βAPP without 
altering expression of a control chloramphenicol acetyltransferase reporter. These 
finding suggest that phenserine reduces Aβ levels by regulating βAPP translation 

Neuroprotective effect drugs not primarily developed for AD
Neurotrophic factors (NTFs)
Nitric oxide-based therapeutics
Nitric oxide mimetics
iNOS inhibitors
Nootropics
Acetyl-L-carnitine
Cerebrolysin
Ergoloid mesylates; hydergine, nicerogoline
Ginko biloba extract
Piracetam and its congeners; oxiracetam, entiracetam, prameracetam, aniracetam
Vincamine, vinpocetine, vinconate
RNAi-based therapies
Steroids
Dehydroepiandrosterone
Estrogen
Tau suppression
Vaccines

© Jain PharmaBiotech
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via the iron regulatory element in the 5′-untranslated region of βAPP mRNA, which 
has been shown previously to be up-regulated in the presence of IL-1. This study 
identifies an approach for the regulation of βAPP expression that can result in a 
substantial reduction in the level of Aβ.

A preclinical study has examined the structure of the 5’ UTR of APP mRNA and 
revealed how the 5’ UTR is acted on by different cytokines, such as IL-1 and TNF, 
that are involved in the neuroinflammatory cascade of events leading to AD 
pathogenesis. The drug phenserine is significant in this context because it has been 
shown to reduce APP through the same 5’ UTR element.

Safety results from a phase II clinical trial of phenserine in mild to moderate AD 
patients substantiates that the drug is safe and well tolerated. Phase III trials were 
conducted but did not show efficacy. The drug is being reassessed.

Use of an animal model of concussion/TBI has been proposed as a supplement 
to AD transgenic mice to provide phenserine’s potential for preventing pre- 
programmed cell death (PPCD) of neurons resulting progression towards dementia 
in AD (Becker et al 2018). In these animal models, the authors found evidence con-
sistent with the presence of time-dependent PPCD and (-)-phenserine suppression 
of neuronal self-induced PPCD. They developed an extended controlled release for-
mulation of (-)-phenserine to provide individualized dosing and stable therapeutic 
brain concentrations, to pharmacologically interrogate PPCD as a drug development 
target. They developed exploratory AD and concussion/TBI clinical trial designs 
and propose a novel approach to neurodegenerative disorders through neuronal 
protection against self-induced PPCD.

 Antiinflammatory Drugs for Neuroinflammation

Inflammation of the nervous system is implicated in several neurological disorders 
including AD.  Several antiinflammatory agents have been investigated for the 
treatment of AD.

 Etanercept

Etanercept is an FDA-approved TNF-α inhibitor that is now widely used for treat-
ment of rheumatoid arthritis and other systemic diseases associated with inflamma-
tion. Complex influences of TNF-α on neural health suggest that manipulation of 
this cytokine might have important impacts on diseases characterized by glial acti-
vation, cytokine-mediated neuroinflammation, and synaptic dysfunction. A 6-month 
study was conducted with 15 probable-AD patients who were treated weekly with 
perispinal injection of Etanercept produced sustained cognitive improvement dur-
ing the study period (Griffin 2008). In another prospective, single- center, open-
label, 6-months pilot study, 12 patients with mild-to-severe AD disease were 
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administered etanercept, 25–50 mg, weekly by perispinal administration (Tobinick 
and Gross 2008). Two-tailed, paired t-tests were conducted comparing baseline per-
formance to 6-month performance on all neuropsychological measures. Test batter-
ies included the California Verbal Learning Test-Second Edition, Adult Version; 
Logical Memory I and II from the Wechsler Memory Scale-Abbreviated; the 
Comprehensive Trail Making Test; Boston Naming Test; and letter/category verbal 
fluency. All measures revealed a significant effect except for the Boston Naming 
Test and the TMT-4, with WMS-LM-II being marginally significant. Rapid improve-
ment in verbal fluency and aphasia was seen in two patients with dementia, begin-
ning minutes after perispinal etanercept administration.

Because of the inability of large molecules such as etanercept to cross the blood 
brain barrier following conventional systemic administration, it is likely that the 
more direct drug delivery system by perispinal injection also contributed to the 
effectiveness of the treatment. Perispinal administration of etanercept may enable 
rapid delivery to the CNS via the cerebrospinal venous system, resulting in 
improvement in synaptic mechanisms which have been dysregulated by excess 
TNF-α. TNF-α modulation in AD may also act by influencing glutamate, NMDA, 
amyloid and other inflammatory pathways (Tobinick 2009). A randomized, placebo- 
controlled, double-blind, phase II trial provided Class I evidence that weekly 
subcutaneous etanercept is well tolerated in AD (Butchart et al 2015). Larger scale 
studies of this therapeutic intervention, including phase III trials, are warranted in 
dementias.

 NSAIDS for AD

There is epidemiological, preclinical, and clinical evidence for the efficacy of vari-
ous NSAIDs and selective cyclo-oxygenase (COX-2) inhibitors in AD.  Patients 
with rheumatoid arthritis have an unexpectedly low prevalence of dementia. The 
antiinflammatory activity of NSAIDs resides in their ability to inhibit isoforms of 
the enzyme COX, which converts arachidonic acid to prostaglandins. So the 
straightforward explanation of how these drugs might reduce the risk of AD is that 
they attenuate pro-inflammatory prostanoid synthesis. There is, however, another 
possibility. In cell lines and mouse models of AD, a subset of NSAIDs including 
ibuprofen, indomethacin, and sulindac can reduce production of the 42 residue Aβ 
independently of changes in COX activity. Instead the effect seemed to be mediated 
through changes in the proteolytic processing of the APP. A nation-wide, population- 
based retrospective cohort study of etoricoxib and diclofenac in patients with 
osteoarthritis has indicated that it might reduce the risk of dementia, which is 
usually higher in these patients than in the general population (Xue et  al 2018). 
However, large-scale double-blind placebo-controlled clinical trials have not sup-
ported the therapeutic benefit of NSAIDS in AD (Trepanier and Milgram 2010).

One reason for the discrepancy between the conclusions of the systematic review 
of observational studies and the results of the randomized controlled trial might be 
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that the trialists chose the wrong antiinflammatory drugs. Another possibility is that 
although these drugs are ineffective in established disease, they might exert a 
beneficial effect in the presymptomatic stage of the illness. An issue that required 
further exploration in trials or observational studies was the temporal relationship 
between NSAID exposure and protection against AD.  A randomized, double- 
masked chemoprevention trial of celecoxib and naproxen in subjects aged 70 years 
and older with a family history of AD, failed to show improvement of cognitive 
function (ADAPT Research Group 2008). Results acquired during a follow-up of 
~7 year (which included a median of >1.5 year of treatment) do not support the 
hypothesis that celecoxib or naproxen prevent AD in adults with a family history of 
dementia (Breitner et al 2013).

 PPARgamma Agonists

One target of NSAIDs is the ligand-activated nuclear receptor peroxisome prolifer-
ator-activated receptor gamma (PPARgamma). PPARgamma is a DNA- binding 
transcription factor whose transcriptional regulatory actions are activated after ago-
nist binding. NSAIDs, drugs of the thiazolidinedione class and the natural ligand 
prostaglandin J2 act as agonists for PPARgamma and inhibit the Aβ-stimulated 
secretion of proinflammatory products by microglia and monocytes responsible for 
neurotoxicity and astrocyte activation. PPAR-gamma agonists inhibit the 
Aβ-stimulated expression of the cytokine genes IL-6 and TNF-α. Furthermore, 
PPAR-gamma agonists inhibit the expression of cyclo-oxygenase (COX)-2. Thus 
PPAR-gamma plays a critical role in regulating the inflammatory responses of 
microglia and monocytes to Aβ. Efficacy of NSAIDs in the treatment of AD may be 
a consequence of their actions on PPAR-gamma rather than on their usually 
described COX targets. The efficacy of these agents in inhibiting a broad range of 
inflammatory responses suggests that PPAR-gamma agonists may provide a novel 
therapeutic approach to AD.

 Antioxidant and Free Radical Scavengers

 Colostrinin

Colostrinin is a proline-rich polypeptide complex produced from ovine colostrum 
(ewes’ first milk after lambing) and is being evaluated as a treatment for 
AD. Clostrinin represents a diverse group of peptides produced in the mammary 
gland of mammals for the development of the optimal physiologic responses in 
offspring. Colostrinin may act as an antioxidant, may prevent the formation of or 
dissolve amyloid β plaques and may modulate the immune system. A double-blind, 
placebo-controlled study showed that oral administration of Colostrinin was well 
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tolerated and improves the outcome of patients with mild to moderate AD. Evidence 
from the latest trial indicates an early beneficial effect on cognitive symptoms and 
daily function supporting the potential value of Colostrinin in the treatment AD 
(Szaniszlo et al 2009). Colostrinin™ is being developed as a nutraceutical.

 Curcumin

In Indian traditional medicine, curcumin, the yellow pigment in curry spice, has 
been used for thousands of years as a safe antiinflammatory in a variety of ailments. 
Widely used as a food dye and preservative, as well as a constituent of some cancer 
treatments, curcumin has undergone extensive toxicological testing in animals. In 
mouse models of AD, curcumin inhibits the accumulation of destructive Aβ40 in the 
brains, breaks up existing plaques and suppresses cognitive deficits. In further 
studies, curcumin, but not the more stable metabolite tetrahydrocurcumin (TC), was 
shown to prevent Aβ aggregation. Because of its favorable safety profile and the 
involvement of misfolded proteins, oxidative damage, and inflammation in multiple 
chronic degenerative diseases, studies relating curcumin dosing to the blood and 
tissue levels required for efficacy should help translation efforts of preclinical data.

Curcumin is more effective in inhibiting formation of the protein fragments than 
many other drugs being tested as AD treatments including ibuprofen and naproxen. 
There is substantial in  vitro data indicating that curcumin has antioxidant, 
antiinflammatory, and anti-amyloid activity. Moreover, the low molecular weight 
and polar structure of curcumin allow it to penetrate the BBB effectively and bind 
to Aβ40. A phase II, randomized, double blind, placebo-controlled study of oral 
curcumin in AD patients showed that it was well tolerated, but there was no clinical 
or biochemical evidence of efficacy (Ringman et al 2012).

 Dehydroascorbic Acid

Ascorbic acid is a well-recognized antioxidant. However, in the brain, ascorbic acid 
levels are heterogeneous and highly compartmentalized. The antioxidant effects of 
ascorbic acid at all these sites within the brain could contribute to the efficacy of this 
agent in cerebral ischemia. A possibly unique role it might have is as an antioxidant 
in the brain extracellular microenvironment, where its concentration is modulated 
by glutamate-ascorbate heteroexchange at glutamate uptake sites. Ongoing studies 
of ascorbate and glutamate transporters should lead to rapid progress in understanding 
ascorbate regulation and function.

Classic antioxidant ascorbic acid (vitamin C) has been used in the oxidized form, 
dehydroascorbic acid (DHA), which readily crosses the blood-brain barrier. Once 
inside, DHA is converted to vitamin C, a potent antioxidant that acts as a scavenger 
of oxygen free radicals. A patent was granted to the Sloan-Kettering Institute for 
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Cancer Research (New York, NY) for the method for increasing the ascorbic acid 
concentration in brain tissues of a subject, which comprises administering to the 
subject an amount of dehydroascorbic acid effective to increase the concentration of 
ascorbic acid in brain tissues. This invention also provides that the dehydroascorbic 
acid enters the tissues through the facilitative glucose transporter. This invention 
also provides a combination therapy wherein an effective amount of dehydroascorbic 
acid is administered with therapeutic agents for the neurodegenerative disease. The 
administration may be performed concomitantly or at different time points. Although 
dehydroascorbic acid has been investigated as neuroprotective in stroke in 
experimental animals, there are no reports of studies in AD.

 Melatonin

Mechanism of action of melatonin as a neuroprotective agent in neurodegenerative 
disorders has been described in other chapters. In one study, treatment of tg2576 
mice with melatonin from 4 to 8 months of age did not improve the pathology or 
behavioral performance of the mice but remarkable attenuation of tau and Aβ 
pathologies with memory improvement were observed when melatonin was sup-
plied from the age of 8–12 months or 4–12 months of the mice; more importantly, 
the improvements were still significant when the mice survived to old age (Peng 
et al 2013). Another finding was that the disease stage-specific alteration of glyco-
gen synthase kinase-3β (GSK-3β) but not protein phosphatase-2A, was correlated 
with the alterations of the pathology and behavior, and the timely targeting of 
GSK-3β was critical for the efficacy of melatonin. These findings suggests that mel-
atonin treatment only at proper timing could arrest AD by targeting the activated 
GSK-3β, which provides primary evidence for the importance and strategy in devel-
oping disease-modifying interventions of AD.

 Reservatrol for AD

Epidemiological studies have linked red wine consumption with protection from 
aging-related disorders such as AD. Antioxidant compounds in red wine might help to 
protect the brain cells from apoptosis of neurodegenerative disorders. One of these, 
resveratrol (trans-3,4′,5-trihydroxystilbene), a naturally occurring polyphenol mainly 
found in grapes and red wine, markedly lowers the levels of secreted and intracellular 
Aβ as it promotes intracellular degradation of Aβ via a mechanism that involves the 
proteasome. While grapes are one good source of resveratrol, eating them may not be 
an effective treatment for AD. Resveratrol in grapes may never reach the concentra-
tions required to obtain the effect observed in experimental studies. It must be noted 
that the immense amounts of reservatrol used in animal experimental studies cannot 
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be obtained from drinking red wine and a pharmaceutical preparation is now avail-
able. Grapes and wine contain >600 different components, including well-character-
ized antioxidant molecules. Therefore, one cannot exclude the possibility that several 
compounds work in synergy with small amounts of resveratrol to slow down the pro-
gression of the neurodegenerative processes in humans. Some analogs of resveratrol 
are 20 times more potent than the original natural compound. Research is in progress 
to find more stable analogs and to test them in vivo in animal models of AD. Reservatrol 
has beneficial effects on AD in the following ways:

• Antioxidant
• Antiinflammatory
• Anti-amyloidogenic effect
• Aβ clearance
• Anti-tau effect: inhibition of hyperphosphorylation of tau

A randomized, placebo-controlled, double-blind, multicenter 52-week phase II 
trial of resveratrol in individuals with mild to moderate AD examined its safety and 
effects on biomarkers (plasma Aβ40 and Aβ42, CSF Aβ40, Aβ42, tau, and phospho- 
tau 181) and volumetric MRI outcomes as well as clinical outcomes (Turner et al 
2015). Dose of resveratrol was 500 mg orally once daily with dose escalation by 
500-mg increments every 13 weeks, ending with 1000 mg twice daily. Resveratrol 
was found to be safe and well-tolerated. There was greater brain volume loss as well 
as decline of CSF Aβ40 and plasma Aβ40 levels in the placebo group than in the 
resveratrol-treated group. Further studies are required to explain the biomarker 
changes associated with resveratrol treatment.

 Antisense Approaches to AD

Traditional antisense approaches using oligonucleotides directed at the Aβ region of 
the APP gene given with or without antibody directed at Aβ can reverse the elevated 
protein levels of APP and the behavioral impairments seen in mice, which spontane-
ously overexpresse APP. Intracerebroventricular administration of potent oligonu-
cleotide given without antibody reduces APP protein levels amygdala, septum, and 
hippocampus and reverses deficits in learning and memory. Antisense approach can 
also be used for anticholinesterase therapeutics. It has an advantage over the current 
AChE inhibitors that are primarily targeted towards an active site shared by all vari-
ants. In contrast, antisense oligonucleotides attack unique mRNA sequences rather 
than tertiary protein structures, offering a means to target gene expression in a 
highly discriminative manner using very low concentrations of drug.

The major problem with antisense approaches to AD is entry in to the brain. 
Preproenkephalin targeted antisense compounds can cross the BBB to reduce brain 
methionine enkephalin levels and increase voluntary ethanol drinking begavior in 
mice. This approach can be applied to lower Aβ in AD.

 Antisense Approaches to AD



508

 Antisense PNA in AD

Systemic administration of antisense or antigene treatments using peptide nucleic 
acids (PNAs) can be used to target and shut down proteins. If this method can be 
applied to reduce the levels of Aβ1-42, that onset of AD could be slowed or possibly 
prevented. This is the basis of proposals using PNAs targeted to APP to decrease 
plasma and brain levels of Aβ1-49 and Aβ1-42. For experiments involving antisense 
strategies, there are several advantages to using PNAs as opposed to the traditional 
oligonucleotide approaches. Initial studies were preformed in rats and identified a 
PNA sequence that was able to significantly reduce the levels of Aβ1-41 in rat brain 
compared to vehicle control rats. Further studies have been carried out in transgenic 
animal model of AD. One PNA sequence was found that specifically lowers mouse 
brain Aβ1-40 and Aβ1-42 by 37% and 47%, respectively.

 Antisense Tau in AD

Accumulation of hyperphosphorylated tau directly correlates with cognitive decline 
in AD and other primary tauopathies. One therapeutic strategy may be to reduce total 
tau expression. A study has identified antisense oligonucleotides (ASOs) that selec-
tively decreased human tau mRNA and protein in mice expressing mutant P301S 
human tau (DeVos et al 2017). After reduction of human tau in this mouse model of 
tauopathy, fewer tau inclusions developed, and preexisting phosphorylated tau and 
Thioflavin S pathology were reversed. The resolution of tau pathology was accompa-
nied by the prevention of hippocampal volume loss, neuronal death, and nesting defi-
cits. In addition, mouse survival was extended, and pathological tau seeding was 
reversed. In nonhuman primates, tau ASOs distributed throughout the brain and spi-
nal cord and reduced tau mRNA and protein in the brain, spinal cord, and CSF. These 
data support investigation of a tau-lowering therapy in human patients who have 
tau-positive inclusions even after pathological tau deposition has begun.

 Cell Therapy for AD

Several cell therapies are in development with potential application for AD. Creation 
of a new AD transgenic mouse that expresses the thymidine kinase protein under the 
control of the CD11b promoter has shown that blood-derived microglia and not 
their resident counterparts can eliminate amyloid deposits by a cell-specific 
phagocytic mechanism. The bone marrow-derived microglia are thus very efficient 
in restricting amyloid deposits. Therapeutic strategies aiming to improve their 
recruitment could potentially lead to a new powerful tool for the elimination of toxic 
senile plaques. According to this concept antiinflammatory drugs should not be 
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administered in cases of AD as they interfere with this natural defense mechanism. 
Rather, a way must be found to stimulate the recruitment of a greater number of 
bone marrow-derived microglia.

 Choroid Plexus Epithelial Cells for AD

Choroid plexus epithelial cells (CPECs) have essential developmental and homeo-
static roles related to the CSF and blood-CSF barrier. Among their various roles, 
CPECs produce CSF and remove metabolic waste and foreign substances from the 
fluid and the brain. Accordingly, CPEC dysfunction has been implicated in many 
neurological disorders. In neurodegenerative diseases, the choroid plexus and CPECs 
age prematurely, resulting in reduced CSF formation and decreased ability to flush 
out such debris as Aβ proteins. Transplant studies have provided proof-of- concept for 
CPEC-based therapies in neurodegenerative disorders. However, such therapies have 
been hindered by the inability to expand or generate CPECs in culture. During devel-
opment, CPECs differentiate from preneurogenic neuroepithelial cells and require 
bone morphogenetic protein (BMP) signaling, but whether BMPs suffice for CPEC 
induction is unknown. Evidence has been provided for BMP4 sufficiency to induce 
CPEC fate from neural progenitors derived from mouse ESCs (Watanabe et al 2012). 
CPEC specification by BMP4 was restricted to an early period after neural induction 
in culture, with peak CPEC competency correlating to neuroepithelial cells rather 
than radial glia. In addition to molecular, cellular, and ultrastructural criteria, derived 
CPECs (dCPECs) had functions that were indistinguishable from primary CPECs, 
including self-assembly into secretory vesicles and integration into endogenous cho-
roid plexus epithelium following intraventricular injection. BMP4 were then used to 
generate dCPECs from human ESC-derived neuroepithelial cells. These findings 
demonstrate BMP4 sufficiency to instruct CPEC fate, expand the repertoire of stem 
cell-derived neural derivatives in culture, and herald dCPEC-based therapeutic appli-
cations aimed at the unique interface between blood, CSF, and brain governed by 
CPECs. This stem cell-derived cell type has a potential for treating neurodegenera-
tive diseases such as AD in 3 ways: (1) they are able to increase the production of 
CSF to help flush out plaque- causing Aβ proteins from brain tissue and limit disease 
progression; (2) CPEC superpumps could be designed to transport high levels of 
therapeutic compounds to the CSF, brain and spinal cord; and (3) these cells can be 
used to screen and optimize drugs that improve choroid plexus function.

 Stem Cell Transplantation for AD

Stem cell therapy is being investigated for treatment of canine dementia with 
pathology like that of AD in humans. University of Sydney’s Brain and Mind 
Research Institute has been working on the project for 5 years and has already had 
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success in rats with memory loss. In a 2013 project to treat dementia in dogs, 
researchers will grow a million stem cells from a skin sample from each dog and 
transplant them into the hippocampus, the part of the brain that processes memory. 
Several dog owners have volunteered their pets for this trial. If successful, this 
method may be used in clinical trials of AD patients. Results have not been pub-
lished so far.

 Autologous Adipose Tissue Derived Mesenchymal Stem Cells

AstroStem (Nature Cell Co Ltd, S. Korea) is a proprietary intravenous preparation 
based on autologous adipose tissue derived MSCs. It is currently in a phase I/II 
randomized, double-blind, placebo-controlled, parallel-group comparison study in 
subjects with AD (NCT03117738).

 Neural Stem Cells Transplantation

Neural stem cells (NSCs) are involved in the biology of Aβ precursor protein and 
the presenilins and can be applied to develop therapeutic approaches to 
AD. Autologous cell therapies are being developed for neurological disorders where 
transformed bone marrow stem cells would be implanted into the patient’s brain. 
These cells will then efficiently migrate through the brain and differentiate into new 
neurons. The aim is to alleviate, mitigate or reverse debilitating neurological 
conditions by replacing, repairing or rejuvenating dysfunctional neural cells. 
Preliminary studies have demonstrated that APP affects the migration and 
differentiation of stem cells in the brain. It is not clear as to how the dysfunction of 
supporting cells such as astrocytes in neurodegenerative disorders can also be 
restored by NSCs as this is critical for recovery of neuronal function.

 Neuronal Differentiation of Implanted NSCs Enhanced by Drugs

Pathological alterations in APP processing in AD may prevent neuronal differentia-
tion of implanted human NSCs. Successful neuroplacement therapy for AD may 
require regulating APP expression to favorable levels to enhance neuronal differen-
tiation of NSCs. Phenserine, a ChE inhibitor, has been reported to reduce APP lev-
els in the brain of phenserine-treated mice by up to 50%, which would provide 
optimal conditions for the NSCs to become neurons. NSCs transplanted into 
phenserine-treated APP23 mice followed by an additional phenserine migrate and 
differentiate into neurons in the hippocampus and cortex. Further studies will deter-
mine whether a combination of phenserine and compound NBI-18, which increases 
brain stem cells by 600%, could be useful for treating AD.
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 NSCs Improve Cognition in AD via BDNF

Aged triple transgenic mice (3xTg-AD) that express pathogenic forms of APP, pre-
senilin, and tau have been used to investigate the effect of NSC transplantation on 
AD-related neuropathology and cognitive dysfunction (Blurton-Jones et al 2009). 
Despite widespread and established Aβ plaque and neurofibrillary tangle pathology, 
hippocampal NSC transplantation rescues the spatial learning and memory deficits 
in aged 3xTg-AD mice. Transplanted NSCs differentiate into neurons, astrocytes, 
and oligodendrocytes but have no effect on Aβ or tau pathology. Instead, the 
bystander-like mechanism underlying the improved cognition involves a robust 
enhancement of hippocampal synaptic density, mediated by BDNF.  Gain- of- 
function studies show that recombinant BDNF mimics the beneficial effects of NSC 
transplantation. Furthermore, loss-of-function studies show that depletion of NSC-
derived BDNF fails to improve cognition or restore hippocampal synaptic density. 
These findings demonstrate that NSCs can ameliorate complex behavioral deficits 
associated with widespread AD pathology via BDNF.

 Potential Benefits of Grafting NSCs in AD

Another approach is based on facilitating neurogenesis is the hippocampus, which 
is affected in older people as well as those with AD. Neurogenesis in the dentate 
gyrus (DG) of hippocampus declines severely by middle age, potentially because of 
age-related changes in the DG microenvironment. Neural stem cells (NSCs) are 
there but not dividing to produce new neurons. Providing fresh glial restricted 
progenitors (GRPs) or NSCs to the aging hippocampus via grafting enriches the DG 
microenvironment and thereby stimulates the production of new granule cells from 
endogenous NSCs (Hattiangady et al 2007). Analyses of the numbers of newly born 
neurons in the DG demonstrated considerably increased dentate neurogenesis in 
animals receiving grafts of GRPs or NSCs in comparison with controls or animals 
receiving sham-grafting surgery. Thus, both GRPs and NSCs survive well, 
differentiate predominantly into glia, and stimulate the endogenous NSCs to 
produce new dentate granule cells following grafting into the aging hippocampus. 
Grafting of GRPs or NSCs therefore provides an attractive approach for improving 
neurogenesis in the aging hippocampus. This has the potential of improving learning 
and memory in aging and in AD.

 Use of Autologous Stem Cells for Dementia

An ongoing clinical trial is evaluating the safety and efficacy of use of adult adipose 
stem cells for dementia (NCT03297177). Stem cells are acquired via microcannula 
aspiration of subdermal fat deposits, isolated through a digestive process, and 
concentrated via standard centrifugation. The cellular stromal vascular fraction is 
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neutralized and rinsed to eliminate residual enzymatic molecules. These cells are 
suspending in sterile normal saline solution (500  cc) and re-administered via an 
intravenous route. Multiple tracking and questionnaire followup is intended over a 
5-year period, with objective and subjective criteria being met. Changes in baseline 
of MRI with and without contrast will be recorded at 6-month intervals. The trial, 
started in December 2017 and sponsored by Healeon Medical Inc will collaboration 
of Regeneris Medical Inc, is expected to be completed by 2023. It is being extended 
to include other neurogenerative disorders.

 Clearance of Aβ Deposits and Plaques

 Galantamine-Induced Aβ Clearance

Aβ phagocytosis is known as an Aβ clearance system in brains. Galantamine, which 
also acts as an allosterically potentiating ligand (APL) for nicotinic acetylcholine 
receptors (nAChRs), clears Aβ via stimulation of microglial nicotinic acetylcholine 
receptors (Takata et al 2010). This study found that in human AD brain, microglia 
accumulated on Aβ deposits and expressed α7 nAChRs including the APL-binding 
site recognized with FK1 antibody. Treatment of rat microglia with galantamine 
significantly enhanced microglial Aβ phagocytosis, and ACh competitive antagonists 
as well as FK1 antibody inhibited the enhancement. Thus, the galantamine-enhanced 
microglial Aβ phagocytosis required combined actions of an ACh competitive 
agonist and the APL for nAChRs. Depletion of choline, an ACh competitive α7 
nAChR agonist, from the culture medium impeded the enhancement. Similarly, 
Ca2+ depletion or inhibition of the calmodulin-dependent pathways for the actin 
reorganization abolished the enhancement. These results suggest that galantamine 
sensitizes microglial α7 nAChRs to choline and induces Ca2+ influx into microglia. 
Ca2+-induced intracellular signaling cascades may then stimulate Aβ phagocytosis 
through the actin reorganization. It was further demonstrated that galantamine 
treatment facilitated Aβ clearance in brains of rodent AD models. This mechanism 
supports a microglial nAChRs as a new therapeutic target and additional advantage 
of galantamine in treatment of AD.

 Monoclonal Antibodies for Removal of Aβ

 Crenezumab

Crenezumab is a humanized MAb for the treatment of AD, which binds all forms of 
Aβ including toxic oligomers and fibrils. It has an IgG4 backbone, which has a 
milder effect on microglia, because it binds weakly to cell surface immunoglobulin 
receptors. Crenezumab has been tested in two clinical trials on persons with mild to 
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moderate symptoms of dementia in the US, Canada and Western Europe to see if it 
can help reduce cognitive decline or Aβ accumulation. Unlike other drugs designed 
to clear Aβ deposits from the brain, Crenezumab has not been associated with 
adverse reactions. Efficacy of crenezumab is being tested in a 5-year clinical trial on 
early-onset familial AD that started in 2013 on subjects those who had not yet 
shown symptoms of AD.  They were mostly members of an extended family of 
5000 in and around Medellín (Colombia). Approximately one-third of members of 
this family carry an autosomal dominant allele of PSEN1. The study will include a 
small number of Americans with PSEN1 mutation who will certainly develop early- 
onset AD. The control arm of the study will consist of 100 noncarriers of PSEN1 
mutation; they will receive a placebo. The $100 million trial will be funded by 
Genentech, the Banner Alzheimer’s Institute, and the NIH. Besides neuropsycho-
logical testing and biomarkers, brain imaging was used on participants in the study. 
In 2017, a placebo-controlled phase III trial sponsored by Genentech/Roche and 
titled “A Study of Crenezumab Versus Placebo to Evaluate the Efficacy and Safety 
in Participants With Prodromal to Mild Alzheimer’s Disease (CREAD 2)”, started 
at various centers in the US. Crenezumab will be administered by IV infusion q4w 
for 100 weeks (NCT03114657). Results will be evaluated in 2022.

 Gantenerumab

Gantenerumab (Roche/Genentech) is an investigational fully human anti-amyloid 
MAb designed to bind to Aβ plaques in the brain and remove them. Results from a 
multicenter, randomized, double-blind, placebo-controlled, ascending-dose PET 
tomographic study demonstrated that gantenerumab treatment results in a dose- 
dependent reduction of brain Aβ, possibly through phagocytosis by brain microglial 
cells, whereas Aβ load increased in patients receiving placebo treatment (Ostrowitzki 
et  al 2012). In this study, patients received 2 to 7 infusions of intravenous 
gantenerumab (60 or 200 mg) or placebo every 4 weeks. Brain slices from patients 
who had AD were coincubated with gantenerumab at increasing concentrations and 
with human microglial cells. Main outcome measure was percent change in the ratio 
of regional 11C-labeled Pittsburgh Compound B retention in vivo and semiquantitative 
assessment of gantenerumab-induced phagocytosis ex vivo. Since Aβ accumulates 
in AD patients’ brains ~15 years before the onset of dementia, future clinical studies 
with gantenerumab will focus on AD in the early or prodromal phase. It is hoped 
that early diagnosis and intervention, before significant damage to nerve cells has 
occurred, will offer optimal benefit to patients. Whether the removal of brain Aβ 
translates into clinical benefit for patients at doses of gantenerumab, which reduce 
brain amyloid burden and are well tolerated, remains to be determined (Delriu et al 
2012). It has reached phase III clinical trials.

In 2014, Roche/Genentech discontinued one of the phase III studies of gan-
tenerumab, SCarlet RoAD in prodromal AD. The decision to halt the study was 
based on results of a preplanned futility analysis and a recommendation by the 
independent data monitoring committee. There were no new safety signals for 
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gantenerumab in the analysis and that the overall safety profile was like that seen in 
the phase I trial. This will not affect DIAN-TU (Dominantly Inherited Alzheimer 
Network-Trials Unit) trial, is investigating gantenerumab and another antiamyloid 
agent (solanezumab) in volunteers who carry a mutation that causes early AD. A 
phase III, multicenter, randomized, double-blind, placebo-controlled, parallel- 
group trial is testing efficacy and safety of gantenerumab in patients with early 
(prodromal to mild) AD (ClinicalTrials.gov Identifier: NCT03444870).

 Solanezumab

Solanezumab (LY2062430, Eli Lilly & Co) is a humanized MAb being studied as 
a neuroprotective disease-modifying treatment of AD by a passive immunotherapy 
approach. Solanezumab binds specifically to soluble Aβ and therefore may act to 
draw the peptide away from the brain through the blood to be cleared peripherally. 
In exploratory clinical studies, a single dose of solanezumab was generally well 
tolerated, although infusion reactions like to those seen with administration of 
other proteins, may occur with higher doses (Siemers et al 2010). A dose-depen-
dent change in plasma and CSF Aβ was observed. Phase III clinical trials showed 
that it failed to improve cognition or functional ability (Doody et al 2014). It was 
tested in a phase III study in older individuals who do not yet show cognitive 
impairment or dementia of AD with the aim of slowing memory and cognitive 
decline. It will also test whether anti-amyloid treatment can delay the progression 
of AD related brain injury on imaging and other biomarkers. The trial failed to 
meet the primary endpoint and Eli Lilly did not seek registration of the drug. Some 
trials are ongoing to test whether solanezumab, or other MAbs that target amyloid, 
can be effective in persons at risk of AD who have not yet shown symptoms, or 
even in those with early stages of AD.  A phase III, double-blind, placebo-con-
trolled trial solanezumab for mild dementia due to AD showed no significant effect 
on cognitive decline (Honig et al 2018). The failure of this drug goes against the 
amyloid hypothesis of AD.

 Nanotechnology for Removal of Aβ Deposits

The local heat delivered by metallic nanoparticles selectively attached to their target 
can be used as a tool to safely remove Aβ deposits. It is possible to remotely 
redissolve these deposits and to interfere with their growth, using the local heat 
dissipated by gold nanoparticles (AuNP) selectively attached to the aggregates and 
irradiated with low gigahertz electromagnetic fields. Simultaneous tagging and 
manipulation by AuNP of A at different stages of aggregation allow both, noninvasive 
exploration and dissolution of molecular aggregates. No commercial product is 
available for this approach.
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A self-destructive nanosweeper has been described based on multifunctional 
peptide-polymers that is capable of capturing and clearing Aβ for the effective 
treatment of AD (Luo et  al 2018). The nanosweeper is composed of a cationic 
chitosan core decorated with PEGylated polyfunctional peptide and beclin-1 that 
can recognize and co-assemble with Aβ through hydrogen-bonding interactions. 
Polyethylene glycol (PEG) increases the dispersity of the nanosweeper in water to 
provide appropriate biocompatibility and stability, whereas beclin-1 can induce 
autophagy to degrade Aβ. The nanosweeper decreases the cytotoxicity of Aβ and 
rescues memory deficits of AD transgenic mice. This approach has a potential as a 
disease-modifying for strategy AD.

 Nilotinib

Nilotinib (Tasigna®), an Abl tyrosine kinase inhibitor, is approved for treatment of 
chronic myeloid leukemia. Nilotinib increases soluble parkin leading to amyloid 
clearance and cognitive improvement. Parkin solubility (stability) is decreased in 
AD and APP transgenic mice. Nilotinib-induced autophagic changes increase 
endogenous parkin level. Increased parkin level leads to ubiquitination and 
proteasomal recycling. Re-cycling decreases insoluble parkin and increases parkin-
beclin-1 interaction. Beclin-1-parkin interaction enhances amyloid clearance 
(Lonskaya et al 2014). It is in a phase II clinical trial for moderate AD5.

 Cholesterol Lowering Agents for AD

 Statins for Reducing the Risk of AD

Increased circulating cholesterol has been long linked to an increased risk of coro-
nary artery disease and is now linked to an increased risk of developing AD. Statins 
(HMG-CoA reductase inhibitors) lower elevated serum cholesterol levels. 
Epidemiological data strongly suggest a protective effect of statins in dementia, 
particularly AD. Statins were described as neuroprotective agents in Chap. 2. The 
statin treatment of dyslipidemia is associated with a reduced risk of development of 
AD but the mechanism is not clear. The effect may be mediated by a reduction in 
cholesterol biosynthesis in the brain, by lowering levels of ApoE- containing lipo-
proteins, or by reduction in Aβ production. In the brain, cholesterol from damaged 
or dying neurons is converted to 24S-hydroxycholesterol by cholesterol 24-hydrox-
ylase (CYP46). The oxysterol is subsequently transferred across the blood-brain 
barrier, transported to the liver by low-density lipoproteins (LDLs), and excreted as 
bile acids. Most of plasma 24S-hydroxycholesterol is derived from brain choles-
terol; consequently, plasma levels of the oxysterol reflect brain cholesterol 
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catabolism. Statins can lower levels of plasma 24S-hydroxycholesterol without 
affecting levels of ApoE, which is partially explained by their direct effect on LDL.

Examination of data from the Decision Support System database of the US 
Veterans Affairs Medical System, which contains information on ~4.5 million 
persons, shows that simvastatin, reduces the incidence of AD and PD by 50% 
(Wolozin et  al 2007). Although other statins were also examined, the selective 
benefit of simvastatin might be due to the combination of high potency and the 
ability to enter the brain.

Four controlled clinical trials have attempted to assess a direct cognitive enhanc-
ing effect of statins in normal elderly persons, but all these were negative. Cholesterol 
lowering drugs other than statins are not significantly associated with a reduced risk 
of developing AD. A growing body of evidence suggests that statins exhibit addi-
tional benefits that are independent of their cholesterol-lowering actions. Statin 
treatment has also considerable effect in prevention of ischemic stroke. In animal 
models of ischemic stroke, statins have proven to reduce infarct size through up-
regulation of eNOS.

 Gene Therapy for Alzheimer Disease

 Rationale

The ability of neurotrophic factors (NTFs) to prevent or reduce neuronal degenera-
tion in animal models of neurodegenerative diseases has led to several clinical trials. 
One of the main obstacles to the success of these trials has been the method of 
growth factor delivery: sufficiently high doses of NTFs must be achieved in the 
target region of the brain to efficiently modify disease processes, but delivery must 
be restricted to specific brain regions to prevent adverse effects. Recent advances in 
molecular medicine have made gene therapy in the nervous system a potentially 
realistic approach for the delivery of therapeutic molecules such as growth factors. 
As an alternative to conventional drug delivery, several gene therapy trials for the 
treatment of CNS have started or will start in the future.

Potential gene therapy approaches to AD are based on neurotrophic factors and 
not neurotransmitters. The optimal method of gene therapy would be ex  vivo 
involving implantation of genetically engineered cells secreting nerve growth factor 
(NGF). Naturally occurring age-related memory loss in rats can be reversed by 
grafting cells engineered to secrete NGF directly into the nucleus basalis 
magnocellularis. Grafting of NGF-producing fibroblasts has been shown to reduce 
behavioral deficits associated with lesions of the nucleus basalis magnocellularis in 
rats. Intraventricular transplants of polymer encapsulated fibroblasts secreting 
human NGF have been shown to provide trophic support to basal forebrain neurons 
in cynomolgus monkeys with unilateral transection of fornix.
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 NGF Gene Therapy for AD

Retroviral vectors have been used to genetically modify primary autologous primate 
fibroblasts ex vivo to produce and secrete NGF. These cells were then grafted to the 
basal forebrain region of adult rhesus monkeys were shown to reverse cognitive 
changes associated with aging, which is associated with 25% reduction in cortical 
innervation by cholinergic systems. These findings are relevant to potential clinical 
use of NGF in AD. One advantage of this method is selective delivery of therapeutic 
genes and their products to afflicted areas of the brain.

A phase I trial of NGF gene therapy, sponsored by University of California (San 
Diego, CA) and Ceregene Inc, involved surgical implantation of cells from the 
patients’ skin that were genetically modified to producing NGF into the brain of 
patients with AD (Tuszynski et  al 2005). The primary goal of this study was to 
determine that the procedure is safe. The secondary goal was to determine whether 
NGF produced by the cells implanted into the brain can prevent the death of some 
nerve cells that are affected by AD and whether it can enhance the function of 
certain remaining brain cells. During the study, the cells, which originally were 
extracted from the patient’s skin, were genetically modified to express NGF and 
then administered by stereotactic injection, a standard neurosurgical procedure, into 
the region of the brain called the nucleus basalis of Meynert - an area of the brain 
known to undergo serious degeneration in AD.

No long-term adverse effects of NGF occurred after mean follow-up of 22 months 
in 6 subjects. Evaluation of the MMSE and Alzheimer Disease Assessment Scale- 
Cognitive subcomponent suggested improvement in the rate of cognitive decline. 
Serial PET scans showed significant increases in cortical 18-FDG after treatment. 
Brain autopsy from one subject suggested robust growth responses to NGF. In the 6 
evaluable, early-stage AD patients, ~40 to 50% reduction was observed in their 
annual rate of decline on the measured cognitive function scales compared to their 
pre-operative function. The subjects showed a reduced rate of decline that persisted 
throughout the period of the study. With currently available pharmacologic therapy, 
the average rate of decline in cognitive function is up to 6% with a median duration 
of 3–6 months. The procedure initially was performed while patients were awake but 
lightly sedated. Two patients moved as the cells were being injected, resulting in 
bleeding in the brain. Following these events, the protocol was redesigned with gen-
eral anesthesia during the procedure, which appeared to be safe and well tolerated by 
patients and there were no further complications. Based on these results, Ceregene 
developed this product as CERE-110, which carries the NGF gene encased in an 
AAV viral coating to protect the gene and facilitates its delivery to brain. Two clinical 
trials of AAV-2 vector mediated CERE-110 gene therapy for AD were carried out 
using neurosurgical procedures to precisely inject the drug into the nucleus basalis of 
Meynert on both sides of the brain. The implementation of clinical testing of NGF 
therapy for AD has been limited by the dual need to achieve adequate concentrations 
of this NTF in specific brain regions containing degenerating neurons and preventing 
its spread to nontargeted regions to avoid adverse effects (Tuszynski 2007).
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To determine if NGF prevents or reduces cholinergic neuronal degeneration in 
patients with AD, postmortem brain was examined in 10 patients from clinical trials 
conducted between 2001 and 2012 at University of California (San Diego, CA) with 
survival times ranging from 1 to 10 years after treatment (Tuszyski et al 2015). All 
patients exhibited a trophic response to NGF in the form of axonal sprouting. 
Comparing treated and nontreated sides of the brain in patients who underwent 
unilateral gene transfer, cholinergic neuronal hypertrophy occurred on the NGF- 
treated side. Activation of cellular signaling and functional biomarkers was present 
in patients who underwent AAV vector-mediated NGF gene transfer. Neurons 
exhibiting tau pathology and neurons free of tau expressed NGF, indicating that 
degenerating cells can be infected with therapeutic genes, with resultant activation 
of cell signaling. No adverse pathological effects related to NGF were observed. 
These findings indicate that neurons of the degenerating brain retain the ability to 
respond to growth factors with axonal sprouting, which persists for 10 years after 
gene transfer. NGF therapy for AD appears safe and effective over extended periods, 
but no further development has been reported.

 FGF2 Gene Transfer in AD

The adult hippocampus plays a central role in memory formation, synaptic plasticity, 
and neurogenesis. The subgranular zone of the dentate gyrus contains neural progeni-
tor cells with self-renewal and multilineage potency. Transgene expression of familial 
AD-linked mutants of APP and presenilin-1 leads to a significant inhibition of neuro-
genesis, which is potentially linked to age-dependent memory loss. In an experimen-
tal study, FGF2 gene, delivered bilaterally to the hippocampi of APP+presenilin-1 
bigenic mice via an adenoassociated virus serotype 2/1 hybrid (AAV2/1-FGF2), at a 
pre- or postsymptomatic stage resulted in significantly improved spatial learning in 
the radial arm water maze test (Kiyota et al 2011). Neuropathological examination of 
mice revealed that AAV2/1-FGF2 injection enhances the number of doublecortin, 
BrdU/NeuN, and c-fos–positive cells in the dentate gyrus, and the clearance of fibril-
lar Aβ in the hippocampus. AAV2/1-FGF2 injection also enhances long-term poten-
tiation in another APP mouse model compared with control AAV2/1-GFP–injected 
littermates. An in vitro study confirmed the enhanced neurogenesis of mouse neural 
stem cells by direct AAV2/1- FGF2 transfection in an Aβ oligomer-sensitive manner. 
Further, FGF2 enhances Aβ phagocytosis in primary cultured microglia, and reduces 
Aβ production from primary cultured neurons after AAV2/1-FGF2 infection. These 
data indicate that virus-mediated FGF2 gene delivery has potential as an alternative 
therapy of AD and possibly other neurocognitive disorders.

 Neprilysin Gene Therapy

Neprilysin (NEP), a substance naturally found in the brain, alters Aβ proteins in 
ways that lead to their destruction. A form of gene therapy appears to reduce Aβ in 
the brains of mice with AD pathology by increasing brain levels of NEP. Lentivirus 
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expressing NEP was initially used to demonstrate the ability of the enzyme to 
reduce Aβ levels in a model CHO cell line and to make primary hippocampal neu-
rons resistant to Aβ-mediated neurotoxicity. Injection of NEP-expressing lentivirus, 
but not inactive NEP-expressing lentivirus, GFP-expressing lentivirus, or vehicle, 
into the hippocampus of hAPP transgenic mice led to ~50% reduction in the number 
of amyloid plaques. These studies provided the impetus for further investigations of 
the use of NEP in a gene transfer therapy paradigm to prevent the accumulation of 
Aβ and prevent or delay the onset of AD. The next step is to determine whether this 
change in brain topography leads to improvements in the symptoms of the disease.

Other proteins in the body besides Neprilysin (NEP) degrade Aβ, and future gene 
therapy techniques that increase levels of these proteins in the brain may achieve 
similar results to those seen with NEP. Another study concluded that over-expres-
sion of NEP by a gene therapy approach in areas vulnerable to Aβ aggregation in 
AD brain may protect the neurons from the toxic effects of this peptide (El-Amoury 
et al 2007). However, some challenges of NEP gene therapy include secondary tox-
icity, activation of the immune response, and low efficiency (Li et  al 2015). 
Therefore, safe and efficient NEP delivery systems with high transfection efficiency 
are needed for gene therapy of AD.

A syringe electrode device has been developed for delivery of a plasmid encoding 
human NEP (hNEP) by intramuscular injection via two syringes and DNA uptake is 
stimulated by application of a brief pulsed square-wave electrical field between the 
two syringe needles (Li et al 2010). Studies in mice showed that DNA delivery by the 
syringe electrode technique can give rise to efficient long-term expression of the 
encoded polypeptide. This technique provides a safe and efficient nonviral method 
for in vivo gene delivery with potential applications in gene therapy of AD.

 Viral Gene Transfer of APPsα for Rescuing Synaptic Failure in AD

There is increasing evidence that loss of physiological APP functions mediated pre-
dominantly by neurotrophic APPsα produced in the non-amyloidogenic α-secretase 
pathway may contribute to AD pathogenesis. Upregulation of APPsα production via 
induction of α-secretase might, however, be problematic as this may also affect sub-
strates implicated in tumorigenesis. Gene therapy has been used to directly overex-
press APPsα in the brain by AAV-mediated gene transfer and explored its potential to 
rescue structural, electrophysiological and behavioral deficits in APP/PS1∆E9 AD 
model mice (Fol et  al 2016). Sustained APPsα overexpression in aged mice with 
preexisting pathology and amyloidosis restored synaptic plasticity and partially res-
cued spine density deficits. AAV-APPsα treatment also resulted in a functional res-
cue of spatial reference memory in the Morris water maze. Moreover, the authors 
demonstrated a significant reduction of soluble Aβ species and plaque load. In addi-
tion, APPsα induced the recruitment of microglia with a ramified morphology into 
the vicinity of plaques and upregulated IDE and TREM2 expression suggesting 
enhanced plaque clearance. Collectively, these data indicate that APPsα can mitigate 
synaptic and cognitive deficits, despite established pathology. Increasing APPsα may 
therefore be of therapeutic relevance for AD.

 Gene Therapy for Alzheimer Disease
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 Gene Vaccination

Several amyloid protein-based vaccines have been developed for AD but one of the 
problems is an inflammatory reaction in the brain. Gene vaccination has been used 
to generate an immune response to Aβ42 that produces antibody response but avoids 
an adverse cell-mediated immune effect. In contrast to protein vaccines, DNA 
vaccines must be inserted into the cell and cross the cytoplasm and nuclear 
membranes in order to be effective and induce antigen expression, which requires 
use of technologies such as gene gun and electroporation. A systematic review of 
animal experimental studies shows that the results of DNA vaccines targeting the 
Aβ and the tau protein with or without adjuvants and boosters are promising in 
reducing amyloid plaques and tau protein without side effects in animals (Martins 
et  al 2017). DNA Aβ42 vaccine, AV-1955, and AdPEDI-(Aβ1-6)11 vaccines are 
particularly promising. Although there are many vaccines being tested in animals, 
few reach clinical trials.

 Combination of Gene Therapy with Other Treatments for AD

As in the case of other neurodegenerative disorders, it is possible that gene therapy 
can be combined with systemic cholinomimetic therapy. If amyloid deposit is 
considered to be a primary event, it will provide a strong rationale to target amyloid 
deposits for therapeutic intervention. Several amyloid-based approaches are in the 
preclinical stage and are expected to advance to clinical trials in the next few years. 
In one of these projects, transgenic neurons expressing human Bcl-2 were partially 
protected against Aβ-induced neuronal death. This neuroprotection appears to be 
related to the complete inhibition of apoptosis induced by both these peptides, 
which can form the basis of gene therapy for AD.

 Glutamate Antagonists

 Memantine

Memantine is approved for the treatment of moderate to severe AD. It has been mar-
keted in Europe for the treatment of dementia for several years and has a good safety 
record. It is a noncompetitive, low-affinity NMDA antagonist with high- voltage 
dependency and fast receptor kinetics. It has anti-excitotoxic action and neuroprotec-
tive properties. The rationale for use is excitotoxicity as a pathomechanism of neuro-
degenerative disorders. The rationale for use is excitotoxicity as a pathomechanism 
of neurodegenerative disorders. Mechanisms of action of memantine are:

• Memantine and Mg2+ occupy the same NMDA receptor channel and are mutu-
ally exclusive

• Unlike Mg2+, memantine does not leave the channel so easily.
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• Block of NMDA receptor channels is partial and 15–20% of the channels unblock 
in the absence of an agonist and are available for subsequent physiological 
activation.

• Increases BDNF mRNA levels in the limbic cortex

Memantine acts as a neuroprotective agent against this pathomechanism which 
is also implicated in vascular dementia and dementia associated with HIV infection. 
Memantine at a clinically relevant dose also markedly increased BDNF mRNA lev-
els in the limbic cortex, and this effect is more widespread and pronounced at higher 
doses. Thus the neuroprotective properties of memantine could be mediated by the 
increased endogenous production of BDNF in the brain. Memantine has been inves-
tigated extensively in animal studies and its efficacy and safety has been established 
and confirmed by clinical experience in humans. Advantages of memantine are:

• Efficacy and safety established by extensive investigations in animals.
• It shows none of the undesirable effects associated with competitive NMDA 

antagonists such as dizocilpine.
• Has been in clinical use for dementia in Germany for more than 15 years
• It can be combined with acetylcholinesterase inhibitors which are the mainstay 

of current symptomatic treatment of AD.

The efficacy of memantine in a variety of dementias has been shown in clinical 
trials. Memantine is considered to be a promising neuroprotective drug for the 
treatment of dementias, particularly AD for which there is no other neuroprotective 
therapy available (Jain 2019a). A double-blind, placebo-controlled phase II clinical 
trial of memantine was conducted for AIDS-related dementia. Two other placebo- 
controlled phase III trials in mild to moderate vascular dementia have been 
conducted in Europe (France and the UK).

An updated metaanalysis of randomized placebo-controlled trials testing meman-
tine monotherapy for patients with AD concluded that it improved cognition, behavior, 
activities of daily living, global function, and stage of dementia and was well-tolerated 
by AD patients (Matsunaga et al 2015). However, the effect size in terms of efficacy 
outcomes was small and thus there is limited evidence of clinical benefit.

In the future management of AD, there would be an increasing emphasis on neu-
roprotective and regenerative therapies. Currently memantine is the only clinically 
available neuroprotective drug that can be combined with other current therapies 
such as cholinergic agents and will continue in clinical use for several years.

 Inhibition of Aβ Formation

Proteolytic processing of the APP generates Aβ, which is thought to be causal for 
the pathology and subsequent cognitive decline in AD. The reduction in levels of 
the potentially toxic Aβ peptide has emerged as one of the most important therapeutic 
goals in AD. Key targets for this goal are factors that affect the expression and pro-
cessing of the β amyloid precursor protein (βAPP).

 Inhibition of Aβ Formation
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 Chelation of Metals

Cu and Zn are enriched in Aβ deposits in AD, which are solubilized by Cu/
Zn-selective chelators in vitro. Clioquinol is a chelator that crosses the BBB and has 
greater affinity for zinc and copper ions than for calcium and magnesium ions. 
Clioquinol acts on Aβ by perturbing its metallochemistry and clioquinol treatment 
has been shown to decrease Aβ accumulation in a mouse model of AD.

 Clioquinol

Treatment with clioquinol was tested in patients with AD. The levels of CSF-tau 
protein correlated positively and significantly with the serum levels of copper and 
with the serum copper/zinc ratio. Clinical ratings showed slight improvement after 
3 weeks treatment. A phase II clinical trial was conducted using PBT1 (clioquinol) 
on patients with AD. The Aβ42, which was the target of the drug’s activity, was 
significantly reduced in the blood of patients in the treatment group compared to an 
increase in the placebo group. These results explain why other AD therapies that 
solely target Aβ or tau pathology are only partially effective. PBT2, by addressing 
metal-induced oligomer formation, restores metal balance in affected brain regions, 
and by promoting new neuronal cell growth, elicits a distinct set of disease modifying 
effects. Thus, PBT2 may not only ameliorate AD pathology, but perhaps other 
detrimental aspects of aging on the brain. As of 2017, PBT2 was in a phase IIb 
clinical trial for AD, but the results have not been published. Currently there is no 
ongoing clinical study of clioquinol in AD.

 Copper Chelation

Copper is essential for some of the enzymes that have a role in brain metabolism. 
Sophisticated mechanisms balance copper import and export to ensure proper 
nutrient levels (homeostasis) while minimizing toxic effects. Several 
neurodegenerative diseases including AD are characterized by modified copper 
homeostasis. This change seems to contribute either directly or indirectly to 
increased oxidative stress, an important factor in neuronal toxicity. When coupled to 
misfolded proteins, this modified copper homeostasis appears to be an important 
factor in the pathological progression of AD.

FK506-binding protein 52 (FKBP52) is an immunophilin that possesses peptid-
ylprolyl cis/trans-isomerase (PPIase) activity and is a component of a subclass of 
steroid hormone receptor complexes. Overexpression of FKBP52 increased rapid 
copper efflux in 64Cu-loaded cells suggesting that FKBP52 is a component of the 
copper efflux machinery, and in so, may also promote neuroprotection from copper 
toxicity. It is a potential neuroprotective agent for AD.
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There is another mechanism for the efficacy of Cu chelation treatment with the 
drug clioquinol. In a yeast model system, adding clioquinol to the yeast culture 
medium drastically increased the intracellular Cu concentration but there was no 
significant effect observed on Zn levels. This suggests that clioquinol can act 
therapeutically by changing the distribution of Cu or facilitating Cu uptake rather 
than by decreasing Cu levels. The overexpression of the human APP or APLP2 
extracellular domains but not the extracellular domain of APLP1 decreased 
intracellular Cu levels. The expression of a mutant APP deficient for Cu binding 
increased intracellular Cu levels several fold. These data uncover a novel biological 
function for APP and APLP2 in Cu efflux and provide a new conceptual framework 
for the formerly diverging theories of Cu supplementation and chelation in the 
treatment of AD.

 Next Generation Multifunctional Chelating Agents for AD

Although metal chelation is considered a rational therapeutic approach for retard-
ing AD’s amyloid pathogenesis, enhancing the targeting and efficacy of metal-
ion chelating agents through ligand design is a main strategy in the development 
of the next generation of metal chelators. Based on the traditional dye Thioflavin-T, 
new multifunctional molecules have been designed that contain both amyloid 
binding and metal chelating properties (Rodríguez-Rodríguez et  al 2009). In 
silico techniques have enabled the identification of commercial compounds that 
enclose the designed molecular framework (M1), include potential antioxidant 
properties, facilitate the formation of iodine-labeled derivatives as markers, and 
can penetrate the BBB.  Iodination reactions of the selected compounds, 
2-(2-hydroxyphenyl)benzoxazole (HBX), 2-(2-hydroxyphenyl)benzothiazole 
(HBT), and 2-(2-aminophenyl)-1H-benzimidazole (BM), have led to the corre-
sponding iodinated derivatives HBXI, HBTI, and BMI, which have been charac-
terized by X-ray diffraction. HBXI, HBTI, and BMI are suitable ligands for 
sequestering Cu and Zn metal ions present in freshly prepared solutions of Aβ. 
The fluorescence features of HBX, HBT, BM, and the corresponding iodinated 
derivatives, together with fluorescence microscopy studies on two types of pre-
grown fibrils, have shown that HBX and HBT compounds could behave as poten-
tial markers for the presence of amyloid fibrils, whereas HBXI and HBTI may be 
especially suitable for radioisotopic detection of Aβ deposits. These results show 
the potential of new multifunctional thioflavin-based chelating agents as AD 
therapeutics. In vitro studies have shown that benzylideneindanone derivatives 
can inhibit copper-induced amyloid aggregation and are potential agents for 
treatment of AD (Huang et al 2012).

Desferrioxamine, an approved chelator for iron overload, has shown some ben-
efit in AD, but there is difficulty in delivering it across the BBB. Nanoparticle for-
mulations of iron chelators may provide a safer and more effective method of 
delivery for reducing iron load in neural tissue (Liu et al 2012a).

 Inhibition of Aβ Formation
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 Secretase Modulators

Aβ proteins are composed of 40–42 amino acid peptides that are proteolytically 
cleaved from βAPP. The deposition as diffuse plaques of a species of Aβ ending at 
the 42nd residue is an early and essential feature of the disease. This knowledge has 
led to design of inhibitors of key enzymes (α-, β-, and γ-secretases) involved in the 
production of Aβ peptide as therapies for AD.  Future therapeutic approaches to 
reduce amyloid deposition also include inhibitors for β-secretase. An aspartate 
protease named BACE is considered to be β-secretase and is a drug target for the 
development of therapy aiming to lower the amyloid burden in AD.  Secretase 
modulators are likely to be the first small-molecule therapies aimed at AD 
modification that will be fully tested in the clinic Such drugs, in combination with 
vaccine therapies, may lead to a cure of AD.

 Neuroprotection by α-Secretase Cleaved APP

Although a high level of Aβ can be toxic, the α-secretase cleaved APP (sAPPα) is 
neuroprotective. sAPPα increases the expression levels of several neuroprotective 
genes and protects organotypic hippocampal cultures from Aβ-induced tau phos-
phorylation and neuronal death. Antibody interference and siRNA knock-down 
demonstrate that the sAPPα-driven expression of transthyretin (TTR) and insulin- 
like growth factor-2 is necessary for protection against Aβ-induced neuronal death. 
Mice overexpressing mutant APP possess high levels of sAPPα and transthyretin 
and do not develop the tau phosphorylation or neuronal loss characteristic of 
human AD. Chronic infusion of an antibody against transthyretin into the hippo-
campus of mice overexpressing APP with the Swedish mutation (APPSw) leads to 
increased Aβ, tau phosphorylation, and neuronal loss and apoptosis within the CA1 
neuronal field. Therefore, the elevated expression of transthyretin is mediated by 
sAPPα and protects APPSw mice from developing many of the neuropathologies 
observed in AD.

 Inhibitors of β-Secretase

Therapeutic approaches to reduce Aβ deposition also include inhibitors for 
β-secretase. A recently cloned novel aspartate protease named BACE is β-secretase 
and is a prime candidate drug target for the development of therapy aiming to lower 
the Aβ burden in AD. Such drugs, in combination with vaccine therapies, may lead 
to a cure of this disease.

The challenges facing BACE1 inhibitor development are significant, but not 
insurmountable. Drugs that inhibit other therapeutically important aspartic proteases 
such as renin and the HIV protease, have been successfully developed, and these 
drugs provide paradigms for the rational design of BACE1 inhibitors for the 
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treatment of AD. BACE1 inhibitors with therapeutic potential are preferably smaller 
than 700 Da and have low nanomolar IC50 concentrations or better. Several other 
factors must be taken into consideration for the development of a viable BACE1 
drug candidate:

• In addition to small size, high potency, and low toxicity, the candidate should 
exhibit favorable pharmacokinetic properties.

• The inhibitor must possess enough lipophilicity to efficiently cross the BBB and 
achieve high concentrations in the brain.

• Similarly, adequate inhibitor lipophilicity may be required to traverse two lipid 
bilayers for reaching BACE1 localized in the endosomal lumen.

• Since it is not yet known whether BACE2 is dispensable in vivo, it may be neces-
sary to design BACE1-selective drugs that exhibit minimal cross-inhibition of 
BACE2 or other aspartic proteases. Regarding this latter point, the high degree of 
homology between BACE1 and BACE2 suggests that the active sites of the two 
proteases are quite similar, thus making the design of BACE1-selective drugs 
potentially difficult.

Potent and selective memapsin 2 inhibitors were designed based upon the X-ray 
structure of memapsin 2-bound inhibitor 3 that incorporates methylsulfonyl alanine 
as the P2-ligand and a substituted pyrazole as the P3-ligand. In a preliminary study, 
inhibitor 5d has shown 30% reduction of Aβ40 production in transgenic mice. A 
protein-ligand X-ray crystal structure of 5d-bound memapsin 2 provided vital 
molecular insight that serves as an important guide to further design of novel 
inhibitors. One molecule in this series, CTS-21166, was found to be highly potent 
in clearing Aβ and highly selective, i.e. it did not appear to affect other enzymes 
important to brain function or cause harmful side effects. It completed a phase I 
clinical trial involving 48 healthy volunteers, in whom safety, tolerability and 
pharmacokinetics of CTS-21166 was measured at various doses. There was no 
further development. An oral BACE-1 inhibitor, verubecestat (Merck & Co), did not 
reduce cognitive or functional decline in a randomized, placebo-controlled trial on 
patients with mild-to-moderate AD and was associated with treatment-related 
adverse events (Egan et al 2018). Further development was discontinued.

The reticulon family of proteins has four members, RTN1, RTN2, RTN3 and 
RTN4 (also known as Nogo), the last of which is well known for its role in inhibiting 
neuritic outgrowth after injury. The reticulon family members are binding partners 
of BACE1. In brain, BACE1 mainly colocalizes with RTN3 in neurons, whereas 
RTN4 is more enriched in oligodendrocytes. An increase in the expression of any 
reticulon protein substantially reduces the production of Aβ. Conversely, lowering 
the expression of RTN3 by RNAi increases the secretion of Aβ, suggesting that 
reticulon proteins are negative modulators of BACE1 in cells. These data support a 
mechanism by which reticulon proteins block access of BACE1 to APP and reduce 
the cleavage of this protein. Thus, changes in the expression of reticulon proteins in 
the human brain are likely to affect cellular Aβ and the formation of amyloid 
plaques. The scientists now are seeking ways to increase this interaction and delay 
the progression of AD as effectively as possible. Purposely controlling the levels of 
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reticulon in patients using small-molecule drugs may offer an alternative method to 
reduce Aβ production and AD progression.

Problems with development of small-molecule BACE1 inhibitors include lack of 
target selectivity and poor penetrance of BBB.  A human antibody has been 
developed by Genentech that can cross the BBB, a difficult task for previously 
engineered antibodies. Receptor-mediated transcytosis, a mechanism by which 
macromolecules are transported across the interior of a cell via transferrin receptor 
(TfR) binding, was utilized to transport the antibody across the BBB (Yu et al 2011). 
Anti-TfR antibodies that bind with high affinity to TfR remain associated with the 
BBB, whereas lower-affinity anti-TfR antibody variants are released from the BBB 
into the brain. A bispecific antibody was designed that binds with low affinity to 
TfR and with high affinity to the BACE1. This antibody is anti-BACE1 and was 
shown to reduce endogenous BACE1 activity as well as Aβ production in human 
cell lines expressing APP and in cultured primary neurons (Atwal et al 2011). Anti- 
BACE1 also reduces Aβ concentrations in mouse as well as monkey CNS, consistent 
with a measurable uptake of antibody across the BBB. Thus, BACE1 can be targeted 
in a highly selective manner through passive immunization with anti-BACE1, 
providing a potential approach for treating AD. Nevertheless, therapeutic success 
with anti-BACE1 will depend on improving antibody uptake into the brain.

Although BACE inhibition can reduce cerebral Aβ levels, whether it also can 
ameliorate neural circuit and memory impairments remains unclear. Using 
histochemistry, in vivo Ca2+ imaging, and behavioral analyses in a mouse model of 
AD, a study has demonstrated that along with reducing prefibrillary Aβ surrounding 
plaques, the inhibition of BACE activity can rescue neuronal hyperactivity, impaired 
long-range circuit function, and memory defects (Keskin et al 2017). The functional 
neuronal impairments reappeared after infusion of soluble Aβ, mechanistically 
linking Aβ pathology to neuronal and cognitive dysfunction. These data indicte 
potential benefits of BACE inhibition for the effective treatment of AD-like 
pathophysiological and cognitive impairments.

 Inhibitors of γ-Secretase

The sticky γ-amyloid arises when APP is cut into pieces incorrectly. The γ-secretase 
complex, which cuts proteins at a specific place, plays a major role in the creation 
of these plaques. Drugs that modulate the production of Aβ by inhibiting γ-secretase 
could provide an effective therapy for AD. However, this complex (group of pro-
teins that work together) is also involved in the regulation of a series of other essen-
tial proteins such as Notch, which plays a crucial role in the development of an 
embryo. This is how several medicines in development that act on the entire 
γ-secretase complex produce toxic side effects. The discovery of drugs that can 
selectively inhibit βAPP cleavage is an important objective. Several studies have 
enhanced our understanding of the effects of inhibiting γ-secretase and provide 
direction for developing effective and selective γ-secretase inhibitors as drugs 
to treat AD.
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Different γ-secretase complexes containing different presenilin or Aph1 protein 
subunits are present in various tissues. These complexes have heterogeneous 
biochemical and physiological properties. Specific inactivation of the Aph1B 
γ-secretase in a murine AD model led to reduced formation of the plaques without 
any Notch-related side effects (Serneels et al 2009). The Aph1B complex contrib-
utes to total γ-secretase activity in the human brain, thus specific targeting of 
Aph1B- containing γ-secretase complexes may be helpful in generating less toxic 
therapies for AD. Because the toxic side effects have been cut away, it could also be 
administered preventively to persons with a risk of AD.

Selective lowering of Aβ42 levels with small-molecule γ-secretase modulators 
(GSMs), such as some NSAIDs, is a promising therapeutic approach for 
AD. Biotinylated photoactivatable GSMs were developed to identify the target of 
these agents (Kukar et al 2008). GSM photoprobes did not label the core proteins of 
the γ-secretase complex, but instead labeled the APP, APP carboxy-terminal 
fragments and Aβ in human neuroglioma H4 cells. Substrate labeling was competed 
by other GSMs and labeling of an APP γ-secretase substrate was more efficient than 
a Notch substrate. GSM interaction was localized to residues 28–36 of Aβ, a region 
critical for aggregation. The study also demonstrated that compounds known to 
interact with this region of Aβ act as GSMs, and some GSMs alter the production of 
cell-derived Aβ oligomers. GSM work to reduce production of long pieces of the Aβ 
that readily stick together and form clumps and increase production of shorter Aβ 
that can inhibit the longer forms from sticking together. Furthermore, mutation of 
the GSM binding site in the APP alters the sensitivity of the substrate to GSMs. 
These findings indicate that substrate targeting by GSMs mechanistically links two 
therapeutic actions: alteration in Aβ42 production and inhibition of Aβ aggregation, 
which may synergistically reduce Aβ deposition in AD. These data also demonstrate 
the existence and feasibility of ‘substrate targeting’ by small-molecule effectors of 
proteolytic enzymes, which if generally applicable may significantly broaden the 
current notion of ‘druggable’ targets.

Semagacestat, a small molecule γ-secretase inhibitor, was studied in a 6-week, 
phase I randomized, controlled trial of patients with AD. Semagacestat is consid-
ered to de-activate γ-secretase by binding within the complex, although the exact 
location is not known. A multicenter, randomized, double-blind, dose-escalation, 
placebo- controlled trial showed that semagacestat was generally well tolerated with 
several findings indicating the need for close clinical monitoring in future studies 
(Fleisher et al 2008). Decreases in plasma Aβ concentrations were consistent with 
inhibition of γ-secretase. A randomized, double-blind, placebo-controlled, phase III 
trial of semagacestat was interrupted because it did not improve cognitive status, 
and patients receiving the higher dose had significant worsening of functional abil-
ity (Doody et al 2013). These detrimental effects were mainly ascribed to the inhibi-
tion of Notch processing and the accumulation of the neurotoxic precursor of Aβ 
resulting from the block of the γ-secretase cleavage activity on APP. It has also been 
argued that γ-secretase inhibitors should be used in the very early stages of the dis-
ease progression when neuronal loss is still limited. Thus, the inclusion of patients 
with mild-to-moderate AD in the semagacestat phase III trials could also explain the 

 Inhibition of Aβ Formation



528

negative outcome of these studies. New Notch-sparing γ-secretase inhibitors are 
being developed with the hope of overcoming the previous setbacks (Imbimbo et al 
2011).

 Miscellaneous Neuroprotective Agents

 Cerebrolysin

Cerebrolysin is a porcine-derived peptide preparation, which has been claimed to 
regulate neuronal energy metabolism, influence behavior by neuromodulation, and 
protect nerve cells through neurotrophic stimulation. It has been shown to improve 
cognitive function, noncognitive psychiatric symptoms and behavior in patients 
with AD in several uncontrolled studies in Russia and China. The Cerebrolysin 
Study Group has compared cerebrolysin with placebo, both given as intravenous 
infusions 5 days a week for 4 weeks, in the treatment of 157 patients with mild to 
moderate AD.  Overall, 76% of the cerebrolysin-treated patients showed some 
improvement at the 4-week assessment, compared with only 60% of the control 
group. There was a trend toward improvement of activities of daily living among the 
cerebrolysin-treated patients, though the results indicated no statistically significant 
difference between the treatment groups. Cerebrolysin is currently approved for 
marketing in 28 countries. Clinical research with cerebrolysin is ongoing with the 
aim of obtaining marketing approval in the US and other countries.

 Ginko Biloba

Ginkgo biloba is a tree with a history of use in traditional Chinese medicine. 
Although the seeds are most commonly employed in traditional Chinese medicine, 
in recent years standardized extracts of the leaves have been widely sold as a 
phytomedicine in Europe and as a dietary supplement in the US. The primary active 
constituents of the leaves include flavonoid glycosides and unique diterpenes known 
as ginkgolides; the latter are potent inhibitors of platelet activating factor. The 
mechanism of action of ginkgo biloba extract (GBE) is not well understood although 
it is considered to have antioxidant properties. In aging rats, GBE treatment lowers 
circulating free cholesterol and inhibits the production of brain APP and Aβ. Clinical 
studies have shown that GBE exhibits therapeutic activity in a variety of disorders 
including AD, failing memory, age-related dementias, poor cerebral and ocular 
blood flow, congestive symptoms of premenstrual syndrome, and the prevention of 
altitude sickness. Thousands of patients have been treated in various clinical trials. 
Although not approved by the regulatory aukthorities, commercial products of GBE 
are available as over-the -counter products for age-related cognitive decline, AD and 
various eye disorders related to vascular insufficiency.
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Some clinical trials, based on simple comparisons of drug-placebo differences, 
concluded that EGb 761 is less effective in the treatment of AD than ChE inhibitors. 
The methods of these clinical trials have been questioned. The data of studies with 
both types of drugs show that drug-placebo differences in cognitive outcomes are 
more influenced by the degrees of deterioration of the placebo groups than by 
changes of the actively treated groups. Since the deterioration in the placebo group 
is determined by characteristics of the patients and not by drug effects, direct 
comparisons of drug-placebo differences are inappropriate to compare efficacies of 
antidementia drugs. Comparisons should consider the different unspecific factors as 
well. The currently available data do not support the superiority of ChE inhibitors 
over EGb 761.

Controversy about the role of GBE as a neuroprotectant again decline of mental 
function with aging continues. A randomized, placebo-controlled, double-blind, 
42-month pilot study was carried out to assess the feasibility, safety, and efficacy of 
GBE on delaying the progression to cognitive impairment in normal elderly aged 85 
and older (Dodge et al 2008). In unadjusted analyses, GBE neither altered the risk 
of progression from normal to Clinical Dementia Rating (CDR) scale of 0.5, nor 
protected against a decline in memory function. Secondary analysis including 
medication adherence showed a protective effect of GBE on the progression to CDR 
and memory decline. Ginkgo Evaluation of Memory study, a randomized, double- 
blind, placebo-controlled clinical trial of community-dwelling participants aged 
72–96  years with a median follow-up of 6  years, showed that the use of Ginko 
biloba did not reduce cognitive decline in older adults with normal cognition or with 
MCI (Snitz et al 2009).

 Tetrahydrocannabinol for Neuroprotection in AD

Cannabinoids are neuroprotective agents against excitotoxicity in vitro and acute 
brain damage in  vivo. This background has prompted the study of localization, 
expression, and function of cannabinoid receptors in AD and the possible protective 
role of cannabinoids after exposure to Aβ, both in vivo and in vitro. Senile plaques 
in AD patients express cannabinoid receptors CB1 and CB2, together with biomark-
ers of microglial activation, and CB1-positive neurons are greatly reduced in areas 
of microglial activation. Pharmacological experiments show that GPCR and CB1 
receptor protein expression are markedly decreased in AD brains. Additionally, in 
AD brains, protein nitration is increased, and, more specifically, CB1 and CB2 pro-
teins show enhanced nitration. Intracerebroventricular administration of the syn-
thetic cannabinoid WIN55,212-2 to rats prevents Aβ-induced microglial activation, 
cognitive impairment, and loss of neuronal markers. Cannabinoids block Aβ-induced 
activation of cultured microglial cells, as judged by mitochondrial activity, cell mor-
phology, and TNF-α release; these effects are independent of the antioxidant action 
of cannabinoid compounds and are also exerted by a CB2- selective agonist. 
Moreover, cannabinoids abrogate microglia-mediated neurotoxicity after Aβ 
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addition to rat cortical cocultures. These findings indicate that cannabinoid recep-
tors are important in the pathology of AD and that cannabinoids prevent the neuro-
degenerative process occurring in the disease.

The active component of marijuana, Δ9-tetrahydrocannabinol (THC), competi-
tively inhibits the enzyme AChE as well as prevents AChE-induced Aβ aggregation. 
Computational modeling of the THC-AChE interaction reveals that THC binds in 
the peripheral anionic site of AChE, the critical region involved in amyloidgenesis. 
Compared to currently approved drugs prescribed for the treatment of AD, THC is 
a considerably superior inhibitor of Aβ aggregation, and this study provides a previ-
ously unrecognized molecular mechanism through which cannabinoid molecules 
may directly impact the progression of AD. This could be the basis of new drug 
discovery for AD.

 Nanobiotechnology-Based Therapeutics for AD

Delivery of drugs to the brain in AD is a challenge and the basics as well as various 
strategies for facilitating the passage of drugs across the BBB are discussed else-
where (Jain 2019f). Molecular motors, operating at nanoscale, can deliver drugs to 
the brain by peripheral muscle injection. An advantage is the use of nanomotors in 
native environment for intraneural drug delivery. The disadvantages are that this 
approach requires engineered molecular motors for use in cells and neurotoxicity 
may be a problem.

Role of nanobiotechnology for neuroprotection in neurodegenerative disorders 
was discussed in Chap. 1 along with neuroprotective nanoparticles, which offer the 
opportunity to design smart therapeutics carriers that can simultaneously cross the 
BBB and deliver the payload to the specific targets. Cadmium telluride nanoparticles 
prevent Aβ formation in AD based on the multiple binding to Aβ oligomers.

 Nanobody-Based Drugs for AD

Nanobodies are particularly important in developing new AD treatments, as they 
could solve the problems faced by other drugs or conventional treatments due to 
their special characteristics. Nanobodies can cross the BBB more readily than 
conventional antibodies. Nanobody-based therapeutics combine the beneficial 
features of conventional antibodies, with desirable properties of small-molecule 
drugs. Because they are derived from naturally-occurring heavy-chain antibodies, 
Nanobodies have unparalleled stability and can be administered in a variety of ways 
(injected, orally, in sprays or creams), thus overcoming the delivery issues associated 
with full-sized antibodies, that can only be delivered by injection. No detectable 
immunogenicity has been observed in Nanobody development candidates in 
advanced primate studies. In addition, because of their unique structure they can 
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also address therapeutic opportunities that are beyond the reach of conventional 
antibodies or their fragments, for example targeting epitopes such as receptor clefts, 
enzyme active sites and viral canyon sites.

 Nanoencapsulation for Delivery of Vitamin E for Alzheimer 
Disease

Vitamin E is used for the treatment of neurological disorders, particularly those 
where oxidative stress plays a role. Oxidative stress is an early hallmark of affected 
neurons in Alzheimer’s disease (AD). The antioxidant vitamin E provides limited 
neuroprotection in AD, which may have derived from its lipophilic nature and 
resultant inability to quench cytosolic reactive oxygen species (ROS), including 
those generated from antecedent membrane oxidative damage. Encapsulation into 
polyethylene glycol (PEG)-based nanospheres enables entery into the cytosol and 
improve the efficacy of vitamin E against Aβ-induced ROS. These findings suggest 
suggests that nanosphere-mediated delivery methods may be a useful adjunct for 
antioxidant therapy in AD.

 Selegiline-PEG Nanoparticles Targeting Aβ Fibrils in Alzheimer 
Disease

Deposition of the Aβ proteins (senile plaques) in the extracellular synaptic spaces of 
the neocortex is plays a role in progress of AD. The increased activity of monoamine 
oxidase-B (MAO-B) in AD brains causes oxidative damage, and MAO-B inhibitors 
have been reported to inhibit the neuronal degeneration. Destabilizing effect of 
selegiline, a selective MAO-B inhibitor, on Aβ-fibrils has been investigated in vitro 
by conjugating it with poly (lactic-co-glycolic acid)-poly (ethylene glycol) (PLGA- 
PEG) nanoparticles (Baysal et al 2013). Results show that selegiline-loaded PLGA- 
PEG nanoparticles are a promising drug carrier for destabilizing the Aβ fibrils in 
AD patients.

 Neurotrophic Factors for Neuroprotection in AD

The use of neurotrophic factors (NTFs) for the treatment of degenerative disorders 
of the nervous system is based on experimental evidence that these molecules have 
the capability of protecting and restoring impaired function of the neurons caused 
by a variety of agents. This effect can be considered non-specific because the 
relation between the mechanisms of these diseases and the effect of neurotrophic 
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factors is not quite clear. There is no evidence that AD is caused by deficiency of 
NTFs. Reported deficiency of neurotrophic factors may be a consequence rather 
than cause of these diseases. For the causal relationship to be established, deficiency 
of NTFs should be demonstrated at the onset of the disease or prior to functional 
manifestations of the disease. Several neurotrophic factors have been implicated in 
AD. Some have been tried and failed in clinical trials. Nerve growth factor (NGF) is 
described under gene therapy of AD. A few other examples are given here.

 AL-108

AL-108 (Allon Therapeutics Inc) is an eight amino acid peptide discovered to be the 
smallest active element of activity-dependent neuroprotective protein (ADNP), a 
glial cell mediator of vasoactive intestinal peptide (VIP) induced neuroprotection. 
Its action is similar to that of activity-dependent neurotrophic factor (ADNF), which 
is a novel glial-derived polypeptide known to protect neurons from a variety of toxic 
insults. AL-108 promotes the formation of synapses after CNS cells have been 
impacted by disease or injury. Outgrowth of neurites increases as the administered 
dose of Al-108 is increased.

Preclinical experiments show that AL-108 has potent neuroprotective, memory 
enhancing and neurotrophic properties. Toxicology studies indicate AL-108 is safely 
tolerated at doses over three orders of magnitude above the effective concentration. 
Furthermore, AL-108’s neuroprotective efficacy is validated in a comprehensive bat-
tery of in vitro and in vivo studies. AL-108, has been tested in numerous in vivo and 
in vitro models of AD, stroke, TBI, multiple sclerosis and neuropathies and is safely 
tolerated, bioavailable and suitable for drug development. There is considerable evi-
dence that AL-108 will be an effective neuroprotectant in both chronic and acute 
indications. Phase I human clinical trial evaluating intranasal AL-108 as a treatment 
for AD have been completed, and phase II clinical trials are ongoing.

 Brain Derived Neurotrophic Factor

BDNF promotes cholinergic neuron function and survival. In AD, BDNF mRNA 
and protein are decreased in basal forebrain cholinergic neuron target tissues such 
as cortex and hippocampus. BDNF is synthesized in basal forebrain, supplying 
cholinergic neurons with a local as well as a target-derived source of this factor. 
BDNF mRNA levels are decreased 50% in nucleus basalis of AD patients compared 
to normal controls. Thus, not only do the basal forebrain cholinergic neurons have a 
reduced supply of target-derived BDNF, but also of local BDNF. Western blotting 
has shown that that human CNS tissue contains both proBDNF and mature BDNF 
protein but there is a significant (2.25-fold) deficit in proBDNF protein in AD 
parietal cortex compared to controls. Thus, reduced BDNF mRNA and protein 
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levels in AD suggest that BDNF administration may be an effective therapeutic 
strategy for this disorder.

 Neotrofin (AIT-082)

Neotrofin (leteprinim potassium) incorporates the structure and features of hypo-
xanthine, the only purine that passes the BBB, and procainamide, which has mem-
ory enhancing, effects. Preclinical studies have demonstrated that Neotrofin 
activates multiple genes in animals to produce different neurotrophic factors (i.e., 
NGF, NT-3 and bFGF) in the specific areas of the brain associated with memory 
loss. In addition, Neotrofin has the advantage of being rapidly absorbed and active 
after oral administration. It can restore function in animal models of aging, brain 
injury and spinal cord injury. There were no problems with safety in phase I studies. 
However, phase IIb clinical trials for AD did not show efficacy and further develop-
ment for AD was discontinued, but it is under investigation for other conditions.

 Small Molecule Compounds Binding to Neurotrophin Receptor 
p75NTR

Aβ is a ligand for the p75 neurotrophin receptor (p75NTR), which is best known for 
mediating neuronal death and has been consistently linked to the pathology of AD. 
A study has shown that p75NTR is required for Aβ-mediated effects (Sotthibundhu 
et  al 2008). Treatment of wild-type but not p75NTR-deficient embryonic mouse 
hippocampal neurons with human Aβ1-42 peptide induced significant cell death. 
Furthermore, injection of Aβ1-42 into the hippocampus of adult mice resulted in 
significant degeneration of wild-type but not p75NTR- deficient cholinergic basal 
forebrain neurons, indicating that the latter are resistant to Aβ-induced toxicity. The 
study also found that neuronal death correlated with Aβ1-42 peptide-stimulated 
accumulation of the death-inducing p75NTR C-terminal fragment generated by 
extracellular metalloprotease cleavage of full-length p75NTR. Although neuronal 
death was prevented in the presence of the metalloprotease inhibitor TAPI-2 (TNF-α 
protease inhibitor-2), Aβ1-42-induced accumulation of the C-terminal fragment 
resulted from inhibition of γ-secretase activity. These results provide a novel mech-
anism to explain the early and characteristic loss of cholinergic neurons in the sep-
tohippocampal pathway that occurs in AD.

These findings together with structural data indicating that NGF may bind to 
p75NTR in a monovalent manner, raise the possibility of discovery of small 
molecule p75NTR ligands that positively regulate survival. The protective quality 
of neurotrophins has led several researchers to explore their potential therapeutic 
value, but their destructive attributes have so far prevented their development as 
medicines. Because the new compounds bind with p75NTR in place of neurotrophins, 
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they may provide a means of preventing damage that neurotrophins would otherwise 
be causing in AD.  In cells showing trophic responses to neurotrophins, the 
compounds promoted survival signaling through p75NTR-dependent mechanisms. 
In cells susceptible to proneurotrophin-induced death, compounds did not induce 
apoptosis but inhibited proneurotrophin-mediated death. These studies identify a 
unique range of p75NTR behaviors that can result from isolated receptor liganding 
and establish several novel therapeutic leads for AD. Patented molecules that can 
block p75 are ready for testing in animal models of AD.

Stanford University is developing a small molecule p75NTR ligand, LM11A-31, 
which increases survival signaling and inhibits Aβ-induced degenerative signaling 
and prevents degeneration of cholinergic neurites when given to an AD mouse 
model in the early stages of disease pathology. To extend its potential clinical 
applications, they sought to determine whether LM11A-31 could reverse cholinergic 
neurite atrophy when treatment begins in AD mouse models having mid- to late 
stages of pathology. This is clinically relevant as most AD studies involve patients 
that are at an advanced pathological stage. In this study, LM11A-31 was administered 
orally in 2 AD mouse models, Thy-1 hAPPLond/Swe (APPL/S) and Tg2576, at age 
ranges during which marked AD-like pathology manifests (Simmons et al 2014). In 
mid-stage male APPL/S mice, LM11A-31 administered for 3  months starting at 
6–8 months of age prevented and/or reversed atrophy of basal forebrain cholinergic 
neurites and cortical dystrophic neurites. Thus, targeting p75NTR is a promising 
approach to reducing AD-related degenerative processes that have progressed 
beyond early stages. A Stanford spinoff, PharmatrophiX, has done an initial phase I 
clinical study and the drug, C31, is in phase II clinical trials (NCT03069014).

 Limitations of the Use of NTFs for AD

One problem with use of NTFs is the method of delivery to the brain. 
Neurodegeneration induced by the expression of anti-NGF antibodies in mouse 
models of AD can be reversed by NGF delivery through an olfactory route. Cell and 
gene therapy approaches have been used for the delivery of NTFs into the brain for 
treatment of neurodegenerative disorders such as AD. Even if the NGF proves to be 
effective for AD, it may not provide definitive treatment. Pathogenetic mechanisms 
other than NGF deficiency are involved and the pathology is not restricted to NGF- 
responsive neurons.

 Neuroprotective Effect Drugs Not Primarily Developed for AD

Several products mentioned under other categories have a neuroprotective effect in 
AD and include older established drugs as well as emerging drug targets. Some of 
these are described in other sections and further examples are given here.

8 Neuroprotection in Alzheimer Disease



535

 Antiepiletic Drugs

 Lamotrigine

Preclinical studies have implied that lamotrigine, an antiepileptic agent, could be a 
potential treatment for executive dysfunction in AD patients. A study has evaluated 
the effects of lamotrigine on executive function and determine whether lamotrigine 
can attenuate inflammatory response in an AD mouse model (Wang et  al 2016). 
Nontransgenic and transgenic mice were treated with lamotrigine (0 or 30 mg/kg/
day) in a standard laboratory chow diet starting at 3 months of age. After 6 months 
of continuous lamotrigine administration, there was a marked improvement in exec-
utive function and a significant attenuation in the expression of proinflammatory 
cytokines. These results suggest that lamotrigine could ameliorate executive dys-
function and brain inflammatory response in the mouse model of AD and early 
lamotrigine intervention may be a promising therapeutic strategy for AD.

 Levetiracetam

Levetiracetam (LEV) is an approved antiepileptic drug that suppresses neuronal 
network dysfunction. Convulsive seizures, which occur more frequently in AD 
patients than in control populations, may indicate abnormal network activity. To 
explore whether hAPP/Aβ-induced aberrant network activity contributes to synap-
tic and cognitive deficits, hAPP mice were treated with different antiepileptic drugs 
(Sanchez et al 2012). Among the drugs tested, only LEV effectively reduced abnor-
mal spike activity detected by electroencephalography. Chronic treatment with LEV 
also reversed hippocampal remodeling, behavioral abnormalities, synaptic dysfunc-
tion, and deficits in learning and memory in hAPP mice. These findings support the 
hypothesis that aberrant network activity contributes causally to synaptic and cogni-
tive deficits in hAPP mice. LEV might also help ameliorate related abnormalities in 
people who have or are at risk for AD. A study found that LEV treatment of patients 
with amnestic MCI, considered to be an early stage of AD, suppressed aberrant 
network activity and improved cognitive performance in a hippocampus-dependent 
task (Bakker et al 2012).

 Antimicrobial Drugs

 Dapsone

Dapsone is a potent antiinflammatory drug and antimicrobial drug. It is highly 
effective against leprosy, malaria, rheumatoid arthritis, asthma and some cutaneous 
diseases. Dapsone may be able to interfere with certain aspects of inflammation of 
the brain that are linked to AD. Prevalence of AD as well as deposits of Aβ is low in 
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leprosy patients treated with dapsone. However, investigations of the effect of anti- 
leprosy drugs on Aβ-induced neurotoxicity in  vitro suggest that anti-leprosy 
treatments (dapsone, rifampicin, clofazimine, minomycin or ofloxacin) do not 
prevent the onset of AD. A phase II clinical study of dapsone for treatment of mild- 
to- moderate AD showed that the overall effect of dapsone on change in ADAS-Cog 
was not statistically significant. Dapsone had an increased incidence of side effects 
in the elderly population, as expected, compared with the general population. There 
is no further development reported.

 Antimicrobial Drugs Against Chlamydia pneumoniae

Chlamydia pneumoniae (Cpn) has been reported in AD patients but not healthy 
persons. Cpn infects blood vessels and monocytes in AD brain tissues compared 
with normal brain tissue by stimulating transendothelial entry of monocytes through 
human brain endothelial cells (HBMECs) and breaching BBB. This entry is facili-
tated by the up-regulation of VCAM-1 and ICAM-1 on HBMECs and a correspond-
ing increase of LFA-1, VLA-4, and MAC-1 on monocytes. A study using RT-PCR 
and ELISA techniques demonstrated that Cpn infection of human monocytes pro-
motes an innate immune response and suggests a potential role in the initiation of 
inflammation in sporadic/late-onset AD (Lim et al 2014). This may be a key initiat-
ing factor in the pathogenesis of neurodegenerative diseases such as AD as the 
infection may upregulate the production of amyloid. Macrolides, e.g., azithromycin 
is used as first-line therapy for Cpn and has a potential use for therapy of AD. No 
neuroprotective effect has, however been demonstrated in clinical use of use of 
antibiotics following disease diagnosis, when it is probably is too late to provide 
meaningful efficacy. Individuals demonstrating evidence of Cpn infection prior to 
disease onset, or at the MCI stage, may respond differently, and perhaps better, to 
antibiotic therapy, but this approach has not yet bee tried in a controlled clinical trial 
setting (Balin et al 2018).

 Antiviral Therapy in AD

Herpes simplex virus type 1 (HSV1), when present in brain of carriers of the type 4 
allele of the APOE gene, has been implicated as a major factor in AD (Itzhaki 2014). 
It is proposed that virus is normally latent in many elderly brains but reactivates 
periodically (as in the peripheral nervous system) under certain conditions, eg, 
stress, immunosuppression, and peripheral infection, causing cumulative damage 
and eventually development of AD.  Diverse approaches have provided data that 
explicitly support, directly or indirectly, these concepts. Several have confirmed 
HSV1 DNA presence in human brains, and the HSV1-APOE-ε4 association in 
AD.  Further, studies on HSV1-infected APOE-transgenic mice have shown that 
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APOE-e4 animals display a greater potential for viral damage. Reactivated HSV1 
can cause direct and inflammatory damage, probably involving increased formation 
of Aβ and of P-tau changes found to occur in HSV1-infected cell cultures. 
Implicating HSV1 further in AD is the discovery that HSV1 DNA is specifically 
localized in amyloid plaques in AD.  Other relevant, harmful effects of infection 
include the following: dynamic interactions between HSV1 and APP, which would 
affect both viral and APP transport; induction of toll-like receptors (TLRs) in 
HSV1-infected astrocyte cultures, which has been linked to the likely effects of 
reactivation of the virus in brain. Several epidemiological studies using serological 
data have shown an association between systemic infections and cognitive decline, 
and HSV1 is implicated. Genetic studies too have linked various pathways in AD 
with those occurring on HSV1 infection. In relation to the potential usage of antivi-
rals to treat AD patients, acyclovir (ACV) is effective in reducing HSV1- induced 
AD-like changes in cell cultures, and valacyclovir, the bioactive form of ACV, might 
be most effective if combined with an antiviral that acts by a different mechanism, 
such as intravenous immunoglobulin.

Gene recombination process involved in APP mutations requires an enzyme 
called reverse transcriptase, the same type of enzyme HIV uses to infect cells (Lee 
et al 2018). Although there is no evidence that HIV or AIDS causes AD, existing 
FDA-approved antiretroviral therapies for HIV that block reverse transcriptase 
might also be able to halt the recombination process and could be explored as a 
new treatment for AD. The relative absence of proven AD in aging HIV patients on 
antiretroviral medications, supporting this possibility. These findings provide a sci-
entific rationale for clinical evaluation of HIV antiretroviral therapies in patients 
with AD.

 Antidiabetic Drugs

Early treatment with PPARγ agonists can effectively prevent streptozotocin-induced 
neurodegeneration and its associated deficits in learning and memory in animal 
models. These effects are mediated by increased binding to insulin receptors, 
reduced levels of oxidative stress and tau phosphorylation, and increased choline 
acetyltransferase expression in the brain, suggesting that insulin sensitizer agents 
may have therapeutic efficacy in early AD.

Two approved antidiabetic drugs underwent clinical trials for AD: rosiglitazone 
and pioglitazone. Both are agonists of PPARγ, which mediates the transcriptional 
enhancement of several genes encoding proteins that regulate lipid metabolism, 
suggesting a pivotal role in the adipogenic signaling cascade and lipid homeostasis. 
Both are insulin-sensitizing agents. They decrease insulin resistance in the periphery 
and in the liver resulting in increased insulin-dependent glucose disposal and 
decreased hepatic glucose output.
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 Insulin

There are links between insulin and AD based on the following findings on various 
studies (Rdzak and Abdelghany 2014):

• Insulin-induced hypoglycemia causes adaptive changes in the brain, including an 
improved ability to use alternative fuels.

• Insulin has been shown to facilitate reduction of intracellular Aβ plaques.
• Insulin promotes tau hypophosphorylation, which stabilizes microtubules and 

promotes tubulin polymerization.
• Excess exogenous insulin may play a role in overcoming the decreased utiliza-

tion and transport of glucose in patients with AD.
• Intranasal insulin therapy may have beneficial effects on cognition and function 

in patients with AD with only minor adverse effects in clinical trials.

These findings support the pathways that might link excess exogenous insulin 
administered to patients with type 1 diabetes mellitus to possible protection from AD 
and provide a rationale for using insulin to prevent the disease in high-risk patients.

 Metformin

Metformin (Met), which lowers the amount of glucose produced by the liver, is an 
andiabetic drug. Met is widely-prescribed as an insulin-sensitizing drug. It can also 
facilitate more efficient utilization of glucose by the brain to maintain the function 
of neuronal networks. Met is used to treat neurodegenerative disorders such as 
AD.  Neuroprotective effects of Met has been investigated the in Aβ-induced 
impairments in hippocampal synaptic plasticity in AD model rats that were fed a 
high-fat diet. Met treatment was found to be neuroprotective against the detrimental 
effects of Aβ and high fat diet on hippocampal synaptic plasticity (Asadbegi et al 
2016). Met is currently being investigated as AD therapy in clinical trials.

There is a potential risk of adverse effect of Met. In a transgenic mouse model of 
tauopathy, chronic administration of Met exerts paradoxical effects on tau pathol-
ogy. Despite reducing tau phosphorylation in the cortex and hippocampus via 
 AMPK/mTOR and PP2A, Met increases insoluble tau species (including tau oligo-
mers) and the number of inclusions with β-sheet aggregates in the brain of P301S 
mice (Barini et  al 2016). In addition, metformin exacerbates hindlimb atrophy, 
increases P301S hyperactive behavior, induces tau cleavage by caspase 3 and dis-
rupts synaptic structures.

 Rosiglitazone

Rosiglitazone (GlaxoSmithKline), a PPARγ agonist and an approved antidiabetic 
pharmacotherapy, is an insulin-sensitizing agent that allows the body to use 
endogenous insulin more efficiently, maintain normal physiological feedback 
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mechanisms and produce antiinflammatory actions. Rosiglitazone attenuates 
reductions in insulin-degrading enzyme mRNA and activity, and reduces Aβ42 
levels without affecting amyloid deposition, in the brains of mouse models of AD. It 
also attenuates learning and memory deficits in these mice, which may be due to its 
glucocorticoid-lowering actions.

A strong biological rationale exists to test rosiglitazone’s efficacy in AD. A ran-
domized double-blind placebo-controlled trial of efficacy and tolerability of rosigli-
tazone as monotherapy in patients with mild-to-moderate AD did not show 
statistically significant differences on primary end points between placebo and 
rosiglitazone-treated subjects. There is, however, a significant interaction between 
APOE ε4 allele status and ADAS-Cog. Significant improvement in ADAS-Cog is 
seen in APOE ε4-negative patients on rosiglitazone. APOE ε4-positive patients did 
not show improvement and showed a decline at the lowest rosiglitazone dose. 
GlaxoSmithKline conducted a phase III clinical trial required by the FDA. This was 
discontinued as there were already problems with cardiac adverse effects in diabet-
ics treated with rosiglitazone.

 Antihypertensive Drugs

Recent epidemiological evidence suggests that some antihypertensive medications 
may reduce the risk for AD. Two classes of these drugs are notable for neuroprotective 
effect: angiotensin-converting enzyme (ACE) inhibitor and angiotensin receptor 
blocker (ARB).

 Angiotensin-Converting Enzyme Inhibitors

ACE inhibitors, used to treat hypertension, slowed the progression of AD in a study 
in Japan on patients with mild to moderate AD and high blood pressure. Only ACE 
inhibitors that can penetrate the BBB, such as perindopril or captopril, were shown 
to have this neuroprotective effect. The brain-penetrating ACE inhibitors might 
have benefits not only for the prevention but also for the treatment of mild to 
moderate AD. The brain-penetrating ACE inhibitors used for AD do not lower the 
blood pressure more than the other drugs and how they act to slow the cognitive 
decline in AD is not known. ACE content of the brains of patients with AD is higher 
than in persons who do not have the disease. ACE inhibitors may work directly on 
the renin-angiotensin system in the brain, which controls blood pressure and may 
play an important role in learning and memory processes. A review of the literature 
on this topic has concluded that older patients at risk for dementia who have medical 
indications for the ACE inhibitor use due to comorbidities such as arterial 
hypertension, congestive heart failure, status post myocardial infarction, diabetes 
mellitus, or chronic kidney disease, should preferably receive a centrally active 
ACE inhibitor (e.g., captopril, fosinopril, lisinopril, perindopril, ramipril, or tran-
dolapril) rather than a noncentrally active one (Rygiel 2016).
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 Angiotensin Receptor Blockers

Valsartan, angiotensin receptor blocker (ARB) that specifically blocks the angioten-
sin II type 1 receptors, is widely prescribed to treat high blood pressure in elderly 
patients. Valsartan is effective in preventing the build-up of Aβ in the brains of 
Tg2576 mice and attenuates the development of Aβ-mediated cognitive deteriora-
tion, even when delivered at a dose about two-fold lower than that used for hyper-
tension treatment in humans (Wang et al 2007). Prospective cohort analysis of the 
medical records of more than 800,000 US veterans has shown that those taking 
ARBs were up to 24% less likely to develop dementia than patients on ACE 
inhibitors and other medications (Li et al 2010). Patients already diagnosed with AD 
were half as likely to be admitted to a nursing home and had a 17% reduced risk of 
dying if they were taking ARBs. For those who already have dementia, use of ARBs 
might delay deterioration of brain function and keep patients out of nursing homes. 
The study suggests that ARBs are more effective than ACE inhibitors for preventing 
AD or dementia.

 Bexarotene

Bexarotene, a retinoid X receptor agonist approved by the FDA for the treatment of 
cutaneous T cell lymphoma, selectively targets the primary nucleation step in Aβ42 
aggregation, delays the formation of toxic species in neuroblastoma cells, and 
completely suppresses Aβ42 deposition and its consequences in a Caenorhabditis 
elegans model of Aβ42-mediated toxicity (Habchi et al 2016). These results suggest 
that the prevention of the primary nucleation of Aβ42 by compounds such as 
bexarotene could potentially reduce the risk of onset of AD and, this strategy 
provides a general framework for the rational identification of a range of candidate 
drugs directed against neurodegenerative disorders. Bexarotene has shown an ability 
to restore cognitive function to some degree in AD in disease models. Although this 
activity has been reported to be associated with an enhancement of apolipoprotein 
E levels, and thus of Aβ42 clearance, the detailed mechanism of action remains 
uncertain. This molecule has also been reported to compete with cholesterol for 
binding to Aβ42, thus inhibiting its cholesterol-induced oligomerization. It is in 
phase IIa clinicsl trials for AD.

 Dimebon

Dimebon™ (latrepirdine, Medivation Inc) is an oral drug with anti-apoptotic and 
neuroprotective action. It has a strong safety record over more than 20  years of 
human use; it has been on the market in Russia since 1983, where it is approved for 
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the treatment of allergic rhinitis and allergic dermatitis. Evidence of neuroprotective 
action is as follows:

• Dimebon demonstrated cognition and memory-enhancing properties in the 
active avoidance test in rats treated with the neurotoxin AF64A, which selectively 
destroys cholinergic neurons.

• Dimebon protected neurons in the cerebellum cell culture against the neurotoxic 
action of Aβ25-35.

• Dimebon inhibited signs of aging in normally aging rodents after 1  year of 
dosing

• Dimebon causes significant improvements in performance in memory- and cog-
nition-impaired rodents in the Rat Water Maze Test and Active Avoidance Tests, 
tests of memory and cognition.

Dimebon has been compared with memantine, an approved drug for AD with 
neuroprotective action. Dimebon in low concentrations potentiates activity of 
AMPA-receptors in rat cerebellar Purkinje neurons, while memantine produces 
only an insignificant potentiation in a small group of these cells. In cortical neurons 
of rat brain memantine efficiently blocks NMDA-induced currents in dimebon- 
insensitive neurons. By contrast, its effect is far weaker in neurons, where the 
blocking action of dimebon on NMDA-receptors was most pronounced. One 
explanation is that the differences in the effects of memantine and dimebon are 
determined by their interaction with different sites of NMDA-receptors.

Dimebon appeared to improve some aspects of memory, cognitive and global 
function in a pilot clinical study of 14 AD patients conducted at the Moscow Center 
of Gerontology in Russia. The patients were treated with oral Dimebon three times 
daily for 2 months. Patients’ memory, cognitive and global function were assessed 
using two distinct psychiatric scales. Baseline scores for individual patients were 
determined prior to drug treatment. After 2  months, treatment was stopped and 
patient psychiatric assessments for memory, cognitive and global function continued 
for an additional 2  months. Patients in this open-label study experienced an 
improvement in memory and cognition after 2  months of therapy. Furthermore, 
after Dimebon was discontinued at week eight, investigators observed deterioration 
in patients’ cognitive function.

Some studies have reported that treatment with dimebolin causes an acute 
increase in brain Aβ levels in the animal models, which is unexpected in what may 
prove to be a clinically beneficial AD drug. More research is needed to further 
clarify how dimebolin affects Aβ levels in the brain. Perhaps the drug works by 
getting toxic Aβ out of neurons in the brain or, the effects of dimebolin on other 
brain systems may override its effect on increasing Aβ. The studies reported are on 
acute systems, and it is conceivable that the chronic effect of dimebolin could be 
Aβ-lowering. Dimebon entered development for both AD and HD.  In 2006, 
Medivation conducted randomized, double-blind, placebo-controlled phase II study 
of Dimebon in patients with mild to moderate AD in Russia. Results showed that 
Dimebon was safe, well tolerated, and significantly improved the clinical course of 
patients with mild-to-moderate AD (Doody et al 2008). Phase III trials (CONCERT) 
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for AD were conducted in the US in collaboration with Pfizer. In 2012, results from 
this trial, which evaluated dimebon when added to ongoing treatment with donepezil 
in patients with mild-to-moderate AD, were released. Dimebon did not achieve 
statistically significant results for either of the two co-primary endpoints, the ADAS- 
cog or the ADCS-ADL. Further development was discontinued.

 Drugs Acting on Estrogen Receptors

Clinically relevant selective estrogen receptor modulators (SERMs) such as tamoxi-
fen and raloxifene and estrogen replacement therapy can exert neuroprotection. 
Although the mechanism of estrogen and SERM neuroprotection is not clearly 
resolved, various possibilities include the following:

• A genomic estrogen receptor-mediated pathway that involves gene 
transcription.

• A nongenomic signaling pathway involving activation of cell signalers such as 
mitogen-activated protein kinases and/or phosphatidylinositol-3-kinase/protein 
kinase B.

• A nonreceptor antioxidant free radical scavenging pathway that is primarily 
observed with pharmacological doses of estrogen.

 Estrogen

Estrogen enhances cholinergic activity and significantly increases the expression of 
the antiapoptotic protein Bcl-xL.  Estrogen-induced enhancement of Bcl-xL is 
associated with a reduction in measures of Aβ-induced apoptosis, including 
inhibition of both caspase-mediated proteolysis and neurotoxicity. Brain areas 
known to support memory were found to have high densities of estrogen receptors. 
Estrogen promotes the growth and survival of cholinergic neurons, and it also 
modulates serotonergic and catecholaminergic neurotransmission. Increase of 
cerebral blood flow as well as antioxidant, antiinflammatory and general 
neuroprotective activities have been attributed to estrogen. Estrogen in a therapeutic 
dosage alters brain activation patterns in postmenopausal women in specific brain 
regions during the performance of the sorts of memory function that are called upon 
frequently during any given day.

The role of estrogen action in the brain seems to extend beyond the confines of 
sexual differentiation and reproductive neuroendocrine function, and estrogen might 
act as a neural growth factor, having important influences on the development, survival, 
plasticity, regeneration and aging of the mammalian brain. Furthermore, the antioxi-
dant and neuroprotective effects of estradiol might be independent from estrogenic 
properties. Another concern about estrogens is the risk of breast and uterine cancer.

Several longitudinal studies show an inverse relationship between estrogen 
replacement therapy and the development of AD.  However, not all the studies 
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 support neuroprotective effect of estrogen. Results from controlled trials are con-
flicting. In further studies, pooling data for estrogen alone and estrogen plus proges-
tin resulted in increased risks for both MCI and dementia. Therefore, use of hormone 
therapy to prevent dementia or cognitive decline in women 65 years of age or older 
is not recommended. Furthermore, for women aged 65  years or older, hormone 
therapy has an adverse effect on cognition, which is greater among women with 
lower cognitive function at initiation of treatment. These findings, coupled with 
previously reported risk of cancer, support the conclusion that the risks of estrogen 
plus progestin outweigh the benefits.

Basic research carried out in the last 10–15 years has reinforced the concept of a 
strong impact of estrogen in neuroprotection, moving also into novel directions that 
include characterization of estrogen’s effect on non-neuronal cells, mitochondrial 
function, miRNA production and novel targets for their action in the CNS (Merlo 
et al 2017).

 Raloxifene

Raloxifene, a SERM, is approved for the treatment of osteoporosis in elderly 
women. It may be effective for maintaining verbal memory in women with AD who 
are estrogen-intolerant or unwilling to take estrogen. Raloxifene seems to work 
through the same receptors as estrogen. In animal models, estrogen shows remark-
able antiinflammatory action, whereas raloxifene has no significant beneficial effect. 
In a randomized, double-blind, placebo-controlled trial, the primary outcome 
showed no cognitive benefits in the raloxifene-treated group (Henderson et al 2015).

 Granulocyte-Macrophage Colony-Stimulating Factor

Granulocyte-macrophage colony-stimulating factor (GM-CSF) treatment in mouse 
models of AD reduces brain amyloidosis, increases plasma Aβ, and rescues cogni-
tive impairment with increased hippocampal expression of calbindin and synapto-
physin and increased levels of doublecortin-positive cells in the dentate gyrus 
(Kiyota et al 2018). These data extend GM-CSF pleiotropic neuroprotection mecha-
nisms in AD and include regulatory T cell-mediated immunomodulation of microg-
lial function, Aβ clearance, maintenance of synaptic integrity, and induction of 
neurogenesis. These findings support further development of GM-CSF as a neuro-
protective agent for AD.

 Inhibitors of Neuroinflammation

Role of neuroinflammation in the pathogenesis of AD has been described in earlier 
chapters of this report. Several inhibitors of neuroinflammation are potential 
therapies for AD and a few examples are given in this section.

 Neuroprotective Effect Drugs Not Primarily Developed for AD
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 Ceramide

Ceramide is a major molecule among the sphingolipid metabolites which are pro-
duced in the brain and other organs and act as intracellular second messengers. A 
study has shown that exogenous cell permeable short chain ceramides − C2, C6, 
and C8 ceramide and C8 ceramide-1-phosphate − inhibits iNOS and proinflammatory 
cytokines in lipopolysaccharide (LPS)-stimulated BV2 microglial cells and rat 
primary microglia (Jung et  al 2013). In addition, administration of C2 ceramide 
suppressed microglial activation in the brains of LPS-exposed mice. By HPLC and 
LC/MS/MS analyses, we found that C2 ceramide on its own, rather than its modified 
form (i.e. ceramide-1-phosphate or long chain ceramides), mainly work by 
penetrating into microglial cells. Further studies revealed that C2 ceramide, the 
most effective compound among the short chain ceramides, exerts antiinflammatory 
effects via inhibition of the ROS, MAPKs, PI3K/Akt, and Jak/STAT pathways with 
upregulation of PKA and hemeoxygenase-1 expressions. C2 ceramide inhibits 
TLR4 signaling by interfering with LPS and TLR4 interactions. These data suggest 
the therapeutic potential of ceramides for treatment of AD.

 CSP-1103

CSP-1103 (CereSpir Inc) is an orally available small molecule, which combines the 
reduction of pro-inflammatory cytokines and enhancement of phagocytosis. Both 
properties should be therapeutically beneficial for AD, and the combination might 
be especially valuable. CSP-1103 binds strongly and selectively with the intracellular 
domain of the APP and inhibits its translocation to the nucleus to prevent transcription 
of pro-apoptotic genes and activation of GSK-3β, a multifunctional enzyme that is 
strongly associated with both tau pathology and inflammatory modulation. CereSpir 
has capitalized on the new understanding of microglia’s role in AD and CSP-1103 
is the most advanced compound in development that primarily acts as a microglia 
modulator thereby potentially harnessing the brain’s own immune system to fight 
AD (Ross et al 2013).

 Fingolimod

Fingolimod, an oral immunosuppressant approved for treatment of multiple sclero-
sis, ameliorates oligomeric Aβ-induced neuronal damage via up-regulation of neu-
ronal BDNF (Jain 2019c). Oral administration of fingolimod has been shown to 
ameliorate impairment in object recognition memory and associative learning in 
mice injected with Aβ (Fukumoto et  al 2014). This effect was associated with 
restoration of normal BDNF expression levels in the cerebral cortices and 
hippocampi, suggesting that neuroprotection was mediated by up-regulation of 
neuronal BDNF levels. Another mechanism of neuroprotective effect of fingolimod 
in vivo may be due to its inhibitory action on key activation steps of astrocytes, 
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which contribute to neuroinflammation and neurodegeneration by participating in 
glial scar formation as well as nitric oxide production (Colombo et  al 2014). 
Therefore, fingolimod may provide therapeutic effects in patients with AD.

 Interferon Beta-1a

Interferon beta-1a (IFNβ1a) is an approved treatment for the prevention of disease 
progression and cognitive decline in multiple sclerosis, which shares common 
neuroimmunological features with AD (Jain 2019d). Safety and efficacy of IFNβ1a 
in subjects affected by mild-to-moderate AD has been tested in a double-blind, 
randomized, placebo-controlled, multicenter pilot study (Grimaldi et  al 2014). 
IFNβ1a was well tolerated following subcutaneous injection and adverse events 
were infrequent and mild to moderate. Although not statistically significant, a 
reduction in disease progression during follow-up was measured in IFNβ1a-treated 
patients by the Alzheimer’s Disease Assessment Scale cognitive subscale. The 
treatment group showed significant improvements in the Instrumental Activities of 
Daily Living and Physical Self-maintenance Scale. This study suggests that IFNβ1a 
is safe and well tolerated in early AD patients, and its possible beneficial role should 
be further investigated in larger studies.

 Lithium

Lithium is the standard drug for manic depression, but its mode of action is not 
known. Lithium likely stimulates cells to release neurotrophic factors and provides 
neuroprotection against glutamate excitotoxicity. Lithium stimulates stem cells 
growing in a dish to multiply faster, hinting that it can prompt stem cells in the brain 
to produce new cells to replace those damaged by disease. Lithium also blocks the 
accumulation of Aβ peptides in the brains of mice that overproduce APP. The target 
of lithium in this setting is glycogen synthase kinase (GSK)-3α, which is required 
for maximal processing of APP.

GSK-3β mediates morphological responses to a variety of extracellular signals. 
No gross morphological deficits have been found in nervous system development in 
GSK-3β null mice. Strong knockdown of both GSK-3α and β using RNAi markedly 
reduces axon growth in dissociated cultures and slice preparations. Other drugs that 
inhibit GSK-3β, should be used with caution in treating AD because too high a dose 
can impair, rather than enhance, neuronal function. Inhibition of GSK-3β in mouse 
neurons in cell culture using high does of lithium RNAi markedly reduces the 
growth of axons while the low dose improves it. Modulation of the GSK3β signaling 
pathway might also have neuroprotective effects in by regulating APP maturation 
and processing and further supports the notion that GSK3β might be a suitable 
target for the treatment of AD.

 Neuroprotective Effect Drugs Not Primarily Developed for AD
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 MAO-B Inhibitors

The rationale of the use of MAO-inhibitors is base on the hypothesis of role of this 
enzyme in the pathogenesis of AD. They are used in the treatment of PD. Selegeline, 
a MAO-B inhibitor, which is used as a neuroprotective in PD has failed to show 
efficacy for AD.

 Ladostigil Tartrate

Ladostigil tartrate or (N-propargyl-(3R) aminoindan-5-yl)-ethyl methyl carbamate, 
is an AChE inhibitor derived from rasagiline  - a selective, irreversible MAO-B 
inhibitor that combines 3 mechanisms of action in one molecule: (1) MAO- 
inhibition; (2) cholinesterase inhibition; and (3) neuroprotective activity. The 
combination of these three activities in a single entity gives the molecule a unique 
profile: It targets both the cognitive impairment and the problematic behavioral 
disturbances, such as depression and anxiety, prevalent in AD, and modifies the 
course of the disease via its neuroprotective mechanism.

Ladostigil tartrate inhibits MAO-A and -B, stimulates the release of the non- 
amyloidogenic α-secretase form of soluble APP, and directly induces phosphorylation 
of p44 and p42 mitogen-activated protein (MAP) kinase. These data suggest a novel 
pharmacological mechanism whereby these AChE inhibitors regulate the secretory 
processes of APP via activation of the MAP kinase pathway. Ladostigil was 
demonstrated to possess potent anti-apoptotic and neuroprotective activities in vitro 
and in various neurodegenerative rat models. These neuroprotective activities 
involve regulation of APP processing; activation of protein kinase C and mitogen- 
activated protein kinase signaling pathways; inhibition of neuronal death markers; 
prevention of the fall in mitochondrial membrane potential and upregulation of 
neurotrophic factors and antioxidative activity (Weinreb et  al 2012). Therefore, 
ladostigil has potential for the treatment of AD. The major metabolite of ladostigil, 
hydroxy-1-(R)-aminoindan has also a neuroprotective activity and thus, may 
contribute to the overt activity of its parent compound. Clinical trials failed to show 
efficacy of this drug for AD.

 Methylene Blue

Methylene blue (MB), first discovered in 1891, is now used to treat methemoglobin-
emia, a blood disorder. Its use for neurological disorders was not explored because 
high concentrations of methylene blue were known to damage the brain. Moreover, 
drugs such as methylene blue do not easily cross the blood-brain barrier and no 
experiment were done with low concentrations of the drug. A new study showed 
that MB, used at nanomolar levels, extends the life span of human IMR90 fibro-
blasts in tissue culture by >20 population doubling and delays senescence by 
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enhancing mitochondrial function (Atamna et al 2008). MB increases the enzyme 
mitochondrial complex IV by 30%, enhances cellular oxygen consumption by 
37–70%, increases heme synthesis, and reverses premature senescence caused by 
H2O2 or cadmium. Experiments on lysates from rat liver mitochondria suggest the 
ratio MB/cytochrome c is important for the protective actions of MB.  Cellular 
senescence delay caused by MB is due to cycling between MB and MBH2 in mito-
chondria, which may partly explain the increase in specific mitochondrial activities. 
Cycling of MB between oxidized and reduced forms may block oxidant production 
by mitochondria. Mitochondrial dysfunction and oxidative stress are thought to be 
key aberrations that lead to cellular senescence and aging. MB may be useful to 
delay mitochondrial dysfunction with aging and the decrease in complex IV in AD.

 Rapamycin

Rapamycin, an immunosuppressant, binds to mammalian target of rapamycin 
(mTOR). A high-density cell array with quantitative and automated readout of cell 
fitness has been used to map the relation between genes and cell fitness in response 
to rapamycin. An unexpected “rapamycin-enhanced” phenotype was identified in 
several genes whose deletion allowed cells to grow better in the presence of 
rapamycin than in its absence. Most of these genes encode mitochondrial proteins. 
mTor is also associated with multiple mitochondrial enzymes. Because mitochondrial 
dysfunction is known to underlie the pathogenesis of a wide range of 
neurodegenerative disorders due to impaired energy production, increased oxidative 
damage, and apoptosis, these results suggests that rapamycin may be useful in 
preventing the progression of neurodegenerative diseases.

Buildup of Aβ increases mTOR signaling, while decreasing mTOR signaling 
reduces Aβ levels, thereby showing an interrelation between mTOR signaling and 
Aβ. The mTOR pathway plays a central role in controlling protein homeostasis and 
hence neuronal functions and regulates different forms of learning and memory. 
Using an animal model of AD, a study has shown that pharmacologically restoring 
mTOR signaling with rapamycin rescues cognitive deficits and ameliorates Aβ and 
tau pathology by increasing autophagy (Caccamo et  al 2010). The study further 
showed that autophagy induction is necessary for the rapamycin-mediated reduction 
in Aβ levels. The results provide a molecular basis for the Aβ-induced cognitive 
deficits and show that rapamycin, an FDA approved drug, improves learning and 
memory and reduces Aβ and tau pathology.

 Saracatinib

Saracatinib is a dual kinase inhibitor, with selective actions as a Src inhibitor and a 
Bcr-Abl tyrosine-kinase inhibitor that was was originally under development for the 
treatment of cancer because these kinases play a role in tumor invasion and 
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proliferation. Although animal studies were promising, and it was well tolerated in 
humans, it failed to show efficacy in cancer patients leading to discontinuation of 
further development for this indication. However, the Src family kinases (SFKs) are 
highly expressed in brain and have major effects on synaptic plasticity. Saracatinib 
has subsequently been researched for other applications such as AD because a 
specific SFK, ie, Fyn, is aberrantly activated by specific conformations of the Aβ. 
Genetic deletion of Fyn rescues AD deficits in preclinical models and a phase II 
clinical trial has tested the potential disease-modifying benefit of saracatinib for AD 
(Kaufman et al 2015).

 Testosterone

Testosterone depletion is a normal consequence of aging in men that is associated 
with senescent effects in androgen-responsive tissues. Males who become 
hypogonadal in later life often report problems with their memory. Lower than 
normal testosterone levels have also been detected in patients prior to the onset of 
AD, as well as in younger late-onset male AD patients, when compared to appropriate 
controls. Thus testosterone depletion in men is an increased risk for the development 
of AD. There are two possible mechanisms by which testosterone may affect AD 
pathogenesis: (1) testosterone is an endogenous regulator of Aβ; and (2) testosterone 
has both neurotrophic and neuroprotective functions. Experiments on 
gonadectomized mice to deplete endogenous androgens show increase in 
accumulation of Aβ, which is attenuated by administration of dihydrotestosterone, 
suggesting that treatment with male sex hormones might slow AD progression. One 
explanation for the beneficial effect is that testosterone is rapidly converted to 
estrogen after entry into neurons, and estrogen may have a neuroprotective effect 
although this is conroversial.

Although patients on testosterone replacement therapy have reported memory 
improvements in both declarative and procedural domains, there is no clinical 
evidence to date which suggest that the hormone dihydroepiandrosterone can 
improve cognitive function. Rises in the levels of the gonadatropins, follicle 
stimulating hormone (FSH) and luteinizing hormone (LH), have been associated 
with AD, but the clinical effects of reducing their levels remain to be determined. It 
is hypothesized that androgens, gonadotropin modulators, or perhaps selective 
androgen receptor modulators may be useful components of therapy aimed at 
preventing the onset or delaying the progression of AD in male patients. Regulatory 
actions of androgens on both Aβ and the development of AD, support the clinical 
evaluation of androgen-based therapies for the prevention and treatment of 
AD. There are potential adverse effects associated with androgen therapy, including 
prostatic carcinoma and these need to be resolved before instituting long-term 
tetosterone therapy.
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 Valproic Acid

Valproic acid is an established antiepileptic drug that is also used to treat migraine 
and bipolar disorder. Laboratory studies showed that valproate blocks several key 
molecular events that are involved in the progression of AD. Previous studies showed 
a beneficial effect of valproate in AD patients showing signs of agitation. A national 
study “Valproate in Dementia (VALID)” involved 40 institutions to determine if the 
medication preserves functioning and delays the expected decline associated with 
AD. The study targeted 300 patients with mild to moderate AD who were living at 
home and had not yet shown signs of agitation. Personality changes that AD patients 
experience include symptoms of agitation, i.e. easily provoked to anger, low frustra-
tion level, and at its worst, physical aggression. The latter is one of the primary 
symptoms that prompt families to place loved ones in a skilled nursing facility. 
Scientists studied whether patients who take valproate experience less agitation, as 
well as whether valproate slows down the deterioration of memory and daily func-
tioning that occurs as the disease progresses. The VALID study was the first of its 
kind to study an agent that may have the potential to block NFTs, one of the hall-
marks of AD linked with memory loss and other symptoms of dementia. Results of 
the VALID study showed that valproate treatment did not delay emergence of agita-
tion or psychosis or slow cognitive or functional decline in patients with moderate 
AD and was associated with significant toxic effects (Tariot et al 2011).

 Nutritional Approaches to AD

Several nutritional therapies have been tried in AD as preventive measures and for 
management of early mild manifestations. Reduction of caloric intake by low fat 
and low cholesterol diet and Mediterranean diet, which is rich in fruits, vegetables, 
nuts and fish are general dietary measures. A few examples of nutritional products 
are given here.

 Axona

Axona (AC-1202, Accera Inc) is a proprietary formulation of caprylic triglyceride 
marketed for the clinical dietary management of the metabolic processes associated 
with mild-to-moderate AD (Roman 2010). It safely increases plasma concentrations 
of ketone bodies (predominantly BHB), which can provide an alternative energy 
source for the brains of AD patients. Clinical trials have shown that Axona improves 
cognitive function in some AD patients. A placebo-controlled double-blind study in 
AD patients found that Axona was safe and produced a beneficial trend for the 

 Nutritional Approaches to AD



550

overall subject population and significant cognitive benefits in a predefined analysis 
of patients who did not carry the epsilon ε4 variant of the APOE4 gene (Henderson 
et al 2009).

 Choline Supplementation

Elevated homocysteine (Hcy) levels double the risk of developing AD. Choline, a 
primary dietary source of methyl groups, converts Hcy to methionine and reduces 
age-dependent cognitive decline. A study has tested the transgenerational benefits 
of maternal choline supplementation in 2 generations of APP/PS1 mice (Velazquez 
et  al 2019). The results demonstrated a transgenerational benefit of choline 
supplementation and suggest that modifying the maternal diet with additional 
choline reduces AD pathology across multiple generations.

 Cocktail of Dietary Supplements for AD

This nutritional approach is different from the traditional tactic of targeting the Aβ 
plaques and tangles that develop in the brains of AD patients. It focuses on brain 
synapses, where neurotransmitters such as dopamine, acetylcholine, serotonin 
and glutamate carry messages from presynaptic neurons to receptors in the mem-
branes of postsynaptic neurons. In AD patients, synapses in the cortex and hip-
pocampus, which are involved in learning and memory, are damaged. The dietary 
supplements lead to a large increase in the levels of specific brain proteins known 
to be concentrated within synapses, indicating that more synaptic membranes had 
formed.

A “cocktail” of dietary supplements, Souvenaid (Nutricia America), contains a 
patented combination of nutrients which including omega-3 fatty acids, choline, 
uridine monophosphate and a mixture of antioxidants and B vitamins. It was tested 
in a double-blinded controlled trial, in which patients were randomized to the 
active product or a control drink, taken once-daily for 12 weeks (Scheltens et al 
2010). At 12 weeks, significant improvement in the delayed verbal recall task was 
noted in the active group compared with the control group, which neither deterio-
rated nor improved. This proof-of-concept study justifies further clinical trials. 
There should also be comparisons with nutritional supplements currently available 
on the market. There were also cognitive and memory tasks that the drink did not 
seem to improve, according to the study, and the researchers should look further 
into what other improvements can be seen besides the verbal recall finding. 
Although it has been shown to be safe, there is no evidence whatsoever that it 
should be taken by anyone who does not have mild or early stage AD. It is not 
approved for the market.
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 Docosahexaenoic Acid

Docosahexaenoic acid (DHA), a major n-3 fatty acid of the brain, has been impli-
cated in restoration and enhancement of memory-related functions. Low n-3 poly-
unsaturated fatty acid (PUFA) status may be associated with neurodegenerative 
disorders, in particular AD, which has been associated with poor dietary fish or n-3 
PUFA intake, and low DHA status..

Studies in animals clearly show that oral intake of DHA can alter brain DHA 
concentrations and thereby modify brain functions. This supports the use DHA as a 
nutraceutical or pharmaceutical tool in AD. Most of the published epidemiological 
studies are consistent with a positive association between high reported DHA con-
sumption or high DHA blood levels and a lower risk of developing AD later in life. 
Such observations have prompted the investigation of DHA in three different trans-
genic models of AD (Calon and Cole 2007). These analyses show that animal mod-
els of AD are more vulnerable to DHA depletion than controls and that DHA exerts 
a beneficial effect against pathological signs of AD, including Aβ accumulation, 
cognitive impairment, synaptic marker loss, and hyperphosphorylation of tau. 
Multiple mechanisms of action can be associated with the neuroprotective effects of 
DHA and include antioxidant properties and activation of distinct cell signaling 
pathways. Although the first randomized clinical assays have so far failed to dem-
onstrate convincing beneficial effects of DHA for AD patients, the knowledge gath-
ered in recent years holds out a hope for prevention and suggests that the elderly and 
people bearing a genetic risk for AD should at least avoid DHA deficiency.

 Nicotinamide for the Treatment of AD

Nicotinamide (a form of vitamin B3) is a member of a group of compounds known 
as histone deacetylase (HDAC) inhibitors, which have been shown to enhance 
memory. Nicotinamide, a competitive inhibitor of the sirtuins or class III NAD+-
dependent HDACs, has been shown to restore cognitive deficits associated with 
pathology in 3xTg-AD mice (Green et al 2008). Nicotinamide selectively reduces a 
specific phospho-species of tau (Thr231) that is associated with microtubule depo-
lymerization, in a manner like inhibition of SirT1. Nicotinamide also dramatically 
increases acetylated alpha-tubulin, a primary substrate of SirT2, and MAP2c, both 
of which are linked to increased microtubule stability. Reduced phosphoThr231-tau 
is related to a reduction of monoubiquitin-conjugated tau, suggesting that this post-
translationally modified form of tau may be rapidly degraded. Overexpression of a 
Thr231-phospho-mimic tau in vitro increases clearance and decreases accumulation 
of tau compared with wild-type tau. These preclinical findings suggest that oral 
nicotinamide may represent a safe treatment for AD and other tauopathies, and that 
phosphorylation of tau at Thr231 may regulate tau stability. The results suggest that 
nicotinamide has a potential as a novel, safe and inexpensive AD therapy, either 
alone or in combination with Aβ-lowering therapies.

 Nutritional Approaches to AD
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 Omega-3 Fatty Acids

Eating plenty of fish, nuts and oil-based salad dressings that contain polyunsatu-
rated fatty acids cuts the risk of developing AD. Those who consume fish have a 
lower incidence of AD and it has been suggested that the dietary intake of ω-3 could 
be inversely related to the risk of dementia and cognitive decline. Effects of ω-3 
have been investigated on telomeres, which consist of genetic material that caps and 
protects the ends of the cells’ chromosomes and shorten with aging. An increase in 
telomere shortening has been associated with several aging-associated conditions, 
including AD and MCI. Oxidative stress and nutritional deficiency may influence 
this process. A randomized pilot study found a reduction in the shortening of telo-
mere length among men and women with MCI who were given the ω-3 and DHA 
(O’Callaghan et al 2014). Further investigation is needed to understand the effects 
observed here, particularly deciphering whether telomere length is modified through 
an increase in ω-3 or (and/or) a decrease in ω-6 PUFAs.

OmegAD study, a double-blind, placebo-controlled randomized trial, in which 
patients with mild AD received oral supplementation with ω-3 fatty acids (FAs) 
conferred changes in the ω-3 FA profile in CSF, suggesting transfer of these FAs 
across the BBB in adults (Freund Levi et al 2014). A pilot study was designed to 
evaluate the effects of supplementation with ω-3 or omega-3 plus alpha lipoic acid 
(ω-3 + LA) compared to placebo on oxidative stress biomarkers in AD (Kirste et al 
2014). The primary outcome measure was peripheral F2-isoprostane levels (oxida-
tive stress measure). Secondary outcome measures included performance on 
MMSE), ADL/IADL, and ADAS-cog. There was no difference between groups at 1 
year in peripheral F2-isoprostane levels. Compared to placebo, the group treated 
with ω-3+LA showed less decline in MMSE and IADL, whereas the group treated 
with ω-3 showed less decline in IADL. A larger pilot trial will further assess the 
benefit and potential mechanism of action of this novel combination for AD.

The results of several studies indicate an interaction between DHA consumption 
and cognitive outcomes by APOE genotype. A clinical study on AD patients showed 
that APOE ɛ4 allele and lower CSF Aβ42 levels were associated with less transport 
of DHA to CSF across the BBB (Yassine et al 2016).

 Phosphodiesterase Inhibitors as Neuroprotectives

Sildenafil (Viagra), phosphodiesterase (PDE) 5 inhibitor, is a commonly prescribed 
drug for erectile dysfunction but has neuroprotective effect in stroke (see Chap. 3). 
PDE4 is an enzyme that breaks down cAMP levels in the brain. PDE4-inhibitors 
such as denbufylline have shown efficacy in raising cAMP levels across multiple 
biochemical and physiological assays and in reversing memory deficits in animal 
behavior models of cognitive impairment. Ibudilast, a PDE-4 inhibitor, which was 
originally developed as a bronchodilator for asthma in Japan, has also been 
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investigated in stroke as a vasodilator with neuroprotective effects. Ibudilast crosses 
the BBB and suppresses glial cell activation. It may also be useful in the treatment 
of multiple sclerosis (see Chap. 11).

 Restoration of Factors Deficient in the Aging Brain

Exposure of an aged animal to young blood has been reported to counteract and 
reverse pre-existing effects of brain aging at the molecular, structural, functional 
and cognitive level. This has led to search for various factors including cells and 
proteins that may be present in the blood of younger individuals but are deficient in 
the aging persons.

 Reversal of Cognitive Impairment in Aging by Activation 
of Creb Protein

Genome-wide microarray analysis of heterochronic parabionts — in which circu-
latory systems of young and aged animals are connected — has identified synaptic 
plasticity-related transcriptional changes in the hippocampus of aged mice (Villeda 
et al 2014). Dendritic spine density of mature neurons increases, and synaptic plas-
ticity improves in the hippocampus of aged heterochronic parabionts. At the cogni-
tive level, systemic administration of young blood plasma into aged mice improves 
age-related cognitive impairments in spatial learning and memory. Structural and 
cognitive enhancements elicited by exposure to young blood are mediated, in part, 
by activation of the cyclic AMP response element binding (Creb) protein in the 
aged hippocampus. These data indicate that exposure of aged mice to young blood 
late in life is capable of rejuvenating synaptic plasticity and improving cognitive 
functions. There are plans to use this approach in human clinical  trials for AD.

 Reversal of Cognitive Impairment in Aging by GDF11 Protein

In the adult CNS, vasculature of the neurogenic niche regulates neural stem cell 
(NSC) behavior by providing circulating and secreted factors. Age-related decline 
of neurogenesis and cognitive function is associated with reduced blood flow and 
decreased numbers of NSCs. Restoring the functionality of the niche should 
counteract some of the negative effects of aging. A study has shown that factors 
found in young blood induce vascular remodeling, culminating in increased 
neurogenesis and improved olfactory discrimination in aging mice (Katsimpardi 
et al 2014). Further, the authors showed that circulating protein growth differentiation 
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factor 11 alone can improve the cerebral vasculature and enhance neurogenesis. The 
identification of factors that slow the age-dependent deterioration of the neurogenic 
niche in mice may constitute the basis for new methods of treating age-related 
neurodegenerative and diseases such as AD.

 Restoration of Repressor Element 1-Silencing Transcription 
Factor

Induction of the repressor element 1-silencing transcription factor (REST; also 
known as neuron-restrictive silencer factor, NRSF) is a universal feature of normal 
aging in human cortical and hippocampal neurons. REST is lost, however, in mild 
cognitive impairment and AD.  Chromatin immunoprecipitation with deep 
sequencing and expression analysis show that REST represses genes that promote 
cell death and AD pathology and induces the expression of stress response genes 
(Lu et al 2014). Moreover, REST potently protects neurons from oxidative stress 
and Aβ toxicity, and conditional deletion of REST in the mouse brain leads to age- 
related neurodegeneration. A functional ortholog of REST, C. elegans SPR-4, also 
protects against oxidative stress and Aβ toxicity. During normal aging, REST is 
induced in part by cell non-autonomous Wnt signaling. However, in AD, 
frontotemporal dementia and dementia with Lewy bodies, REST is lost from the 
nucleus and appears in autophagosomes together with pathological misfolded 
proteins. Finally, REST levels during aging are closely correlated with cognitive 
preservation and longevity. Thus, the activation state of REST may distinguish 
neuroprotection from neurodegeneration in the aging brain. Study suggests that 
REST may be a key regulator of neuronal stress and could play a role in staving off 
neurodegenerative diseases like AD.

 Vaccines for AD

Several immunological approaches (also called vaccines) are in development based 
on the current concepts of cell biology of AD. In transgenic mouse models of AD, 
chronic mucosal administration of Aβ peptide might induce an antiinflammatory 
process in brain tissue that could beneficially affect the neuropathological findings 
of progressive cerebral deposition of Aβ.

Two methods of immunization have been tried in AD. In the first, called active 
immunization, the antigen consisting of pieces of the Aβ that constitutes the plaques, 
are injected into patients to spur the production of antibodies that should neutralize 
the protein and prevent it from accumulating in brain cells. In passive immuniza-
tion, ready-made antibodies, rather than the antigen, are injected.
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Studies in murine models of AD have found that active immunization with Aβ or 
passive immunization with Aβ antibodies can lessen the severity of Aβ-induced 
neuritic plaque pathology through the activation of microglia. Whether they slow 
down or speed up the development and progression of AD has not been determined. 
Furthermore, the conditions that induce formation of such antibodies are unknown, 
or how specific they are to AD. However, the evidence suggests at least a potential 
beneficial role for some features of neuroinflammation in AD.  Immunotherapy 
approaches represent fascinating ways to test the amyloid hypothesis and may offer 
genuine opportunities to modify disease progression. The ability of exogenous and 
endogenous antibodies to rapidly neutralize soluble Aβ oligomers that disrupt 
synaptic plasticity in vivo suggests that treatment with such antibodies might show 
reversible cognitive deficits in early AD. A study using in vivo 2-photon imaging in 
mouse models found that two different antibodies to Aβ used for treatment were 
ineffective at repairing neuronal dysfunction and caused an increase in cortical 
hyperactivity (Busche et al 2015). There is evidence from human fMRI studies that 
humans will show hyperactivation early in the disease, followed by hypoactivation 
later on. It is an early stage of neuronal dysfunction that can later turn into neural 
silencing. This unexpected finding provides a possible cellular explanation for the 
lack of cognitive improvement by immunotherapy in human studies. This is 
controversial and not not acceptedby some experts. One of the major reasons for 
clinical trials failure of immunotherapy is that up until now, they have been done in 
persons with moderate-to-severe AD and then mild-to-moderate. As the studies are 
going further to include people with very early stages of clinical symptoms, they 
have not been stopped because patients are getting worse.

 Active Immunization with Aβ

AN-1792, a synthetic version of the protein fragment Aβ42, represents one of a 
wave of vaccines being developed for noninfectious conditions. In the case of AD, 
the treatment is based on the theory that injections of Aβ might activate the immune 
system to recognize and attack pathological accumulations; it is Aβ42 that causes 
most of the amyloid plaques, which are a hallmark of AD abnormality. Ideally, 
anti-Aβ antibodies would form and bind to the amyloid plaques. Simultaneously, 
microglial cells would be activated and begin engulfing the amyloid plaques. 
Immunization with AN-1792 significantly reduced pre-existing amyloid plaque and 
inhibited further plaque formation in the brains of transgenic mouse models of 
AD.  In another study prophylactic immunization with AN-1792 prevented the 
majority of treated mice from developing virtually any amyloid plaque. Initial phase 
I clinical studies with AN-1792 indicated that it halted the progress of AD and was 
found to be safe and well-tolerated. Further development was discontinued in phase 
II in 2002 because of complication of encephalitis in patients treated with AN-1792. 
Further studies suggest that immunization with nonamyloidogenic Aβ derivatives 
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represents a potentially safer therapeutic approach to reduce amyloid burden in AD, 
instead of using toxic Aβ fibrils.

A study has shown that active immunization with a DNA plasmid coding for an 
Aβ trimer (3xAβ1–42) designed to induce an anti-Aβ humoral immune response in 
the 3xTg-AD mouse model significantly reduced both of main AD pathologies, 
amyloid and tau (Rosenberg et al 2018). A significant reduction in activated protein 
levels for p44/p44 MAPK (ERK1/2), the upstream MEK, and GSK3β was 
demonstrated. These data support significant changes in the Ras-Raf-MEK-ERK 
signaling pathway in AD mouse model brain due to DNA Aβ42 immunotherapy, 
and this is a goal of further studies. DNA Aβ42 immunization in patients with AD 
has the potential to modify early and late changes in this disease. It is expected that 
DNA Aβ42 trimer immunotherapy in a clinical trial will reduce both plaques and 
tangles in patients with AD.

 Passive Immunization with MAbs

Chronic treatment with the monoclonal antibody (MAb) m266, which is specific for 
therapeutic approach to reduce amyloid burden in AD, increases plasma 
concentrations of Aβ in the transgenic mouse model of AD, and reverse memory 
deficits. The antibody can enter the brain and bind to the amyloid deposits, likely 
opsonizing the Aβ and resulting in Fcγ receptor-mediated phagocytosis. Thus, the 
mechanisms of anti-Aβ antibody-mediated amyloid removal can be simultaneously 
passive as well as active and this further supports the development of optimal 
strategies for using anti-Aβ immunotherapy as a treatment for AD.  MAb 2B12, 
which binds in the vicinity of the β-secretase cleavage site on Aβ, but does not bind 
within the Aβ region is directed against the substrate rather than the enzyme, and 
could inhibit cleavage of Aβ by β-secretase. The antibody can enter cells by binding 
to Aβ when it is at the cell surface and is then internalized with the protein. This 
inhibition is both concentration- and time-dependent and is specific to 2B12. It can 
inhibit ~50% of Aβ40 production suggesting that not all AβPP is trafficked to the 
cell surface. This antibody could be used as a therapy for AD and as a preventive 
treatment for people at high risk of AD.

Preliminary results from clinical trials suggest both the promise and the need to 
exercise caution with passive immunotherapy. The strategies used are distinct, using 
different MAbs to maximize the efficacy and safety of each approach. Experimental 
approaches using MAbs that recognize specific conformational epitopes, single- 
chain variable fragment antibodies, or intrabodies are promising for further devel-
opment as anti-AD therapies (Pul et al 2011). Antibodies against Aβ will not only 
broaden the therapeutic repertoire but also our knowledge about the pathology in 
AD. Further results of the clinical trials and new antibody-based approaches will 
shed light on the importance of Aβ and its removal in AD.
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 Other Vaccines for AD

Immunogenicity (cellular and humoral immune responses) and efficacy (AD-like 
pathology) of clinical grade Lu AF20513 (Lundbeck), an epitope vaccine, has been 
tested in Tg2576 AD mouse model (Davtyan et  al 2013). Lu AF20513 induced 
robust “non-self” T-cell responses and the production of anti-Aβ antibodies that 
reduce AD-like pathology in the brains of mice without inducing microglial 
activation and enhancing astrocytosis or cerebral amyloid angiopathy. A single 
immunization with Lu AF20513 induced strong humoral immunity in mice with 
preexisting memory T-helper cells. In addition, Lu AF20513 induced strong humoral 
responses in guinea pigs and monkeys. These data support the translation of Lu 
AF20513 to the clinical setting with the aims of: (1) inducing therapeutically potent 
anti-Aβ antibody responses in patients with mild AD, particularly if they have 
memory T-helper cells generated after immunizations with conventional tetanus 
toxoid vaccine, and (2) preventing pathological autoreactive T-cell responses. It is 
now in a phase I clinical trial.

Monophosphoryl lipid A (MPL) is a LPS (lipopolysaccharide)-derived TLR4 
agonist that exhibits unique immunomodulatory properties at doses that are 
nonpyrogenic. Repeated systemic injections of MPL, but not LPS, has been shown 
to significantly improve AD-related pathology in APPswe/PS1 mice (Michaud et al 
2013). MPL treatment led to a significant reduction in Aβ load in the brain of these 
mice, as well as enhanced cognitive function. MPL induced a potent phagocytic 
response by microglia while triggering a moderate inflammatory reaction. These 
data suggest that the TLR4 agonist MPL may be a treatment for AD.

UB-311 vaccine is constructed with two synthetic Aβ1-14-targeting peptides (B cell 
epitope), each linked to different helper T cell peptide epitopes. This platform can 
generate a high-precision molecular vaccine with high responder rate, strong on-target 
immunogenicity, and a potential of cognition improvement, which support UB-311 
for active immunotherapy in early-to-mild AD patients currently enrolled in a phase-II 
trial (NCT02551809). AD subgroup analysis suggests that UB-311 may have a poten-
tial of cognition improvement in patients with early stage AD (Wang et al 2017).

 Mechanism of Reduction of Aβ Plaque Pathology 
by Immunization

Although Aβ immunization reduces Aβ plaque pathology and improves cognitive 
function, the biological mechanisms by which Aβ antibodies reduce amyloid accu-
mulation in the brain remain unclear. If clinical studies to investigate antiinflamma-
tory drugs in combination with different approaches to Aβ immunization are to be 
initiated, disease state and rate of progression need to be considered, and further 
elucidation of Aβ-plaque clearance mechanisms is essential. Supporting evidence for 
the following three mechanisms, which are not mutually exclusive, is available:

 Vaccines for AD
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 1. A catalytic disaggregation of Aβ fibrils leading to monomeric Aβ and clearance 
form the brain.

 2. Antibody-mediated phagocytosis and degradation of Aβ by activated microglia.
 3. The antibodies are not required to enter the brain but simply to bind Aβ in 

plasma (amyloid sink hypothesis) altering the kinetics of Aβ flux into and out of 
the CNS.

Elucidation of the relative contributions of these three mechanisms to the overall 
amyloid-lowering properties of Aβ vaccines in transgenic mice will be essential for 
designing rational modifications of the immunotherapeutic approach that are safe 
and effective. For example, if amyloid sink mechanism is shown to be the dominant 
effect, other agents that bind Aβ in plasma may be equally efficacious without many 
of the concerns associated with vaccination.

 Perspectives on Vaccines for AD

An ideal antiinflammatory drug might be one that does not interfere with the selected 
proinflammatory mediated scavenging of Aβ plaques by microglia but does prevent 
the harmful proinflammatory response associated with microglial activation (e.g. 
pro-oxidative conditions and superoxide generation). Numerous immunological 
approaches that prevent the conversion of the normal precursor protein into patho-
logical forms or that accelerate clearance are in development. More than ten new 
approaches to active and passive immunotherapy are under investigation in clinical 
trials with the aim of producing safe methods for immunological therapy and preven-
tion. A delicate balance between immunological clearance of an endogenous protein 
with acquired toxic properties and the induction of an autoimmune reaction must be 
found. Data from a recent immunization study suggests that modification of the anti-
gen used in immunization may affect the type of immune response produced. Which 
inflammatory profile after Aβ immunization will be specifically beneficial against 
pathological processes in the human brain is unknown. A more extensive investiga-
tion of the inflammatory cascades evoked by immunization-induced plaque scaveng-
ing is clearly necessary before any additional clinical studies are done. Despite the 
major setback, which followed exciting findings in preclinical animal models, further 
extensive basic and clinical research are needed. However, a more cautious approach 
is justified. Perhaps the active Aβ immunization, which was both celebrated and con-
demned too early, could be revived.

 Vitamins

Vitamins are not generally recognized as a treatment for AD, but some vitamins 
may delay the aging process of brain or onset of AD.  Notable among these are 
vitamins E and B and folic acid.
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 Vitamin E as Antioxidant

Vitamin E is proposed as a treatment for AD on the basis that it prevents the oxida-
tive damage induced by Aβ in cell culture and delays memory deficits in animal 
models. Vitamin E, when given to transgenic mouse models of AD, produces sig-
nificant reduction in Aβ levels and amyloid deposition. By contrast, mice receiving 
the diet supplemented with Vitamin E at a later age do not show any significant 
difference in either marker when compared with placebo. These results show that 
antioxidant therapy may be beneficial only if given at this stage of the disease pro-
cess. Encapsulation of vitamin E into PEG-based nanospheres increases its efficacy 
against oxidative stress resulting from exposure to Aβ. A double-blind, placebo- 
controlled, parallel-group, randomized clinical trial in patients with mild to moder-
ate AD showed that 2000  IU/d of vitamin E compared with placebo resulted in 
slower functional decline (Dysken et al 2014).

 Vitamin B for Lowering Homocysteine

Individuals with AD have higher levels of homocysteine than people of similar age 
who do not have the disease. An open-label trial of combination of folic acid, vitamin 
B12, and vitamin B6 named Vital (VITamins to Slow Alzheimer’s Disease), the high-
dose vitamin B regimen was associated with a significant reduction in fasting and post-
methionine-loading homocysteine in patients with AD.  In an initial, randomized 
controlled study on elderly MCI subjects with increased risk of dementia, high-dose 
vitamin B treatment (folic acid 0.8 mg, vitamin B6 20 mg, vitamin B12 0.5 mg) slowed 
shrinkage of the whole brain volume over 2 years. A further study by the investigators 
demonstrated that vitamin B treatment reduces, by as much as 7-fold, cerebral atrophy 
in those gray matter regions specifically vulnerable to the AD process, including the 
medial temporal lobe (Douaud et al 2013). In the placebo group, higher homocysteine 
levels at baseline are associated with faster gray matter atrophy, but this deleterious 
effect is largely prevented by vitamin B treatment. Additionally, it was shown that the 
beneficial effect of vitamin B is confined to participants with high homocysteine 
(>11 μmol/L) and that, in these participants, a causal Bayesian network analysis indi-
cates the following chain of events: vitamin B lower homocysteine, which directly 
leads to a decrease in gray matter atrophy, thereby slowing cognitive decline. Further 
vitamin B supplementation trials focusing on elderly subjets with high homocysteine 
levels are warranted to see if progression to dementia can be prevented.

 Folic Acid

Folic acid is a synthetic form of vitamin B9. A diet high in folate is recommended 
for a variety of reasons and is safe. It is proven to reduce birth defects in offsprings 
when given to pregnant women and may be helpful in the prevention of heart disease 
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and strokes. In one study, folic acid is also known to reduce elevated homocysteine 
levels. Taking 800 micrograms of folic acid a day over a period of few years slows 
decline in memory and other brain functions with aging in otherwise healthy 
persons. On tests of cognitive speed, the folic acid helped users perform as well as 
younger people. The study did not show that folic acid could prevent AD. A 6-year 
follow-up study has shown that older men and women with a higher intake of folate 
from diet and supplements have a reduced risk of AD compared to those who 
consume less, independent of other risk factors and levels of vitamins B6 and B12 
(Luchsinger et al 2007). These results require confirmation with clinical trials. A 
randomized, placebo-controlled clinical trial using a regimen of high-dose B 
vitamin supplements (high-dose folic acid, vitamin B6, and vitamin B12) concluded 
that it does not slow cognitive decline in individuals with mild to moderate AD 
(Aisen et al 2008).

 Combined Therapeutic Approaches to AD

From a therapeutic point of view, the most efficient strategies of therapy for AD 
might involve simultaneous combined administration of drugs interfering with 
distinct cellular signaling pathways elicited by noxious extracellular concentrations 
of Aβ in the brain. It is possible that effective neuroprotection achieved by 
simultaneous administration of a non-competitive NMDA receptor antagonist and a 
Ca2+ channel blocker might exert protection against Aβ toxicity.

 Clinical Trials in AD

As of 1 January 2019, there are >2012 clinical trials of AD listed on the US 
Government web site: https://clinicaltrials.gov/ct2/results?term=Alzheimer&Searc
h=Search. These trials cover several aspects of AD including diagnosis and 
management. Information on drugs/methods tested was available for ~234 clinical 
trials for treatment of AD. Of these, 156 that are in progress or completed are shown 
in Table 8.5. Discontinued or failed 78 clinical trials are listed in Table 8.6.

Drugs that were discontinued from further development for AD in clinical trials 
are shown in Table 8.6. The reasons were lack of efficacy, adverse effects, financial 
limitations or simply a decision by the sponsor without providing an explanation.

 Concluding Remarks on Clinical Trials of AD

Randomized controlled trials (RCTs) are generally considered to be a robust form 
of evidence. However, the inclusion criteria for many RCTs are often very restrictive 
as they generally exclude patients with serious concomitant illnesses. Moreover, the 

8 Neuroprotection in Alzheimer Disease
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patients in trials tend to receive better care than those in real-life practice, the results 
of RCTs may be better than those achieved in practice. In a metaanalyses of RCTs 
of cholinesterase inhibitors, the pooled mean proportion of responders to drug 
treatment exceeding that for placebo treatment is ~10%. Response to therapy is 
defined as an improvement of four or more points on the Alzheimer Disease 
Assessment Scale-cognitive portion (ADAS-cog).

With the early detection of AD in preclinical stage, there is uncertainty as to the 
best way to evaluate the results of new compounds in clinical trials. AD progresses 
so slowly that showing that a drug started early affects symptoms such as memory 
impairment can take years. This is far longer than companies can afford to wait. 
Brain imaging and CSF examination can show changes in the brain earlier, but FDA 
may not accept laboratory proof of change without clinical correlation based on its 
experience of approving drugs in other therapeutic areas on similar evidence and 
later discovering that these drugs did not alter the course of the disease. Although 
development of AD therapeutics is ready to move forward with new methods of 
diagnosis and drugs that might modify the course of the disease, the proof that 
blocking Aβ makes a difference is still lacking.

Failure of the experimental anti-amyloid drug tarenflurbil to produce improve-
ment in clinical trials was a point against the amyloid hypothesis of AD, which is 
still the dominant hypothesis. Tarenflurbil had the problem of delivery in the brain 
and no methods of direct measurements of plaques or Aβ were available at that time. 
Even with a new type of scan that can demonstrate amyloid plaques and the effect 
of bapineuzumab in removing them, it is unclear whether patients are improving. 
This evidence may not be enough to get the approval. If amyloid turns out to have 
nothing to do with AD and the FDA approved a drug that blocked amyloid forma-
tion, millions of healthy people could end up taking something useless or even 
dangerous. Because it takes so long for AD to develop, it could be several years 
before anyone would know that the drug did not work.

Recent trials of anti-amyloid agents have not produced convincing improve-
ments in clinical outcome in AD; the reason for these poor or inconclusive results 
remains unclear. Recent genetic data continue to support the amyloid hypothesis of 
AD with protective variants being found in the amyloid gene and both common 
low-risk and rare high-risk variants for disease being discovered in genes that are 
part of the amyloid response pathways. These data support the view that genetic 
variability in how the brain responds to amyloid deposition is a potential therapeutic 
target for the disease and are consistent with the notion that anti-amyloid therapies 
should be initiated early in the disease process (Hardy et al 2014).

A major reason for failure of clinical trials for AD is that the design does not 
take into consideration the heterogeneity of the disease with varying genotypes, 
phenotypes, and clinical courses. Drug trials commonly have wide inclusion cri-
teria that lump together multiple subtypes of the condition. The outcome variables 
used in many trials may not be sensitive for the disease subtype and trials may not 
follow patients for the appropriate length of time necessary for the subtype of 
disease. Methods of stratifying treatment trial design to account for disease 
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 heterogeneity using algorithms incorporating demographics, neuroimaging, 
genetics, and clinical phenotypes, as well as more tailored outcome measures, are 
proposed to enable personalized approach to development of AD therapeutics 
(Devi and Sheltens 2018).

A meta-analysis of 41 randomized controlled trials was conducted to determine 
comparative safety and effectiveness of cholinesterase inhibitors and memantine for 
AD (Dou et  al 2018). Compared with placebo, galantamine 32 mg daily, galan-
tamine 24 mg daily, and donepezil 10 mg daily were probably the most effective 
agents on cognition for mild to moderate AD, and memantine 20 mg combined with 
donepezil 10 mg was recommended for moderate to severe patients. Memantine 
showed the best profile of acceptability. Rivastigmine transdermal 15-cm2 patch 
was the best optional treatment both in function and global changes. None of the 
medicines was likely to improve neuropsychiatric symptoms through this analysis. 
The conclusion was that pharmacological interventions have beneficial effects on 
cognition, function, and global changes, but not on neuropsychiatric symptoms, 
through current network meta-analysis. The choice of drugs may mainly depend on 
the disease severity and clinical symptoms.

 Future of Neuroprotection in AD

Several of the clinical trials have shown disappointing results for any neuroprotec-
tive benefit in AD. Fortunately, new strategies are emerging and provide hope for 
the future. These stratagies are described in the special report on AD (Jain 2019e). 
Some of these strategies are listed in Table 8.7.

Table 8.7 Strategies for discovery of neuroprotective therapies for AD

Drugs acting on signaling pathways
JNK pathway as a target
Mitogen-activated protein kinase pathway as target
CPI-1189
Drugs to reverse inhibition of the PKA/CREB pathway in AD
Novels targets/receptors for AD drug discovery
Cyclin-dependent kinase-5
Inactivation of aph-1 and pen-2 reduces APP cleavage
Phosphodiesterase inhibitors
Pin 1 as a target in AD
Protein kinase C activators
Receptor for advanced glycation end products
Src homology-containing protein-1 inhibitors
Nitric oxide mimetics for direct activation of signal transduction cascades
Targeting GABAergic system

© Jain PharmaBiotech
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 Mild Cognitive Impairment

Mild cognitive impairment (MCI) has evolved in recognition of the fact that mea-
surable memory deficits, more severe than can be accounted for by simple aging, are 
identified without functional decline that is sufficient for a diagnosis of dementia. 
MCI is quite frequent. Approximately one fourth of persons over 65 years of age in 
the US have some degree of cognitive impairment, not including elderly persons 
with dementia. Furthermore, the prevalence of non-dementia cognitive impairment 
increased with age, from 19.2% for people 65–74 years of age to 38% for people 
85 years of age and older. Most cases of non-dementia cognitive impairment in this 
study were due to medically unexplained memory loss. The next most common 
cause was medical illness-associated impairment, followed by stroke and alcohol 
abuse. Non-dementia cognitive impairment is a major risk factor for later develop-
ment of dementia. More than 80% of patients with MCI develop AD within 10 years 
at a rate of about 10% to 15% of patients per year. MCI is an important diagnosis 
because it represents the closest call for an identification of treatable diseases or risk 
factors before the final manifestation of irreversible brain changes of AD.

 Relation of MCI to AD

MCI generally represents early-stage AD. Individuals currently characterized as hav-
ing MCI progress steadily to greater stages of dementia severity at rates dependent 
on the level of cognitive impairment at entry and they almost always have the neuro-
pathological features of AD. Prevalence of MCI and predictive validities are highly 
dependent on the diagnostic criteria applied. Because of lack of any uniform criteria 
for MCI estimated prevalence rates range from 3 to 36% according to the concept 
applied. Recent evidence also suggests that the etiological heterogeneity among indi-
viduals with MCI could be greater than previously reported. For example, cerebro-
vascular disease seems to be underestimated as a potential cause of MCI.

Postmortem study of the brains of those diagnosed with MCI during life shows 
that level of AD pathology in persons with MCI is intermediate between those with-
out cognitive impairment and those with dementia. Further, the relation between 
cognition and AD pathology in persons with MCI does not differ significantly from 
the relation between cognition and AD pathology in persons with dementia or those 
without cognitive impairment. MCI may be the earliest clinical manifestation of AD 
and there are structural changes in the brains of patients who may develop AD. MRI 
volumetric studies of MCI reveal that the hippocampi of the patients who eventually 
develop AD were significantly atrophic relative to those of the healthy controls. 
However, neither demographic variables nor cognitive measures have predictive 
value in determining which patients diagnosed with MCI will develop the neuro-
pathological features of AD. MCI is a clinical diagnosis, which is similar to the 
diagnoses of dementia or AD. Although cognitive tests and functional measures are 
very useful, ultimately, the final determination relies on the clinician’s judgment.
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Following decline of memory, executive function is the next brain function to 
deteriorate in the progression from MCI, a pre-AD condition, to AD. A decline in 
executive function will cause people to become more impaired in their daily activi-
ties, as it is quite important for daily function. The disease progression is correlated 
with the areas of the brain affected: the medial temporal lobe is affected as memory 
declines, and then the frontal regions of the brain are affected as executive function 
worsens. In future studies of MCI, measuring whether a patient has moved from 
memory impairment alone to weakened executive function could help determine 
whether a certain drug is successful in slowing or stopping the disease.

 Neuroprotection in MCI

Several strategies are being pursued to prevent progression of MCI. These include 
pharmacological as well as non-pharmacological measures.

 Pharmacological Approaches for MCI

Almost all the drugs used for AD have been considered for MCI. Potential therapeu-
tic agents for MCI are:

• AChE inhibitors
• Antioxidants
• Antiinflammatory drugs
• Glutamate receptor modulators
• Immunomodulators
• Melatonin
• Nootropics
• Secretase inhibitors

Stepping backward by focusing on underlying disease processes and attempting 
causal interventions must be preferred to a mere symptomatic treatment of MCI as 
a preclinical form of AD. Elderly people taking anticholinergic drugs have signifi-
cant deficits in cognitive functioning and are highly likely to be classified as MCI, 
although not at increased risk for AD.  Physicians should assess current use of 
anticholinergic drugs in elderly people with MCI before considering administration 
of acetylcholinesterase inhibitors.

A cholinergic deficit is functionally relevant in subjects with MCI and an increase 
of cholinergic neurotransmission by use of acetylcholinesterase inhibitors specifi-
cally improves hippocampal function. Malfunction of the cholinergic system may 
be tackled pharmacologically via the inhibition of acetylcholinesterase even when 
the impairment is slight. Long-term donepezil therapy is associated with a lower 
rate of progression of MCI to AD. Clinical trials of several agents aimed at halting 
the advance of pathologic brain lesions in AD are in progress. Some of these agents 
may prove effective in slowing the progression of MCI to AD.

 Mild Cognitive Impairment
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Melanin has been used for improving sleep-wake cycle as well as cognitive and 
emotional performance in MCI patients. In a study of MCI outpatients who received 
daily 3–24 mg of a fast-release melatonin preparation at bedtime for 15–60 months, 
there was significantly improved performance in Mini-Mental State Examination 
and the cognitive subscale of the Alzheimer’s Disease Assessment Scale (Cardinali 
et al 2012).

Clinical trials of several agents aimed at halting the advance of pathologic brain 
lesions in AD are in progress. Some of these agents may prove effective in slowing 
the progression of MCI to AD. Numerous nootropic compounds have been studied 
for possible effects in AD, and most of these studies have been negative but the pos-
sibility that these compounds could be beneficial in earlier stages of the disease 
process has prompted a trial of piracetam in MCI.  Because MCI involves more 
substantial cognitive and memory decline than normal aging, it represents a signifi-
cant opportunity to manage a risk factor for the development of AD. Further research 
is needed into treatments to delay the conversion from MCI to AD. New drugs such 
as secretase inhibitors, small molecules that disrupt amyloid aggregation, and 
immunotherapies are in development for AD and need to be tested in MCI as well.

An increased rate of brain atrophy is often observed in older subjects, in particu-
lar those who suffer from cognitive decline. Homocysteine is a risk factor for brain 
atrophy, MCI and dementia. A randomized, double-blind controlled trial of high- 
dose folic acid, vitamins B6 and B12 has shown that accelerated rate of brain 
atrophy in elderly with MCI can be slowed by treatment with homocysteine- 
lowering B vitamins (Smith et  al 2010). Since accelerated brain atrophy is a 
characteristic of subjects with MCI who convert to AD, trials are needed to see if the 
same treatment will delay the development of AD.

Findings of a systematic review of trials pharmacotherapy to prevent cognitive 
decline, MCI, and clinical AD-type dementia include the following (Fink et  al 
2018):

• In persons with normal cognition, estrogen and estrogen-progestin increased risk 
for dementia or a combined outcome of MCI or dementia

• High-dose raloxifene decreased risk for MCI but not for dementia
• Antihypertensives, NSAIDs, and statins did not alter dementia risk
• In persons with MCI, cholinesterase inhibitors did not reduce dementia risk
• In persons with normal cognition and those with MCI, these pharmacologic 

treatments neither improved nor slowed decline in cognitive test performance.

The review concluded that available evidence does not support use of the pharma-
cologic treatments for cognitive protection in persons with normal cognition or MCI.

 Non-pharmacological Approaches to MCI

Various non-pharmacological measures such as brain jogging and physical exer-
cise have a neuroprotective function as described in Chap. 2. It is well-recognized 
that physical activity is positively associated with white matter (WM) integrity and 
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cognitive performance in normal adults as well as subjects with MCI. The relation 
of cardio-respiratory fitness (CRF) assessed by VO2max test to WM fiber integrity 
measured by diffusion tensor imaging has been studied in MCI (Ding et al 2018). 
Results show that higher levels of CRF are associated with better WM fiber 
 integrity, which in turn is correlated with better executive function performance in 
MCI patients.
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 Introduction

Huntington’s disease (HD) is an autosomal dominant hereditary disorder character-
ized by chorea (excessive, spontaneous, irregularly timed abrupt movements), 
disturbed voluntary motor performance, behavioral changes and dementia. 
Functional capacity slowly declines as a result of increasing motor and cognitive 
deficits until the patient becomes bedridden. The course is progressive, with death 
usually occurring 15–20 years after disease onset. Death is most frequently caused 
by aspiration pneumonia.

Prevalence of HD is 5–8 per 100,000 of the population in the West with approxi-
mately 50,000 patients in US and Europe. Approximately two to four times as many 
individuals have inherited the mutation but are as yet asymptomatic. As an autoso-
mal dominant disorder, there is no gender predisposition and the disease is present 
worldwide.

 Pathophysiology of HD

Changes in the brain in HD are characterized by loss of GABAergic neurons in the 
basal ganglia and the cerebral cortex. Four general mechanisms of cells deaths are 
implicated in HD: excitotoxicity, metabolic stress, oxidative free radicals and apop-
tosis. Triple repeat expansion in HD can lead to an abnormal protein product and 
altered protein interactions, which, in turn, evoke various mechanisms for cell death. 
Each of these steps may be a potential target for therapy.

Excitotoxicity Presence of an expanded polyglutamine tract in the huntingtin protein 
may cause alterations in the uptake or release of glutamine. Endogenous accumulation 
of glutamate or an analog has been hypothesized to be partly responsible for the patho-
physiology of HD. Evidence supporting the role of glutamate is as follows:

• Acute exposure of striatal neurons to glutamate analogs such as quinolinic acid 
causes specific neuronal degeneration like that seen in HD.

• NMDA excitotoxic lesions of the cerebral cortex of rats can produce selective 
pattern of neuronal damage like that, which occurs in HD.

• Levels of the NMDA receptors are decreased in the striatum of HD patients.
• Substance P levels are also known to be decreased in the striatum of patients with 

HD, making the striatum more vulnerable to excitotoxic insult.

Metabolic Stress Mitochondrial toxins produce a pattern of pathology like that of 
HD in animal models.

Oxidative Stress This may act alone or in conjunction with excitotoxicity or 
metabolic stress and contribute to neuronal death in HD. Free radicals have been 
implicated in the excitotoxic model of HD in rats.

9 Neuroprotection in Huntington Disease
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Apoptosis Apoptosis has recently been recognized as a mode of cell death in HD. 
Huntingtin is cleaved by apopain, a cysteine protease which has a key role in 
proteolytic events leading to apoptosis.

Role of Dopamine (DA) in HD DA increases aggregate formation of mutated hun-
tingtin in all cellular compartments. DA-dependent potentiation of c-Jun activation is 
reversed by ascorbate, a free radical scavenger, and SP-600125, a selective inhibitor 
of the c-Jun N-terminal kinase (JNK) pathway. By contrast, DA effects on aggregate 
formation are reversed by a selective D2 receptor antagonist and reproduced by a D2 
agonist. Combined treatment with the free radical scavenger and D2 antagonist totally 
reverses DA’s effects on mutated huntingtin-induced striatal death. Thus, JNK activa-
tion and D2 receptor signaling play a dual role in striatal vulnerability in HD.

Impaired Phospholipid-Related Signal Transduction HD may be associated 
with an abnormality of neuronal membrane fatty acid metabolism, possibly due to 
an unidentified action of huntingtin.

Disturbances in Amino Acid Metabolism These disturbances may account for 
the profound inanition observed in HD patients. A study has shown that the master 
regulator of amino acid homeostasis, activating transcription factor 4 (ATF4), is 
dysfunctional in HD because of oxidative stress contributed by aberrant cysteine 
biosynthesis and transport (Sbodio et al 2016). Consistent with these observations, 
antioxidant supplementation reverses the disordered ATF4 response to nutrient 
stress and indicates a molecular link between amino acid disposition and oxidative 
stress leading to cytotoxicity. This disruption may be relevant to cellular dysfunc-
tion in other neurodegenerative conditions involving oxidative stress and may reflect 
a form of “cysteine stress” with widespread impact. Thus, stimulating the reverse 
transsulfuration pathway offers therapeutic avenues for mitigating symptoms asso-
ciated with diseases involving oxidative stress. Agents that restore cysteine balance 
may provide neuroprotective and therapeutic benefit.

Genomics/Proteomics HD was mapped to short arm of the chromosome 4 using 
linkage analysis by polymorphic DNA markers. HD gene has been cloned and the 
mutation contains an unstable trinucleotide repeat (CAG) within a gene in the 
4p16.3. The mutation, which causes the disease, expands the length of a repeated 
stretch of amino acid glutamine in the gene’s product, a protein called huntingtin. 
This may trigger the onset of HD but other genetic, neurobiological and environ-
mental factors contribute to the progression of the illness and underlying neuronal 
degeneration. A huntingtin-associated protein (HAP-1) has been identified that 
binds to huntingtin and this binding is enhanced by an expanded polyglutamine 
repeat, the length of which is also known to correlate the age of disease onset. The 
HAP-1 protein is enriched in the brain, suggesting a possible role for the selective 
brain pathology in HD. CAG produces stretches of polyglutamines (poly-Q) repeats 
that are highly toxic to nerve cells through alteration of their conformation leading 
to pathogenic protein-protein interactions including oligomerization and/or aggre-
gation. This results in progressive neurological and cognitive deterioration that is 
the hallmark of HD.

 Pathophysiology of HD



590

Studies in mouse models of HD expressing a neuropathogenic form of mutant 
huntingtin (mhtt) in discrete neuronal populations have shown that progressive 
motor deficits and cortical neuropathology are only observed when mhtt expression 
is in multiple neuronal types, including cortical interneurons, but not when mhtt 
expression is restricted to cortical pyramidal neurons. Pathological interactions 
between interneurons and pyramidal neurons may contribute to the cortical mani-
festation of HD and cell-cell interactions elicited by neuropathogenic forms of mhtt 
can critically contribute to cortical pathogenesis in HD mouse models. Whereas 
most disease models and drug development efforts rely on the assumption that HD 
arises from within the target brain cells, this model is the first to show that mutant 
HD proteins exert their influence on brain cells located near the target cells. These 
neighboring cells then interact with the target cells to spark disease. The next step 
in research will be to determine how neighboring cells influence target cells and 
cause their death. An understanding of how these cells interact may lead to new 
therapeutic strategies to treat HD.

The mutant huntingtin protein’s abnormal stretch of polyglutamines may con-
fer new properties to the protein and allow altered interactions with other proteins. 
For example, transglutaminase has been shown to crosslink with the pathologi-
cally expanded polyglutamine segment of huntingtin to help form neuronal intra-
nuclear aggregates. Several other proteins have been described that interact with 
huntingtin.

Combined Toxicity of Polyglutamine and Copper Binding Abnormal metal 
accumulation has been implicated in the striatum of HD patients, but a causative 
relationship has not yet been established. Using a Drosophila model of HD, wherein 
Htt exon1 with expanded polyQ (Htt exon1-polyQ) is introduced, it was shown that 
altered expression of genes involved in copper metabolism significantly modulates 
the HD progression and reduction of copper decreases the level of oligomerized and 
aggregated Htt to a large extent (Xiao et  al 2013). Substitution of two potential 
copper-binding residues of Htt, Met8 and His82, completely dissociates the copper- 
intensifying toxicity of Htt exon1-polyQ. These results therefore indicate HD entails 
two levels of toxicity: the copper-facilitated protein aggregation as conferred by a 
direct copper binding in the exon1 and the copper-independent polyQ toxicity. The 
existence of these two parallel pathways converging into Htt toxicity also suggests 
that an ideal HD therapy would be a multipronged approach that takes both these 
actions into consideration.

 Management of Huntington’s Disease

There is no definite treatment for HD. Several drugs are used for symptomatic treat-
ment. For example, reduction of severe chorea with antidopaminergic medication, 
improvement of hypokinetic rigidity with antiparkinsonian medication and the 
treatment of behavioral disturbances with antipsychotic drugs. Ideally, treatment 

9 Neuroprotection in Huntington Disease



591

should improve functional capacity rather than simply suppress symptoms. 
Neurotransmitter replacement therapy for GABAergic enhancement has been tried 
because of the profound loss of GABA in the striatum of patients with HD but has 
been unsuccessful. Currently, disease-modifying therapy is not available for HD, and 
only symptomatic drugs are administered for the management of symptoms. Now the 
emphasis is on neuroprotective therapies described in the following section.

 Neuroprotection in Huntington’s Disease

Knowledge of the genetic defect in patients with HD and the availability of genetic 
testing have enabled the detection of individuals at risk for HD prior to the onset of 
symptoms. There are symptomatic treatments but no cure. It is, therefore, important 
to find neuroprotection strategies in these persons. Discovery of the HD gene and its 
product, huntingtin, has improved understanding of the disease lesion and opened 
new avenues to cure. However, the mechanisms by which the genetic defect (unsta-
ble trinucleotide repeat) leads to neuronal degeneration are not known. Glutamate- 
mediated excitotoxicity and abnormalities of mitochondrial energy production are 
implicated and may lead to production of free radicals. Various pathomechanisms of 
HD are also the targets for therapies and in order of importance these are: (1) mHtt 
aggregation; (2) mitochondral dysfunction/oxidative stress; (3) transcriptional 
dysregulation; (4) apoptosis; and (6) excitotoxicity. Neuroprotective approaches to 
HD are shown in Table 9.1.

 Antipsychotic D2 and 5-HT1A Antagonists

Involuntary movements and psychiatric symptoms of HD improve with perospi-
rone, a second-generation antipsychotic agent with antagonistic effects on serotonin 
5-HT2A and dopamine D2 (D2) receptors, as well as a unique agonistic effect on 
serotonin 5-HT1A (5-HT1A) receptors. The fact that perospirone antagonizes D2 
receptors can explain its effects on the hyperkinetic syndrome, while its agonistic 
effects on 5-HT1A receptors may explain the amelioration of psychiatric symptoms 
(fear and anxiety). Further studies are needed to assess utility of perospirone for the 
treatment of involuntary movements and psychiatric symptoms in HD.

 Caspase Inhibitors

Transgenic mice expressing exon 1 of the human huntingtin gene with an expanded 
CAG/polyglutamine repeat develop a progressive syndrome with many of the char-
acteristics of human HD. There is evidence of caspase-1 activation in the brains of 
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Table 9.1 Neuroprotective approaches in HD

Inhibition of aggregation of mHtt by improved proteosomal activity
Lithium
Rapamycin and its analog CCI-779
Small-molecule enhancers (SMER) of the cytostatic effects of rapamycin: SMER 10, 18, and 28
Antiapoptotic agents
Caspase inhibitors: minocycline
Dopamine pathway inhibitor: tetrabenazine
LAX-101 (a proprietary ethyl-ester of eicosapentaenoic acid)
Statins
Tauroursodeoxycholic acid
Antiglutamate agents: e.g. remacemide hydrochloride
Synaptic activation of NMDA receptors: e.g. memantine
Drugs that block inappropriate calcium release from neurons
Anticoagulants
Antidepressants
Antipsychotics
Perospirone: 5-HT2A and D2 receptors antagonist
Pridopidine: dopaminergic stabilizer
Free radical scavengers: e.g. coenzyme Q10
Histone deacetylase inhibitors: e.g. suberoylanilide hydroxamic acid
Inhibitors of polyglutamine aggregation
Small molecule inhibitors of neuronal polyglutamine aggregation
Polyglutamine binding peptide 1
Single chain Fv antibodies
Reduction of trancriptional dysfunction
Chromomycin
Mithramycin
Phenylbutyrate and sodium butyrate
Neurotrophic factors and drugs enhancing NTF levels
Fibroblast growth factor (FGF)
Cysteamine: enhances serum levels of BDNF
Cell Therapy: cell transplants
Antisense: downregulation of huntingtin gene expression
RNAi: suppression of polyglutamine-induced neurodegeneration by siRNAs
Gene therapy

© Jain PharmaBiotech

mice and humans with the disease. In a transgenic mouse model of HD, expression 
of a dominant-negative caspase-1 mutant was shown to extend survival and delay 
the appearance of neuronal inclusions, neurotransmitter receptor alterations and 
onset of symptoms, indicating that caspase-1 is important in the pathogenesis of the 
disease. In addition, the authors of this study demonstrated that intracerebroven-
tricular administration of a caspase inhibitor delayed disease progression and 
mortality in the mouse model of HD.
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 Cysteine and Neuroprotection in HD

 Cysteine Metabolism Reprogramming for Neuroprotection in HD

HD is associated with disrupted metabolism of amino acid cysteine caused by deple-
tion of cystathionine γ-lyase, the biosynthetic enzyme for cysteine, which is important 
for redox homeostasis. In addition to abnormal redox balance, there is Golgi stress 
response as well. Golgi stressor monensin acts via the PKR-like ER kinase/Activating 
Transcription Factor 4 pathway, which is the master regulator of amino acid metabo-
lism, and is induced during amino acid depletion as well as other forms of stress 
(Sbodio et al 2018). This pathway can be harnessed to mitigate toxicity associated with 
cysteine deprivation in HD. Targeting the molecular controls for restoration of cysteine 
balance may offer more robust therapeutic avenues for management of HD.

 Cysteamine

Cysteamine, a degradation product of the cysteine, is used in the treatment of disorders 
of cystine excretion. It is also a somatostatin-depleting agent, and was reported to be 
beneficial in HD transgenic mice. Cysteamine has a neuroprotective effect in HD mice 
because it increases the levels of BDNF and BDNF levels can be used as a biomarker 
of efficacy for cysteamine in HD. Preclinical studies support 3 proposed mechanisms 
of action of cysteamine: (1) increased synthesis and mobilization of cysteine results in 
increased levels of glutathione and reduced oxidative stress; (2) inhibition of transglu-
taminase and induction of a HSP response, which assists in promoting proper protein 
folding and reduced proteolysis; and (3) enhanced gene transcription and increased 
expression and secretion of BDNF (Gibrat and Cicchetti 2011; Shannon and Fraint 
2015). An open-label phase II study showed that cysteamine was well tolerated in HD 
patients (Prundean et al 2015). A randomized, double-blind, placebo-controlled trial 
failed to demonstrate the efficacy of cysteamine in HD and post hoc analyses indicate 
the need for definitive future studies (Verny et al 2017).

 Drugs That Block Inappropriate Calcium Release from Neurons

One of the defects that leads to death of nerve cells with the mutant huntingtin protein 
is improper regulation of Ca2+ due to errant signals in the cells. Ca2+ is inappropriately 
released from its storage area in the cells, and eventually the cells die. In a study using 
the spiny neurons of mice that carry a copy of the mutated human huntingtin gene, 
treatment of the cells in culture with the drug enoxaparin (an approved anticoagulant) 
prevents inappropriate calcium release, and prevents cell death. An explanation of this 
neuroprotective effect is that the neuron’s mitochondria release cytochrome c through 
a pore just before dying and certain drugs block the mitochondrial pore through which 
cytochrome c and other death signals are released. Besides enoxaparin, these drugs 
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include antidepressants such as nortriptyline and antipsychotics such as trifluoperazine. 
These drugs may protect the brain cells that die in people with HD, possibly delaying 
the onset and slowing the progression of the disease. The next step will be to work with 
other researchers to test these drugs in whole animal models of HD to see if cell death 
and loss of motor function observed in these models can be prevented. Search for drugs 
can be expanded beyond molecules that block Ca2+ release and the mitochondrial pore. 
Drugs that will prevent the pathological association of mutant huntingtin protein with 
the Ca2+ signaling proteins in striatal neurons can be investigated to look for the most 
specific drug with the least side effects.

 Enhancing Protease Activity for Clearance of mHtt

The target of rapamycin proteins regulates various cellular processes including autoph-
agy, which may play a protective role in certain neurodegenerative diseases. Novel 
small-molecule enhancers (SMER) of the cytostatic effects of rapamycin have been 
identified in Saccharomyces cerevisiae. Three SMERs induced autophagy indepen-
dently of rapamycin in mammalian cells, enhancing the clearance of autophagy sub-
strates such as mutant huntingtin (mHtt). These SMERs, which seem to act either 
independently or downstream of the target of rapamycin, attenuates mutant huntingtin-
fragment toxicity in HD cell and Drosophila melanogaster models, which suggests 
therapeutic potential. Screening of structural analogs of these SMERs has led to iden-
tification of additional candidate drugs that enhance autophagy substrate clearance.

 Eicosapentaenoic Acid

Eicosapentaenoic acid (EPA) is a neuroactive polyunsaturated lipid inhibits certain 
harmful enzymes including phospholipases and caspases and may function as a 
neuroprotectant by inhibiting degradation of brain tissue by a variety of proposed 
mechanisms, including stabilization of the phospholipid components of cell mem-
branes and mitochondria. Ethyl-EPA was not beneficial in patients with HD during 
6 months of placebo-controlled evaluation in a clinical trial (Ferreira et al 2015).

 Fingolimod

Mutant has adverse effects on cell survival, synaptic transmission, gene transcription 
and production of neurotrophic factors, particularly BDNF. Fingolimod (Gilenya®) 
was the first oral drug approved for treating multiple sclerosis. It is a functional 
antagonist of sphingosine 1-phosphate receptors and prevents lymphocytes from 
entering the brain by acting on the peripheral immune system (Jain 2019). Fingolimod 
also crosses the BBB and accumulates in the CNS, exerting additional effects that are 
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not fully understood. One such effect is the potential to modulate BDNF, which is an 
important factor for the regulation of synaptic plasticity, learning and memory. 
Because production of BDNF is impaired by mutant huntingtin, therapeutic potential 
of fingolimod has been investigated for improvingsynaptic plasticity and cognitive 
function in HD.

Fingolimod has also been reported to rescue motor deficits as well as improve 
striatal neuropathology in HD mice and benefits brain regions that are especially 
affected in HD, i.e., the striatum, cortex and hippocampus (Di Pardo et al 2014; 
Miguez et al 2015). Because of the ease of administration and experience gained in 
MS patients about safety, fingolimod can be easily moved into clinical trials for HD.

 Free Radical Scavengers

Results of the placebo-controlled CARE-HD (Coenzyme Q10 and Remacemide) 
multicenter trial of antiglutamate agent remacemide hydrochloride and free radical 
scavenger coenzyme Q10 in patients with HD provide a therapeutic lead that Q10 
may exert neuroprotective effect in slowing the clinical disability. Riluzole amelio-
rates intensity of chorea in HD without improving functional capacity or other clini-
cal features of illness. Riluzole treatment is attended by reversible liver transaminase 
abnormalities that would require monitoring in long-term studies, which have not 
been carried out.

Tauroursodeoxycholic acid (TUDCA), taurine conjugate of ursodeoxycholic acid, 
is a nontoxic endogenously produced bile acid, which has been used in Chinese medi-
cine for >3000 years. It approved by the FDA for the treatment of certain cholestatic 
liver diseases. There is considerable research on the mechanism(s) of TUDCA and its 
potential therapeutic effect on a wide variety of non-liver diseases. TUDCA inhibits 
apoptosis, in part by interfering with the upstream mitochondrial pathway of cell 
death, inhibiting oxygen-radical production, reducing endoplasmic reticulum stress, 
and stabilizing the unfolded protein response (Vang et al 2014). Several studies have 
demonstrated that TUDCA serves as an anti-apoptotic agent for several neurodegen-
erative diseases, including HD. Systemically administered TUDCA leads to a signifi-
cant reduction in striatal neuropathology in transgenic HD mouse models. Treated 
animals exhibit decreased striatal apoptosis and reduced striatal atrophy. Locomotor 
as well as sensorimotor deficits are significantly improved in the TUDCA-treated 
mice. Therefore, TUDCA is a potential treatment for patients with HD, but no clinical 
development has been reported for this indication.

 Histone Deacetylase Inhibitors

Mutations within the huntingtin protein (polyglutamine expansion defects) are 
associated with inhibition of histone acetylation (HAT) activity. If HAT activity is 
inhibited in the cells of HD patients, the level of histone acetylation may be too low, 
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and treatment of patients with histone deacetylase (HDAC) inhibitors may revert 
cells to a more normal histone acetylation level. HDAC inhibitors and DNA binding 
drugs have therapeutic effects on epigenetic modifications and neuropathological 
sequelae in HD. An understanding of the role of these epigenetic mechanisms may 
lead to the identification of novel biomarkers and new therapeutic targets to treat 
HD (Lee et al 2013).

Therapeutic effects of commercially available HDAC inhibitors have been dem-
onstrated in several HD models, but the therapeutic value of these compounds is 
limited by their toxic effects. Beneficial effects have been reported of a novel 
pimelic diphenylamide HDAC inhibitor, HDACi 4b, in a HD mouse model (Thomas 
et al 2008). Chronic oral administration of HDACi 4b, beginning after the onset of 
motor deficits, significantly improved motor performance, overall appearance, and 
body weight of symptomatic HD transgenic mice. These effects were associated 
with significant attenuation of decline of brain-size and striatal atrophy. Microarray 
studies revealed that HDACi 4b treatment ameliorated, in part, alterations in gene 
expression caused by the presence of mutant huntingtin protein in the striatum, 
cortex, and cerebellum of transgenic mice. These findings suggest that HDACi 4b, 
and related HDAC inhibitors, may offer clinical benefit for HD patients and provide 
a novel set of potential biomarkers for clinical assessment.

 Phosphodiesterase Inhibitors

Cyclic nucleotide phosphodiesterase (PDEs) are a family of enzymes that hydro-
lyze cyclic nucleotides into monophosphate isoforms. Preclinical and clinical stud-
ies indicate that pharmacological strategies aimed at inhibiting PDEs may develop 
into a novel therapeutic approach in neurodegenerative disorders. Cyclic nucleo-
tides are second messengers that transduce the signal of hormones and neurotrans-
mitters in many physiological processes, such as protein kinase cascades and 
synaptic transmission. An alteration in PDE balance results in the dysregulation of 
different biological mechanisms (transcriptional dysregulation, immune cell acti-
vation, inflammatory mechanisms, and regeneration) that are involved in neuro-
logical diseases, indicating the role of PDEs as therapeutic agents in HD (Cardinale 
and Fusco 2018).

 Polyglutamine Aggregation Inhibitors

Several studies implicate polyglutamine (polyQ)-dependent aggregation as a cause 
of neurodegeneration in HD, suggesting that inhibition of neuronal polyQ aggrega-
tion may be therapeutic in HD patients. Small peptides that inhibit the aggregation 
and toxicity of polyQ molecules have been identified. The inhibitor Polyglutamine 
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Binding Peptide 1 (QBP1) significantly suppresses polyQ aggregation and polyQ- 
induced neurodegeneration and dramatically rescues premature death of flies 
expressing the expanded polyQ protein in the nervous system, resulting in the dra-
matic increase of the median life span. These results suggest that QBP1 can prevent 
polyQ-induced neurodegeneration in vivoby preventing polyQ oligomerization and/
or aggregation either by altering the toxic conformation of the expanded polyQ 
stretch, or by simply competing with the expanded polyQ stretches for binding to 
other expanded polyQ proteins.

The therapeutic potential of one of the polyglutamine aggregation inhibitors, 
C2-8, was assessed in the R6/2 mouse model of HD, which has been used to provide 
proof-of-concept data in considering whether to advance therapies to human HD 
(Chopra et al 2007). At nontoxic doses, C2-8 penetrates the BBB and attains a high 
concentration in the brain. C2-8-treated mice showed improved motor performance 
and reduced neuronal atrophy and had smaller huntingtin aggregates. There are no 
previous nontoxic, brain-penetrable aggregation inhibitor to arise from cell-based 
high-throughput screens for reducing huntingtin aggregation that is efficacious in 
preclinical in vivo models. C2-8 provides an essential tool to help elucidate mecha-
nisms of neurodegeneration in HD and a therapeutic lead for further optimization 
and development.

 Pramipexole

Pramipexole is an amino-benzothiazole–type dopamine agonist approved for the 
treatment of Parkinson disease. Its neuroprotective effects include the following 
(Jain 2019a):

• Site-directed antioxidant effect of pramipexole reduces neuronal damage in ger-
bil ischemia models and amphetamine-induced neuronal damage.

• Pramipexole reduces dopamine synthesis turnover in mice during repeated injec-
tions of amphetamine and, thus, reduces the free radical formation during this 
process, which is considered to contribute to the neuroprotective effect of 
pramipexole.

• Pramipexole attenuates intracellular processes such as the mitochondrial transi-
tion pore opening that is associated with programmed cell death.

• Pramipexole stimulates a mesencephalic-derived neurotrophic activity.

Pramipexole has been shown to have a neuroprotective effect on striatal neurons 
in a mouse genetic model of Huntington’s disease by promoting the clearance of 
soluble mutant Huntingtin protein (mHTT) through a D3 receptor-mediated mecha-
nism (Luis-Ravelo et al 2019). A review of various studies shows that neuroprotec-
tion requires treatment prior to neurologic insult and high concentrations of 
pramipexole are required.
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 Pridopidine

Pridopidine belongs to new pharmacological class of CNS ligands with the unique 
ability to stimulate or suppress motor and behavioral symptoms depending on the 
prevailing dopaminergic tone leading to their being termed as “dopaminergic sta-
bilizers”. The molecular mode-of-action of dopaminergic stabilizers is not yet 
fully understood, but they are assumed to act via normalization of dopaminergic 
signaling, through interactions with the dopamine D2 receptor. Under the trade 
name Huntexil™ (NeuroSearch A/S), it is in phase III clinical trials as a novel 
treatment for HD. To date, clinical studies have shown Huntexil™ to have promis-
ing effect on a number of the serious symptoms associated with HD. This includes, 
in particular, a significant improvement in patients’ ability to perform voluntary 
movements and the ability to walk with fewer incidents of falls, leading to a better 
daily functioning and quality of life. Top-line results from the MermaiHD study, a 
phase III study of Huntexil™ did not provide proof of efficacy although it was well 
tolerated (de Yebenes et al 2011). Although the primary analysis of HART study of 
pripodipine did not demonstrate a statistically significant treatment effect, the 
overall results suggest that pridopidine may improve motor function in HD 
(Huntington Study Group HART Investigators 2013). The Pride-HD study, an open 
phase II global trial of pridopidine in patients with HD started in 2015 and was 
terminated in 2018 as the study had served its purpose in providing considerable 
safety data (NCT02494778).

 RRAS Signaling Pathway Inhibition

A genome-scale RNAi screen was performed in a mammalian cell-based assay to 
identify modifiers of mutant huntingtin toxicity (Miller et al 2012). Ontology analy-
sis of suppressor data identified processes previously implicated in HD, including 
proteolysis, glutamate excitotoxicity, and mitochondrial dysfunction. In addition to 
established mechanisms, the screen identified multiple components of the RRAS 
signaling pathway as loss-of-function suppressors of mutant huntingtin toxicity in 
human and mouse cell models. Loss-of-function in orthologous RRAS pathway 
members also suppressed motor dysfunction in a Drosophila model of HD. Abnormal 
activation of RRAS and a down-stream effector, RAF1, was observed in cellular 
models and a mouse model of Huntington’s disease. We also observe co- localization 
of RRAS and mutant huntingtin in cells and in mouse striatum, suggesting that 
activation of R-Ras may occur through protein interaction. These data indicate that 
mutant huntingtin exerts a pathogenic effect on this pathway that can be corrected 
at multiple intervention points including RRAS, FNTA/B, PIN1, and PLK1. 
Consistent with these results, chemical inhibition of farnesyltransferase can also sup-
press mutant huntingtin toxicity. These data suggest that pharmacological inhibition 
of RRAS signaling may confer neuroprotection in HD.
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 Simvastatin as a Neuroprotective in HD

Neuroprotective effect of simvastatin was tested in a rat model of HD induced by 
surgically administered quinolinic acid (Patassini et al 2008). In the simvastatin treated 
groups (both pretreated and non-pretreated), striatal lesion size was about 36% smaller 
while neuronal counts where higher than in the vehicle treated ones at 2 weeks. 
The neuroprotective effects of simvastatin was still evident at 8 weeks post lesion, 
where the non-pretreated group had a 8% smaller lesion size than the saline group, and 
the pretreated group had an 11% smaller lesion size than the saline group. Simvastatin 
also induced immunoreactivity for Bcl-2, an antiapoptotic factor, on one hand, and 
down-regulated immunoreactivity for Bax, a proapoptotic factor. Bcl-2/Bax modula-
tion can account, at least partly, for the beneficial effect of simvastatin in our rodent 
model of striatal degeneration. These findings show that statins could be explored as 
possible neuroprotective agents for neurodegenerative disorders such as HD.

 Single Chain Fv Antibodies

Specific engineered antibody species, peptides, or other general agents may suppress 
the formation of aggregates or misfolded proteins implicated in the pathogenesis of 
neurodegenerative disorders including HD. Intracellularly expressed single-chain Fv 
(sFv) antibodies (intrabodies) can bind with unique HD protein epitopes. Anti-N-
terminal huntingtin intrabodies (C4 sFv) have been shown to reduce aggregation 
and cellular toxicity in cell and tissue culture models of HD. Neurodegeneration and 
formation of visible huntingtin aggregates are slowed in animal studies. These find-
ings indicate that engineered intrabodies are a potential new class of therapeutic 
agents for the treatment of neurodegenerative diseases. They may also serve as tools 
for drug discovery and validation of sites on mutant neuronal proteins that could be 
exploited for rational drug design.

 SIRT1 Activators for Neuroprotection in HD

Brain-specific knockout of Sirt1 results in exacerbation of brain pathology in a 
mouse model of HD, whereas overexpression of Sirt1 improves survival, neuropa-
thology and the expression of BDNF (Jeong et al 2011). The authors showed that 
Sirt1 deacetylase activity directly targets neurons to mediate neuroprotection from 
mutant HTT. The neuroprotective effect of Sirt1 requires the presence of CREB- 
regulated transcription coactivator 1 (TORC1), a brain-specific modulator of CREB 
activity. Under normal conditions, Sirt1 deacetylates and activates TORC1 by pro-
moting its dephosphorylation and its interaction with CREB. BDNF was identified 
as a key target of Sirt1 and TORC1 transcriptional activity in both normal and HD 
neurons. Mutant HTT interferes with the TORC1-CREB interaction to repress 
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BDNF transcription, and Sirt1 rescues this defect in vitro and in vivo. These studies 
suggest a key role for Sirt1 in transcriptional networks in both the normal and HD 
brain and offer an opportunity for therapeutic development.

Calorie restriction has been shown to ameliorate HD pathogenesis and slow dis-
ease progression in mice that model HD, which is due to overexpression of Sirt1, a 
mediator of the beneficial metabolic effects of calorie restriction (Jiang et al 2011). 
Overexpression of Sirt1 improves motor function, reduces brain atrophy and attenu-
ates mutant-HTT–mediated metabolic abnormalities in HD. Sirt1 also prevents the 
mutant-HTT–induced decline in BDNF concentrations and the signaling of its recep-
tor, TrkB, as well as restores dopamine- and cAMP-regulated phosphoprotein, 32 kDa 
(DARPP32) concentrations in the striatum. Sirt1 deacetylase activity is required for 
Sirt1-mediated neuroprotection in HD cell models. Mutant HTT interacts with Sirt1 
and inhibits Sirt1 deacetylase activity, which results in hyperacetylation of Sirt1 
substrates such as forkhead box O3A (Foxo3a), thereby inhibiting its pro-survival 
function. Overexpression of Sirt1 counteracts the mutant HTT-induced deacetylase 
deficit, enhances the deacetylation of Foxo3a and facilitates cell  survival. These 
findings show a neuroprotective role for Sirt1 in mammalian HD models and open 
new avenues for the development of neuroprotective strategies in HD.

 SIRT2 Inhibitors for Neuroprotection in HD

Inhibition of SIRT2 for neuroprotection in PD was discussed earlier in this chapter. 
A similar approach has been applied to HD, which has a complex pathogenesis 
including protein aggregation and the dysregulation of neuronal transcription and 
metabolism and inhibition of SIRT2 was shown to achieve neuroprotection in cel-
lular and invertebrate models of HD (Luthi-Carter et al 2010). Genetic or pharma-
cologic inhibition of SIRT2  in a striatal neuron model of HD resulted in gene 
expression changes including significant down-regulation of RNAs responsible for 
sterol biosynthesis. Whereas mutant huntingtin fragments increased sterols in neu-
ronal cells, SIRT2 inhibition reduced sterol levels via decreased nuclear trafficking 
of SREBP-2. Manipulation of sterol biosynthesis at the transcriptional level, which 
mimicked SIRT2 inhibition, showed that the metabolic effects of SIRT2 inhibition 
are sufficient to diminish mutant huntingtin toxicity. These data identify SIRT2 
inhibition as a promising avenue for HD therapy and elucidate a unique mechanism 
of SIRT2-inhibitor-mediated neuroprotection. SIRT2’s role in regulating cellular 
metabolism demonstrates a central function shared with other sirtuin proteins.

 Synaptic Activation of NMDA Receptors

In a mouse model of Huntington’s disease, synaptic activation of NMDA receptors 
induces the formation of huntingtin-containing inclusions, rendering neurons more 
resistant to death in vivo and in vitro. In contrast, stimulation of extrasynaptic NMDA 
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receptors increases neuronal vulnerability by preventing inclusion formation. 
Memantine, which is approved for treatment of AD, has been used successfully for the 
treatment of HD in a mouse model by preserving normal synaptic electrical activity 
and suppressing excessive extrasynaptic electrical activity (Okamoto et al 2009).

 Targeting Mutant Huntingtin Protein

A polyglutamine expansion in the N-terminus of the huntingtin protein (HTT) in 
HD leads to protein misfolding and downstream pathogenic processes resulting in 
widespread functional impairment and neurodegeneration in the striatum, cortex 
and other brain areas. Neuroprotective strategies for HD are designed to limit or 
abolish the pathogenic activities of the primary molecular target in HD, the mutant 
HTT protein itself (Fig. 9.1). Lowering mHTT levels is the most direct approach to 
HD therapy (Appl et al 2012).

 Tetrabenazine

In studies with the yeast artificial chromosome (YAC128) transgenic HD mouse 
model, a connection was established between glutamate receptor activation, dis-
turbed Ca2+ signaling, and apoptosis of striatal medium spiny neurons (MSNs), 

Fig. 9.1 Role of HTT protein in pathogenesis of HD and points of intervention. (Modified from 
Appl et al 2012)
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and the same YAC128 mouse model was used to investigate the role of dopaminergic 
signaling in HD (Tang et al 2007). Glutamate and dopamine signaling pathways 
were found to act synergistically to induce elevated Ca2+ signals and to cause apop-
tosis of YAC128 MSNs in vitro. Potentiating effects of dopamine (DA) were shown 
to be mediated by D1-class dopamine receptors (DARs) and not by D2-class DARs. 
Consistent with in vitro findings, it was found that persistent elevation of striatal 
dopamine levels exacerbated the behavioral motor deficits and MSN neurodegen-
eration in YAC128 mice. Furthermore, the clinically relevant DA pathway inhibitor 
tetrabenazine alleviated the motor deficits and reduced striatal cell loss in YAC128 
mice. These results suggest that DA signaling pathway plays an important role in 
HD pathogenesis and that antagonists of DA pathway such as tetrabenazine or DA 
receptor blockers may have a potential for treatment of HD beyond well established 
“symptomatic” benefit. Tetrabenazine (Xenazine or Nitoman) is used in some 
countries for symptomatic relief of HD and was approved by the FDA in 2008.

 Combinatorial Therapy and Targeting Multiple Pathways in HD

Pathology of HD involves multiple cellular mechanisms whose contributions to 
disease are incrementally additive or synergistic. There is a potential for using pre-
screening in Drosophila to determine combinatorial therapies that are most likely to 
be effective for testing in mammals. This is a rapid and cost-effective approach for 
testing and optimizing combinatorial drug therapies while reducing side effects for 
patients with neurodegenerative disease. It is believed that part of the pathological 
effect of the expanded protein in HD is due to transcriptional dysregulation. These 
findings suggest that targeting multiple pathways may be effective for treatment of 
polyglutamine disorders such as HD. However, working with the simplistic genetics 
of flies is a long way from the complex realities of humans, particularly for diseases 
that can be attributed to dozens and even hundreds of abnormal gene functions.

 Cell Therapy for HD

Several types of cells have been used for the treatment of HD. Some of the cells are 
used for delivery of neurotrophic factors (NTFs). Earlier efforts included transplants 
of human fetal neurons. More recent approaches are based on stem cells.

 Cell Transplants for HD

Results from fetal striatal cell transplantation studies in a few patients with HD were 
encouraging. Human fetal neurons were shown to integrate and survive for several 
months after transplantation in the brain of a patient with HD and were untouched 
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by the cellular destruction raging around them. Grafting of fetal neuroblast cells 
appeared to improve motor and cognitive function in some patients. However, longer 
follow-up of 4–6 years showed that the improvement faded and the grafts did not 
have a neuroprotective effect (Bachoud-Levi et al 2006). A robust neuroprotective 
effect of transplantation of encapsulated pig choroid plexus has been demonstrated 
in the rodent excitotoxic model of HD. NeurotrophinCell (NtCell), an injectable live 
cell treatment, uses bioencapsulated natural pig cells to protect them from attack by 
the immune system. It is in clinical trials for PD but not for HD.

 Stem Cell-Based Therapy for HD

Advances in the development of cellular HD models and approaches aimed at cell 
regeneration with human stem cells have been reviewed elsewhere (Golas and 
Sander 2016). In vitro stem cell models, such as induced pluripotent stem cells 
(iPSCs) derived from HD patients and HD embryonic stem cells (ESCs), have 
yielded progress. HD pathology involves a loss of striatal medium spiny neurons 
(MSNs). Approaches to differentiate functional MSNs from ESCs, iPSCs, and neu-
ral stem/progenitor cells (NSCs/NPCs) have been established, enabling MSN dif-
ferentiation to be studied and disease phenotypes to be recapitulated. Isolation of 
target stem cells and precursor cells may also provide a resource for grafting. In 
animal models, transplantation of striatal precursors differentiated in vitro to the 
striatum has been reported to improve disease phenotype. Initial clinical trials 
examining intrastriatal transplantation of fetal neural tissue suggest a more favor-
able clinical course in a subset of HD patients, though shortcomings persist. Genome 
editing tools can be used to correct the HTT mutation in patient-specific stem cells.

Human iPSCs derived from HD patient fibroblasts can be corrected by the 
replacement of the expanded CAG repeat with a normal repeat using homologous 
recombination, and that the correction persists in iPSC differentiation into DARPP- 
32- positive neurons in vitro and in vivo (An et al 2012). Further, correction of the 
HD-iPSCs normalized pathogenic HD signaling pathways (cadherin, TGF-β, 
BDNF, and caspase activation) and reversed disease phenotypes such as susceptibil-
ity to cell death and altered mitochondrial bioenergetics in NSCs. The ability to 
make patient-specific, genetically corrected iPSCs from HD patients will provide 
relevant disease models in identical genetic backgrounds and is a critical step for the 
eventual use of these cells in cell replacement therapy.

Expression of BDNF and noggin, a protein that inhibits the chemical pathway that 
dictates the creation of glial cells, via intracerebroventricular (ICV) delivery in an 
adeno-associated viral vector (AAV) has been shown to trigger the addition of new 
neurons to the neostriatum in a mouse model of HD (Benraiss et al 2013). In this 
study, the authors found that a single ICV injection of AAV4-BDNF and AAV4- 
noggin triggered the sustained recruitment of new medium spiny neurons (MSNs) in 
both wild-type and HD mice. Mice treated with AAV4-BDNF/noggin or with BDNF 
and noggin proteins actively recruited subependymal progenitor cells to form new 
MSNs that matured and achieved circuit integration. Importantly, the AAV4-BDNF/
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noggin-treated HD mice showed delayed deterioration of motor function and 
substantially increased survival. In addition, squirrel monkeys given ICV injections 
of adenoviral BDNF/noggin showed similar addition of striatal neurons. Induced 
neuronal addition may, therefore, represent a promising avenue for disease amelio-
ration in HD.

 Neurotrophic Factors and Gene Therapy

Neurotrophic factors (NTFs) have a place in the management of HD. The method of 
NTF delivery may be crucial, as delivery via genetically modified cells (gene ther-
apy) often produces greater and more widespread effects on striatal neurons than 
infusions of the same factor. A variety of NTFs have been shown to protect vulner-
able striatal neurons in animal models of HD. Intrastriatal implantation of geneti-
cally engineered, NGF-producing fibroblasts has a protective effect against 
excitotoxic insults in experimental animals. Adeno-associated virus-mediated gene 
transfer of BDNF or GDNF into the striatum provides neuronal protection in rodent 
models of HD. Cellular delivery of certain NTFs using genetically modified cells 
may be ready for clinical testing in HD patients. The mechanisms by which cellu-
larly delivered NTFs forestall degeneration and prevent behavioral deficits are com-
plex and often appear to be unrelated to the NTF binding to its receptor, e.g., cells 
genetically modified to secrete NGF or CNTF protect degenerating striatal neurons, 
which do not express either NGF or CNTF receptors. Currently there are no clinical 
trials of gene therapy of HD.

Bilateral transfer of the BDNF gene to striatal neurons using an AAV1/2 serotype 
vector enhanced BDNF protein levels in the striatum of a transgenic rat model of HD 
with attenuation of the impairment of both motor and cognitive functions (Connor et al 
2016). BDNF has considerable therapeutic potential for alleviating behavioral dysfunc-
tion and neuronal degeneration in HD. Further work is required to examine the role of 
BDNF-TrkB signaling and the preservation of axonal and synaptic function.

The elucidation of the genetic defect in patients with HD has enabled the detec-
tion of individuals at risk for HD prior to the onset of symptoms. Thus “neuroprotec-
tion strategies” aimed at preventing the neuropathological and behavioral sequelae 
of this disease might be powerful therapeutically since they could be introduced to 
healthy patients before the initiation of a massive degenerative cascade localized to 
the striatum.

 Antisense Therapeutics for Huntington’s Disease

HD is particularly suitable for antisense therapeutics that target DNA and RNA to 
modulate protein expression. Modified 2′-O-methyl phosphorothioate triplet-repeat 
antisense oligonucleotides (ASOs) have been shown to effectively reduce mutant 
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huntingtin transcript and protein levels in patient-derived HD fibroblasts and lym-
phoblasts (Evers et al 2011). ASOs also provide promising new therapeutic strate-
gies for direct intervention through reduced production of the causative mutant 
protein. Either a non–allele-specific or an allele-specific approach can be taken to 
design oligonucleotide sequences. Allele-specific and simultaneous mutant and 
wild-type allele-lowering strategies are being pursued with local delivery to the 
brain, each with relative merits. Delivery remains a key challenge for translational 
success, especially with chronic therapy. RNA-based huntingtin-lowering agents 
require viral delivery, bringing the key advantage of potential lifelong treatment 
from a single dose, at the cost of increased invasiveness, the challenge of brain pen-
etration and risks around long-term toxicity; nonetheless several programs are near-
ing clinical trials (Wild and Tabrizi 2017). The first human clinical trial of an 
intrathecally delivered ASO that seeks to reduce the manufacture of mutant hunting-
tin protein by targeting HTT mRNA was completed in 1017 (NCT02519036). 
Future ASO trials are planned, including agents that seek to lower mutant huntingtin 
selectively.

 RNAi-Based Therapies for Huntington’s Disease

RNAi has shown efficacy in animal models for silencing of molecular targets in 
HD. Alnylam and Medtronic Inc. have presented preclinical data demonstrating that 
siRNAs specific for the huntingtin gene (mutated in HD) were administered by 
chronic intrastriatal infusion in vivo to achieve silencing of the disease-causing gene. 
In addition, the majority of the siRNAs tested were effective at reducing levels of 
Huntingtin protein, and in reducing mRNA levels by at least 70% in cultured cells. 
Selected siRNAs were also found to be stable in rat CSF. Additional preclinical stud-
ies by Alnylam and Medtronic showed that siRNAs administered into the brain were 
taken up by neurons in the brain region that is most affected in the early stages of HD 
and that the huntingtin gene was silenced significantly in  vivo in a relevant brain 
region after administration of siRNAs designed to target the huntingtin gene. 
These findings support further studies of RNAi therapeutics for the treatment of HD. 
In 2010, non-profit CHDI Foundation agreed to pay Alnylam and Medtronic up to 
50% of the costs of advancing a treatment for HD through an IND filing.

One project is using allele selective RNAi to silence the mutant huntingtin and 
preserve wild type huntingtin, thereby exploring potential therapies and neuronal 
pathophysiology attributable to the mutant huntingtin (Aronin and Moore 2012). 
The investigators also study viral delivery of allele selective shRNAmir, with single 
stranded and self-complementary AAV.

Intraventricular infusion of single-stranded (ss) siRNA produced selective silenc-
ing of the mutant huntingtin (mHTT) allele throughout the brain in a mouse model of 
HD (Yu et al 2012). These results demonstrate that chemically modified ss- siRNAs, 
functioning through the RNAi pathway, provide allele-selective compounds for 
clinical development.

 Neuroprotection in Huntington’s Disease
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Although RNAi-based approaches for lowering mHTT expression have been 
efficacious in mouse models, basal mutant protein levels are still detectable. A strat-
egy has been developed for allele-specific genome-editing of mHTT based on 
CRISPR/Cas9 technology that takes advantage of highly prevalent single nucleotide 
polymorphismss in the HTT locus for guiding mutant allele-specific cleavage and 
reducing the expression from mHTT alleles in human HD fibroblasts and mouse 
brain (Monteys et al 2017).
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 Introduction

Amyotrophic lateral sclerosis (ALS) is progressive, devastating syndrome that affects 
both upper and motor neurons. It results in limbs and facial motor weakness, atrophy, 
spasticity, and death due to respiratory paralysis occurs in 3–5 years. It is referred to 
as motor neuron disease in UK and some other European countries and as Charcot’s 
disease in France. It is also referred to as Lou Gehrig’s disease in the US.

Estimate of worldwide prevalence of ALS varies between 2.5 and 7 (average 5%) 
per 100,000 population in different studies. European studies showed a prevalence 
rate close to 2.5 per 100,000. There is some indication that annual incidence rate is 
rising in the Western countries. The annual average death rate from the disease is 
about 1 per 100,000 persons. Worldwide there are ~100,000 patients with diagnosis 
of ALS with one-third of these in Europe and one-third in the US.

 Pathophysiology of ALS

Approximately 90% of persons with ALS have the sporadic form, which may be 
caused by the interaction of multiple environmental factors and previously unknown 
genes. Substantial evidence points to a strong genetic component to the disease. About 
10% of cases of ALS are familial and transmitted within families, almost always as 
dominant traits, and frequently with high penetrance. Although the pathogenesis of 
ALS is not well understood, hypotheses are listed in Table 10.1 because they are the 
basis for various therapeutic approaches to be discussed later. The final cascade in 
ALS seems to coincide with onset of clinical neurological deficits. It involves a 
multifactorial and interactive chain of pathogenic mechanisms which are probably 
common to several neurodegenerative disorders. ALS overlaps with frontotemporal 
dementia (FTD).

Clumping of Abnormal Proteins In ALS, genetic mutations can cause nerve 
cells to accumulate abnormal proteins and eventually die, leading to symptoms. 
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To develop a treatment for ALS, researchers have been investigating the cell’s ability 
to identify and destroy these abnormal proteins. Mutations in an enzyme called 
Listerin (Ltn1) cause ALS-like symptoms in mice. Ltn1 tags abnormal proteins in the 
ribosome for destruction, but for some reason it does not catch all of them. Using 
yeast cells and techniques in molecular genetics, biochemistry and cell fluorescence, 
researchers have now discovered another ribosome-associated quality control com-
plex subunit, called Rqc2, which swoops in to tag abnormal proteins that Ltn1 misses 
(Yonashiro et al 2016). However, when tagged in this alternate way, rather than being 
immediately targeted for destruction, the proteins form clumps or aggregates. These 
clumps may act like traps to keep individual abnormal proteins from interfering with 
normal proteins. Proteins collected in clumps might also be easier for a cell to 
destroy. The findings help explain why mice known to have mutations in the genes 
that encode the ribosome-associated quality control complex also show ALS-like 
symptoms as they age because they may simply lack the enzymes needed to maintain 
adequate protein quality control. Mutations in the complex preventing protective 
clumps from being formed might be toxic; on the other hand, mutations resulting in 
too many clumps could be detrimental as well. This process is likely relevant in 
human diseases as well. The researchers plan to investigate further the role of protein 
aggregates and the molecular mechanisms that lead to ALS.

Disturbances of Retrograde Axonal Transport Motor neurons differ from other 
neurons by their extreme asymmetry (an axon in the sciatic nerve can be up to 
1 meter long) and large volume (up to several thousand times that of a typical cell). 
Components synthesized in the cell body must be transported into the extended 

Table 10.1 Hypotheses for the pathogenesis of amyotrophic lateral sclerosis

Clumping of abnormal proteins
Deficiency of cholinergic synapses
Disturbances of retrograde axonal transport
Free radical-mediated oxidative stress
Genetic factors
Glial cell abnormality
Glutamate excitotoxicity due to impaired glutamate transport
Immune-mediated mechanism
Ion channel dysfunction
Mitochondrial dysfunction due to oxidative stress
Mutant SOD1
Neurofilament abnormality
Neurotrophic factor disturbances
Nuclear transport impairment: obstruction of the nuclear pore
Oligodendrocytes contribute to motor neuron death via SOD1-dependent mechanism
Protein aggregation
RNA metabolism abnormality
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axon via both fast and slow transport system and substances such as neurotrophic 
factors must be transported back to the cell body via retrograde transport system. 
Dynein plays an important role in the retrograde transport system. Although cyto-
plasmic dynein has many cellular roles that include positioning the endoplasmic 
reticulum and Golgi as well as in assembly of the mitotic spindle, in neurons it is the 
only known mechanism for retrograde transport. Two dominant point mutations in 
dynein cause a progressive motor neuron disorder in mice. Similarly, disruption of 
the dynactin complex, an activator of cytoplasmic dynein, inhibits retrograde axonal 
transport, provoking a late-onset, progressive ALS.  In humans, a dominant point 
mutation in the p150 subunit of dynactin causes a lower motor neuron disorder.

Glutamate Toxicity (Excitotoxicity) This is due to deficiency of NMDA recep-
tors in binding glutamate. The causes of glutamate metabolism alterations in ALS 
are not fully understood but several explanations include the following:

• An impaired transport system
• Deficient glutamate metabolism
• Enhanced nerve terminal glutamate release
• Intrinsic glutamate neuron loss

According to one hypothesis decreased activity of NMDA receptors in the inter-
neurons, or glial cells, or both, might lead to a reduction in their depolarization; the 
stimulation of these cells would then result in a lower-than-normal production of 
trophic factors necessary for motor neuron survival. Evidence supporting this 
hypothesis is elevated measurements of glutamate in serum, CSF and brain, 
decreased high-affinity glutamate uptake by synaptosomes prepared from spinal 
cord and motor cortex, and decreased expression of the primary glial GLT-1 gluta-
mate transporter. Additional evidence is provided by riluzole, a glutamate antago-
nist, that extends the survival of ALS patients by 12%. Studies of the coding region 
of neuronal glutamate transporter gene in patients with ALS have not shown any 
mutations or polymorphisms. Glutamatergic dysfunction may turn out to be a con-
tributing rather than a causative factor in ALS neurodegeneration.

Increased plasma levels of cysteine are found in patients with ALS and are attrib-
uted to inhibition of cysteine dioxygenase, which converts cysteine to cysteine sul-
phonic acid. Cysteine is recognized as an excitotoxin which acts on the NMDA 
glutamate receptors.

Immune-Mediated Mechanism Microglias are immune cells that primarily medi-
ate neuroinflammation within the central nervous system. CNS injury activates 
microglia through the release of cytotoxic and inflammatory substances, such as 
oxygen radicals, nitrous oxide, glutamate, cytokines, and prostaglandins. Activation 
and proliferation of microglia in regions of motor neuron loss has been observed in 
ALS tissues. Expression of proinflammatory mediators such as TNF-α, IL-1B, and 
COX-2 is an early event in mouse models of ALS. Similarly, inhibition of COX-2, 
a key enzyme in prostaglandin synthesis with celecoxib prolongs survival by 25% 
in mice with ALS.
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Immune reactions may trigger increased intracellular calcium and motor neuron 
degeneration. Evidence for immune mechanisms include a higher incidence of 
immune disorders in ALS patients, the presence of CD4 and CD8 in the degenerat-
ing ventral horn of the spinal cord, the presence of paraproteinemias and lympho-
mas, and the presence of IgG within motor neurons. Motor neuron overactivity 
associated with fasciculation might result from enhanced release of ACh, which is 
taken up by nicotinic ACh receptors.

Ion Channel Dysfunction There is imbalance between sodium and potassium chan-
nels. Elevation of intracellular Ca2+ may be a common event in a number of indepen-
dent mechanisms, such as NMDA receptor deficiency, leading to motor neuron death. 
Furthermore, activity of protein kinase C (PKC), a Ca2+, phospholipid- dependent 
enzyme, is also substantially increased in tissue from ALS patients, suggesting that 
alterations in intracellular free Ca2+ may be central to many of the diverse pathogenic 
mechanisms responsible for ALS.

In ALS, some motor neurons die because too much Ca gets inside due to binding 
of glutamate to AMPA receptors. Two proteins that control what enters the cell are 
relevant to neuroprotection in ALS.  Protein interacting with C kinase and 
N-ethylmaleimide sensitive fusion protein dynamically regulate the synaptic deliv-
ery of GluR2-containing receptors during calcium-permeable AMPA receptor plas-
ticity and thus regulate the calcium permeability of AMPA receptors at excitatory 
synapses. This mechanism enables the neurons in the cerebellum to alter the input by 
swapping one kind of channel for another, thus fine-tuning their messages. If motor 
neurons can do the same thing, forcing the swap might help protect them from a 
calcium overload that can kill them in ALS.

Genetic Factors There is some evidence that initial susceptibility to ALS is con-
ferred through a genetic though not necessarily an inherited defect. SOD1 was the 
first ALS gene to be identified in 1993. Several genetic defects have been identified 
since then and more than 120 genetic variants have been associated with a risk of 
ALS17 (http://alsod.iop.kcl.ac.uk). It is extremely difficult to predict a variant’s rel-
evance to ALS from the biologic features of the gene itself. Approximately 25 genes 
have been implicated in familial ALS, sporadic ALS, or both (Therrien et al 2016; 
Peters et al 2015). Diagnostic genetic biomarkers of ALS are listed in Table 10.2.

Table 10.2 Genetic diagnostic biomarkers of ALS

ALS2 gene mutations
C9orf72 gene mutation
FUS gene mutation
Glu-R5 gene mutations in familial ALS
KIF5A mutations
NEFH gene mutations
SOD1 gene mutation
TARDBP gene mutations
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A familial form of ALS (FALS) is known. Linkage analysis of a dominant form 
of ALS has established that the gene is located on chromosome 21. The human 
Glu- R5 gene was mapped to position 21q21.1-22.1, the region known to contain the 
mutation that confers familial ALS.

In a large study, no SNPs were associated with risk of sporadic ALS, site of 
onset, or age of onset (Landers et al 2009). However, the authors identified a variant 
within the KIFAP3 gene that is associated with decreased KIFAP3 expression and 
increased survival in sporadic ALS. These findings support the view that genetic 
factors modify phenotypes in this disease and that cellular motor proteins are deter-
minants of motor neuron viability. Increased expression of APOE as well as 
decreased expression of EPHA4 are associated with longer survival by several 
months (Van Hoecke et al 2012).

Heterozygous missense mutations in the N-terminal motor or coiled-coil domains 
of the kinesin family member 5A (KIF5A) gene cause monogenic spastic paraple-
gia and Charcot-Marie-Tooth disease type 2. A study has shown that mutations 
located specifically in a C-terminal hotspot of KIF5A can cause a classical ALS 
phenotype, and underline the involvement of intracellular transport processes in 
ALS pathogenesis (Brenner et al 2018).

Angiogenin (ANG) is a stress-activated ribonuclease that cleaves tRNA to 
produce bioactive small noncoding RNAs [tRNA-derived, stress-induced RNAs 
(tiRNAs)] that function in a cytoprotective stress response program (Ivanov et al 
2014). Angiogenin is expressed preferentially in the CNS and is neuroprotective for 
motor neurons. Point mutations that reduce its ribonuclease activity are found in a 
subset of patients with ALS.  The authors found that selected tiRNAs assume 
G-quadruplex (G4) structures that are necessary for cytoprotective and prosurvival 
functions. Moreover, stable DNA analogs of these G4-containing tiRNAs spontane-
ously enter motor neurons and confer cytoprotection against stress. These results 
identify tiRNAs as leading compounds for the development of a new class of neu-
roprotective drugs and give insights into the molecular mechanisms underlying the 
pathobiology of expanded G4-forming hexanucleotide repeats in the C9ORF72 
gene. C9ORF72 mutations are found in a significant fraction of patients suffering 
from ALS and a study has shown that that mice harboring loss-of-function muta-
tions in the ortholog of C9ORF72 develop splenomegaly, neutrophilia, thrombocy-
topenia, increased expression of inflammatory cytokines, and severe autoimmunity, 
ultimately leading to a high mortality rate (Burberry et al 2016). Transplantation of 
wild-type gene by mouse bone marrow transplant into mutant mice improved their 
phenotype indicating that it serves an important function within the hematopoietic 
system to restrict inflammation and the development of autoimmunity.

Familial ALS may be caused by Matrin-3 gene mutation. Experiments studies 
reveal that a deficiency in Matrin-3 causes neural stem cells (NSCs) to elongate 
and differentiate into neurons rather than remain in their undifferentiated state 
until they transform into different types of cells in the central nervous system 
(Niimori-Kita et  al 2018). Deficiency of Matrin-3 may lead to developmental 
abnormalities.
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Mutations of SOD1 Superoxide dismutase (SOD) is involved in the pathogenesis 
of ALS. Autosomal dominant mutations in the SOD1 gene are responsible for 12% 
of familial ALS cases and 1.5% of sporadic cases. SOD1 mutations such as G147P 
have been designed that specifically stabilize trimeric state of SOD1 and promote 
cell death, whereas the fibril-stabilizing mutants, N53I and D101I, promote the sur-
vival of motor neuron-like cells (Zhu et  al 2018). Thus, the small oligomers of 
SOD1 exert neurotoxic effects that are alleviated by formation of large, insoluble 
SOD1 aggregates, providing a neuroprotective strategy against ALS.

Motor Neurons Interactions with Astrocytes A feed forward cycle involving 
reciprocal interactions between motor neurons and surrounding astrocytes may play 
a crucial role in ALS pathogenesis. According to this model, damaging reactive oxy-
gen species produced in motor neurons could induce oxidative disruption of gluta-
mate transport in surrounding astrocytes, exacerbating excitotoxic stress to motor 
neurons, and resulting in a vicious cycle. This concept is consistent with the finding 
that expression of the mutant SOD1 in motor neurons alone does not cause motor 
neuron disease. Further, studies of mutant SOD1 chimeras indicate the dependence 
of motor neuron survival on the genotype of nearby nonneuronal cells.

Changes in gene expression in motor neurons cocultured with glia in a mouse 
model of ALS revealed that the two cell types profoundly affect each other (Phatnani 
et al 2013). There was a remarkable concordance between the cell culture data and 
expression profiles of whole spinal cords during disease progression in this model. 
Changes were identified in the expression of specific genes and signaling pathways 
including those for TGF-β that may contribute to motor neuron degeneration in ALS.

Neurotrophic Factors These are important for neuronal survival and maintenance 
in the adult nervous system. Various neurotrophic factors that have been considered 
to have a role in ALS pathophysiology include CNTF, BDNF, IGF-1 and FGF.

Nuclear Pore Impairment The toxic proline:arginine (PRn) poly-dipeptide 
encoded by the (GGGGCC)n repeat expansion in the C9orf72 form of heritable 
ALS binds to the central channel of the nuclear pore and inhibits the movement of 
macromolecules into and out of the nucleus (Shi et al 2017). The PRn poly- dipeptide 
binds to polymeric forms of the phenylalanine:glycine repeat domain, which is 
shared by several proteins of the nuclear pore complex, including those in the 
central channel. This is mechanistic interpretation of PRn poly-dipeptide toxicity in 
the context of a prominent form of ALS.

Oxidative Stress The enzyme SOD is responsible for scavenging free radicals. 
Mutations in SOD1 gene encoding Cu, ZnSOD resulting in a 20–50% decrease of 
activity of this enzyme in catalyzing copper-mediated conversion of hydrogen per-
oxide to reactive hydrogen radical, resulting in oxidative damage. Higher levels of 
protein carbonyl groups and oxidized nucleic acids in brain homogenates from 
patients with sporadic ALS suggest increased oxidative stress. Fibroblasts from 
patients with mutant SOD1 appear more sensitive to oxidative stress caused by 
hydrogen peroxide. These findings have provided the basis for testing antioxidant 
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therapies in ALS and developing potential biomarkers of disease. Glutathione 
peroxidase activity is reduced in the precentral gyrus of patients with ALS, a region 
that is affected by the disease. This finding supports the hypothesis that free radicals 
are involved in the pathogenesis of ALS.

RNA Metabolism Abnormality There are reports of ALS pathogenesis linked to 
RNA regulation, specifically associated with the role of miRNA (Williams et  al 
2009). miRNAs are involved with mRNA degradation and associates with both 
FUS/TLS and TDP-43 (proteins associated with ALS) (Strong 2010). However, the 
exact role of the RNA processing defects is still not understood.

Pathomechanisms of Mutant SOD1 Studies on pathogenesis of ALS are largely 
based on mouse models of ALS where mice carrying the mutant SOD1 gene develop 
ALS and die whereas those with normal SOD1 survive. One pathomechanism of 
ALS is based on the toxicity of secreted SOD1 mutants into a motor neuron’s envi-
ronment, where it harms the neuron. Chromogranins, components of neurosecretory 
vesicles, interact with mutant forms of SOD1 that are linked to ALS, but not with 
wild-type SOD1. Thus, extracellular mutant SOD1 can trigger microgliosis and 
neuronal death.

A dynein subunit has been identified as a component of the mutant SOD1- 
containing high molecular weight complexes using proteomic techniques (Zhang 
et  al 2007). A direct interaction between mutant SOD1 and dynein may provide 
insights into the mechanism by which mutant SOD1 could contribute to a defect in 
retrograde axonal transport. The aberrant interaction is potentially critical to the 
formation of mutant SOD1 aggregates as well as the toxic cascades leading to motor 
neuron degeneration in ALS.

Oligodendrocyte Contribution to Motor Neuron Death Oligodendrocytes have 
been implicated in the pathophysiology of ALS. An in vitro study has shown that 
mutant SOD1 mouse oligodendrocytes induce wild-type motor neuron (MN) hyper-
excitability and death. The authors also efficiently derived human oligodendrocytes 
from a large number of controls and patients with sporadic and familial ALS, using 
two different reprogramming methods; all ALS oligodendrocyte lines induced MN 
death through conditioned mediumand in coculture (Ferraiuolo et  al 2016). MN 
death was associated with decreased lactate production and release, whereas toxicity 
in coculture was lactate-independent. Human SOD1 shRNA treatment rescued MNs 
in both mouse and human cultures when knockdown was achieved in  progenitor 
cells, whereas it was ineffective in differentiated oligodendrocytes. Early SOD1 
knockdown rescued lactate impairment and cell toxicity in all lines tested, with the 
exclusion of samples carrying chromosome 9 ORF 72 (C9orf72) repeat expansions. 
These did not respond to SOD1 knockdown nor did they show lactate release 
impairment. These data indicate that SOD1 is directly or indirectly involved in ALS 
oligodendrocyte pathology and suggest that in this cell type, some damage might be 
irreversible. In addition, it was shown that patients with C9ORF72 represent an 
independent patient group that might not respond to the same treatment.
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Mitochondrial Dysfunction Several mechanisms have been proposed that con-
tribute to mutant SOD1-mediated damage to mitochondria. These mechanisms 
include disruption of energy metabolism, impaired protein import machinery, and 
impaired calcium buffering (Rothstein 2009). Additionally, there are morphological 
abnormalities noted in mitochondria of humans with sporadic ALS. Oxidative stress 
also plays a role.

Protein Aggregation Intracellular, cytoplasmic inclusions have been noted in 
familial ALS mouse models and in both familial and sporadic ALS patients. Counted 
among these inclusions are ubiquinated inclusions, Bunina bodies (which are unique 
to ALS), and phosphorylated and nonphosphorylated neurofilament inclusions. 
Rather than selectively affecting only the pyramidal motor system, ALS is a multi-
system neurodegenerative TDP-43 proteinopathy (see Chap. 6).

 Neuroprotective Therapies for ALS

Several treatments used in the past for ALS have become obsolete now. These 
include immunotherapy (steroids, immunosuppressants, whole body lymphoid 
radiation, plasma exchange, interferon), thyrotrophin-releasing hormone, pancre-
atic extracts, guanidine, and cytosine arabinoside. These have been found to be inef-
fective. Table 10.3 shows a classification of agents that are under investigation or 
have been recently introduced for neuroprotective effect in ALS. Only two drugs, 
riluzole and edaravone, are approved by the FDA for the treatment of ALS. Riluzole 
suppresses excessive motor neuron firing and edaravone suppressing oxidative 
stress; both provide a limited improvement in survival.

 Activated Protein C

Activated protein C (APC) is a signaling protease with anticoagulant activity. 
Administration of APC or APC analogs with reduced anticoagulant activity in 
mouse model of ALS with a mutation in SOD1 after disease onset slows disease 
progression and extends survival (Zhong et al 2009). A proteolytically inactive form 
of APC with reduced anticoagulant activity provided no benefit. APC crossed the 
blood-spinal cord barrier in mice via endothelial protein C receptor. When adminis-
tered after disease onset, APC eliminated leakage of hemoglobin-derived products 
across the blood-spinal cord barrier and delayed microglial activation. In microves-
sels, motor neurons, and microglial cells from SOD1-mutant mice and in cultured 
neuronal cells, APC transcriptionally downregulated SOD1. Inhibition of SOD1 
synthesis in neuronal cells by APC required protease-activated receptor-1 (PAR1) 
and PAR3, which inhibited nuclear transport of the Sp1 transcription factor. 
Diminished mutant SOD1 synthesis by selective gene excision within endothelial 
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Table 10.3 Classification of neuroprotective agents for amyotrophic lateral sclerosis

Antiapoptotic agents
Lithium: multiple mechanisms
Melatonin: inhibits cytochrome c release in purified mitochondria and prevents cell death in 

cultured neurons
Minocycline: prevention of cell death by inhibition of cytochrome c release and caspase-3
Neuroprotection by preventing the release of apoptotic factors from mitochondria: olesoxime 

(Trophos SA)
Antiinflammatory agents
AIMSPRO
Antioxidants/free radical scavengers
Agents affecting glutamate receptors: talampanel and memantine (AMPA receptor antagonists)
Coenzyme Q10
Edaravone
Glutathione
SOD mimics
Vitamin E
Drugs targeting aberrant microglial proliferation in ALS
Masitinib
Immunomodulators
Cyclosporine-A (Maas Biolab’s Mitogard®)
Glatiramer acetate
Maintenance of mitochondrial bioenergetics
Creatine
Neurotrophic factors
BDNF (brain-derived neurotrophic factor)
CNTF (ciliary neurotrophic factor)
GM602
IGF (insulin-like growth factor)-1 and mecasermin rinfabate
Suppressors of mTDP-43 toxicity
Guanabenz
Methylene blue
Phenazine
Salubrinal
Cell/gene therapy
Administration of neurotrophic factors by genetically modified cells and viral vectors
Stem cell therapy
Suppression of SOD1 gene
Activated protein C
Antisense to suppress the production of the mutant protein Cu/Zn SOD1
RNA interference for suppression of mutant gene
Miscellaneous effects
Riluzole suppresses excessive motor neuron firing

© Jain PharmaBiotech
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cells did not alter disease progression, which suggests that diminished mutant SOD1 
synthesis in other cells, including motor neurons and microglia, caused the APC- 
mediated slowing of disease. The delayed disease progression in mice after APC 
administration suggests that this approach may be of benefit to patients with familial, 
and possibly sporadic, ALS.

 AIMSPRO

AIMSPRO® (Daval International Limited), derived from hyperimmune goat serum, 
is composed of a set of peptides given subcutaneously, which act to stimulate the 
release and regulation of a molecular cascade that modulates the hypothalamo- 
pituitary- adrenal axis. In addition, AIMSPRO has powerful antiinflammatory proper-
ties as it contains cytokines that induce a predominantly TH-2 antiinflammatory 
profile in the recipient. It is a new generation of biological medicine, which is sourced 
and manufactured in Australia with a Therapeutic Goods Administration export 
listing. Clinical trials have shown efficacy in treatment of diffuse systemic sclerosis.

In 2009, following the provision of clinical and scientific data to the FDA, inno-
vative AIMSPRO® was awarded an Orphan-Drug designation for the treatment of 
ALS. AIMSPRO has already achieved TGA Orphan Status in Australia for the treat-
ment of both ALS and Krabbe’s disease. The mechanism of AIMSPRO remains 
unproven. Open-label studies have shown some efficacy of AIMSPRO in ALS. As 
the available information is limited, further study of AIMSPRO is needed, either in 
ALS animal models or in a small phase II trial with clear and objective endpoints 
carried out by skilled trialists familiar with the problems inherent with ALS clinical 
studies (ALSUntangled Group 2010). Until such a trial is undertaken, further use of 
this product in ALS patients is not recommended.

There was a plan to conduct international, multicenter, clinical trials to deter-
mine if patients with neurodegenerative disorders such as AD and ALS benefit from 
AIMSPRO under double-blind conditions. Until end of 2018, no clinical trials have 
been reported.

 Anakinra

Anakinra (Kineret) is an antiinflammatory IL-1 receptor antagonist, which blocks 
the biologic activity of naturally occurring IL-1, and is used for the treatment of 
rheumatoid arthritis. An experimental study identified microglial IL-1β as a caus-
ative event of neuroinflammation and recombinant IL-1 receptor antagonist 
(IL-1RA) attenuated inflammatory pathology with extension of the lifespan of 
G93A-SOD1 transgenic mice (Meissner et  al 2010). Subcutaneous recombinant 
anakinra has undergone a phase II 1-year clinical trial in ALS as an add-on to rilu-
zole on the basis that its antiinflammatory effect reduces neuronal inflammation, 
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which is a crucial factor in the pathogenesis of the motor neuron degeneration 
(NCT01277315). Although there was no significant reduction in disease progression 
during the same period in patients treated with ANA compared to controls developed 
antibodies against Anakinra (Maier et al 2015). This study showed that blocking IL-1 
is safe in patients with ALS. Further trials should test whether specifically targeting 
IL-1 would be more effective.

 Antisense Therapy

Mutations in superoxide dismutase 1 (SOD1) are responsible for 20% of familial 
ALS. Given the gain of toxic function in this dominantly inherited disease, lowering 
SOD1 mRNA and protein is predicted to provide therapeutic benefit. An early gen-
eration antisense oligonucleotide (ASO) targeting SOD1 was identified and tested 
in a phase I human clinical trial, based on modest protection in animal models of 
SOD1 ALS. Although the clinical trial provided encouraging safety data, the drug 
was not advanced because there was progress in designing other, more potent ASOs 
for CNS application. A next-generation SOD1 ASOs (IONIS-SOD1Rx) has been 
developed that more potently reduces SOD1 mRNA and protein that more potently 
reduces SOD1 mRNA and protein and extends survival in rats and mice (McCampbell 
et al 2018). The initial loss of compound muscle action potential in SOD1G93A 
mice was reversed after a single dose of SOD1 ASO.  Furthermore, increases in 
serum phospho-neurofilament heavy chain levels, a promising biomarker for ALS, 
are stopped by SOD1 ASO therapy. These results defined a highly potent, new 
SOD1 ASO ready for human clinical trial. A phase I/II trial is evaluated the safety 
of SOD1 ASO (NCT02623699). Initial safety testing did not identify any obvious 
hazards. Now, different doses and regimens are being tested to find the most effec-
tive way to reduce SOD1 levels without causing unacceptable side effects.

ASO to mSOD1 interferes with the production of abnormal proteins generated 
specifically by the mutated SOD1 gene and significantly increases survival and reduces 
levels of mutated SOD1 when administered intraventricularly to familial ALS rat 
models. A phase I study to test the safety, tolerability and pharmacokinetics of single 
doses of intrathecal ISIS 333611 (Ionis Pharmaceuticals) in patients with ALS who 
carry the SOD1 mutation showed that it was well tolerated (Miller et al 2013).

 Arimoclomol for ALS

Motor neurons have an intrinsically higher threshold for activation of the heat 
shock protein (HSP) pathway and agents that upregulate this pathway may be neu-
roprotective. Arimoclomol is a hydroxylamine derivative that co-induces HSP 
expression, a powerful cytoprotective mechanism under acute stress conditions. 
Pharmacological activation of the HSP response may be a useful therapeutic approach 
to treating ALS. Treatment with arimoclomol significantly delayed disease progression 
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in mice with mutant SOD1. A phase III randomized, double-blind, placebo-controlled 
trial arimoclomol on patients with rapidly progressive SOD1- mutant ALS provided 
Class II evidence that arimoclomol is safe and well-tolerated at a dosage of 200 mg tid 
for up to 12 months (Benatar et al 2018). The study lacked the precision to conclude, 
or to exclude, an important therapeutic benefit of arimoclomol. A multicenter, ran-
domized, double-blind, placebo-controlled, parallel group trial is evaluating the effi-
cacy and safety of arimoclomol in ALS (NCT03491462).

 Ceftriaxone for ALS

Ceftriaxone is a third-generation cephalosporin with good CNS penetration, a long 
half-life, calcium binding activity, antioxidant properties, and rescues motor neu-
rons in culture from chronic glutamate toxicity. Ceftriaxone has been shown to 
increase by three-fold excitatory amino acid transporter 2 (EAAT2) activity in 
rodent brains. Glutamate excitotoxicity might contribute to the pathophysiology of 
ALS. In animal models, decreased excitatory EAAT2 overexpression delays disease 
onset and prolongs survival. These studies provide a class of potential neuroprotec-
tors that act to modulate the expression of glutamate neurotransmitter transporters 
via gene activation. Currently ceftriaxone is approved by the FDA for treating bac-
terial infections but not for treating ALS.

A combined 3-stage (phase I/II/III) randomized, double-blind, placebo- controlled 
clinical trial of ceftriaxone for ALS showed safety and promising results in stage 2, 
but stage 3 of this trial of did not show clinical efficacy (Cudkowicz et al 2014).

 Coenzyme Q10 for ALS

CoQ10 is a widely available supplement that crosses the BBB. It is an essential cofac-
tor for the mitochondrial electron transport chain during oxidative phosphorylation. 
Respiratory chain abnormalities, mutations in mitochondrial DNA in patients, and neu-
ropathological changes in transgenic mice suggest that mitochondrial dysfunction may 
contribute to motor neuron degeneration. Doses of 3000 mg were tolerated in an open 
label dose escalation trial in patients with ALS. However, in the phase II, 2-stage, ran-
domized, placebo-controlled trial using a novel futility design, high-dose CoQ10 
showed no effect on disease progression compared to placebo (Kaufmann et al 2009).

 COX-2 Inhibitors for ALS

Cyclooxygenase-2 (COX-2) may play a key role in ALS by producing prostaglandins, 
which trigger astrocytic glutamate release, and by inducing free radical formation. 
By powerfully inhibiting astrocytic glutamate release, COX-2 inhibitors might play 
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a therapeutic role in ALS. Prophylactic administration of nimesulide, a preferential 
COX-2 inhibitor, in the feed of SOD1 mouse model of ALS results in a significant 
delay in the onset of ALS type motor impairment, which temporally overlaps with 
the inhibition of prostaglandin E2 elevation in the spinal cord of mice relative to 
untreated controls. This finding supports a role for COX-2 in the pathophysiology 
of ALS and indicates that prophylactic treatment with COX-2 inhibitors can signifi-
cantly delay the onset of motor dysfunction in the transgenic mouse model of 
ALS. However, the COX-2 inhibitor celecoxib failed to show benefit in a phase II/
III trial. Furthermore, safety concerns surrounding long-term administration of this 
medication class may limit use in patients with ALS.

 Dexpramipexole

Dexpramipexole, a low molecular weight benzothiazole, has been shown to improve 
mitochondrial function and to confer significant cellular protection in neurons under 
stress in preclinical studies. It is an enantiomer of the dopamine agonist pramipex-
ole used in PD. A chirally pure form, KNS-760704 (Knopp Neurosciences), is a 
novel oral neuroprotective therapy under development. It is highly orally bioavail-
able, water soluble, renally excreted, and only moderately protein bound. KNS- 
760704, while possessing the same neuroprotective potential as pramipexole, is a 
much lower-affinity dopamine receptor agonist and may therefore be more useful in 
the treatment of ALS (Gribkoff and Bozik 2008).

Results from an open-label trial in ALS patients indicated it was safe and pro-
vided a hint of efficacy at slowing decline on the revised ALS Functional Rating 
Scale (Wang et al 2008). Two phase I clinical studies in healthy volunteers showed 
that the drug was safe and well tolerated (Bozik et al 2010). In a phase II study of 
ALS patients, the compound achieved its primary endpoint evaluating safety and 
tolerability and showed favorable dose-related effects in preserving motor function 
and extending survival. KNS-760704 received orphan drug designation from the 
FDA and the EMEA for the treatment of patients with ALS, as well as Fast Track 
designation from the FDA. A randomized, double-blind, placebo-controlled phase 
III trial (EMPOWER), showed that dexpramipexole was well tolerated, but no 
differences was noted in mean change from baseline in ALSFRS-R total score from 
the placebo group at 12 months (Cudkowicz et al 2013). Results of the trial can, 
however, be useful for the design of future clinical research strategies in ALS.

 Diallyl Trisulfide

Nuclear-factor erythroid 2-related factor 2 (Nrf2) is a master transcriptional reg-
ulator of many cytoprotective genes. Nrf2 signal pathway could induce a series of 
antioxidant enzyme, antiinflammatory and antitoxic protein. The expression of 
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these antioxidant enzymes and antioxidant proteins in the CNS provides neuropro-
tection against injury by glutamate. Diallyl trisulfide (DATS), previously known to 
induce many Nrf2 target genes in non-neural cells, has now been shown to activate 
of Nrf2 and Nrf2 target gene in rat spinal cord explants (Sun et al 2009). DATS also 
protects motor neurons against glutamate-induced excitotoxicity. These have identi-
fied DATS as a promising neuroprotective agent and suggest that the activation of 
Nrf2 signal pathway may be a new strategy against ALS.

 Edaravone for ALS

Edaravone (Radicut™, Mitsubishi Tanabe America), a free radical scavenger, was 
approved for treatment of ALS by the FDA in 2017. It was already approved in 
Japan and Korea as a neuroprotective agent in stroke and ALS. In ALS mouse mod-
els, edaravone suppresses motor functional decline and nitration of tyrosine resi-
dues in the CSF. A review of three clinical trials – one phase II open-label trial, and 
two phase III placebo-control randomized trials – have shown that (Sawada 2017):

• Phase II open label trial suggested that edaravone is safe and effective in ALS, 
markedly reducing 3-nitrotyrosine levels in the CSF.

• One of the two randomized controlled trials showed beneficial effects in 
ALSFRS- R, although the differences were not significant.

• The last trial demonstrated that edaravone provided significant efficacy in 
ALSFRS- R scores >24 weeks where concomitant use of riluzole was permitted.

 Erythropoietin for ALS

Safety and tolerability of recombinant human erythropoietin (rhEPO) in ALS was 
investigated in a phase II double-blind, randomized, placebo-controlled study 
(Lauria et al 2009). Treatment was safe and well tolerated. Survival and slope of 
ALSFRS-R curves did not significantly differ between treatment groups. RhEPO 
treatment was safe and well tolerated in ALS patients. These results suggest that 
larger studies are warranted to confirm safety of treatment and to investigate differ-
ent dose schedule and efficacy.

 Gene Therapy for ALS

Various neurotrophic factors have been administered using genetically engineered 
cells. Only one clinical trial has been conducted with cell therapy and it involved 
intrathecal implantation of polymer-encapsulated genetically engineered cells 
secreting recombinant human CNTF (Aebischer et  al 1996). Earlier studies 
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showed that use of myoblasts, genetically modified with retroviral vectors to 
secrete GDNF, prolonged the onset of disease and delayed deterioration in mouse 
models of familial ALS.

Neural progenitor cells mature into astrocytes, the supporting cells for neurons. 
ALS causes astrocyte malfunction, which in turn causes motor neurons to degener-
ate and eventually die. The twofold approach has a better chance of protecting 
healthy neurons that have not already succumbed to ALS. This approach could be 
regarded as a novel form of gene therapy where progenitor cells are used as “mini 
pumps” to deliver protein.

AAV engineered to contain the gene for IGF-1 (AAV-IGF1) enables targeted 
delivery of IGF-1 to motor neurons underwent preclinical development as CERE- 
130 (Ceregene Inc). After IM injection, the gene vector is transported to the neuro-
nal cell body by retrograde axonal transport along motor neurons. AAV-IGF-1 
prolongs median survival in ALS when administered before disease onset. Human 
safety, dose schedule, and pharmacokinetics have not yet been established for this 
novel gene therapy. Numerous studies in animal models have shown that lentiviral 
vectors are suitable for gene therapy of neurodegenerative diseases such as ALS 
(Nanou and Azzouz 2009).

RNAi, using recombinant adenovirus and AAV2 vectors, has been tested in a trans-
genic mouse model that overexpresses mutant Cu, Zn superoxide dismutase and causes 
ALS by a gained toxic property (Wu et al 2009). Nerve injection of viral vectors effi-
ciently transferred transgenes into motor neurons with modest therapeutic efficacy.

 Gene Editing for ALS

The clustered regularly interspaced short palindromic repeats associated Cas9 
(CRISPR- Cas9) genome editing system can be used to treat autosomal dominant 
disorders by introducing frameshift-induced mutations that inactivate mutant gene 
function. CRISPR-Cas9 was shown to disrupt mutant SOD1 expression in the 
G93A-SOD1 mouse model of ALS >2.5-fold following in vivo delivery using an 
AAV vector (Gaj et  al 2017). Genome editing in the lumbar and thoracic spinal 
cord, resulting in improved motor function and reduced muscle atrophy. Moreover, 
ALS mice treated by CRISPR-mediated genome editing had ~50% more motor 
neurons at end stage and displayed a ~37% delay in disease onset and a ~25% 
increase in survival compared to control animals. Thus, there is a potential for 
CRISPR-Cas9 to treat SOD1-linked forms of ALS and other CNS disorders caused 
by autosomal dominant mutations.

 Glatiramer Acetate

Glatiramer acetate (Teva Pharmaceuticals), approved for the treatment of multiple scle-
rosis, was tested in various animal models for chronic inflammatory and neurodegen-
erative diseases such as optic nerve injury, head trauma, glutamate toxicity, glaucoma 
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and ALS (Jain 2019). These studies demonstrated that the immunomodulating activity 
of the compound results in antiinflammatory as well as neuroprotective effects. A phase 
III multicenter, randomized, placebo-controlled trial, PreCISe, assessed effects of glat-
iramer acetate in patients with clinically isolated syndromes that were suggestive of 
multiple sclerosis (Arnold et al 2013). Measurement of N-acetylaspartate (NAA) by 
proton magnetic resonance spectroscopy, a biomarker of neuronal integrity, and 
increase of NAA/creatine ration indicated a neuroprotective effect of glatiramer ace-
tate. In a double-blind, randomized, placebo-controlled, multicenter trial, glatiramer 
acetate at a dose of 40 mg/day did not show any beneficial effect in ALS patients, and 
safety and tolerability were good in this population (Meininger et al 2009).

 GM604

GM604 is a regulatory peptide with a sequence identical to one of the active sites of 
an endogenous embryonic stage tyrosine kinase motoneuronotrophic factor that 
binds to the insulin receptors, IGF1 receptors, and IGF2 receptors of the human 
nervous system for development and monitoring. GM604 controls and modulates 
several ALS genes including those relevant to neural development, neuronal signal-
ing, neural transport, and other processes. Preclinical studies showed it to be a neu-
roprotective agent in ALS neurodegenerative diseases. A phase IIa clinical trial of 
GM604 for ALS has been completed (NCT01854294) and data showed favorable 
shifts in ALS biomarkers and improved clinical and functional measures in 
ALSFRS-R and FVC during the clinical trial as well as in an advanced ALS patient 
(Kindy et al 2017). The biomarker results in GALS-001 suggests that GM6 modu-
lates ALS disease through multiple pathways. Although a larger trial is needed to 
confirm these findings, the present data are encouraging and support GM604 as an 
ALS drug candidate. A phase III trial is planned.

Findings of studies suggest a tentative tripartate mechanism of action by which 
GM6 could prolong motor neuron survival in ALS patients:

 1. By reducing SOD1 expression, GM6 may block accumulation of pathologic 
SOD1 aggregates in motor neurons.

 2. By reducing mitochondrial gene expression and potentially mitochondrial abun-
dance (decreasing total tau), GM6 may disrupt the mitochondrial (intrinsic) 
apoptotic pathway.

 3. GM6 appears to activate developmental/mitotic pathways (Cystatin C), which 
may promote cellular repair, axonogenesis, and neuron projection.

 Insulin-Like Growth Factor

Two multi-center randomized controlled trials of recombinant human insulin-
like growth factor (rhIGF-1, Myotrophin) were conducted previously by a North 
American consortium using twice daily subcutaneous injections of rhIGF-1. 
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The primary outcome measure was disease progression as measured by the change 
in the Appel ALS rating scale (AALS). Results showed a 26% reduction in the pro-
gression of functional impairment and a slower decline in quality of life in the high 
dose group compared to placebo, but the study was not large or long enough to show 
an effect of rhIGF-1 on survival and the clinical effect was modest. A European trial 
demonstrated slower disease progression using the same AALS primary endpoint 
but could not achieve statistical significance. rhIGF-1 appeared to be safe in both 
trials. Due to the conflicting results, a phase III trial of rhIGF-1 was conducted to 
determine efficacy using manual muscle testing score as the primary endpoint, with 
tracheostomy-free survival and the ALSFRS-R as secondary endpoints. There was 
no difference between treatment groups in the primary or secondary outcome mea-
sures after the 2-year treatment period (Sorenson et al 2008).

IPLEX (mecasermin rinfabate injection) consisting of synthetic IGF-1 and IGF- 
binding protein-3 (IGFBP-3), which is supposed to enhance its delivery into cells. 
It was developed by INSMED corporation for the treatment of growth failure in 
children with severe primary IGF-I deficiency or with growth hormone (GH) gene 
deletion who have developed neutralizing antibodies to GH. Due to a patent settle-
ment, IPLEX was taken off the market for short stature related indications, but it is 
being studied as a treatment for ALS.  In 2007, the Italian Ministry of Health 
requested INSMED to make IPLEX available to treat Italian patients sufferings 
from ALS on a compassionate basis.

 Ketogenic Diet for Neuroprotection in ALS

Mitochondrial dysfunction may play an important role in neuronal death in 
ALS. Neuroprotective action of ketogenic diet (KD) is based on the finding that 
ketones promote mitochondrial energy production and membrane stabilization. In 
rat studies, KD alters the progression of the clinical and biological manifestations of 
the SOD1 transgenic mouse models of ALS. These effects may be due to the ability 
of ketone bodies to promote ATP synthesis and bypass inhibition of complex I in the 
mitochondrial respiratory chain. However, there was no significant difference 
between treated and disease control groups at death. This most likely represents the 
loss of diet effect when weakening animals decrease food intake and therefore expe-
rience less of the benefit a diet-based therapy would provide.

 Lenalidomide

Lenalidomide (Revlimid) is a potent immunomodulatory agent, with the ability to 
downregulate pro-inflammatory cytokines and up-regulate antiinflammatory cyto-
kines. Neuroinflammation contributes to ALS disease progression but there are other 
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triggers that induce neuroinflammation. ALS-linked mutant superoxide dismutase 1 
(SOD1) activates caspase-1 and IL-1β in microglia. Cytoplasmic accumulation of 
mutant SOD1 was sensed by an ASC containing inflammasome and antagonized by 
autophagy, limiting caspase-1-mediated inflammation. Notably, mutant SOD1 
induced IL-1β correlates with amyloid-like misfolding and is independent of dis-
mutase activity. Blocking of IL-1β may slow down progression of ALS.

Lenalidomide has a neuroprotective effect when treatment is started 2 months 
prior to onset of disease in the G93A SOD1 transgenic mouse model of ALS. Since 
in ALS patients, treatment can only begin after the appearance of symptoms, effi-
cacy of lenalidomide administration has been investigated starting at symptom 
onset in the G93A SOD1 mice (Neymotin et  al 2009). Lenalidomide treatment 
extended the survival interval from the age of onset by 18.3  days (~45%). 
Additionally, lenalidomide treatment improved rotarod performance, reduced 
weight loss, and attenuated neuronal cell death in the lumbar spinal cord. Qualitative 
histological analysis showed that lenalidomide treatment modestly reduced the 
expression of the proinflammatory cytokines Fas Ligand, IL-1β, TNF-α and CD40 
ligand. RNA protection Assay on a pre-selected panel of cytokines showed that 
proinflammatory cytokines were reduced and antiinflammatory cytokines were up- 
regulated. These data encourage further clinical evaluation of lenalidomide as thera-
peutic strategy to block or slow disease progression in human ALS patients.

 Lithium for Neuroprotection in ALS

According to one study, daily doses of lithium, leading to plasma levels ranging from 
0.4 to 0.8 mEq/liter, delay disease progression in human patients affected by ALS 
(Fornai et  al 2008). None of the patients treated with lithium died during the 
15 months of the follow-up, and disease progression was markedly attenuated when 
compared with age-, disease duration-, and sex-matched control patients treated with 
riluzole for the same amount of time. In a parallel study on a genetic ALS animal 
model, the G93A mouse, marked neuroprotection was shown by treatment with lith-
ium, which delayed disease onset and duration and augmented the life span. These 
effects were concomitant with activation of autophagy and an increase in the number 
of the mitochondria in motor neurons and suppressed reactive astrogliosis. Again, 
lithium reduced the slow necrosis characterized by mitochondrial vacuolization and 
increased the number of neurons counted in lamina VII that were severely affected in 
saline-treated G93A mice. After lithium administration in G93A mice, the number of 
these neurons was higher even when compared with saline-treated wild-type. All 
these mechanisms may contribute to the effects of lithium, and these results offer a 
promising perspective for the treatment of human patients affected by ALS. However, 
a double-blind, randomized, placebo-controlled trial with a time-to- event design 
found no evidence that lithium in combination with riluzole slows progression of 
ALS more than riluzole alone (Aggarwal et al 2010).
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 Masitinib

Masitinib is an orally administered tyrosine kinase inhibitor (TKI) that targets aberrant 
microglia and mast cells, which may destroy motor neurons in ALS. Masitinib achieves 
this by targeting the receptor CSF-1R. It was shown to be neuroprotective in preclinical 
studies in neurodegenerative disorders including ALS. It completed phase II trials in 
AD and is in phase III trials for multiple sclerosis. In 2016, results of a double-blind, 
phaseII/III randomized controlled trial suggested that masitinib, in combination with 
riluzole, appears to helps to slow progression of ALS (NCT02588677). In April 2018, 
EMA issued a negative opinion on the conditional marketing authorization of masitinib 
based on three factors: data reliability, robustness, and possible bias. The sponsor is 
now considering the possibility of resubmitting the application using the results from 
the study, which met its main goals and will present new data.

 Melatonin for ALS

Melatonin has been shown to inhibit cytochrome c release in purified mitochondria 
and prevents cell death in cultured neurons. A study has demonstrated that melato-
nin significantly delays disease onset, neurological deterioration and mortality in 
ALS mice (Zhang et al 2013). ALS-associated ventral horn atrophy and motor neuron 
death are also inhibited by melatonin treatment. Melatonin inhibits Rip2/caspase- 1 
pathway activation, blocks release of mitochondrial cytochrome c, and reduces the 
overexpression/activation of caspase-3. The authors also determined that disease 
progression is associated with the loss of both melatonin and the melatonin receptor 
1A (MT1) in the spinal cord of ALS mice. These results demonstrate that melatonin 
is neuroprotective in transgenic ALS mice, and this protective effect is mediated 
through its effects on the caspase-mediated cell death pathway. Furthermore, these 
data suggest that melatonin and MT1 receptor loss may play a role in the pathologi-
cal phenotype observed in ALS.  These observations indicate that melatonin and 
modulation of Rip2/caspase-1/cytochrome c or MT1 pathways may be promising 
therapeutic approaches for ALS. However, more work needs to be done to unravel 
these mechanisms before human trials of melatonin or a drug akin to it can be con-
ducted to determine its usefulness as an ALS treatment.

 Methylcobalamin

Methylcobalamin is a form of B12, which is a neuroprotective agent. It is in use for 
treatment of peripheral neuropathy. Homocysteine (Hcy) exerts multiple neurotoxic 
mechanisms that are relevant in the pathogenesis of ALS and reduction of Hcy 
levels by methylcobalamin may be useful to modify ALS progression and possibly 
its onset as well. In preliminary studies on patients with ALS, who had higher 
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median Hcy levels compared to age- and sex-matched controls, a high dose of 
methylcobalamin was effective in improving compound motor action potentials 
(Zoccolella et al 2010). A large scale randomized double-blind trial was started in 
Japan in order to evaluate the long-term efficacy and the safety of ultra-high-dose 
methylcobalamin for sporadic or familial cases of ALS (Izumi et al. 2007). Currently, 
mecobalamin intramuscular injection (Eisai’s E0302) is in phase II/III clinical trials 
for ALS at multiple centers in Japan.

 Olesoxime as Neuroprotective for ALS

Olesoxime (Trophos SA’s TRO19622) is a cholesterol-like small molecule with 
remarkable neuroprotective properties in vitro, as well as in vivo. It maintains motor 
neuron survival as effectively as a cocktail of three neurotrophic factors. Phase Ib 
clinical trials demonstrated that the product is well tolerated, has an excellent safety 
profile and that once-a-day oral dosing achieves the predicted exposure level 
required for efficacy, based on preclinical models. Trials of olesoxime as an add-on 
to riluzole in ALS patients showed that there is no interaction between olesoxime 
and riluzole. A phase III, double-blind, randomized, placebo-controlled, multicenter 
trial of olesoxime on ALS patients showed that although the drug was well toler-
ated, there was no significant beneficial effect in ALS patients treated with riluzole 
(Lenglet et al 2014). However, it is in clinical trials for SMA.

 ONO-2506

ONO-2506 (Ono Pharmaceutical Co) is an enantiomeric homologue of valproate 
that restores normal astrocyte functions after brain damage by preventing reactive 
astrocytosis, by activating astrocytic GABAA receptors and suppressing GABA 
transferase. It has already been tested as a neuroprotective in clinical trials in stroke 
patients. Chimeric mice with both normal and mutant SOD1-expressing cells indi-
cate that glia play a role in motor neuron degeneration as a result of loss of neuro-
trophic support, and diminished clearance of glutamate from neuromuscular 
synapses by the astrocytic glutamate transporter EAAT2. ONO-2506 has additional 
antiglutamate and antiinflammatory COX-2 inhibitor properties. Phase II and III 
trial were completed a decade ago, but no further development has been reported.

 Riluzole

To date, only one drug, riluzole, an inhibitor of glutamate release, has been shown 
to slow the course of ALS, although modestly (Jain 2019a). Since the approval of 
riluzole in 1995, there have been a several trials with mixed results. Never-the-less, 
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riluzole is considered to have neuroprotective effect in ALS. The Cochrane Review 
of controlled clinical trials concluded that riluzole is reasonably safe and probably 
prolongs median survival of patients with ALS by about 2–3 months (Miller et al 
2012). Other mechanisms of action are:

• Neuroprotective action of riluzole may be partly mediated by its increase of 
transporter-mediated glutamate uptake (Fumagalli et al 2008).

• Inactivation of voltage-dependent sodium channels.
• Ability to interfere with intracellular events that follow transmitter binding at 

excitatory amino acid receptors. Riluzole has been shown to be neuroprotective 
in experimental models of neuronal injury involving excitotoxic mechanisms. 
Transcranial magnetic stimulation has shown that riluzole reduces cortical excit-
ability in patients with ALS. This finding supports the view that attenuation of 
glutamate-related excitotoxicity is an important factor contributing to the benefi-
cial effect.

• Riluzole increased the amount and activity of heat shock factor 1 to boost the 
expression of heat shock proteins and glutamate transporter 1, providing neuro-
protection under stress (Liu et al 2011).

• Results of experimental studies on neurons and myotubes indicate that one of the 
mechanisms of riluzole’s therapeutic effect might be increasing the glucose 
transport rate in cells affected by ALS (Daniel et al 2013).

• A longitudinal study of the effect of riluzole therapy on cortical hyperexcitability 
in patients with ALS by using transcranial magnetic stimulation combined with 
peripheral nerve function excitability found transient modulation of cortical and 
axonal hyperexcitability as compared with healthy controls, which accounted for 
modest clinical effectiveness (Geevasinga et al 2016).

 RNAi-Based Therapy for ALS

Use of RNAi is under investigation for the treatment of ALS. In cell culture and in 
rodent models of ALS, mutant SOD1 proteins exhibit dose-dependent toxicity; thus, 
agents that reduce mutant protein expression would be powerful therapeutic tools. 
RNAi has been evaluated for selective silencing of mutant SOD1 expression in cul-
tured cells and siRNAs have been identified that can specifically inhibiting expres-
sion of ALS-linked mutant, but not wild-type, SOD1. Silencing of mutant SOD1 
protects these cells against cyclosporin A-induced cell death demonstrating a posi-
tive physiological effect caused by RNAi-mediated silencing of a dominant disease 
allele. In SOD1 transgenic mice, a model for familial ALS, intrathecal injection of 
a lentiviral vector that produces RNAi-mediated silencing of SOD1 substantially 
retards both the onset and the progression rate of the disease.

RNAi approaches include small inhibitory RNA (siRNA), short hairpin RNA 
(shRNA) and microRNA (miR). Agents such as shRNA and either native or syn-
thetic miR can permeate the CNS and efficiently silencing genes in the brain and 
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spinal cord. Artificial shRNA or miRNA, in combination with potent viral vector 
delivery systems, have been used to mediate SOD1 silencing within the CNS in 
transgenic SOD1G93A mice and non-human primates (van Zundert and Brown 2017).

 Sodium Phenylbutyrate

Sodium phenylbutyrate (NaPB), an aromatic short-chain fatty acid, is approved for 
treatment of hyperammonia and has been tested as treatment of spinomuscular atro-
phy. Its potential benefit in ALS is based on its ability to inhibit histone deacetylase 
(HDAC) leading to increased gene transcription. NaPB upregulates genes that 
inhibit apoptosis, mitigates motor neuron death, and dose-dependently improves 
survival in transgenic ALS mice. NaPB has a short half life (45 min), though changes 
in gene expression induced by the drug may be more persistent. CNS distribution of 
NaPB has been determined by magnetic resonance spectroscopy. An open label, 
dose-escalation phase II study in patients with ALS, sponsored by the US Department 
of Veterans Affairs and Muscular Dystrophy Association, sodium phenylbutyrate 
was found to be safe and well tolerated and, at higher doses, increased histone 
acetylations (Cudkowicz et al 2009). These results will help determine the maxi-
mum tolerated dose as well as establish a pharmacokinetic and safety profile. An 
ongoing phase II trial on ALS patients of AMX0035, which is a combination of 
phenylbutyrate and tauroursodeoxycholic acid designed to reduce neuronal death 
through blockade of key cellular death pathways originating in the mitochondria 
and endoplasmic reticulum (NCT03127514). This clinical trial aims to show that 
treatment is safe, tolerable, and able to slow decline in function as measured by the 
ALSFRS-R. The trial will also assess the effects of AMX0035 on muscle strength, 
vital capacity, and biomarkers of ALS including those of neuronal death and 
neuroinflammation.

 Stem Cell Therapy

 Clinical Applications

The US ALS Association has funded research into the possible use of stem cell 
therapy for ALS since 2001. Researchers have tried to develop methods to generate 
motor neurons from human ESCs. Although challenging and not yet achieved, gen-
eration of motor neurons in vitro for transplantation or the discovery of appropriate 
cues to generate motor neurons in the human body, are exciting potential approaches 
to stem cell therapy for ALS. Injected autologous bone-marrow-derived stem cells 
into the spinal cord of ALS patients have been shown to have a reasonable margin 
of clinical safety.
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 Autologous Hematopoietic Stem Cells

Although bone marrow-derived cells might supply motor neurons and other cells 
with a cellular milieu more conducive to survival in ALS, direct injection of stem 
cells in ALS is problematic because of the large expanse of the neuraxis that would 
need to be injected. Transiently increasing the number of circulating hematopoietic 
stem cells (HSCs) might be a useful therapeutic approach, but agents stimulating 
the activation and mobilization of HSCs may have adverse effects such as activation 
of microglial cells. A small pilot trial of the collection and reinfusion of G-CSF- 
mobilized peripheral blood stem cells was conducted in ALS patients and found no 
adverse effects, paving the way for a properly powered therapeutic trial with an 
optimized regimen of G-CSF (Cashman et  al 2008). An increase the number of 
circulating stem cells from within the body’s bone marrow has the potential to travel 
to the site of injury to begin repair and halt the progression of ALS.

 Intrathecal Injections of MSCs

Intrathecal injections of UCB-MSCs have been used clinically in China for treatment 
of ALS and clinical improvement has been reported along with reduction of gluta-
mate levels in CSF and plasma of ALS patients. Selection of optimal passages of 
autologous bone marrow (BM)-derived MSCs during long-term in vitro expansion is 
important for clinical trials in patients with ALS. MSCs from BM of ALS patients 
has been isolated and expanded to analyze the growth kinetics, differentiation poten-
tial, cellular surface antigen expression, karyotype modifications and secretion of 
various cytokines during long-term culture (Choi et al 2010). MSCs in the fourth 
passage were differentiated into adipocytes, osteocytes and chondrocytes. At the 
third, fifth, seventh and ninth passages of MSCs, IL-6, VEGF and IL-8 showed high 
expression but progressive decrease with additional passages. In addition, secretion 
of IL-15, GM-CSF, IL-10, PDGF-bb, G-CSF, IL-1beta, basic FGF and IFN-gamma 
gradually decreased over prolonged culture. These findings suggest that MSCs at 
earlier passages are more suitable for stem cell therapy in ALS patients because of 
their stability and more potent antiinflammatory and neuroprotective properties. 
Injected autologous bone-marrow-derived stem cells into the spinal cord of ALS 
patients were shown to have a reasonable margin of clinical safety.

 Intrathecal NSCs

Results of a phase I safety trial of human spinal NSCs (NeuralStem Inc) on 12 
patients support the procedural safety of unilateral and bilateral intraspinal lumbar 
microinjections (Riley et al 2012). Clinical assessments ranging from 6 to 18 months 
after transplantation demonstrated no evidence of acceleration of disease progres-
sion due to the intervention (Glass et al 2012). Completion is planned by proceeding 
to cervical and combined cervical plus lumbar microinjections in ALS patients. 
A phase I, open-label, first-in-human, feasibility and safety study of human spinal 
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cord-derived NSC transplantation for the treatment of ALS was completed to assess 
the safety and feasibility of stem cell transplantation into lumbar and cervical spinal 
cord in ALS patients (Feldman et al 2014). The dual-targeted intraspinal transplan-
tation of NSCs in ALS is feasible and well-tolerated, supporting future trials for 
dosing and efficacy. There are no reports of further trials.

 Stem Cell-Based Drug Discovery for ALS

Because of limited availability of hESCs as tools for drug discovery for ALS, motor 
neurons from mice or rats have been used in the past. The hard part is coaxing ESCs 
to turn into motor neurons. California Stem Cell is creating an efficient process for 
generating large batches of motor neurons from ESCs, and will ship them to 
BioFocus DPI, which provides drug discovery services to pharmaceutical compa-
nies. BioFocus will develop a test to screen the motor neurons against some 11,000 
different gene-silencing fragments that will shut off a gene in the motor neuron 
cells. The aim is to rescue the cells from apoptosis involved in ALS. The aim of this 
research is to come up with a handful of drug targets. The next steps would be to 
determine if they translate into good drugs and, if so, to develop a drug aimed at one 
or more targets. Project ALS of New York is working on a similar project in collabo-
ration with researchers at Columbia University and the Harvard Stem Cell Institute 
who have already made billions of motor neurons from ESCs and hope to begin 
using them in drug screens. Project ALS is also making progress in taking skin 
biopsies from ALS patients and reprogramming those to become motor neurons. 
This will create cells in the laboratory dish that are genetically identical to those in 
ALS patients. Conventionally, ALS drugs are tested on mice that are genetically 
engineered models of ALS. However, even if they are shown to be effective in the 
mice, they fail in clinical trials on humans. Stem cells will provide us with better 
models of human disease to screen drugs for ALS more effectively.

ALS can be induced by mutations in the SOD1 gene. Coculture of hESC-derived 
motor neurons with human primary astrocytes expressing mutated SOD1 led to 
detection of a selective motor neuron toxicity that was correlated with increased 
inflammatory response in SOD1-mutated astrocytes (Marchetto et  al 2008). 
Furthermore, it was shown that astrocytes can activate NOX2 to produce superoxide 
and that effect can be reversed by antioxidants. Finally, NOX2 inhibitor, apocynin, 
was shown to prevent the loss of motor neurons caused by SOD1-mutated astro-
cytes. These results provide an assay for drug screening using a human ALS in vitro 
astrocyte-based cell model and open the possibility of clinical interventions using 
astrocyte-based cell therapies.

Donor skin cells can be programmed in the laboratory to generate iPS cells, 
which can then be induced to turn into either of the two main cell types known to be 
involved in ALS: the motor neurons which degenerate and astrocytes, the support-
ing cells. This can be used to address the fundamental question of whether the sup-
port cells from healthy or TDP-43 mutant gene carrying ALS patients are injurious 
or protective to motor neurons. The motor neurons have potential use for screening 
drug candidates to identify which drugs can slow or reverse the disease process.
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 Suppressors of mTDP-43 Toxicity

C. elegans and D. rerio expressing mutant TAR DNA Binding Protein 43 (TDP-43) are 
powerful in vivo animal models for the genetics and pharmacology of ALS. Using 
these small-animal models of ALS, methylene blue (MB) was identified as a potent 
suppressor of TDP-43 toxicityFurther investigation showed that MB might exert its 
neuroprotective properties and found that it acts through reduction of the endoplasmic 
reticulum (ER) stress response. Other compounds known to be active in the ER 
unfolded protein response in worms and zebrafish expressing mutant human TDP- 43 
(mTDP-43) were tested (Vaccaro et al 2013). The investigators identified 3 compounds: 
salubrinal, guanabenz and a new structurally related compound phenazine, which also 
reduced paralysis, neurodegeneration and oxidative stress in mTDP-43 models. Using 
C. elegans genetics, it was shown that all 4 compounds act as potent suppressors of 
mTDP-43 toxicity through reduction of the ER stress response although these com-
pounds operate through different branches of the ER unfolded protein pathway to 
achieve a common neuroprotective action. These results indicate that protein-folding 
homeostasis in the ER is an important target for therapeutic development in ALS.

 Talampanel

Talampanel is an orally active antagonist of the AMPA neuronal excitatory glutamate 
receptor. In preclinical studies, talampanel showed activity in epilepsy as well as in 
various models for neurodegenerative diseases, in which neuronal injury may occur 
via glutamate excitotoxicity. It is primarily under development as an antiepileptic 
agent. The antiepileptic properties of talampanel indicate that the drug crosses the 
BBB. Talampanel has been shown to prolong median survival in the SOD1 mouse 
model. A pilot phase II study of talampanel in ALS patients showed promising results, 
but it was not powered to show conclusive results. A larger confirmatory phase II 
study was carried out and revealed that although the medication was well tolerated, it 
did not have a significant effect on disease progression (Pascuzzi et al 2010).

 Tamoxifen

Neuroprotective action of tamoxifen, a selective estrogen receptor modulator, has 
been discussed in Chap. 2. Tamoxifen is being investigated as a neuroprotective in 
ALS because of its ability to inhibit protein kinase C, which mediates inflammation 
in spinal cords of patients with ALS. Tamoxifen extends survival in an ALS mouse 
model. A phase II study in 2014 on patients with ALS prolonged survival. The drug 
penetrates the CNS and was generally well tolerated. No further clinical study has 
been reported.
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 Vaccination for ALS Caused by SOD1 Mutations

There is emerging evidence for neurotoxicity of extracellular mutant SOD1, which 
has led to investigation of immunization aimed at reducing the burden of extracel-
lular SOD1 mutants in nervous tissue of mice models of ALS, by using bacterially 
purified recombinant SOD1 mutant protein as an immunogen. Vaccination was 
shown to alleviate disease symptoms and prolonging the life span of SOD1 mice 
indicating that immunization strategies should be considered as potential approaches 
for delaying the onset as well as for treatment of familial ALS caused by SOD1 
mutations. Caution must be exercised when considering an immunotherapy for ALS 
patients. For example, vaccination with Aβ yielded positive results for clearance of 
amyloid plaques in mice models of AD, but the approach was associated with inci-
dence of meningoencephalitis in some patients. Perhaps, this association would be 
a lesser problem in the context of ALS without the occurrence of massive extracel-
lular protein deposits. However, no further progress has been reported in the possi-
ble vaccination for ALS in humans.

 Vascular Endothelial Growth Factor for ALS

Rationale for the use of VEGF in ALS is based on research, which has shown that 
mice with targeted deletions of the hypoxia-response element in the promoter of 
the VEGF gene display reduced brain and spinal cord VEGF protein levels and 
ALS- like symptoms. In industry-standard animal models of the disease, treat-
ment with VEGF results in neuroprotection, improved motor function and 
extended life span. Additional evidence for a role of VEGF in ALS has come 
from multiple scientific studies including the demonstration that patients with 
ALS have impaired production of VEGF in their nervous system. VEGF has also 
been shown to stimulate neurogenesis and therefore offers the potential for value 
at multiple levels.

Preclinical safety assessment and dose-finding studies of VEGF (NeuroNova’s 
sNN0029) formed the basis for a formal regulatory submission IND required for 
the start of clinical trials in 2008. The initial clinical phase I/II study investigated 
safety parameters in ALS patients. A phase II clinical trial, intended commenced 
evaluated the efficacy of sNN0029 over placebo to increase time of survival as 
administered by means of an FDA-approved and CE-marked pump developed by 
Medtronic and a specialized catheter for protein drug delivery directly into the 
brain by intracerebroventricular infusion was terminated in 2013 due to issues 
with development and supply of infusion system for delivery of the drug and lack 
of favorable benefit risk ratio (NCT01999803). There has been no further 
development.
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 Vitamin E for ALS

Dietary supplementation with vitamin E delays onset of clinical disease and slows 
progression in the transgenic models of ALS but does not prolong survival. In a 
large prospective study, long-term vitamin E supplement use was associated with 
lower ALS rates, indicating a possible neuroprotective effect that should be inves-
tigated further (Wang et  al 2011). Neuroprotective effect of vitamin E in ALS 
deserves further study, even though clinical trials have failed to show beneficial 
effect in ALS.

 Clinical Trials of Neuroprotective Therapies for ALS

As of December 2019, 457 clinical trials for ALS are listed on the US Government 
web site: http://clinicaltrials.gov/. They cover all aspects of ALS including diagno-
sis and management. Some of these trials have been completed or discontinued or 
were not successful. Trials of complementary medicine treatments for ALS, e.g. 
herbals and acupuncture, are excluded. Selected trials are described in the preceding 
text under the heading of individual methods of treatment.

 Concluding Remarks and Future

ALS is a progressive neurodegenerative disease for which there is no cure so far. 
Several neuroprotective agents have been tested based on various hypotheses of 
mechanisms for neuronal apoptosis, including oxidative damage, loss of trophic 
factor support, and glutamate-mediated excitotoxicity. The failure rate of drug can-
didates has been very high. Alterations of mRNA processing are a pathogenic mech-
anism in genetically defined forms of ALS. Transgenic mouse models of ALS with 
mutation in SOD1 gene are widely used for testing new drugs but have not consis-
tently translated into beneficial results in clinical trials due to poor design, lack of 
power and short study duration, as well as differences in the genetic backgrounds, 
treatment dosages and disease pathology between animals and humans.

Although there is an ALS mouse model used widely in labs around the world, the 
findings cannot be translated into human patients. Human tissue is ideal, but it is not 
possible to do experimental work on human brains. Postmortem brain tissue is not 
ideal. Generating induced pluripotent stem cells (iPSCs) from ALS patients is the 
best platform that Rothstein could imagine.

Several NTFs, antiinflammatory agents, and inhibitors of oxidative stress have 
been reported to prolong survival in mouse models of ALS and some have under-
gone clinical trials with disappointing results. Riluzole, the only approved therapy 
for ALS, has only marginal effect on survival from disease. However, vitamin E, 
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folic acid, alpha lipoic acid, coenzyme Q10, epigallocatechin gallate, Ginkgo 
biloba, melatonin, Cu chelators, and regular low and moderate intensity exercise, as 
well as treatments with catalase and l-carnitine, hold promise for mitigating the 
effects of ALS. It is likely that combinations of therapies may be needed to slow the 
multifactorial neurodegeneration process effectively.

 Multi-omics Approach to ALS

Omics, includes genomics, transcriptomics, epigenomics, proteomics, and metabo-
lomics are being applied for comprehensive assessment of all aspects of motor neu-
ron function in ALS patients. Current diagnosis of ALS is based on clinical 
examination and delay from the onset of symptoms to the final diagnosis is 
∼12 months, which underscores the need for molecular biomarkers for early diag-
nosis. DNA sequencing to identify pathogenic gene variants can be applied in the 
cases of familial ALS but not sporadic cases. Multi-omics biotechnology platforms, 
including miRNomics, proteomics, metabolomics, metallomics, volatolomics, and 
viromics, have enabled identification of new biomarkers such as proteins and cell- 
free miRNAs in easily obtained biofluids, which will be indispensable for classifica-
tion of different ALS subtypes and for understanding the molecular heterogeneity of 
the disease in future (Mitropoulos et al 2018).

One group, “Answer ALS,” was launched in 2015 at Robert Packard Center for 
ALS Research at Johns Hopkins Medicine to use multi-omics analysis for compil-
ing the largest and most comprehensive data base for ALS and to use it for investi-
gating the unique pathways of each variation of ALS for developing personalized 
therapy.

Another focus of omics-based approach is to create subtypes of ALS patients to 
personalize treatment and stratify clinical trials. This is one of the main goals of the 
Genomic Translation for ALS Clinical Care (GTAC) program, a collaboration 
between Biogen, the ALS Association, and Columbia University Medical Center. 
GTAC focuses on classifying ALS patients into subgroups based on similar RNA 
transcriptomic profiles. Once these data are made available, clinicians can offer 
more personalized and effective treatment after a simple blood test on a patient. In 
addition to new gene discovery and genotype–phenotype correlations, GTAC is also 
taking careful exposure and epidemiological data on their patients, noting environ-
mental factors that have been alleged to play a role in ALS.

 Use of CRISPR/Cas9 Technology to Find New Targets in ALS

CRISPR/Cas9 knockout (KO) screens have been used in human cells and in primary 
mouse neurons to identify genes that promote or prevent toxicity of the abnormal ALS 
protein aggregates that are believed to cause the death of neurons, which could 
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potentially new drug targets for neuroprotection in ALS (Kramer et al 2018). Mutations 
in C9orf72 gene are the most common cause of ALS. The mutated gene contains a 
huge repeated section of bases, resulting in production of dipeptide- repeat proteins 
(DPRs) that clump together and are the main cause of toxicity and cell death. Initial 
CRISPR screens have identified ~200 genes, each of which, when absent, either pro-
tects the cells from toxic DPRs or increases toxicity. Secondary screens in mouse 
primary cortical neurons were then used to validate the most promising protective 
genes. Among the top hits was a gene, known as RAB7A, which is involved in endo-
somal trafficking, and the endoplasmic reticulum (ER) protein Tmx2. Knocking out 
the Tmx2 gene in the primary mouse cortical neurons completely protected the cells 
from a synthetic cause of neurotoxicity that was otherwise almost always fatal to the 
cells. One modifier, TMX2, modulated the ER-stress signature elicited by C9ORF72 
DPRs in neurons and improved survival of human induced motor neurons from 
patients with C9ORF72 ALS.  Together, these results demonstrate the promise of 
CRISPR-Cas9 screens in defining mechanisms of neurodegenerative diseases and 
provide new targets for neuroprotective therapies.

 Concluding Remarks on Neuroprotection in ALS

With advances in understanding of pathomechanisms of ALS and increase in poten-
tial targets, several innovative treatments are in development, but no drug is in late 
stage clinical trials. Promising approaches include the use of adeno-associated 
viruses (AAV) to deliver gene therapy (missing genes, therapeutic genes, or gene- 
silencing elements) to the CNS and the use of stem cells that provide neurotrophic 
factors. Antisense oligonucleotides and AAV-delivered microRNA inactivate pro-
duction of toxic gene products and thus may be therapeutic in ALS mediated by 
genes such as SOD184-87 and C9ORF72. Clinical trials investigating the use of 
antisense oligonucleotides to silence SOD1 have started. High-throughput genetics, 
combined with improved clinical phenotyping, will further knowledge of genetics 
of ALS, and whole genome sequencing may enable study of complex interactions 
among multiple gene variants to explain not only familial ALS but also sporadic 
ALS. The exploration of environmental factors in sporadic ALS will expand with a 
focus on the internal environment represented by the microbiome to enable modifi-
cation of the clinical course of the disease (Brown and Al-Chalabi 2017).
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 Introduction

Several neurological disorders that are not covered in the preceding chapters result in 
damage to the brain requiring neuroprotection. In addition to this several systemic 
disorders have neurological manifestations due to damage to the nervous system. 
Nuroprotective strategies for these disorders are also described in this chapter.
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 Neuroprotection in Synaptopathies

Synapses are essential components of neurons and enable coordinated flow of infor-
mation throughout the CNS to adjust behavior to environment and to control body 
functions, memories, and emotions. Therefore, optimal synaptic communication is 
required for proper function of the brain, and synapse dysfunction can lead to brain 
disorders. Synaptopathies are neurological disorders with synapse defects as shared 
pathogenic features. Basic concepts of synapse structure and function help us to 
understand how aberrant synapse physiology may contribute to neurodevelopmental 
disorders such as autism spectrum disorders (ASD), Down syndrome, startle disease, 
and epilepsy as well as neurodegenerative disorders (Lepeta et al 2016). The advan-
tages of classifying synapse diseases under a single term “synaptopathies” are that an 
understanding of common causes and intrinsic differences in disease- associated 
synaptic dysfunction could offer novel clues toward synapse- based therapeutic inter-
ventions for neurological and neuropsychiatric disorders.

The discovery of several synapse-linked gene mutations associated with differ-
ent brain disorders has opened the possibility that synapse-targeted therapeutics 
could be of assistance in such disorders. The concept of synaptopathies has now 
been extended to include not only diseases originated at the synapse but also all 
those that present synapse defects as a leading route to clinical symptoms. Thus, 
genetic or sporadic conditions that lead to abnormal excitatory or inhibitory syn-
apse function could pave the way for neurodevelopmental or age-related disorders 
to manifest.

 Neuroprotection in ASD

Transcription factor MEF2C regulates multiple genes linked to ASD, and human 
MEF2C haploinsufficiency syndrome (MHS) results in ASD, intellectual disability, 
and epilepsy. Mef2c+/−(Mef2c-het) mice exhibit behavioral deficits resembling 
those of human patients; gene expression analyses on brains from these mice show 
changes in genes associated with neurogenesis, synapse formation, and neuronal 
cell death (Tu et al 2017). Mef2c-het mice exhibit decreased neurogenesis, enhanced 
neuronal apoptosis, and an increased ratio of excitatory to inhibitory (E/I) neuro-
transmission, which all improve by treatment with NitroSynapsin, a dual-action 
compound related to the memantine, an uncompetitive/fast off-rate antagonist of 
NMDA-type glutamate receptors. These results suggest that MEF2C haploinsuffi-
ciency leads to abnormal brain development, E/I imbalance, and neurobehavioral 
dysfunction, which may be mitigated by pharmacological intervention. The authors 
of the study are testing the drug in mouse models of other ASDs and hope to move 
NitroSynapsin into clinical trials with a biotechnology partner. Moreover, the inves-
tigators also now use stem cell technology to create cell-based models of MHS with 
skin cells from children who have the syndrome.

 Neuroprotection in Synaptopathies
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 Neuroprotection in Fragile X Syndrome

The protein complex formed by the Ca2+ sensor neuronal calcium sensor 1 (NCS- 1) 
and the guanine exchange factor protein Ric8a coregulates synapse number and 
probability of neurotransmitter release, emerging as a potential therapeutic target 
for diseases affecting synapses, such as fragile X syndrome (FXS), the most 
common heritable autism spectrum disorder (ASD), for which only symptometic 
treatment is available. Based on these findings, a study identified phenothiazine 
FD44, a small molecule, that binds the interaction surface between NCS-1 and 
Ric8a, preventing the formation of the complex (Mansilla et al 2017). Tested on a 
Drosophila model of the FXS, where the number of synapses is in excess, FD44 
proves effective in reducing synapse number to normal levels and restores normal 
learning performance. This structure–function study shows the specificity of this 
compound and the drugability of the NCS-1/Ric8a interface for the treatment of 
FXS and possibly, other synaptopathies.

 Neuroprotection in Dementia

Neuroprotection is important in dementias other than those associated with neuro-
degenerative disorders described in Chap. 5. The following will be discussed briefly 
in this chapter: dementia associated with aging, vascular dementia, HIV-associated 
dementia and Creutzfeldt-Jakob disease.

 Age-Related Dementia

Human neurons are functional over an entire lifetime, but the mechanisms of neu-
roprotection and neurodegeneration during aging were unknown. The application 
of modern molecular and cell biology technologies to studies of the neurobiology 
of aging now provides a window on the molecular substrates of brain aging and 
neurodegenerative disorders. Mild age-related decline in cognitive function is 
mainly due to the neuropathological lesions traditionally associated with dementia 
(Wilson et al 2010). One or more of the following factors can cause age-associated 
cognitive dysfunction:

• The damaging effects of chronic inflammation causing injury to both cerebral 
blood vessels and neurons.

• Changes in lifestyle and diet leading to nutritional deficiencies.
• Hormonal imbalances and decreased levels of estrogen, testosterone, etc.
• Chronic deficiency of oxygen available to brain cells because of impaired circu-

lation due to cardiovascular disease.
• Essential fatty acid deficiencies (the brain is composed almost entirely of 

fatty acids).
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• Neurological effects of systemic disorders and drugs used for their treatment 
may contribute to cognitive decline in the elderly.

• Reduced levels of neurotransmitters such as acetylcholine
• The damaging effects of oxidative stress

 Aging Brain and Oxidative Stress

Because the brain uses a large amount of oxygen and contains a relatively high 
amount of lipids, it is particularly vulnerable to oxidative stress and the damage it 
can cause. Oxidative stress has been associated with neurodegenerative diseases 
such as PD and AD and can be reduced by antioxidants such as glutathione.

A study has shown that induction of the repressor element 1-silencing transcrip-
tion factor (REST; also known as neuron-restrictive silencer factor, NRSF) is a uni-
versal feature of normal aging in human cortical and hippocampal neurons (Lu et al 
2014). REST is lost, however, in mild cognitive impairment and AD. Chromatin 
immunoprecipitation with deep sequencing and expression analysis show that 
REST represses genes that promote cell death and AD pathology and induces the 
expression of stress response genes. Moreover, REST potently protects neurons 
from oxidative stress and Aβ toxicity, and conditional deletion of REST in the 
mouse brain leads to age-related neurodegeneration. A functional ortholog of REST, 
C. elegans SPR-4, also protects against oxidative stress and Aβ toxicity. During 
normal aging, REST is induced in part by cell non-autonomous Wnt signaling. 
However, in AD, frontotemporal dementia and dementia with Lewy bodies, REST 
is lost from the nucleus and appears in autophagosomes together with pathologi-
cal misfolded proteins. Finally, REST levels during aging are closely correlated 
with cognitive preservation and longevity. Thus, the activation state of REST may 
distinguish neuroprotection from neurodegeneration in the aging brain.

 Hsp70 and Age-Related Neurodegeneration

Heat Shock Protein 70 (Hsp70), a molecular chaperone, plays an important protec-
tive role in various neurodegenerative disorders often associated with aging, but its 
activity and availability in neuronal tissue decrease with age. A study has explored 
the effects of intranasal administration of exogenous recombinant human Hsp70 on 
lifespan and neurological parameters in middle-aged and old mice (Bobkova et al 
2015). Long-term administration of Hsp70 significantly enhanced the lifespan of 
animals of different age groups. Behavioral assessment after 5 and 9 m of chronic 
Hsp70 administration demonstrated improved learning and memory in old mice. 
Likewise, the investigation of locomotor and exploratory activities after Hsp70 
treatment demonstrated a significant therapeutic effect. Hsp70 treatment in old mice 
resulted in larger synaptophysin-immunopositive areas and higher neuron density 
compared with control animals. Furthermore, Hsp70 treatment decreased accumu-
lation of lipofuscin, a biomarker of aging, in the brain and enhanced proteasome 
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activity. The potential of Hsp70 intranasal treatment to protect synaptic machinery 
in old animals offers a unique pharmacological approach for various neurodegen-
erative disorders associated with human aging.

 Pharmacological Approaches for Treatment of Age-Related Dementia

Aging is associated with increased oxidative stress, disturbances in energy metabo-
lism and inflammation-like processes. This implication has led to the notion that 
antioxidant defense mechanisms in the brain are not enough for preventing age- 
related increase in oxidative damage and that dietary intake of a variety of antioxi-
dants might be beneficial for preserving brain function. There is a dramatic loss of 
learning and memory function from 8 to 11 months of age in mice, associated with 
marked increases in several biomarkers of brain oxidative stress. Chronic systemic 
administration of synthetic catalytic scavengers of reactive oxygen species almost 
completely reverses cognitive deficits as well as an increase in oxidative stress tak-
ing place during this time period in brain. These observations support the role of 
reactive oxygen species in age-related learning impairment and suggest potential 
clinical applications for synthetic catalytic scavengers of reactive oxygen species.

A study has shown that chronic, oral administration of S18986, an AMPA recep-
tor modulator, increases locomotor activity and performance in a spatial memory 
task in aged rodents (Bloss et  al 2008). In addition, chronic S18986 treatment 
retards the decline of forebrain cholinergic neurons by roughly 37% and midbrain 
dopaminergic neurons by as much as 43% during aging and attenuates the age- 
related increase in the expression of a microglial marker in the hippocampus. The 
drug appears to slow effects of aging throughout the entire brain. These results 
provide a framework for further studies of the potentially beneficial effects of 
AMPA receptor modulators on brain aging.

Use of both vitamin E and C supplements has been shown to protect men from 
age-related dementia, but no protective effect was observed for AD.  Several 
 nootropic medications are used in Europe for improving and protecting brain func-
tion in the elderly. There is, however, no effective medication proven by controlled 
clinical trials.

L-carnitine administration has been shown to prevent age-related increment of 
DNA damage in aging rodents, thereby suggesting the neuroprotective action of 
L-carnitine against degenerative changes in the brain associated with aging. No 
such action has been demonstrated in humans.

Geroneuroprotectors (GNPs) are compounds that slow the rate of biological 
aging of the nervous system and may thus reduce the incidence of age-associated 
diseases such as AD. However, few GNPs have shown therapeutic efficacy in mam-
malian AD models. GNPs include two plant-derived dietary supplements, fisetin, a 
bioflavonoid that is found in fruits and vegetables, and curcumin (diferuloyl meth-
ane), which is found in the spice turmeric. Three derivatives were effective in differ-
ent rodent models of AD, improving memory, reducing inflammation, maintaining 
synapses, and removing toxic amyloid peptide. All of them extend lifespan and/or 

11 Neuroprotection in Miscellaneous Neurological Disorders



651

delay physiological and molecular aspects of aging. They also demonstrated an impact 
on molecular pathways that are also engaged by metformin and rapamycin, both of 
which have been found to reduce the rate of aging in model organisms. The research-
ers are working to progress the fisetin derivative CMS121 and the curcumin derivative 
J147 into human trials. IND has been filed to start clinical trials in AD with J147, 
which is the best-studied curcumin derivative (Schubert et al 2018). CMS121 has the 
same GNP properties as its native fisetin, but a much higher level of potency.

Klotho, a longevity factor, is known to enhance cognition when genetically and 
broadly overexpressed in its full, wild-type form during a mouse’s lifespan. An alfa- 
klotho protein fragment, administered peripherally, also enhances cognition and 
neural resilience despite impermeability to the blood-brain barrier in transgenic, 
aging mouse models of neurodegenerative disorders (Leon et al 2017). Klotho treat-
ment appeared to modulate a signaling pathway important for neural plasticity, 
which can counteract age-related brain pathology. This approach has therapeutic 
potential for humans.

 Mental Training to Prevent Decline of Mental Function with Aging

The concept of cerebral exercise (mental training) is not new, although it is less 
well-known than that of physical exercise. Ramon-y-Cajal stated in 1911: “One 
might suppose that cerebral exercise, since it cannot produce new cells, carries fur-
ther than usual protoplasmic expansions and neural collaterals forcing the establish-
ment of new and more extended intercortical connections” (Jain 2019). Improvement 
of cerebral blood flow, cerebral metabolism, and mental function in parallel with 
structural changes in the brain (dendritic proliferation) has been shown to result 
from cerebral exercise. Mental exercises (brain jogging) are to be used for the pre-
vention of decline of mental function in aging.

Because the brain retains a lifelong capacity for plasticity and adaptive reorgani-
zation, cognitive decline should be at least partially reversible by an appropriately 
designed training program. Randomized, controlled studies have demonstrated that 
intensive, plasticity-engaging training training reduces age-related cognitive decline 
and improves cognitive abilities, and the improvement can continue for years after 
the initiation of the intervention. Increase in gray matter in the middle temporal area 
of the visual cortex has been observed in elderly subjects following skill acquisition 
(Boyke et al 2008). Learning acts through enhancement of neurotrophic support 
for the brain through activation of receptors for brain-derived neurotrophic factor 
(Chen et al 2010).

 Physical Exercise to Prevent Decline of Mental Function with Aging

Aging causes changes in the hippocampus that may lead to cognitive decline in 
older adults. In young animals, exercise increases hippocampal neurogenesis and 
improves learning. Several studies have shown that aged mice housed with a 
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running wheel have faster acquisition and better retention of the maze than age-
matched controls. The decline in neurogenesis in aged mice can be significantly 
reversed by running. Moreover, fine morphology of new neurons does not differ 
between young and aged runners, indicating that the initial maturation of newborn 
neurons is not affected by aging. Thus, voluntary exercise ameliorates some of the 
deleterious morphological consequences of aging and will likely delay the onset of 
aging- associated memory loss.

Preliminary results of a study suggest that more sedentary non-demented indi-
viduals have less medial temporal lobe thickness; therefore, efficacy of decreasing 
sedentary behaviors to reverse this association requires further study (Siddarth et al 
2018). To examine the association between objectively assessed physical activity 
and brain volume, with a focus on the hippocampus region, a study used data from 
UK Biobank collected through 2013–2016, using wrist-worn triaxial accelerometer 
to assess habitual physical activity and structural MRI to assess brain volume 
(Hamer et al 2018). Results showed an association between physical activity and 
higher gray matter volume that was only evident in older (>60 year old) participants 
leading to the conclusion that physical activity may play a neuroprotective role in 
the prevention of neurodegenerative diseases. Integration of physical activities with 
mental activities is more important than either approach alone.

 Concluding Remarks on Neuroprotection of the Aging Brain

To prevent the increased neuronal vulnerability of senescence, age-related changes 
must be modified. The “new frontier” in neurology is the challenge of understand-
ing the changes of aging, both to determine their impact on disease and to prevent 
their consequences. Now that models of prolonged life span, such as Caenorhabditis 
elegans longevity genes, are available, attention is focused on manipulation of cell 
survival factors, the imbalance of which can result in neuronal degeneration. Genetic 
studies of aging and AD have revealed several genes, the modification of which may 
delay or prevent the onset of dementia associated with aging. Future preventive 
strategies may be based on the results of this research.

A Consensus Study Report by the National Academies of Sciences, Engineering, 
and Medicine has recommended research in the following categories of interventions, 
alone or in combination, to prevent decline of cognitive function and dementia with 
aging (National Academies of Sciences, Engineering, and Medicine et al 2017): cog-
nitive training, blood pressure management, and increased physical activity.

 Vascular Dementia

There is no general agreement as to its definition of vascular dementia. The term 
“vascular” may be obsolete and “dementia” implies that a patient has reached a state 
from which recovery is unlikely but cognitive impairment due to disturbances of 
blood circulation may be reversible. Alternative term of vascular cognitive 
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impairment has been used. Another term that has been used in the literature in the 
past is multi-infarct dementia, but vascular dementia has a broader connotation and 
is the most widely used term to describe cognitive impairment after stroke. Post-
stroke dementia is another term used to describe this condition. The only catch to 
this is that a patient with vascular disease may develop dementia without any mani-
fest stroke but rather silent strokes. Vascular dementia is characterized by abnor-
malities of white matter, which are clearly detectable with computed tomography, 
or magnetic resonance scans. The association of dementia, hypertension, extensive 
white matter lesions and small subcortical infarcts is characteristic. Subcortical vas-
cular cognitive impairment is now recognized to be the commonest form of vascular 
cognitive impairment, its clinical pattern, risk factors, and imaging features being 
sufficiently consistent for it to be considered an entity for the purposes of diagnosis, 
clinical trials, and management. It is recognized as subcortical vascular dementia in 
the International Classification of Diseases.

 Prediction of Dementia in Persons with Vascular Risk Factors

A dementia risk score can predict of the risk of late-life dementia middle-age persons 
based on education, blood pressure, serum cholesterol values, body mass index and 
physical activity at midlife and help to identify individuals who might benefit from 
intensive lifestyle consultations and neuroprotective pharmacological interventions.

Cerebral endothelial dysfunction occurs in several neurodegenerative diseases. 
A population-based prospective study has shown that elevated plasma concentra-
tion of midregional pro-adrenomedullin (MR-proADM) is an independent predic-
tor of vascular dementia, and an increase in C-terminal endothelin-1 (CT-proET-1) 
indicates higher risk of vascular dementia as well as other dementia subtypes 
(Holm et al 2017).

Stroke patients are at risk for dementia. The prevalence of dementia 3 months 
after an ischemic stroke in patients over the age of 60 years is >25% and about 10 
times that in controls. Poststroke dementia is the second most common cause of 
dementia after AD in Europe and the US. In Asia and many other countries it is 
more common than dementia of AD. Vascular risk factors are dominant in this form 
of dementia although there may be some genetic factors. Both stroke and AD are 
common disorders of aging and are commonly associated. It is often difficult to 
prove whether stroke directly causes the dementia syndrome, contributes to the 
development of dementia or is merely coincidental. Pathologically subcortical vas-
cular dementia may be difficult to distinguish from AD in elderly subjects because 
mixed forms of both dementias exist quite frequently in the same subject.

 Management of Subcortical Vascular Dementia

Management of subcortical vascular dementia is mainly preventive, i.e. control 
of risk factors for cerebrovascular disease, particularly hypertension. However, 
there are therapeutic approaches as shown in Table  11.1 that contribute to 
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neuroprotection. There is no neuroprotective drug specifically approved for vas-
cular dementia.

Based on the known efficacy of aspirin in the secondary prevention of stroke, 
antiplatelet therapy has been recommended in these patients, but extensive white 
matter disease may be associated with an increased risk of intracerebral hemor-
rhage. Nimodipine may have some effect to slow progression in subcortical vascu-
lar dementia and to prevent other cardiovascular events but is not helpful in other 
kinds of vascular dementia. Memantine, donepezil, and rivastigmine have all 
recently been shown to offer modest benefits in patients with vascular dementia; in 
the case of memantine, this benefit may be concentrated in those with subcortical 
vascular dementia. Galantamine hydrobromide (Reminyl), approved treatment for 
mild to moderate AD, was shown to be effective in treating a broad range of demen-
tia symptoms in individuals with cerebrovascular disease. Galantamine can benefit 
these patients’ cognition (memory, language and reasoning skills), ability to func-
tion (perform activities of daily living) and behavior (anxiety, delusions and agita-
tion). The data are being submitted to health authorities worldwide to update the 
prescribing information; in addition, further studies of patients with subcortical 
vascular dementia (in which cerebrovascular disease is the primary cause of their 
condition) are underway.

Nonpharmacological measures for neuroprotection and treatment of vascular 
dementia include hyperbaric oxygen, and mental as well as physical exercises. Aerobic 
exercise may be of specific benefit in delaying the progression of cognitive decline 
among seniors with vascular cognitive impairment by reducing key vascular risk 
factors associated with metabolic syndrome. A randomized trial is the first step in 
quantifying the effect of an exercise intervention on cognitive and daily function 
among seniors with subcortical ischemic vascular cognitive impairment, a recognized 
risk state for progression to dementia (Liu-Ambrose et al 2010).

Table 11.1 Therapeutic approaches to subcortical vascular 
dementia

Control of risk factors
Pharmacotherapy
Antiplatelet therapy
Agents for improving hemorrheology
Cerebral blood flow enhancers
Ergot derivatives
Galantamine
Neuroprotective drugs
Nootropics
Non-pharmacological
Hyperbaric oxygen therapy
Mental training
Physical exercise

© Jain PharmaBiotech
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 Neuroprotection in Lewy Body Dementia

Lewy body dementia (LBD), including both dementia with Lewy bodies (DLB) or 
PD with dementia (PDD). Patients with DLB present with cognitive changes, like 
AD, and can also suffer with motor and behavioral changes similar to PD. Because 
of these similarities, DLB is often confused with AD or PD, making it difficult to 
diagnose and select appropriate management. A biomarker for DLB from blood, 
urine, or other body fluid may eliminate this confusion and improve treatment of 
LBD patients. The DLB Consortium is studying this problem (https://pdbp.ninds.
nih.gov/Dementia-with-Lewy-Bodies-Consortium).

DLB is characterized by neuronal deficits and α-synuclein inclusions in the brain 
and is the second most common type of dementia in people over 65 years of age. 
Given the complex clinical phenotype, the management of DLB may be challenging, 
especially considering that there is limited evidence about specific interventions, and 
there are currently no FDA/EMA-approved medications, there is an urgent need for 
randomized clinical trials in DLB patients (Palermo et al 2018).

Ceftriaxone, a β-lactam antibiotic, has been suggested as a therapeutic agent in 
several neurodegenerative disorders for its abilities to counteract glutamate- mediated 
toxicity and to block α-synuclein polymerization. Ceftriaxone has been shown to 
correct neuronal density and activity in the hippocampal CA1 area, suppress hyper-
activity in the subthalamic nucleus, and reduce α-synuclein accumulation in a rat 
DLB model, indicating that its potential for the treatment of DLB (Ho et al 2018).

Coffee is a neuroprotective agent in PD, but there are other compound(s) in cof-
fee that can be neuroprotective as well. A study has shown that eicosanoyl-5- 
hydroxytryptamide, which we purified from coffee as an agent that leads to enhanced 
enzymatic activity of the specific phosphatase PP2A, which dephosphorylates the 
pathogenic protein α-synuclein, has a synergistic neuroprotective action with caf-
feine in mouse models of PD and DLB (Yan et al 2018). The mechanism of this 
action is by enhancing PP2A, which is dysregulated in the brains of individuals with 
these α-synucleinopathies.

 Neuroprotection in AIDS Dementia

Once the diagnosis of HIV-associated dementia has been made, the average life 
span may be as low as 6 months, which is significantly shorter than patients who do 
not have HIV-associated dementia unless highly active antiretroviral therapy 
(HAART) is administered. With implementation of HAART, neurocognitive impair-
ment can be reversed to some extent and the likelihood of survival greatly improved. 
In the less severe form of cognitive impairment in HIV and AIDS patients, progno-
sis is guarded with a subset of these patients progressing to HIV-associated demen-
tia at later stages of disease.

Advances in understanding the signaling pathways mediating HIV-1 dementia 
offer hope for therapeutic intervention. Erythropoietin has been shown to protect 
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cerebrocortical neurons against apoptosis induced by HIV-1/gp120 There has been 
no further development in this approach.

A pilot randomized, double-blind, placebo-controlled clinical trial of the transder-
mal administration of selegiline in HIV+ patients showed that it is well tolerated with 
few adverse events. Improvements favoring the selegiline group were suggested on 
single tests of verbal memory and motor/psychomotor performance, warranting a 
larger study.

HIV-1 proteins, especially gp120 and Tat, elicit reactive oxygen species (ROS) 
and cause neuron apoptosis. Antioxidant enzymes, Cu/Zn superoxide dismutase 
(SOD1) and glutathione peroxidase (GPx1), have been used to study signaling and 
neuroprotection from Tat-induced apoptosis (Agrawal et al 2007). Primary human 
neurons were transduced with SV40-derived vectors carrying SOD1 and GPx1, 
then HIV-1 Tat protein was added. Tat rapidly increased neuron Ca2+, which effect 
was not altered by either of the vectors used alone. However, both vectors together 
blocked Tat-induced Ca2+ fluxes protected neurons from apoptosis. This is because 
Tat activates multiple signaling pathways, in one of which superoxide acts as an 
intermediate while the other utilizes peroxide. Gene delivery to protect neurons 
from Tat must therefore target both.

HIV-1 Tat, a protein that is central to HIV’s attack on neurons, can induce mito-
chondrial hyperpolarization in cortical neurons, thus compromising the ability of 
the neuron to buffer calcium and sustain energy production for normal synaptic 
communication. A study has demonstrated that Tat induces rapid loss of  endoplasmic 
reticulum (ER) calcium mediated by the ryanodine receptor (RyR), followed by the 
unfolded protein response (UPR) and pathologic dilatation of the ER in cortical 
neurons (Norman et al 2008). RyR antagonism attenuated both Tat-mediated mito-
chondrial hyperpolarization and UPR induction. Delivery of Tat to murine CNS 
in vivo also leads to long-lasting pathologic ER dilatation and mitochondrial mor-
phologic abnormalities. Finally, ultrastructural studies have demonstrated mito-
chondria with abnormal morphology and dilated ER in brain tissue of patients with 
HIV-1 inflammation and neurodegeneration. Collectively, these data suggest that 
abnormal RyR signaling mediates the neuronal UPR with failure of mitochondrial 
energy metabolism and is a critical locus for the neuropathogenesis of HIV-1 in the 
CNS. The effects of Tat can be reversed in the mice by dantrolene, which blocks the 
ryanodine receptor. Although the work offers a new target in the search for a drug 
that could be for neuroprotection in AIDS dementia, dantrolene has side effects and 
would not be appropriate for use in humans.

 Multiple System Atrophy

Multiple system atrophy (MSA), a neurodegenerative disorder, is divided into a 
parkinsonian type and a cerebellar type. Unlike PD, however, MSA rarely receives 
sustained benefit from levodopa and exhibits rest tremor in fewer than 10% of cases 
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(compared with 60–70% in PD). The hallmark of multiple system atrophy pathology 
is the presence of glial cytoplasmic inclusions, which are most consistently present 
in the external and internal capsules, the central tegmental tract, and the white matter 
of the cerebellar cortex. Glial cytoplasmic inclusions include hyperphosphorylated 
α-synuclein, ubiquitin, LRRK2, as well as other proteins (Jellinger and Lantos 2010). 
Rarely MSA is associated with AD. α-synuclein and phosphorylated tau co-localize 
in certain brain regions in cases of combined multiple system atrophy and AD (Terni 
et al 2007). Blood brain barrier dysfunction has been found to correlate with disease 
severity in MSA (Song et al 2010).

Most of the current management is symptomatic. Neuroprotective approaches 
under investigation include the following:

• NSAIDs have been found to inhibit the formation of α-synuclein fibrils, which 
are involved in the pathogenesis of MSA, and could serve as a potential drug 
development target for MSA treatment.

• Fibril formation is inhibited by nicotine.
• Suppression of microglial activation is another potential research target.

 Epilepsy

Epilepsy is a common neurological condition. Despite treatment with antiepileptic 
medications, approximately 40–50% of epileptics continue to experience seizures 
or have intolerable medication side effects. Some patients are candidates for epi-
lepsy surgery to remove the seizure focus. However, patients with some types of 
epilepsy are unlikely to respond to surgery or may be at high risk for surgery-related 
neurological complications. Seizures may be a manifestation of various brain disor-
ders such as ischemia or TBI, but prolonged seizures or status epilepticus may also 
lead to neuronal damage. An understanding of the mechanism of this damage would 
be helpful in searching for neuroprotective strategies in epilepsy.

 Mechanisms of Neuronal Damage in Epilepsy

Common mechanisms of neural damage in cerebral ischemia and seizures are shown 
in Fig. 11.1. Cellular and molecular consequences of seizures are:

• Neuronal cell death in vulnerable neurons in the hippocampus and the 
amygdala

• Altered gene expression
• Altered ion channel function
• Glial cell activation and proliferation
• Cognitive impairment
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Animal evidence suggests that the mechanisms by which neurons are damaged 
by seizures involve excitotoxic processes, such as excessive release of glutamate. 
Such changes can result in progressive reorganization of the neural network, an 
enhanced state of hyperexcitability, and cell death.

 Strategies for Neuroprotection in Epilepsy

Neuroprotective drugs used for cerebral ischemia and hypoxia may also diminish 
seizures. These aspects are taken into consideration for neuroprotection. Figure 11.2 
in shows role of neuroprotection in prevention of epilepsy as well as progression of 
seizures. Table 11.2 shows pharmacological approaches for neuroprotection against 
the sequelae of seizures.

 AEDs and Neuroprotection

Experimental evidence suggests that seizure activity may cause injury to vulnerable 
neurons. Seizure-induced cellular alterations include, among other events, altered 
receptors, altered ion channels, neuronal loss, mossy fiber sprouting, and synaptic 

Fig. 11.1 Common mechanisms of neural damage in cerebral ischemia and seizures. (© Jain 
PharmaBiotech)

11 Neuroprotection in Miscellaneous Neurological Disorders



659

reorganization. Because AEDs prevent seizure occurrence, seizure suppression 
might be expected to interrupt seizure-induced epileptogenesis and disease progres-
sion. Even if epilepsy develops despite all efforts to epileptogenesis, there would be 
significant clinical benefit even if the disease progression can be ameliorated. 
Studies of AEDs as neuroprotectives in animal models of status epilepticus are 
shown in Table 11.3. Neuroprotective effect is assessed by reduction of spontaneous 
seizures that develop as a sequel of status epilepticus. Severity of seizures and 
proportion of generalized seizures among all types of seizures have also been used 
as markers of disease modification.

Fig. 11.2 Role of neuroprotection in epilepsy and its treatment. (© Jain PharmaBiotech)

Table 11.2 Measures for neuroprotection against the sequelae 
of seizures

Control of seizures
Antiepileptic drugs
Blocking of excitotoxicity
Glutamate receptor antagonists
Ketogenic diet
Prevention of apoptosis
Caspase inhibitors
Miscellaneous approaches
Cell therapy
Drugs targeting mossy cells in drug-resistant epilepsy
Gene therapy
MicroRNA: miR-211
Neurotrophic factors
Non-steroidal antiinflammatory drugs

© Jain PharmaBiotech
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The effects of the chronic exposure to the vigabatrin on neuronal damage and 
epileptogenesis induced by lithium-pilocarpine indicates that neuroprotection of 
principal cells in the hippocampus is not enough for preventing epileptogenesis. 
New drug development for epilepsy due to TBI and other brain lesions aims at anti- 
epileptogenesis rather than simple suppression of seizures. This approach would 
yield new neuroprotective agents. It would be desirable to develop compounds that 
exhibit both anticonvulsant and antiepileptogenic activities. Specific compounds 
have been found that bind to the strychnine-insensitive glycine site on the NMDA 
receptor (down-regulate glutamatergic function) and sites that interfere with glial 
GABA uptake (upregulate GABAergic function), to provide dual action on gluta-
mergic and GABAergic functions. Optimization of this class of compounds is 
underway to identify the best lead candidate for the development of an antiepilep-
togenic therapy for the treatment of epilepsy.

AED’s with neuroprotective effect are described in Chap. 2. Although several 
AEDs protect against status epilepticus-induced seizures as judged from the 
results of animal experiments, there is no clinical evidence that AEDs have any 
significant effect on the progression of the disease. In temporal lobe epilepsy, the 
nature of the structures involved in the development of the epileptogenic circuit is 
still not clearly identified. In case of prophylactic use of AED’s in patients with 
head injury, the effect may be considered neuroprotective if seizures can be pre-
vented. The long- term effects of this approach are controversial, but in some stud-
ies patients treated with prophylactic AEDs following acute TBI had a significantly 
lower incidence of chronic posttraumatic seizure disorder. In these studies, the 
severity of the head injury, not AED prophylaxis, was the greatest determinant of 
recurrent seizures and associated neurobehavioral impairment. Prophylactic AED 
treatment did not change the underlying pathologic processes resulting in post-
traumatic epilepsy.

Table 11.3 Neuroprotective effect of AEDs in animal models of status epilepticus (SE)

Antiepileptic Animal model Effect on epileptogenesis

Diazepam Rat: amygdala stimulation Decrease in severity of epilepsy
Gabapentin Rat: kainic acid- induced SE Reduced spontaneous seizure frequency and cell 

damage
Levetiracetam Rat: pilocarpine- induced SE Seizure frequency reduced during the first weeks 

of treatment but no effect in the second week, 
suggesting that tolerance may have developed

Phenobarbital Rat: kainic acid- induced SE Susceptibility to kindling reduced
Topiramate Rat: perinatal hypoxia Seizures decreased
Lamotrigine Rat: electric stimulation of 

the perforant pathway
Mild neuroprotective effect on SE-induced 

neuronal damage
Valproic acid Rat: kainic acid- induced SE Spontaneous seizures eliminated
Vigabatrin Rat: lithium-pilocarpine Protects against hippocampal damage but is not 

antiepileptogenic

©Jain PharmaBiotech
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 Cell therapy for Neuroprotection in Epilepsy

Adenosine is an inhibitor of neuronal activity in the brain. The local release of 
adenosine from grafted fibroblasts has been evaluated for suppressing synchronous 
discharges and epileptic seizures. Fibroblasts were engineered to release adenosine 
by inactivating the adenosine-metabolizing enzymes adenosine kinase and adenos-
ine deaminase. After encapsulation into semipermeable polymers, the cells were 
grafted into the brain ventricles of electrically kindled rats, a model of partial epi-
lepsy and provided a nearly complete protection from behavioral seizures and a 
near-complete suppression of after discharges in electroencephalogram recordings. 
This provides a potential therapeutic principle for the treatment of drug-resistant 
partial epilepsies.

 Cell Therapy of Posttraumatic Epilepsy

Follow-up of TBI in Korean and Vietnam conflicts showed that over 50% of pen-
etrating head injuries in those conflicts developed post-traumatic epilepsy (PTE) 
usually after a latent (seizure-free) period of 6 months to 5 years. Experimentally, a 
significant percentage of rats with TBI in the lateral fluid percussion model develop 
spontaneous recurrent seizures.

One of the potential treatments for epilepsy could be introduction of new cells or 
modulation of endogenous neurogenesis to reconstruct damaged epileptic circuits 
or to bringing neurotransmitter function back into balance. Research on cell trans-
plantation strategies has mainly been performed in animal models in which seizure 
foci or seizure propagation pathways are targeted. Promising results have been 
obtained, although the relevance of the animal models remains debatable. The 
appropriate target for transplantation, the suitable cell source and the proper time 
point for transplantation remain to be determined. Various studies have shown that 
transplanted cells can survive and sometimes even integrate in an epileptic brain and 
in a brain that has been subjected to epileptogenic interventions. Transplanted cells 
can partially restore damaged structures and/or release substances that modulate 
existent or induced hyperexcitability. Even though several studies show encourag-
ing results, more studies need to be done in animal models with spontaneous sei-
zures in order to have a better comparison to the human epilepsy.

 Cell Therapy for Temporal Lobe Epilepsy

Temporal lobe epilepsy (TLE) is characterized by hyperexcitability in the hippo-
campus and spontaneous seizures. The hippocampus has been chosen in various 
animal experimental studies to determine if fetal striatal cells could supply inhibi-
tory GABAergic neurons that may serve to block seizures. Analysis by immuno-
histochemistry and in situ hybridization showed that the grafts contained glial and 
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neuronal cell types, including GABAergic neurons within graft core and networks 
of neuronal fibers extending from the graft into the host parenchyma. The survival 
of grafts in the hippocampus and functional integration of inhibitory components 
provides evidence that these grafts may serve as an internal negative feedback 
mechanism to inhibit epileptiform activity.

Neural grafting could be a restorative therapy either acutely, adding unformed 
neural elements, or chronically, treating postlesioning epilepsy. Embryonic hip-
pocampal suspension grafts demonstrate excellent survival rates (20–80%). 
Embryonic axons exhibit extensive, appropriate, local and long-distance connec-
tivity, can facilitate reconstruction of excitatory and inhibitory cortical circuitry, 
and can prevent the formation of aberrant circuitry. However, embryonic cell 
availability is severely limited, and alternative sources of cells, such as stem cells, 
require significant additional research into the induction and maintenance of neu-
ronal commitment and the ability of the cells to form functional synaptic connec-
tions in vivo.

TLE, characterized by hyperexcitability in the hippocampus and spontaneous 
seizures, is a possible clinical target for stem cell-based therapies. These 
approaches have the potential to curb epileptogenesis and prevent chronic epi-
lepsy development and learning and memory dysfunction after hippocampal 
damage related to status epilepticus or head injury. Grafting of NSCs may also be 
useful for restraining seizures during chronic epilepsy. However, several problems 
remain to be resolved before initiating clinical application of stem cell-based thera-
pies for TLE.

 Cell Therapy for Pharmacoresistant Epilepsies

Despite recent medical advances pharmacoresistant epilepsy continues to be a 
major health problem. The knowledge of endogenous protective mechanisms of 
the brain may lead to the development of rational therapies tailored to a patient’s 
needs. Adenosine has been identified as an endogenous neuromodulator with anti-
epileptic and neuroprotective properties. However, the therapeutic use of adenos-
ine or its receptor agonists is largely precluded by strong peripheral and central 
side effects. Local delivery of adenosine to a critical site of the brain may provide 
a solution for the therapeutic use of adenosine. The following rationale for the local 
augmentation of the adenosine system as a novel therapeutic principle in the treat-
ment of epilepsy is established: (1) deficits in the adenosinergic system are associ-
ated with epileptogenesis and reconstitution of an inhibitory adenosinergic tone is 
a rational therapeutic approach; (2) focal paracrine delivery of adenosine from 
encapsulated cells suppresses seizures in kindled rats without overt side effects; 
and (3) The anticonvulsant activity of locally released adenosine is maintained in 
models of epilepsy, which are resistant to major antiepileptic drugs. This provides 
the rationale and recent approaches for adenosine-based cell therapies for pharma-
coresistant epilepsies.
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 Drugs Targeting Mossy Cells in Drug-Resistant Epilepsy

Mossy cells (MCs) are key neurons in the hippocampal excitatory circuit, and the 
partial loss of MCs is a major hallmark of temporal lobe epilepsy (TLE). The role of 
MCs in spontaneous ictal activity as well as spatial contextual memory was investi-
gated in a mouse model of TLE with hippocampal sclerosis, using a combination 
of optogenetic, electrophysiological, and behavioral approaches (Bui et al 2018). 
In chronically epileptic mice, real-time optogenetic modulation of MCs during spon-
taneous hippocampal seizures controlled the progression of activity from an elec-
trographic to convulsive seizure, whereas decreased MC activity impeded encoding 
of spatial context, recapitulating observed cognitive deficits. This study shows the 
protective effect of MCs by preventing the spread of seizures that originate in the 
hippocampus to other brain regions. Drugs targeting mossy cells in patients with 
chronic, drug-resistant cases have the potential to reduce the incidence of convulsive 
seizures and provide an alternative to surgery.

 Gene Therapy for Neuroprotection in Epilepsy

Because of their generally postmitotic nature, neurons are rarely replaced when 
destroyed during a seizure. This vulnerability has driven the efforts to develop inter-
ventions to save neurons after such insults. The development of viral vectors for 
delivering neuroprotective genes into neurons is promising for this indication. Most 
studies have used constitutive vector systems, limiting the ability to control transgene 
expression in a dose-dependent, time-dependent, or reversible manner. Defective 
herpes simplex virus vectors have been designed that can be induced by necrotic 
neurological insults themselves. Such vectors contain a synthetic glucocorticoid- 
responsive promoter, taking advantage of the almost uniquely high levels of gluco-
corticoids-adrenal stress steroids-secreted in response to such insults. The protective 
potential of such a vector has been tested by inclusion of a neuroprotective trans-
gene (the Glut-1 glucose transporter). Induction of this vector by glucocorticoids 
decreased glutamatergic excitotoxicity in culture. This strategy has not been tested 
in experimental animals.

In most gene therapy interventions to protect neurons from death after neurologi-
cal insults, “protection” consists of reduced neurotoxicity with no demonstrated 
preservation of neuronal function. In one method, a herpes simplex virus-1 (HSV-1) 
system is used to overexpress either the Glut-1 glucose transporter (GT) or the 
apoptosis inhibitor Bcl-2. Both decrease hippocampal neuron loss to similar extents 
during excitotoxic insults in vitro and in vivo in rats. However, the mediating mecha-
nisms and consequences of the two interventions differ. GT overexpression attenuates 
early, energy-dependent facets of cell death, blocking oxygen radical accumulation. 
Bcl-2 expression, in contrast, blocks components of apoptosis downstream from 
the energetic and oxidative facets. GT- but not Bcl-2-mediated protection preserves 
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hippocampal function as assessed by spatial maze performance. Thus, sparing of 
neurons from insult-induced death by gene therapy, does not necessarily translate 
into sparing of function.

Adenosine is an inhibitor of neuronal activity in the brain. Fibroblasts engineered 
to release adenosine have been evaluated as an ex vivo gene therapy approach to sup-
press synchronous discharges and epileptic seizures by inactivating the adenosine- 
metabolizing enzymes adenosine kinase and adenosine deaminase. This provides a 
potential therapeutic principle for the treatment of drug-resistant partial epilepsies 
but has not been tested clinically. Several gene targets could be used to correct the 
compromised balance between inhibitory and excitatory transmission in drug-
resistant epilepsy. Transduction of neuropeptide genes such as galanin and neuro-
peptide Y (NPY) in specific brain areas in experimental models of seizures results in 
significant antiepileptic effects. In particular, the long-lasting NPY over- expression 
obtained in the rat hippocampus using intracerebral application of recombinant AAV 
vectors reduced the generalization of seizures from their site of onset, delayed acqui-
sition of fully kindled seizures and affords neuroprotection. These results establish a 
proof-of-principle for the applicability of AAV-NPY vectors for the inhibition of 
seizures in epilepsy. Additional investigations are required to demonstrate a thera-
peutic role of gene therapy in chronic models of seizures and to address in more 
detail safety concerns and possible side-effects.

 Hyaluronan-Based Preservation of Brain ECS Volume

Hyaluronan (HA), a large anionic polysaccharide (glycosaminoglycan), is a major 
constituent of the extracellular matrix of the adult brain. To address its function, the 
neurophysiology of knock-out mice deficient in hyaluronan synthase (Has) genes 
was examined (Arranz et al 2014). These Has mutant mice are prone to epileptic 
seizures, and that in Has3−/− mice, this phenotype is likely derived from a reduction 
in the size of the brain extracellular space (ECS). Among the three Has knock- out 
models, namely Has3−/−, Has1−/−, and Has2CKO, the seizures were most preva-
lent in Has3−/− mice, which also showed the greatest HA reduction in the hippo-
campus. Electrophysiology in Has3−/− brain slices demonstrated spontaneous 
epileptiform activity in CA1 pyramidal neurons, while histological analysis revealed 
an increase in cell packing in the CA1 stratum pyramidale. Imaging of the diffusion 
of a fluorescent marker revealed that the transit of molecules through the ECS of this 
layer was reduced. Quantitative analysis of ECS by the real-time iontophoretic 
method demonstrated that ECS volume was selectively reduced in the stratum 
pyramidale by ∼40% in Has3−/− mice. Finally, osmotic manipulation experiments 
in brain slices from Has3−/− and wild-type mice provided evidence for a causal link 
between ECS volume and epileptiform activity. These results provide the first direct 
evidence for the physiological role of HA in the regulation of ECS volume, and 
suggest that HA-based preservation of ECS volume may offer a novel avenue for 
development of antiepileptogenic treatments.
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 Hypothermia for Neuroprotection in Status Epilepticus

Convulsive status epilepticus often results in permanent neurologic impairment. 
Neuroprotection is an important consideration, particularly in refractory status epi-
lepticus (resistant to antiepileptic drugs) and “super-refractory” status epilepticus 
(resistant to general anesthesia). Hypothermia has been found useful for neuropro-
tection in cerebral hypoxia/ischemia.

A multicenter randomized trial evaluated neuroprotective value of hypothermia 
in critically ill patients with convulsive status epilepticus who were receiving 
mechanical ventilation (Legriel et al 2016). Results showed that induced hypother-
mia added to standard care was not associated with significantly better 90-day 
 outcomes than standard care alone in patients with convulsive status epilepticus 
(ClinicalTrials.gov number, NCT01359332).

 Ketogenic Diet for Prevention of Seizures

Ketogenic diet (KD) can reduce seizures in mice by increasing activation of adenosine 
A1 receptors (A1Rs). When transgenic mice with spontaneous seizures caused by 
deficiency in adenosine metabolism or signaling were fed KD, seizures were nearly 
abolished if mice had intact A1Rs, were reduced if mice expressed reduced A1Rs, and 
were unaltered if mice lacked A1Rs (Masino et al 2011). Seizures were restored by 
injecting either glucose (metabolic reversal) or an A1R antagonist (pharmacologic 
reversal). Western blot analysis demonstrated that the KD reduced adenosine kinase, 
the major adenosine-metabolizing enzyme. Hippocampal tissue resected from patients 
with medically intractable epilepsy has shown increased adenosine kinase content. It 
is concluded that adenosine deficiency may be relevant to human epilepsy and that 
KD can reduce seizures by increasing A1R-mediated inhibition.

 miR-211 as an Attenuator of Cholinergic-Mediated Seizures

Genetic causes or drugs or injury may induce epileptogenesis, but it is not clear how 
the unaffected brain escapes susceptibility to seizures. An experimental study has 
shown that dynamic changes in forebrain miR-211  in the mouse brain shift the 
threshold for spontaneous and drug-induced seizures alongside changes in the cho-
linergic pathway genes, implicating this miR in prevention of seizures (Bekenstein 
et al 2017). To explore the link between miR-211 and epilepsy, the authors engi-
neered dTg-211 mice with doxycycline-suppressible forebrain overexpression of 
miR-211. These mice reacted to doxycycline exposure by spontaneous 
electrocorticography- documented nonconvulsive seizures, accompanied by fore-
brain accumulation of the convulsive seizures mediating miR-134. RNA sequencing 
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demonstrated in doxycycline-treated dTg-211 cortices overrepresentation of synaptic 
activity, Ca2+ transmembrane transport, TGFBR2 (transforming growth factor, beta 
receptor 2) signaling, and cholinergic synapse pathways. Additionally, a cholinergic 
dysregulated mouse model overexpressing a miR refractory acetylcholinesterase- R 
splice variant showed a predisposition to convulsions, miR-211 decreases, and 
miR-134 elevation. These findings show that miR-211 decreases induce seizures in 
mice, and raising the miR-211 level may be neuroprotective in epilepsy.

 Multiple Sclerosis

 Introduction

Multiple sclerosis (MS) is considered to be an autoimmune, inflammatory and neu-
rodegenerative disease associated with abnormalities in immune regulation. MS is 
characterized by patches of demyelination in white matter of the central nervous 
system (CNS), which is manifested clinically by recurrent attacks, or chronic pro-
gressive course of neurological dysfunction  - problems with muscle control and 
strength, vision, balance, sensation and mental functions. The clinical course of the 
disease and the appearance of the lesions as seen on MRI can usually be correlated. 
The disease may take any of the following courses, which are relevant to discussion 
of any therapy:

Relapsing remitting. This is the course in the majority of MS patients. After about 
10 years most of these patients may enter a secondary progressive phase with or 
without relapses.

Primary progressive. This form affects about 10% of the MS patients and progres-
sive relapsing course is uncommon in this form affecting less than 5% of MS 
patients.

 Epidemiology of Multiple Sclerosis

Multiple sclerosis affects an estimated 2.5 million people worldwide. MS affects 
about 100 per 100,000 of the population in Western countries and many patients 
of course suffer very long-term incapacity. There are approximately 400,000 peo-
ple in the US and an equal number in Europe that are afflicted with 
MS. Approximately 20,000 new cases of MS are diagnosed each year in the US 
alone. MS is the most common cause of neurological disability in young adults in 
the Western world. The disease is much less prevalent in the Asian and African 
countries. The disease process underlying MS has been shown by MRI) to be 
present in at least a remarkable 2% of the population.
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 Pathophysiology

Although etiology and pathogenesis of MS is still controversial, a consistent fea-
ture of the pathology of the disease is hyperactivity of T cells and their entry into 
the CNS, which induces an autoimmune inflammatory reaction and initiates demy-
elination. T cell receptors respond to antigens presented by MHC class II molecules 
on macrophages and astrocytes resulting in cytokine secretion, T cell proliferation 
and macrophage activation and oligodendrocyte death. In early MS, there is some 
repair by remyelination, but this repair is not sustained and established demyelin-
ation occurs.

A genomewide study has identified alleles of IL2RA and IL7RA and those in the 
HLA locus as heritable risk factors for MS (Hafler et al 2007). These two interleukin- 
receptor genes and corresponding proteins are important in T cell–mediated immu-
nity. IL-2 receptor is critical for the regulation of T cell responses, and IL-7 is 
crucial for the homeostasis of the memory T cell pool and may also be important in 
the generation of autoreactive T cells in MS. However, the new genes account for 
less than 1% of the risk of developing MS. In addition, about 70% of the normal, 
non-MS affected population has the same variants. This suggests that either the 
disease is not genetically controlled in a significant way, or that if it is that there are 
at least 100 or so more genes that account for the entire disease process.

Autoimmune mechanism of pathogenesis of MS is supported by several immu-
nological studies and the animal model of experimental autoimmune encephalitis 
(EAE) where the major antigen is myelin basic protein (MBP). This is the basis of 
immunosuppressive therapeutic approaches to MS. Immunoregulatory abnormali-
ties including defective interferon (IFN)-α production, reduced natural killer (NK) 
cell activity and increased IFN-γ as well as TNF-α have been demonstrated in 
patients with MS and form the basis of immunomodulating therapies.

An antibody enzyme (abzyme), purified from the sera of humans with MS and 
mice with induced EAE, degrades myelin basic protein (MBP) by proteolytic activ-
ity. The antibody-mediated degradation of MBP suggests a mechanism of the slow 
development of neurodegeneration associated with MS. Glatiramer acetate, used in 
the treatment of MS, appears to be a specific abzyme inhibitor. Neurodegeneration 
can occur at any stage of the MS disease process. Therefore, the need to protect 
the CNS against demyelination and axonal degradation in addition to addressing the 
inflammatory process at the earliest stage possible.

 Current Management of Multiple Sclerosis

Immunomodulating agents have markedly improved treatment of MS because they 
reduce the frequency and severity of relapses. The following agents approved for 
other indications have a global immunosuppressant effect and have been in unlabelled 
used for MS in the past and have undergone clinical trials for MS.

 Multiple Sclerosis
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• Cyclophosphamide
• Azathioprine
• Methotrexate
• Paclitaxel
• Cladribine (2-chlorodeoxyadenosine)
• Glucocorticoids: methylprednisolone

The following currently used immunomodulating drugs, which have an advantage 
over global immunosuppressants, are approved mostly for relapsing remitting form 
of MS with the exception of mitoxantrone. Major limitations of current therapies 
are that they are only partially effective.

• Interferons, IFN-β1a and IFN-β1b, were licensed because they reduce relapses 
and have a better outcome with lesions of MS but a controlled study found no 
reduction in progression of disability (Shirani et al 2012).

• Glatiramer acetate (has neuroprotective action as well)
• Mitoxantrone (previously classified as an immunosuppressant but has also been 

shown to have immunomodulating properties)
• Natalizumab (a humanized MAb)

 Specific Therapies for MS Based on Pathomechanism

Specific therapies based on postulated pathomechanisms of MS are shown in 
Table 11.4. Many of them have some neuroprotective effect as discussed in the 
following section. Some are approved and in clinical use, whereas others are in 
development.

 Neuroprotection in Multiple Sclerosis

Neuroprotection in MS can be broadly viewed as any therapy that stops or slows 
the progression of the disease in contrast to symptomatic treatment which may not 
have any durable effect. Intervention at various points of the degenerative process 
can be neuroprotective, especially early in the course of disease, and slowing down 
the disease process. Potential targets include Ca2+ channels, Na+ channels, the Na+- 
Ca2+ exchanger, glutamate excitotoxicity, and MMPs.

Current MS-treatments, believed to act via T cell inhibition, including: beta- 
interferons, glatiramer acetate, cytostatic agents, dimethyl fumarate, fingolimod, 
cladribine, daclizumab, natalizumab, and ocrelizumab also deplete memory B cells 
(Baker et al 2017). This depletion is substantial and long-term following CD52 and 
CD20-depletion, and both (T and B cells) also induce long-term inhibition of MS 
with few treatment cycles, indicating induction-therapy activity. This creates a 
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Table 11.4 Specific therapies for MS based on postulated pathomechanisms

Pathomechanism Specific therapy

Entry of leucocytes into the CNS ATL 1102 (ISIS 107248), an antisense inhibitor of 
VLA-4 (Very Late Antigen-4). Inhibition of 
VLA-4 may prevent white blood cells from 
entering the CNS.

Entry of T cells into the CNS, which 
induces an autoimmune inflammatory 
reaction aggravated by memory B cells

Immunomodulators for inhibition of T and B cells:
Beta-interferons
Cladribine
Cytostatic agents
Daclizumab
Dimethyl fumarate
Fingolimod
Glatiramer acetate
Natalizumab
Ocrelizumab

Demyelination as autoimmune reaction Anti-LINGO-1, rHIgM22, anti-SEMA 4D
Antigen-specific treatment: DNA vaccine

Adhesion of cells to vascular endothelium Prevention by antibodies to adhesion molecules
Migration of T cells through vascular 

endothelium
Metalloprotease inhibitors

Inflammatory response Reduction of inflammation: dexanabinol, statins, 
methylprednisolone, azathioprine, selective 
kinase inhibitors that target the FMS kinase

Upregulation of renin angiotensin system 
in EAE

RAS inhibitors: aiskiren

Leukocyte-mediated myelin damage
Oligodendrocyte apoptosis
Neuroinflammatory response
Impairment of BBB

Neuroprotection and remyelination by:
4-aminopyridine
Gene therapy
Imatinib
Intravenous immunoglobulin
M1 proprietary monoclonal antibody
Neurotrophic factors
Oligodendrocyte cell graft
PPAR agonists

Egress of lymphocytes from the lymph 
nodes and migration to site of 
inflammation

Siponimod is a selective sphingosine-1-phosphate 
receptor ligand that inhibits egress of 
lymphocytes and their migration to site of 
inflammation

© Jain PharmaBiotech

unifying concept centered on memory B cells that is consistent with therapeutic, 
histopathological and etiological aspects of MS.

MS has a long-term course of accumulating deficit in which neuroinflammation 
evolves into neurodegeneration, require different treatment strategies  – immune 
modulation for the former and neuroprotection for the latter (Tselis et  al 2010). 
However, there is a place for neuroprotection in neuroinflammation as well because 
selective immunomodulating drugs are more likely to have a neuroprotective effect 
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than immunosuppressant drugs, which control the acute exacerbation of the disease. 
Control of primary or secondary progressive MS as described already may be 
considered a form of neuroprotection.

Neuroprotection is often tied in with the regeneration therapies that aim at 
remyelination. Neuroprotective therapies for MS that are already approved are 
shown in Table 11.5.

Some of the existing therapies for other diseases that are being investigated for 
neuroprotection in MS are:

• Antiepileptic drugs (lamotrigine and levetiracetam)
• Amantadine
• Antidiabetic drug: glibenclamide
• Antioxidants (such as omega-3-essential fatty acids)
• Co-enzyme Q10
• Cannabinoids
• Immunophilin ligan cyclosporine
• Melatonin
• Minocycline
• PDE4 inhibitor: Ibudilast
• Tyrosine kinase inhibitor: imatinib

Table 11.5 Approved neuroprotective therapies for multiple sclerosis

Product Company Rationale

Daclizumab (Zinbryta) Biogen/AbbVie Humanized MAb that selectively binds to the 
high-affinity IL-2 receptor subunit 
(CD25), which is expressed at abnormally 
high levels on T cells in patients with MS.

Dalfampridine 
(4-aminopyridine)-SR

Acorda Therapeutics Voltage-gated potassium channel blocker, 
which blocks nerve conduction in 
demylenated nerve fibers.

Dimethyl fumarate 
(Tecfidera)

Biogen-Idec Antiinflammatory + neuroprotective

Fingolimod (Gilenya) Novartis Oral immunomodulating agent that acts 
through preventing lymphocyte 
recirculation from lymphoid organs.

Glatiramer acetate Teva Pharmaceuticals Glatiramer stimulates T cells to produce the 
neuroprotection factor BDNF.

Mitoxantrone 
(Novantrone)

Amgen Immunosuppressant as well as a selective 
immunomodulator.

Natalizumab (Antegren) Elan Corporation/ 
Biogen Idec

Humanized MAb is directed against α4 
integrin on T lymphocytes, blocks 
interaction with VCAM-1 and prevents 
migration of leukocytes across BBB.

Teriflunomide (Aubagio) Sanofi Immunomodulator

© Jain PharmaBiotech
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 Clinical Trials of Neuroprotective Therapies for MS

Some of the therapies that may be considered for clinical trials for neuroprotection 
in MS are:

• Neurotrophic factors (CNTF and IGF)
• Antiinflammatory cytokines (such as LIF of IL-6 family)
• Glutamate antagonists (E 2007 and GYKI 53773)
• Recombinant human erythropoietin
• Flecainide (an antiarrhythmic drug that blocks voltage-gated sodium channels)

The clinical trials for neuroprotection are a small fraction of 1806 trials for MS 
listed on US government web site: http://clinicaltrials.gov/ct/search?term=multiple
+sclerosis.

 Neuroprotection by Control of Progressive Forms of Multiple 
Sclerosis

Drugs approved for control of secondary progressive forms of MS include interferons 
and mitoxantrone. Role of mitoxantrone in the management of MS has been discussed 
in detail elsewhere (Jain 2019a). It is already approved and in use as a chemothera-
peutic agent in oncology. It is both an immunosuppressant as well as a selective 
immunomodulator. Prolonged immunosuppression with mitoxantrone is well toler-
ated. It appears to slow down the disease process both by inhibiting progression of 
demyelination in existing lesions and formation of new lesions.

Glatiramer acetate is approved for primary progressive form of MS. Glatiramer 
inhibits the activation of myelin basic protein-reactive T cells, which are believed to 
have access to the CNS, where they can exert antiinflammatory and neuroprotective 
effects. As the signal-transducing receptor for BDNF is expressed in MS lesions, it 
is likely that the BDNF secreted by glatiramer acetate-reactive TH2 and TH1 has 
neurotrophic effects in the multiple sclerosis target tissue.

Ibudilast, an antiinflammatory drug, inhibits several cyclic nucleotide phospho-
diesterases (PDEs), macrophage migration inhibitory factor, and toll-like receptor 
4 (TLR4) and can cross the BBB. Neuroprotective effect of ibudilqast in progressive 
MS was shown in a phase II clinical trial where it was associated with slower 
progression of brain atrophy than placebo (Fox et al 2018).

 Neuroprotection by Controlling Autoimmune Inflammation 
in the Brain

Although immune attack against CNS myelin is a central feature of MS, its root 
cause is unresolved. Environmental insults such as microbial pathogens can contribute 
to the activation of autoreactive T cells, leading to inflammation of target organs and, 

 Multiple Sclerosis

http://clinicaltrials.gov/ct/search?term=multiple+sclerosis
http://clinicaltrials.gov/ct/search?term=multiple+sclerosis


672

ultimately, autoimmune disease. Various infections have been linked to MS in its 
animal counterpart, autoimmune encephalomyelitis. Efforts have been made to 
understand the molecular process by which innate immunity triggers autoreactivity 
in animal models. Genetic loss of the MAPK, c-Jun N-terminal kinase 1 (JNK1), 
enhances IL-10 production, rendering innate myeloid cells unresponsive to certain 
microbes and less capable of generating IL-17-producing, encephalitogenic T cells. 
Moreover, JNK1-deficient CNS myeloid cells are unable to respond to effector 
T cell inflammatory cytokines, preventing further progression to neuroinflammation. 
Thus, the JNK1 signal transduction pathway in myeloid cells is a critical component 
of a regulatory circuit mediating inflammatory responses in autoimmune disease. 
These findings provide further insights into the pivotal MAPK-regulated network of 
innate and adaptive cytokines in the progression to autoimmunity and suggest that 
this pathway is a viable target for therapeutic intervention in autoimmune diseases 
such as MS.

Biochemical modifications in brain myelin can elicit pathological immune 
responses that are radiologically and histologically similar to MS lesions. A subtle 
myelinopathy induced by a exposure to cuprizone, combined with subsequent 
immune stimulation, has been reported to produce lesions of inflammatory demye-
lination (Caprariello et al 2018). The resulting immune response depends on the 
degree of biochemical damage to myelin; if it is too limited or too extensive, it fails 
to trigger overt pathology. In this study, an inhibitor of peptidyl arginine deiminases, 
enzymes that alter myelin structure and correlate with MS lesion severity, attenu-
ated pathology even when administered during the phase of alteration in myelin. 
The findings indicate that subtle myelin degeneration in the brains of NS patients 
may be a primary event in the evolution of inflammation and consequent myelin 
loss. This is consistent with an “inside-out” model of pathogenesis of MS, and pro-
vides a strong rationale for investigating myelin as a primary target for early, neuro-
protective therapy of MS.

Partial blockade of voltage-gated sodium channels is neuroprotective in experi-
mental models of inflammatory demyelinating disease. A phase II trial aimed to 
assess whether the sodium-channel blocker lamotrigine is also neuroprotective in 
patients with secondary progressive MS (Kapoor et al 2010). Lamotrigine treatment 
reduced the deterioration of the timed 25-foot walk but did not affect other sec-
ondary clinical outcome measures. The effect of lamotrigine on cerebral volume of 
patients with MS did not differ from that of placebo over 2 years. Future trials of 
neuroprotection in MS should include investigation of complex early volume 
changes in different compartments of the CNS, effects unrelated to neurodegenera-
tion, and targeting of earlier and more inflammatory disease.

2B3-201 (2-BBB Medicines BV) is a nanoliposomal formulation using 
G-Technology for crossing the BBB for targeted brain delivey of methylpredniso-
lone, an effective drug for reducing acute neuroinflammation, which may play a 
central role in the progression of MS. PG-Technology®, 2-BBB’s proprietary brain 
delivery platform, combines the widely used drug delivery approach of pegylated 
liposomes with the endogenous tripeptide glutathione as targeting ligand in a novel 
and safe way. In a murine EAE model of MS, 2B3-201 is clinically and histologically 
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as effective as free methylprednisolone at one tenth of the dosage as well as at a 
lower application frequency (Lee et al 2014). These positive proof-of-concept effi-
cacy studies led to further development of 2B3-201 for the treatment of neuroin-
flammatory conditions such as MS. A sustained higher brain penetration at a lower 
effective dose with fewer side effects significantly improves the therapeutic index of 
treatment. In 2017, a double-blind crossover phase I study with 2B3-201 in healthy 
volunteers to study the product in comparison to current methylprednisolone treat-
ment and placebo was completed. Results demonstrated extended half-life, long- 
lasting immunosuppressive effects and solid safety data.

 Neuroprotection by Sealing the BBB with Imatinib

Neuroinflammation in MS increases the permeability of BBB, allowing immune 
cells to pass through and produce CNS damage. The small tyrosine kinase inhibitor 
imatinib (Gleevec®), an approved drug for leukemia, enhances BBB integrity in 
experimental autoimmune encephalomyelitis, an animal model of multiple sclerosis 
(Milena et al 2013). Treatment was accompanied by decreased CNS inflammation 
and demyelination and especially reduced T-cell recruitment. This was supported 
by downregulation of the chemokine receptor-2 in CNS and lymph nodes, and by 
modulation of the peripheral immune response towards an antiinflammatory pheno-
type. Imatinib ameliorated neuroinflammation, even when the treatment was initi-
ated after the clinical manifestation of the disease. Imatinib is known to reduce BBB 
disruption after experimentally induced ischemic stroke by targeting platelet- 
derived growth factor receptor-α (PDGFR-α) signaling. This study demonstrated 
that PDGFR-α signaling is a central regulator of BBB integrity during neuroinflam-
mation and imatinib. It is potentialneuroprotective agent for MS because of its 
sealing effect on the BBB.

 TRPM4 Cation Channel Blockers

A study has shown that transient receptor potential melastatin 4 (TRPM4) cation 
channel is expressed in axons in inflammatory CNS lesions in in mice and in human 
multiple sclerosis tissue (Schattling et al 2012). Deficiency or pharmacological inhi-
bition of TRPM4 using the antidiabetic drug glibenclamide resulted in reduced axo-
nal and neuronal degeneration and attenuated clinical disease scores in EAE, but this 
occurred without altering EAE-relevant immune function. Furthermore, Trpm4−/− 
mouse neurons were protected against inflammatory effector mechanisms such as 
excitotoxic stress and energy deficiency in  vitro. Electrophysiological recordings 
revealed TRPM4-dependent neuronal ion influx and oncotic cell swelling upon exci-
totoxic stimulation. Therefore, TRPM4 blockers could translate into neuroprotective 
strategies for MS.

 Multiple Sclerosis
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 Remyelination for Neuroprotection in Multiple Sclerosis

Remyelination following CNS demyelination restores conduction of action poten-
tials and contributes to the maintenance of axonal integrity. This regenerative phe-
nomenon is in contrast to the limited repair capacity that is characteristic of CNS 
neuronal injury. However, despite its efficiency in experimental models and some 
clinical diseases, remyelination failure becomes an increasingly pronounced feature 
of the pathology of chronic MS lesions. Chronic demyelination predisposes axons 
to atrophy, an irreversible event that is a major pathological correlate of progressive 
functional decline. This has created a compelling case for developing therapies that 
promote remyelination and provide neuroprotection. Evidence from experimental 
animal models suggests that hormones may have a beneficial role to play in this 
regard.

Plexxikon has developed an oral, novel PPAR (peroxisome proliferator-acti-
vated receptor) pan-agonist compound, which has been shown in preclinical 
studies to have an antiinflammatory effect, as well as the ability to promote 
myelin synthesis.

Aptamer-conjugates can enhance endogenous myelin repair in animal models 
of demyelination by acting on myelin-producing oligodendrocytes or oligoden-
drocyte progenitor cells within CNS lesions. Aptamer conjugate Myaptavin-3064 
and recombinant human IgM-isotype antibody rHIgM22 regenerate CNS myelin, 
thereby reducing axonal degeneration and offer the potential of recovery from MS 
relapses, reversal of disability and prevention of disease progression (Perwein 
et al 2018). It is not clear to what extent the remyelinating antibodies and aptam-
ers may synergize with other currently-approved MS therapies to yield enhanced 
therapeutic effects.

 Agents for Neuroprotection in Multiple Sclerosis

 Angiotensin-II Inhibitors

Angiotensin II is the principle effector molecule of the renin angiotensin system 
(RAS). It exerts its various actions on the cardiovascular and renal system, mainly 
via interaction with the angiotensin II type-1 receptor (AT1R), which contributes to 
blood pressure regulation and development of hypertension but may also mediate 
effects on the immune system. Role of RAS has been investigated in myelin- 
oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyeli-
tis (MOG-EAE), a model of multiple sclerosis (Stegbauer et al 2009). There was 
upregulation of renin, ACE, as well as AT1R in the inflamed spinal cord and the 
immune system, including antigen presenting cells (APC). Treatment with the renin 
inhibitor aliskiren, the ACE inhibitor enalapril, as well as preventive or therapeutic 
application of the AT1R antagonist losartan, resulted in a significantly ameliorated 
course of MOG-EAE. Blockade of AT1R did not directly impact on T cell responses, 
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but significantly reduced numbers of APCs in immune organs and in the inflamed 
spinal cord. These findings suggest a pivotal role of the RAS in autoimmune inflam-
mation of the CNS and RAS blockade as a potential new target for MS therapy.

 Antiglutamate Agents

AMPA/kainate receptors, which mediate glutamate neurotoxicity, are found both on 
the neurons and oligodendrocytes. Blockage of these receptors by their antagonists 
reduces the excessive amount of glutamate resulting in amelioration of experimental 
allergic encephalomyelitis  - the experimental model of multiple sclerosis. AMPA/
kainate receptor antagonists, e.g., talampanel and E2007 can ameliorate EAE in 
rodents but these effects do not appear to be related to immunomodulatory or antiin-
flammatory actions of these compounds. Phase I/II studies in other conditions such 
as PD and stroke have not shown convincing evidence of efficacy. These compounds 
can be tested in clinical trials for MS but there are methodological challenges to 
overcome before the trials can begin.

 Antioxidants for Neuroprotection in MS

Free radical generation by macrophages has been implicated in the demyelination 
and axonal degeneration seen in MS. Antioxidants such as alpha lipoic acid have 
shown promising results in animals with EAE but trials of dietary antioxidants 
such as vitamin E in MS patients have not shown any effectiveness, possibly due to 
lack of penetration across the BBB into the brain.

The major green tea constituent, (-)-epigallocatechin-3-gallate (EGCG), dramati-
cally suppresses EAE induced by proteolipid protein 139–151. EGCG reduces clini-
cal severity when given at initiation or after the onset of EAE by both limiting brain 
inflammation and reducing neuronal damage. Because its structure implicates addi-
tional antioxidative properties, EGCG is capable of protecting against neuronal 
injury in living brain tissue induced by NMDA and of directly blocking the forma-
tion of neurotoxic reactive oxygen species in neurons. Thus, a natural green tea con-
stituent may open up a new therapeutic approach for young disabled adults with MS 
by combining antiinflammatory and neuroprotective properties. It is in phase II clini-
cal trials for neuroprotection in relapsing remitting form of MS.

 Antisense and RNAi Approaches to MS

ATL1102 (Antisense Therapeutics/ISIS) is a second-generation antisense inhibitor 
of an immune system protein called VLA-4 (α4β1 integrin). The inhibition of 
VLA-4 may prevent white blood cells from entering the CNS in order to stop the 
progression of MS. ATL1102 is designed to block the synthesis of VLA-4 which is 
a clinically validated target in MS. Antisense inhibition of VLA-4 has demonstrated 
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positive effects in multiple animal models of inflammatory diseases, including MS. 
ATL1102 may have clinical advantages over currently available MS treatments and 
a phase IIa trial is in progress to evaluate the efficacy using MRI. Several other 
VLA-4 inhibitors are in clinical development for inflammatory conditions.

LINGO-1, expressed in oligodendrocytes, normally acts to prevent myelination. 
The normal function of LINGO-1 can be blocked in laboratory tissue culture by 
RNAi leading to increased myelination. The contribution of LINGO-1 to myelina-
tion has been verified in vivo through the analysis of LINGO-1 knockout mice. The 
ability to recapitulate CNS myelination in vitro using LINGO-1 antagonists and 
the in vivo effects seen in the LINGO-1 knockout indicate that LINGO-1 signaling 
may be critical for CNS myelination. Attenuation of LINGO-1 results in down-
regulation of RhoA activity, which has been implicated in oligodendrocyte differ-
entiation. Conversely, overexpression of LINGO-1 leads to activation of RhoA and 
inhibition of oligodendrocyte differentiation and myelination. Thus LINGO-1 has 
a role in nerve repair and could lead to potential pathways for treating MS and 
other demyelinating diseases.

 B Cell Depletion Therapy

B cell depletion therapy (BCDT) has been shown to limit inflammation in some 
cases of MS. A study has reported that a subset of B cells that produce the cytokine 
granulocyte macrophage, ie, colony stimulating factor (GM-CSF) contributes to 
MS pathogenesis (Li et al 2015). These cells are more frequent in MS patients than 
in healthy controls and increase proinflammatory myeloid responses. Moreover, 
production of these cells counterbalances the generation of IL-10-producing regula-
tory B cells, which are thought to be protective in disease. After BCDT, the ratio of 
GM-CSF/IL-10–producing B cells is normalized, suggesting that BCDT may work 
in part by decreasing the number of pathogenic GM-CSF–producing B cells. 
Ocrelizumab, an antiCD20, which contributes to B cell depletion, is approved for 
treatment of MS.

 Cell Therapy for Multiple Sclerosis

Several transplantation strategies have been attempted for achieving remyelination in 
chronic demyelinating diseases such as MS. Transplantation of myelin-forming cells 
into the demyelinated spinal cord results in remyelination. In the dysmyelinated 
mutant mouse model, the oligodendrocytes are globally dysfunctional because they 
lack myelin basic protein (MBP) essential for effective myelination. Treatment of 
this, therefore, requires widespread replacement with MBP-expressing oligodendro-
cytes. Engraftment throughout the brain with repletion of MBP has been achieved 
with clonal NSC transplantation into these mice at birth. This technique has the 
potential for the treatment of MS.
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The olfactory ensheathing cells are able to remyelinate the demyelinated axons 
and support regeneration of damaged axons in experimental animals. The human 
olfactory ensheathing cell represents an important new cell for the development of 
transplant therapy of demyelinating disorders.

Autologous bone marrow stem cell therapy for MS Bone marrow stem cells 
have been shown in several experimental studies to have beneficial effects in disease 
models of MS. Safety and feasibility of intravenous, autologous bone marrow cell 
therapy, without immunosuppressive preconditioning, was tested in a phase I study 
in six patients with clinically definite, relapsing-progressive multiple sclerosis (Rice 
et al 2010). Assessment of efficacy was a secondary objective and employed clinical 
disability rating scales, multimodal evoked potential (MMEP) recordings, and MRI 
scans. Cells were harvested, filtered and infused intravenously in a day-case proce-
dure that was well tolerated by patients and was not associated with any serious 
adverse events. Over a period of 1 year after the therapy, clinical disability scores 
showed either no change or improvement, and MMEPs showed neurophysiological 
improvement. MRI scans did not show any significant changes over a post-therapy 
period of 3 months. The lack of serious adverse effects and the suggestion of a benefi-
cial effect in this small sample of patients with progressive disease justify conducting 
a larger phase II/III study to make a fuller assessment of the efficacy of mobilization 
of autologous bone marrow stem cells in patients with MS.

ESCs for remyelination ESCs are both pluripotent and genetically flexible. 
Transplantation in rat models of human demyelinating diseases shows that ESC- 
derived precursors interact with host neurons and efficiently myelinate axons in 
brain and spinal cord. ESC-derived oligodendrocytes have been shown to myelinate 
axons in culture and to replace lost myelin in the injured adult CNS in experimental 
animals. Multipotential stem cells isolated from embryonic CNS, can be expanded 
in vitro as neurospheres and then committed to oligodendrocyte lineage differentia-
tion prior to implantation. Transplantation of ESCs may be a practical approach to 
treatment of primary and secondary demyelinating diseases in the adult 
CNS. Although this approach has considerable myelinating potential, the extent of 
remyelination that will be achieved cannot currently be predicted with any degree of 
certainty. A common NPC for central and peripheral nervous systems, previously 
described for embryonic neuroepithelial cells, may be present in the adult human 
brain and that transplantation of these cells into the demyelinated spinal cord results 
in functional remyelination.

Genetically engineered macrophages expressing NaV1.5 An immune-mediated 
strategy has been shown to promote tissue repair and clinical recovery in a transgenic 
mouse model of MS (Rahgozar et al 2013). A human gene was added to the mouse 
immune cell to creating a genetically engineered macrophage that expressed the 
sodium channel NaVI.5, which seems to enhance the cell’s immune response and 
protected the mice from experimental autoimmune encephalomyelitis. During active 
inflammatory disease, NaV1.5-positive macrophages were found in spinal cord 
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lesions where they formed phagocytic cell clusters that expressed biomarkers of 
alternative activation during recovery. In follow-up experiments, NaV1.5-positive 
macrophages that were adoptively transferred into wild-type mice with established 
experimental autoimmune encephalomyelitis homed to lesions and promoted 
recovery. These results suggest that NaV1.5-positive macrophages enhance recovery 
from CNS inflammatory disease and could potentially be developed as a cell-based 
therapy for the treatment of MS.

Hematopoietic stem cell transplantation for MS Autologous HSC transplanta-
tion following intense immunosuppression has been used with encouraging results 
in patients with poorly controlled MS. Pioneering studies began in 1995, and since 
then, numerous patients worldwide have been treated with this procedure. Using 
high-intensity myeloablative chemotherapeutic agents, it is now possible to com-
pletely remove the peripheral immune system and replace it anew from autologous 
bone marrow-derived HSCs, purged of disease-causing MS cells. This procedure, 
referred to as HSC transplantation (HSCT), produces a new immune system that 
appears tolerant and no longer attacks the CNS (Rush et al 2018). Autologous HSC 
transplantation for patients with severe MS suppresses the breakdown of the BBB 
and terminates the inflammatory phase of the disease. Small uncontrolled studies 
show that about 60–70% of treated cases do not progress in the follow-up period of 
at least 3 years. Transplant-related mortality, which was 5–6% in the first reported 
series, has reduced in the past 5 years to 1–2%. Relapses dramatically decrease and 
inflammatory MRI activity is almost completely suppressed. Autologous HSC 
transplantation is associated with qualitative immunological changes in the blood, 
suggesting that, beyond its immunosuppressive potential, it could also have some 
beneficial effect for the resetting of the immune system (Mancardi and Saccardi 
2008). Patients with severe, rapidly worsening MS who are unresponsive to 
approved therapies could be candidates for this treatment, but its clinical efficacy 
has still to be shown in large, prospective, controlled studies. Role of this approach 
will also depend on a better understanding of the role of immunosuppression in MS 
in general.

Safety and clinical outcome of autologous non-myeloablative HSC transplanta-
tion was evaluated in a phase I/II study on patients with relapsing-remitting MS who 
had not responded to treatment with IFN-β (Burt et al 2009). Peripheral blood HSCs 
were mobilized with cyclophosphamide and G-CSF.  Primary outcomes were 
progression- free survival and reversal of neurological disability at 3  years post- 
transplantation. Significant improvements were noted in neurological disability, as 
determined by expanded disability status scale score, neurological rating scale score, 
paced auditory serial addition test and quality of life, as measured with the short 
form-36 questionnaire. A phase II single-arm, multicenter trial on MS patients with 
with poor prognosis and ongoing disease activity, autologous HSC grafts fully halted 
all detectable CNS inflammatory activity for long periods without use of disease-
modifying drugs (Atkins et al 2016). Although neurological deficits are reversed in 
open trials, these results need to be confirmed in a randomized trial.
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Mechanism of repair of demyelination after NSC transplantation Myelin repair 
by cell transplantation has only been successful in isolated areas of the brain, whereas 
MS and MS-like diseases in animal models involve lesions scattered throughout the 
brain and spinal cord. Implantation of NSCs into spinal cords of mice with established 
demyelination results in migration, proliferation, and differentiation of the cells into 
mature oligodendrocytes, which is associated with increased axonal remyelination 
(Carbajal et al 2010). The inflammatory cells, reacting to the virally induced nerve 
damage, were observed activating receptors on the adult NSCs. These CXCR-4 
receptors, in turn, recruited chemokine proteins called CXCL-12 that guided the 
NSCs to specific sites and their transformation into the precursor cells for oligoden-
drocytes. After attaching to their repair sites, they continued the differentiation process 
and 3 weeks after the initial treatment, 90% of the cells had grown into fully formed 
oligodendrocytes. Treatment with anti-CXCL12 (stromal derived factor-1α) blocking 
serum resulted in a marked impairment in migration and proliferation of engrafted 
stem cells. Moreover, small molecule- mediated antagonism of CXCR4, but not 
CXCR7, impaired migration and proliferation, to an extent similar to that with anti-
CXCL12 treatment. These data highlight the importance of the CXCL12:CXCR4 
pathway in regulating homing of engrafted NSCs to sites of demyelination within the 
CNS. This study not only identifies an important targeting mechanism in transplanted 
NSCs but also provides a blueprint for engineering stem cell-based therapies for MS 
and other chronic neurological diseases in which inflammation occurs.

Medial ganglionic eminence (MGE) cell grafting for MS In a rat model of epi-
lepsy, human induced pluripotent stem cell (hiPSC)-derived MGE cell grafting into 
the hippocampus after status epilepticus can significantly reduce the frequency of 
spontaneous seizures in the chronic phase through both antiepileptogenic and anti-
epileptic effects (Upadhya et  al 2019). The changes consist of reductions in host 
interneuron loss, abnormal neurogenesis, and aberrant mossy fiber sprouting, 
whereas silencing of the graft-derived interneurons increased occurrence of seizures, 
providing supporting proof of the antiepileptogenic effect. Results of this study 
support the application of autologous human MGE cell therapy for temporal lobe 
epilepsy with advantage such as avoidance of immune suppression and promotion of 
enduring graft-host integration.

MSCs for neuroprotection in MS In animal models of MS, treatment with hMSCs 
results in functional improvement that reflects both modulation of the immune 
response and myelin repair. A study has demonstrated that conditioned medium from 
hMSCs (MSC-CM) reduces functional deficits experimental autoimmune encepha-
lomyelitis (EAE) in mouse and promotes the development of oligodendrocytes and 
neurons (Bai et  al 2012). Functional assays identified hepatocyte growth factor 
(HGF) and its primary receptor cMet as critical in MSC-stimulated recovery in EAE, 
neural cell development and remyelination. Active MSC-CM contained HGF, and 
exogenously supplied HGF promoted recovery in EAE, whereas cMet and antibod-
ies to HGF blocked the functional recovery mediated by HGF and MSC-CM. 
Systemic treatment with HGF markedly accelerated remyelination in lysolecithin-
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induced rat dorsal spinal cord lesions and in slice cultures. These data strongly impli-
cate HGF in mediating MSC-stimulated functional recovery in animal models of 
MS. The finding could help advance ongoing clinical trials testing hMSCs as a ther-
apy for MS by selecting cells that produce high levels of HGF, which should promote 
remyelination and maximize symptom reversal. Although purified HGF can be 
administered without cells, the advantage of cell therapy is as a vehicle for produc-
tion and delivery of HGF in vivo at the site of action in the CNS.

Neural progenitor cells for neuroprotection in MS Adult neural precursor cells 
(NPCs) promote multifocal remyelination and functional recovery after intravenous 
or intrathecal injection in models of multiple sclerosis. The donor cells enter the 
demyelinating areas of the CNS and differentiated into mature brain cells. Mice in 
which neural stem cells are injected at disease have a reduction in relapses com-
pared with untreated mice along with a significant reduction in the extent of myelin 
damage and nerve fiber loss compared to untreated mice.

The mechanism by which the NPCs enter the brain from the bloodstream involves 
a protein on their surface called VLA-4, which is also found on immune cells and 
allows them to cross the BBB.  In addition, a wide range of immune proteins are 
active on the transplanted NPCs; these proteins serve as “docking sites” to receive 
signals from immune cells active in the attack. A portion of the transplanted cells 
remained in an immature state and accumulated in the brain around blood vessels 
(perivascular areas) where immune cells enter the brain during active disease. These 
transplanted cells showed signs of being able to turn off activated immune cells and 
reduce inflammation, thus protecting brain tissues from immune-mediated damage. 
These results indicate that undifferentiated adult NPCs have relevant therapeutic 
potential in chronic inflammatory CNS disorders such as MS because they display 
immune-like functions that promote long-lasting neuroprotection.

T cell-based personalized vaccine for MS Tovaxin (Opexa Therapeutics) is a 
T cell-based personalized autologous immunotherapy. It consists of attenuated, 
patient-specific myelin reactive T-cells (MRTCs) against peptides of the 3 primary 
myelin proteins: myelin basic protein (MBP), myelin oligodendrocyte glycoprotein 
(MOG) and proteolipid protein (PLP) that have been implicated in T cell pathogen-
esis of MS. Prior to use, the MRTCs are expanded, formulated, and attenuated (by 
irradiation) to render them unable to replicate but viable for therapy. These attenu-
ated T cells are administered in a defined schedule of five subcutaneous injections. 
Patients are expected be treated with a new vaccine series each year based on their 
altered disease profile or epitope shift. This vaccine completed a phase II clinical 
trial in 2017 but results have not been published (NCT00587691).

 Cannabinoids for Neuroprotection in MS

Cannabinoids derived from cannabis, particularly Δ9-tetrahydrocannabinol 
(Δ9-THC), can limit the inappropriate neurotransmissions that cause MS-related 
problems and medicinal cannabis is now licenced for the treatment of MS symptoms. 
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The endocannabinoid system has the potential to control other aspects of disease as 
well. Although there is limited evidence that the cannabinoids have significant 
immunosuppressive action that will influence relapsing autoimmunity, it has been 
experimentally demonstrated that they may limit neurodegeneration that is respon-
sible for progressive disability. A study has shown that synthetic cannabidiol can 
slow down progression of disability resulting from inflammatory penumbra during 
relapsing experimental autoimmune encephalomyelitis (EAE) in mice, possibly 
via blockade of voltage-gated sodium channels (Pryce et  al 2015). Non- sedating 
doses of Δ9-THC do not inhibit relapsing autoimmunity, but they dose-dependently 
inhibit the accumulation of disability during EAE. They also appear to slow down 
clinical progression of MS in humans. Although a 3 year, phase III clinical trial did 
not detect a beneficial effect of oral Δ9-THC in progressive MS, a subgroup analy-
sis of patients with less disability who progressed more rapidly, demonstrated a 
significant slowing of progression by oral Δ9-THC compared to placebo. This may 
support experimental and biological evidence for a neuroprotective effect by the 
endocannabinoid system in MS, it remains to be demonstrated in further trials of 
Δ9-THC/cannabis in progressive MS.

 Cladribine

Cladribine, a purine nucleoside analog, interferes with the behavior and the prolif-
eration of lymphocytes, which are involved in the pathological process of 
MS. Cladribine preferentially affects lymphocytes because these cells have a rela-
tively high ratio of deoxycytidine kinase to 5′-nucleotidase and are dependent on 
adenosine deaminase activity to maintain the equilibrium of cellular concentrations 
of triphosphorylated nucleotides. Intracellular accumulation of the active metabo-
lite of cladribine, 2-chlorodeoxyadenosine triphosphate, results in the disruption of 
cellular metabolism, the inhibition of DNA synthesis and repair, and subsequent 
apoptosis. The accumulation of the cladribine nucleotide produces rapid and sus-
tained reductions in CD4+ and CD8+ cells and rapid, though more transient, effects 
on CD19+ B cells, with relative sparing of other immune cells. Through its differ-
entiated mechanism of action, cladribine may offer an alternative option to patients 
with MS. Cladribine also has been shown to cause a reduction in the levels of pro-
inflammatory cytokines and serum and CSF chemokines, in adhesion molecule 
expression, and in mononuclear-cell migration.

Previous clinical trials using a parenteral formulation (Mylinax) demonstrated 
positive effects of cladribine administered via injection in patients with MS. In these 
trials, reduction in new lesion development in the brain as seen on MRI scans and 
clinical benefits were observed. In the Cladribine Tablets Treating Multiple Sclerosis 
Orally (CLARITY) study, the efficacy and safety of cladribine was investigated in a 
96-week, phase III, double-blind, placebo-controlled, multicenter trial involving 
patients with relapsing-remitting MS (Giovannoni et  al 2010). The two doses of 
cladribine that were evaluated were based on the results of previous clinical studies 
that used a parenteral formulation of the drug in various regimens. In order to provide 
an extended interim hematopoietic recovery period before subsequent retreatment, 
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cladribine was administered in short courses within separate 48-week periods rather 
than administering the aggregate treatment as 6–8 consecutive monthly courses. 
Cladribine significantly reduced relapse rates, the risk of disability progression, and 
MRI measures of disease activity at 96 weeks. The benefits need to be weighed 
against the risks.

 Curcumin as a Neuroprotectant in Multiple Sclerosis

In Asian countries, such as India and China, where people eat more spicy foods and 
more yellow compounds like curcumin, reports of MS are very rare. Preliminary 
studies in mouse models of experimental encephalomyelitis suggest that curcumin 
may block the progression of MS. Mice injected with curcumin showed little or no 
disease symptoms, while untreated animals go on to develop severe paralysis. Mode 
of action of curcumin to prevent the progression of demyelination remains unclear. It 
may interrupt the production of IL-12, which plays a key role in signaling immune 
cells to attack the myelin sheath. In view of its efficacy and apparent low toxicity, 
curcumin shows promise as a neuroprotective. Further studies, both experimental 
and clinical, are needed to prove the effectiveness in neurodegenerative disorders.

 Cyclophilin Inhibitors for Neuroprotection in Stroke

Cyclophilin inhibitors such as NIM811 have diverse actions that may affect the 
course of neuroinflammatory disorders. Antiinflammatory and neuroprotective 
mechanisms may be targeted by inhibition of cyclophilin A-dependent and cyclophilin 
D-dependent actions, respectively. Treatment of mice undergoing experimental aller-
gic encephalomyelitis (EAE) with NIM811 (N-methyl-4- isoleucine cyclosporin), a 
mitochondrial permeability transition inhibitor, resulted in significant reduction of 
clinical severity of EAE, but analysis of mitochondrial calcium retention capacity 
and the course of EAE in cyclophilin D knockout mice indicated that the effect was 
not be entirely cyclophilin D-dependent (Huang et al 2017). NIM811-treated EAE 
animals showed reduction in IL-2 expression and reduction in neuroinflammatory 
infiltrates.

 Cytokine-Directed Therapies in MS

Immune cells communicate through cytokines and these proteins can orchestrate 
the most complex behavior in inflammatory cells. Dysegulated cytokine responses 
are observed across all chronic inflammatory diseases and immune pathologies, and 
there are strong indications that cytokines have a major role in driving CNS inflam-
mation and tissue damage in MS. Therefore, restoring antiinflammatory or reducing 
pro-inflammatory cytokine signaling pathways remains an attractive avenue for 
MS therapy. IFN-β is the only approved cytokine therapy for MS patients to date. 
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The use of recombinant anti-inflammatory cytokines such as TGF-β and IL-10 has 
been disappointing in the treatment of MS patients. Other treatment failures in MS 
include drugs that block TNF-α, which are beneficial in several diseases (including 
rheumatoid arthritis, ankylosing spondylitis, psoriasis and inflammatory bowel dis-
ease), but can aggravate relapses in patients with MS. Likewise, blockade of the 
pro-inflammatory cytokines IL-12/23 was ineffective in MS. Thus, inhibiting indi-
vidual cytokines may have diverse outcomes in different clinical scenarios. Despite 
these limitations, the development of cytokine-directed therapies still holds promise 
for CNS inflammatory diseases. Clinical trials of neutralizing anti-granulocyte 
GM-CSF (MOR103), anti-IL-17 (secukinumab) and anti-IL2 receptor α (dacli-
zumab) show promising results in the treatment of MS (Schreiner and Becher 2015).

 Dalfampridine in MS

Dalfampridine is an extended release formulation of fampridine (4-aminopyridine). 
Fampridine is a potassium channel blocker, which has been used initially in SCI (see 
Chap. 5). Exact mode of action is not known but dalfampridine is a potassium channel 
blocker that can increase action potential duration and amplitude, leading to improved 
conduction in demyelinated nerve fibers and to increased neurotransmitter release at 
synaptic endings (Bever and Judge 2009). A randomized, multicenter, double-blind, 
controlled phase III trial assessed efficacy and safety of oral, sustained-release fampri-
dine in people with ambulatory deficits due to MS (Goodman et al 2009). Fampridine 
improved walking ability, which was a clinically meaningful therapeutic benefit. In 
January 2010, the FDA approved dalfampridine, which is the first oral therapy for MS 
(Jain 2019b). This tablet formulation was developed and commercialized in the US by 
Acorda Therapeutics Inc. Biogen Idec will commercialize fampridine as a prolonged 
release tablet in markets outside of the US.

 Dimethyl Fumarate

Dimethyl fumarate, an antiinflammatory agent, has been used in the treatment 
of psoriasis. As BG-12, it has been investigated for the treatment of MS. 
Immunomodulatory and neuroprotective effects of BG-12 were demonstrated in 
animal models of MS and efficacy as well safety was shown in a phase IIb clinical 
trial (Papadopoulou et  al 2010). BG-12 is a promising emerging treatment for 
relapsing-remitting MS, combining antiinflammatory and possibly clinically rele-
vant neuroprotective effects with the convenience of oral administration. According 
to one study, dimethyl fumarate and the metabolite, monomethyl fumarate, have 
been shown to have direct neuroprotective effects through upregulation of nuclear 
factor (erythroid-derived 2)-like 2 (Nrf2) with subsequent induction of an antioxi-
dant response (Scannevin et al 2012). Beneficial effect also occur by improvement 
of mitochondrial function. Dimethyl fumarate regulates expression of histone 
deacetylases in astrocytes, which could contribute to Nrf2 activation and 
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suppression of inflammatory responses that can cause long-lasting changes in gene 
expression (Kalinin et  al 2013). Findings from clinical trials are consistent with 
cytoprotective and antiinflammatory properties of dimethyl fumarate that contribute 
to its efficacy as initial therapy for patients with relapsing MS (Fox et al 2014). It is 
now approved by the FDA for treatment of relapsing MS.

 Erythropoietin as a Neuroprotective in MS

In rats suffering from myelin oligodendrocyte glycoprotein (MOG)-induced optic 
neuritis, systemic application of erythropoietin (Epo) significantly increases sur-
vival and function of retinal ganglion cells (RGCs), the neurons that form the axons 
of the optic nerve. There are three independent intracellular signaling pathways 
involved in Epo-induced neuroprotection in vivo. Protein levels of phospho-Akt, 
phospho-MAPK 1 and 2, and Bcl-2 are increased under Epo application. A com-
bined treatment of Epo and a selective inhibitor of phosphatidylinositol 3-kinase 
(PI3-K) prevents upregulation of phospho-Akt and consecutive RGC rescue. In 
MOG-EAE the PI3-K/Akt pathway has an important influence on RGC survival 
under systemic treatment with Epo. A randomized, double-blind, placebo- 
controlled phase II trial provided class II evidence that treatment with high-dose 
Epo is not an effective treatment in patients with moderately advanced progressive 
MS (Schreiber et al 2017).

 Fingolimod

Fingolimod (Gilenya) is the first of a new oral immunomodulator class: sphingosine 
1-phosphate (S1P) receptor agonist, which has been approved for the treatment of 
multiple sclerosis (Jain 2019c). A striking feature of fingolimod is the induction of 
a marked decrease in peripheral blood T and B cells at doses that show immunosup-
pressive activity in animal models. Reportedly, fingolimod is rapidly converted to 
fingolimod-phosphate (fingolimod-P) by sphingosine kinase 2 in vivo, and fingoli-
mod- P acts as a potent agonist at S1P receptors. It has been suggested that fingoli-
mod- P internalizes S1P1 on lymphocytes and thereby inhibits the migration of 
lymphocytes toward S1P, which makes it likely that the reduction of circulating 
lymphocytes by fingolimod is due to the inhibition of S1P/S1P1-dependent lympho-
cyte egress from secondary lymphoid tissues and thymus. Because fingolimod dis-
plays a novel mechanism of action that has not been observed with other 
immunosuppressive agents and shows a synergism with cyclosporin A (CsA) and 
tacrolimus, it is presumed that fingolimod provides a useful tool for the prevention 
of transplant rejection and a new therapeutic approach for autoimmune diseases 
including multiple sclerosis. Fingolimod lowers the number of activated T cells 
circulating to the blood stream and CNS, which reduces neuroinflammation and 
myelin damage in the brain and spinal cord. There is evidence for direct nonimmu-
nological CNS mechanisms of fingolimod efficacy and implicate sphingosine 
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1-phosphate signaling pathways within the CNS as targets for MS therapies 
(Choi et al 2011). Studies in animals indicate that fingolimod modulates the proin-
flammatory properties of astrocytes and influences neuronal gene expression, favor-
ing neuroprotective effects (Rothhammer et al 2017; Geffin et al 2017).

Results of phase II data from an 18-month active drug extension of a core 
6-month placebo-controlled study in patients with various forms of relapsing MS 
showed that oral fingolimod reduced inflammatory disease activity as seen on MRI 
by up to 80% and relapse rates by >50%, compared to placebo (Kappos et al 2006). 
In the extension phase, placebo patients were switched to active therapy. Over 
2  years of continuous fingolimod treatment, MRI and clinical disease activity 
remained low, resulting in an annualized relapse rate of 0.2 with up to 77% of 
patients remaining relapse free. More than 80% of patients were free from lesions 
showing active inflammation on MRI. Patients who received placebo for the first 
6 months also experienced a marked improvement after switching to fingolimod, 
and the improvement was sustained through month 24. The positive phase II results 
support further evaluation of fingolimod through a large-scale program of phase III 
studies in relapsing-remitting MS, which started earlier in 2006. This includes a 
phase III clinical trials program called FREEDOMS (Fingolimod Research 
Evaluating Effects of Daily Oral therapy in Multiple Sclerosis). The 24-month, ran-
domized, double-blind, placebo-controlled study program included over 2000 
patients worldwide with the relapsing-remitting form of MS between the ages of 18 
and 55. Study participants were randomized equally to receive once-daily oral treat-
ment with fingolimod 1.25 mg or 0.5 mg or placebo. As compared with placebo, 
both doses of oral fingolimod improved the relapse rate, the risk of disability pro-
gression, and end points on MRI (Kappos et al 2010). These benefits will need to be 
weighed against possible long-term risks. Results of the TRANSFORMS (Trial 
Assessing Injectable Interferon versus FTY720 Oral in Relapsing–Remitting Multiple 
Sclerosis) trial showed the superior efficacy of oral fingolimod with respect to relapse 
rates and MRI outcomes in patients with MS, as compared with intramuscular 
INF-β1a (Cohen et al 2010). The TRANSFORMS study clearly showed a superior 
efficacy of oral fingolimod over intramuscular IFN-β1a, but it was still uncertain 
whether oral fingolimod could be used as first-line treatment or as an alternative treat-
ment for patients who have failed immunomodulating therapy (Pozzilli et al 2010). 
Although fingolimod was approved, longer studies are needed to assess the safety and 
efficacy of treatment beyond 1  year. An analysis in the 12-month phase III 
TRANSFORMS showed that fingolimod reduced brain volume loss versus IFNβ-1a 
IM in all patient subgroups (Barkhof et al 2014).

 Fusokine Composed of GM-CSF and IL-15 for Immune Suppression

Fusokine (GIFT15), a cytokine prepared by fusion of granulocyte-macrophage 
colony–stimulating factor (GM-CSF) with IL-15, exerts immune suppression via 
aberrant signaling through the IL-15 receptor on lymphomyeloid cells. This is 
reverse of immune stimulating effect of either GM-CSF or IL-15 when given singly. 
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Ex vivo GIFT15 treatment of mouse splenocytes converts B cells, normally involved 
in immune response, into powerful immune-suppressive cells termed GIFT15 Breg 
cells (Rafei et al 2009). Unlike T cells, naturally-occurring immune-suppressing B 
cells are almost unknown in nature and the idea of using them to control immunity 
is novel. In this study, mice with experimental autoimmune encephalomyelitis went 
into complete remission after intravenous infusion of GIFT15 Breg cells paralleled 
by suppressed neuroinflammation. There were no significant side-effects in the 
mice and the treatment was fully effective with a single dose.

Autologous GIFT15 Breg cells may serve as a new treatment for autoimmune 
diseases such as MS.  Unlike earlier immunosuppressive therapies that rely on 
drugs, this approach is a personalized form of cellular therapy, which uses the 
body’s own cells to suppress immunity in a more targeted manner. B-cells can be 
isolated from a patient’s blood sample, purified in the laboratory, treated with 
GIFT15 in a petri dish, and administered back to the patient. MS should be treated 
with this method in its earliest stages. Human studies are needed to test the treatment’s 
efficacy and safety.

 Gene Therapy for MS

Neuregulin is an oligodendrocyte growth factor that is absent in active MS lesions 
and may contribute to the paucity of remyelination in this disease. Experimental 
studies have shown that threshold levels of the gene neuregulin-1 (NRG1) type III 
on axons determine their ensheathment fate; ensheathed axons express low levels 
whereas myelinated fibers express high levels of NRG1 type III. Lentiviral-mediated 
expression of NRG1 type III has been shown to rescue myelination defects in NRG1 
type III deficient mice. Further studies are investigating whether neuregulin has the 
same effect on myelination in the CNS. If so, it may be possible to repair damaged 
spinal cords and brain tracts that have lost their myelin due to injury or disease by 
transplanting into, or turning on, a functioning neuregulin gene in nerve cells. This 
could have potential application in the treatment of MS.

Interferon-beta (IFN-β) is used for the treatment of patients with MS, but it has 
significant adverse effects. A series of novel IFN-β fusion proteins have been designed 
containing galectin-9 (gal-9), which exerts immunosuppressive effects by binding to its 
receptor on activated Th1 cells, to improve therapeutic efficacy and reduce the side 
effects of IFN-β (Hamana et al 2018). The IFN-β-gal-9 fusion proteins showed less 
IFN-β biological activity on non-T cells than IFN-β alone. In vitro experiments on 
activated T cells isolated from mice with experimental autoimmune encephalomyelitis 
(EAE) showed that the IFN-β-gal-9 fusion proteins suppressed these cells more 
effectively than IFN-β. Moreover, in the in vivo experiments, the gene transfer of 
IFN-β-gal-9 fusion protein-expressing plasmid DNA into EAE mice showed benefi-
cial therapeutic effects without cytopenia, a known side effect of IFN-β. In contrast, 
the gene transfer of IFN-β-expressing plasmid DNA induced a rapid decrease in the 
WBC count, despite its therapeutic effect. These results indicate that gene therapy 
using IFN-β-gal-9 fusion proteins is safe and effective for the treatment of MS.

11 Neuroprotection in Miscellaneous Neurological Disorders



687

A liver-targeting gene transfer AAV vector has been designed that expresses 
full- length myelin oligodendrocyte glycoprotein (MOG) in hepatocytes in a pre-
clinical animal model of MS (Keeler et al 2018). This gene immunotherapy restores 
immune tolerance by inducing functional MOG-specific regulatory T cells (Tregs) 
in  vivo, independent of major histocompatibility complex (MHC) limitations. 
Mice treated prophylactically are protected from developing disease and neuro-
logical deficits. When given to mice with preexisting disease, ranging from mild 
neurological deficits to severe paralysis, the gene immunotherapy prevented neuro-
inflammation and significantly reversed clinical symptoms of disease. This 
approach for inducing antigen-specific immune tolerance has therapeutic potential 
for treating MS.

 Ibudilast for MS

Ibudilast, PDE4 inhibitor, has neuroprotective properties by modulating inflamma-
tory mediators such as TNF-α, leukotrienes, and NO, as demonstrated in animal 
models of brain damage. In a multicenter, double-blind, phase II, randomized 
placebo- controlled clinical trial in relapsing remitting MS, there was no beneficial 
effect on the rate of newly active lesions and relapses, but ibudilast seems to act in a 
neuroprotective fashion as measured by two independent MRI outcomes; ibudilast- 
treated patients showed less brain atrophy than controls and inflammatory plaques 
were less likely to evolve into black holes in the treatment groups than in the placebo 
group (Barkhof et al 2010).

 Iron Chelators

Histochemical and MRI studies have demonstrated that MS patients have abnormal 
deposition of iron in both gray and white matter structures. This iron could partake 
in pathogenesis by various mechanisms, e.g. promoting the production of reactive 
oxygen species and enhancing the production of proinflammatory cytokines. Iron 
chelation therapy could be a viable strategy to block iron-related pathological events 
or it can confer cellular protection by stabilizing hypoxia inducible factor 1α, a tran-
scription factor that normally responds to hypoxic conditions. Data from studies that 
administered an iron chelator to animals with experimental autoimmune encephalo-
myelitis, a model of MS, support the rationale for examining this treatment approach 
in MS. Preliminary clinical studies have been performed in MS patients using defer-
oxamine (Weigel et al 2014). Although some side effects were observed, most of 
patients were able to tolerate the tedious administration regimen, i.e. 6–8 h of subcu-
taneous infusion, and all side effects resolved upon discontinuation of treatment. 
Importantly, these preliminary studies did not identify a disqualifying event for this 
experimental approach. More recently developed chelators, deferasirox and deferi-
prone, are more desirable for possible use in MS given their oral administration, 
and importantly, deferiprone can cross the BBB. However, experiences from other 
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conditions indicate that the potential for adverse events during chelation therapy 
necessitates close patient monitoring and a carefully considered administration 
regimen in future clinical trials.

 IVIG for MS

Intravenous immunoglobulins (IVIG) is a modulator of the immune system. High 
dose IVIG has been used for the treatment of autoimmune disorders for the past 
20 years. In animal models of EAE, IVIG can enhance CNS remyelination and the 
earlier open trials in MS patients were promising. A double-blind, placebo- 
controlled pilot study in 2000 to evaluate the effect of IVIG treatment in MS patients 
with stable clinical deficits. There was a small clinical improvement after IVIG 
treatment, but there were no significant differences in primary outcome parameter 
of central conduction time when compared with the placebo. These data do not sup-
port a role for IVIG in the remyelination of stable multiple sclerosis lesions. The 
importance of the small clinical benefit is not clear. Currently no clinical evidence 
supports the use of IVIG for MS. Postpartum administration of IVIG could be ben-
eficial in preventing childbirth-associated relapses among patients with MS (Brandt- 
Wouters et al 2016).

 Kinase Inhibitors

FMS-like tyrosine-3 (FLT-3) is expressed on infiltrating dendritic cells and microg-
lia in the MS brain. FLT-3 inhibition ameliorates early actively induced experimen-
tal autoimmune encephalomyelitis by predominantly modulating dendritic cell 
function as compared to microglia and blocks IFN-γ-induced expression of MHC 
class II and CD86, and LPS-induced secretion of IL-6 in a dose-dependent manner 
(DeBoy et al 2010). These data point to FLT-3 as a therapeutic target on microglia 
for mitigating CNS inflammation. Plexxikon is developing a portfolio of novel, 
oral and highly selective kinase inhibitors that target the FMS kinase. In preclinical 
studies, these compounds have eliminated macrophage and microglial infiltration, 
and demonstrated significant improvement in disease scores, thus representing 
disease modifying effect for the treatment of MS.

 Laquinimod

Laquinimod is a novel immunomodulatory substance developed as an orally avail-
able disease modifying treatment in MS. A double-blind, placebo-controlled phase 
IIb study on patients affected by RRMS with at least one enhancing lesion on the 
screening MRI showed a 40.4% reduction of enhancing lesions during the 4 months 
preceding MRI scans in the group receiving the higher dosage of laquinimod as 
compared to those in placebo group (Comi et  al 2008). Currently, two phase III 
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trials are being conducted. The first, ALLEGRO (Assessment of oral laquinimod in 
preventing progression of MS), was a double-blind study that recruited 1000 patients 
with RRMS who were randomized to receive laquinimod once a day or placebo for 
2 years. The study demonstrated a significant reduction in annualized relapse rate 
compared with placebo and showed a significant reduction in disability progression, 
though the extent of these effects. The second phase III randomized, double-blind, 
parallel-group, placebo-controlled study, BRAVO (Benefit-Risk assessment of 
AVOnex and laquinimod), compared effect of daily oral laquinimod with placebo 
and with IFN-β1a (Avonex) given intramuscularly weekly. Results of both studies 
showed that laquinimod slowed disability and progression of brain atrophy 
(Filippi et al 2014). Laquinimod has the potential to be an orally-available disease 
modifying treatment for MS.

 Melatonin for MS

Seasonal changes in disease activity have been observed in MS, which suggest that 
environmental factors influence the disease course. Melatonin levels, whose pro-
duction is modulated by seasonal variations in night length, negatively correlate 
with MS activity in humans. During the longer days of the spring and summer, 
melatonin levels are lower; during the shorter days of the fall and winter, levels are 
higher. Treatment with melatonin ameliorates disease in an experimental model of 
MS and directly interferes with the differentiation of human and mouse T cells 
(Farez et al 2015). Melatonin induces the expression of the repressor transcription 
factor Nfil3, blocking the differentiation of pathogenic Th17 cells and boosts the 
generation of protective Tr1 cells via Erk1/2 and the transactivation of the IL-10 
promoter by ROR-α. These results suggest that melatonin is another example of 
how environmental-driven cues can impact T cell differentiation and have implica-
tions for neuroprotection in MS. This does not mean that MS patients should start 
taking supplements of melatonin, but it can be viewed as a first step toward better 
and more targeted therapies.

 Minocycline for MS

Minocycline has immune-modulating properties; preliminary data have shown 
activity of minocycline in patients with MS.  In small clinical trials involving 
patients with relapsing–remitting MS, minocycline therapy considerably reduced 
the mean number of lesions detected with the use of gadolinium enhancement on 
MRI particularly when combined with use of glatiramer acetate. These findings 
suggest a neuroprotective effect of minocycline in MS. A multicenter, randomized, 
double- blind, placebo-controlled trial has shown that the risk of conversion from a 
clinically isolated syndrome (a first demyelinating event) to MS was significantly 
lower with minocycline than with placebo over 6 months but not over 24 months 
(Metz et al 2017).
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 Monoclonal Antibodies for MS

With specific immunologic targets, monoclonal antibody (MAb) are highly effective 
options for relapsing forms of MS. Indirect evidence indicates that elimination of 
the Ag-presenting capabilities and Ag nonspecific immune functions of B cells 
underlie the therapeutic efficacy of some MAbs. However, a small subset of T cells 
also expresses CD20. A study has shown that in MS patients, increased levels of 
CD3 + CD20 T cells are effectively depleted by rituximab (Palanichamy et al 2014). 
The pathological relevance of this T cell subset in MS remains to be determined. 
However, given their potential proinflammatory function, depletion of CD20- 
expressing T cells may also contribute to the therapeutic effect of rituximab and other 
MAbs targeting CD20. Several MAbs have been investigated for the treatment of 
MS are described here. The best known, natalizumab, which is approved by FDA, 
is described separately in the following section.

Alemtuzumab (Lemtrada) is a humanized MAb, which targets the surface mol-
ecule CD52 on all T cell populations and other cellular components of the immune 
system such as thymocytes, B cells, and monocytes. Alemtuzumab, which is admin-
istered intravenously, depletes T as well as B lymphocyte populations for extended 
periods and may hold great promise for treatment of MS patients and serve as an 
option for patients refractory to immunomodulatory therapies (Minagar et al 2010). 
It is approved in the EU, Canada Australia, and the USA.

Daclizumab (Zinbryta) is a humanized MAb that selectively binds to the high- 
affinity IL-2 receptor subunit (CD25) expressed at abnormally high levels on T cells 
in patients with MS. Daclizumab offers a targeted mechanism of action that does 
not cause broad and prolonged immune cell depletion. EMA’s Committee for 
Medicinal Products for Human Use (CHMP) recommended marketing authoriza-
tion for daclizumab in EU for the treatment of adults with relapsing forms of 
MS.  Daclizumab is given by self-administered subcutaneous injection once a 
month. Benefits of daclizumab include its ability to reduce the annualized relapse 
rate and risk for disability progression. The positive CHMP opinion is based on 
results from 2 clinical trials. In the DECIDE study, daclizumab 150 mg  administered 
subcutaneously every 4 weeks showed a reduced relapse rate and fewer new lesions 
on MRI compared with interferon β-1a injected intramuscularly weekly (Kappos 
et al 2015). In the placebo-controlled SELECT study, daclizumab reduced relapse 
rates and had positive effects on key measures of MS disease activity relative to 
placebo. Daclizumab was approved by the FDA in 2016.

Ocrelizumab is a humanized anti-CD20 MAb, which binds to CD20 cell surface 
proteins expressed on certain B cells, but not on stem cells or plasma cells. Therefore, 
the ability to make new B cells is preserved in people treated with ocrelizumab. 
It significantly reduced both relapses and disability progression versus interferon 
beta-1a (Rebif®) in 2 phase III studies on patients with relapsing MS over a period 
of 96 weeks (Hauser et al 2017). Results of phase III study in primary progressive 
MS were positive. Ocrelizumab was approved by the FDA in 2017 as Ocrevus™ 
(Genentech/Roche).
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Ofatumumab. In 2015, Novartis purchased full rights to GlaxoSmithKline’s 
ofatumumab, a MAb therapy already approved for use in the US to treat chronic 
lymphocytic leukemia and plans to develop it for MS. Ofatumumab binds to the 
cell-surface protein CD20 to detonate B cells. Positive phase IIa results for subcu-
taneous ofatumumab demonstrated significant reduction of up to 90% in the cumu-
lative number of new brain lesions in patients with MS between weeks 4–12 in the 
study. No unexpected safety findings were reported in the study. Since this was a 
dose finding trial, ofatumumab is ready to begin phase III pivotal studies.

Natalizumab (Tysabri), a humanized MAb, is a selective adhesion molecule 
inhibitor, which blocks the ability of α4β1 integrin to bind to its receptor, the vascu-
lar cell adhesion molecule (Jain 2019d). This interaction is needed for the lympho-
cytes to enter the CNS, a process that is implicated in the pathogenesis of acute 
inflammatory lesions and the breakdown of BBB in patients with MS. Binding of 
natalizumab to integrin inhibits the activation of T lymphocytes and prevents the 
development of new lesions of multiple sclerosis. The reduction in the formation of 
lesions in a clinical trial was 90%, which was >50% to 80% reduction reported with 
beta interferons and 30% reduction with glatiramer acetate. Reduction of angioge-
netic activity may also contribute to antiinflammatory effect (Iaffaldano et al 2018). 
Total lymphocyte counts are increased in patients treated with natalizumab, with 
increases in these counts that are compatible with the concept of action of natali-
zumab. Natalizumab treatment has also been shown to alter the surface integrin 
expression on monocytes, suggesting a role for them as mediators of natalizumab 
effects (Dallari et al 2015). Natalizumab mobilizes hematopoietic stem cells from 
the bone marrow, which is associated with clinical remission and increased propor-
tion of circulating B and regulatory T cells (Mattoscio et al 2015). Therefore, hema-
topoietic stem and progenitor cell counts in the blood can be considered as early 
biomarkers of response to natalizumab. A clinical study has shown that natalizum-
ab’s effects on peripheral immune cells and pharmacodynamic biomarkers are 
reversible, with changes starting 8 weeks after the last natalizumab dose and with 
levels returning to those observed in untreated patients approximately16 weeks fol-
lowing the last dose (Plavina et al 2017).

Natalizumab has been studied in phase III clinical trials to assess its role as an 
adjunct to interferon beta-1a, and was approved in 2004 for for the treatment of 
MS. In 2005, the use of natalizumab for MS was put on hold by the FDA because of 
report of two cases that developed progressive multifocal leukoencephalopathy and 
one of these died. Following further investigations, it received approval again in 
2006. A prospective, open-label study of MS patients treated with natalizumab 
showed that there was no evidence of disease activity at 2 years in 93% of the patients, 
which indicates stabilization of clinical and imaging biomarkers of disease activity 
during natalizumab treatment (Talmage et  al 2017). Results of a non- randomized 
study demonstrate improvement in information processing speed in MS patients with 
cognitive impairment following 12-months of natalizumab treatment, which is likely 
due to its antiinflammatory properties (Rorsman et al 2018).
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 Natural Human Antibodies for Repair of Myelin

Mayo Clinic researchers are investigating a human antibody, which was genetically 
engineered from a single cell, binds to myelin and the surface of cells in the brain 
and spinal cord, where it triggers the cells to begin the process of remyelination. 
This antibody is the first known reagent designed to induce repair by acting within 
the CNS at the damage sites on cells responsible for myelin synthesis. The study 
uses laboratory mouse models of chronic progressive MS in humans. They received 
a single low dose of the antibody to trigger remyelination. The antibody converts a 
model of chronic immune mediated demyelination to one that repairs with the speed 
of a toxin induced model of demyelination. In addition, when combined with daily 
methylprednisolone, the antibody still promotes remyelination in mouse models. 
This is an important fact because the first MS patients treated with the antibody will 
have been already treated first with methylprednisolone.

As a naturally occurring protein of the immune system, antibodies do not appear 
to carry any side effects, nor are they toxic even when administered at many times 
the minimal effective dose. In terms of replicating the findings in humans, the 
researchers have already produced the antibody through genetic engineering and 
conducted preliminary toxicology experiments in mice showing that 1000 times the 
therapeutic dose is not toxic. The study continues to be explored in animal models 
and eventually, in clinical trials.

 Neurotrophic Factors for Multiple Sclerosis

Oligodendrocytes enhance remyelination but this function is usually impaired in 
patients with long-standing MS. Because neurotrophic factors enhance the develop-
ment and function of oligodendrocytes, they may be useful for the treatment of 
MS. The proliferative function of oligodendrocyte progenitors can also be enhanced 
by other neurotrophic factors such as NT-3, bFGF, IGF-1, CNTF, LIF (leukemia 
inhibitory factor) and PDGF. Combined or sequential administration of these NTFs 
could represent useful treatment of MS. Expanded populations of progenitors have 
been transplanted into animals with demyelinating lesions and shown to differenti-
ate and myelinate in vivo but it is uncertain if this strategy can be applied to long- 
term management of a multifocal disease like MS. Neurotrophic factors can be first 
used to stimulate and increase the number of grafted cells or the expression of cell 
surface receptors and proliferative potential of grafted cells can be enhanced by cell 
engineering so as to restore glial-neuronal relationship in the adult CNS. In contrast 
to their progenitors, mature oligodendrocytes show no mitotic response to most 
neurotrophic factors. Mature oligodendrocytes, when exposed to bFGF, express the 
immediate response gene c-phos and the cell cycle-associated protein - proliferat-
ing cell nuclear antigen - but fail to divide and ultimately undergo apoptosis. The 
proposed use of bFGF in recruiting endogenous O-2A progenitor cells into glio-
penic areas and its support of implanted myelinating cells should be approached 
with caution.
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CNTF promotes differentiation, maturation and survival of oligodendrocytes. 
EAE is more severe in CNTF-deficient mice and pathological features can be 
prevented by treatment with an antiserum against tumor necrosis factor (TNF)-α 
suggesting that endogenous CNTF may counterbalance this effect of TNF-α. This 
study indicates the potential therapeutic benefit of CNTF in MS.

IGF-1 promotes the differentiation of oligodendroglia in vitro and may be useful 
in reducing myelin breakdown or promoting myelin regeneration in demyelinating 
diseases. Administration of IGF-1 promoted clinical recovery in a rat model of 
experimental allergic encephalomyelitis indicating that this treatment might be use-
ful in treating patients with MS but clinical trials were not successful.

Recombinant glial growth factor (GGF2) is in late stage preclinical trials for 
the potential treatment of MS. GGF2 is involved in controlling the cells that form 
and maintain the myelin sheath insulating nerve axons in the CNS. These cells are 
thought to be involved early in the demyelination of nerve fibers seen in MS. 
Acorda Therapeutics has licensed this growth factor from CeNeS for further 
development in MS.

Practical use of neurotrophic factors suggested so far has been mostly an indirect 
one. Neurotrophic factors protect neurons and glia against a wide variety of insults 
in vitro and in vivo, by mechanisms such as buffering of toxic rises in intracellular 
calcium. In case of MS, antibodies and complement contribute to the selective tar-
geting and damage of oligodendrocytes and myelin.

An alternative approach would be to inhibit mechanisms that drive the neuropa-
thology of MS, which often includes the death of oligodendrocytes, the cells respon-
sible for myelinating the CNS. Identification of molecular mechanisms that mediate 
the stress response of oligodendrocytes to optimize their survival would serve this 
need. LIF directly prevents oligodendrocyte death in animal models of MS and this 
therapeutic effect complements endogenous LIF receptor signaling, which already 
serves to limit oligodendrocyte loss during immune attack. These findings provide 
a novel approach for the treatment of MS.

 Nimodipine

Nimodipine, a calcium channel blocker, was shown to attenuate spinal cord degen-
eration in experimental autoimmune encephalomyelitis and promote remyelination 
in a mouse model of MS (Schampel et  al 2017). Calcium channel-independent 
effects were observed on microglia that resulted in apoptosis. These effects were 
cell-type specific and irrespective of microglia polarization. Apoptosis was accom-
panied by decreased levels of neurotoxic molecules such as nitric oxide and reactive 
oxygen species both in  vitro and in  vivo. In addition, increased numbers of 
Olig2+APC+ oligodendrocytes were detected. Overall, nimodipine generates a 
favorable environment for regenerative processes as an option for treatment of MS, 
because it combines features of immunomodulation with beneficial effects on neu-
roregeneration. It may have broad therapeutic implications for chronic neuroinflam-
matory diseases.
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 Oral Immunomodulatory Agents for MS

Emerging oral disease-modifying therapies for MS will have a significant impact on 
the immunomodulatory treatments in MS where most of the current therapies are 
injectable. Reducing relapses in clinical trials on MS patients translates into the 
therapeutic aim of neuroprotection. The use of disease-modifying therapies is being 
justified in pre-MS syndromes where no fixed disability is likely to have accumu-
lated. The oral therapies include cladribine, fingolimod, laquinimod, BG-12, and 
teriflunomide, which are described elsewhere in the report. to be placed within this 
evolving marketplace where Ease of delivery of new oral drugs for MS, along with 
efficacy and side effects, needs to be balanced against the known issues but also the 
known long-term safety of standard injectables (Nicholas et al 2011).

 Protein Kinase Cβ as a Therapeutic Target for Stabilizing BBB in MS

Disruption of BBB is a hallmark of acute inflammatory lesions in MS and its animal 
model experimental autoimmune encephalomyelitis. This disruption may precede 
and facilitate the infiltration of encephalitogenic T cells. Pharmacological interven-
tions aiming at stabilizing the BBB in MS might have therapeutic potential. A study 
has shown that the orally available small molecule LY-317615, a synthetic bisin-
dolylmaleimide and inhibitor of protein kinase Cβ, which is clinically under investi-
gation for the treatment of cancer, suppresses the transmigration of activated T cells 
through an inflamed endothelial cell barrier, where it leads to the induction of the 
tight-junction molecules zona occludens-1, claudin 3, and claudin 5 and other path-
ways critically involved in transendothelial leukocyte migration (Lanz et al 2013). 
Treatment of mice with ongoing experimental autoimmune encephalomyelitis with 
LY-317615 ameliorates inflammation, demyelination, axonal damage, and clinical 
symptoms. Although LY-317615 dose-dependently suppresses T cell proliferation 
and cytokine production independent of antigen specificity, its therapeutic effect is 
abrogated in a mouse model requiring pertussis toxin. This abrogation indicates 
that the antiinflammatory and clinical efficacy is mainly mediated by stabilization 
of the BBB, thus suppressing the transmigration of encephalitogenic T cells. 
Collectively, these data suggest the involvement of endothelial protein kinase Cβ in 
stabilizing the BBB in autoimmune neuroinflammation and imply a therapeutic 
potential of BBB-targeting agents such as LY-317615 as therapeutic neuroprotective 
approaches for MS.

 Recombinant T Cell Ligands

Recombinant T cell ligands (RTLs) represent a new strategy in the treatment of 
autoimmune diseases. RTL’s are small proteins engineered to prevent T cells, the 
attacking force in the immune system, from going after the proteins that coat 
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most nerve cells. This patented arrangement combines into a single protein, parts 
of the human MHC (major histocompatibility complex) proteins (normally found 
on the surface of certain white blood cells) with a fragment of the nerve cell 
protein that is most often the target of autoimmune attack in MS. This novel pro-
tein is now soluble and can disable the attacking T cells anywhere in the blood 
stream. A phase I trial of RTL1000 showed that it was well tolerated and may 
induce immunoregulation without immunosuppression and promote neural repair 
(Yadav et al 2012).

 Statins for MS

Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibi-
tors, which are approved for cholesterol reduction, may also be beneficial in the 
treatment of inflammatory diseases such as MS. In EAE, atorvastatin prevents or 
reverses chronic and relapsing paralysis. Atorvastatin induces secretion of cyto-
kines IL-4, IL-5 and IL-10 and TGF-β. Conversely, secretion of cytokines IL-2, 
IL-12, IFN-γ and TNF-α is suppressed. Atorvastatin reduces CNS infiltration and 
major histocompatibility complex (MHC) class II expression. L-mevalonate, the 
product of HMG-CoA reductase, reverses atorvastatin’s effects on antigen-pre-
senting cells APC and T cells. Atorvastatin treatment of either APC or T cells 
suppresses antigen- specific T cell activation. Thus, atorvastatin has pleiotropic 
immunomodulatory effects involving both APC and T cell compartments. 
Atorvastatin and glatiramer acetate, an approved drug for MS, modulate immune 
system by different mechanisms, and may have a synergistic effect in MS as 
shown in animal studies.

A phase II randomized clinical trial was conducted in 2011 to determine if ator-
vastatin prevents conversion to definite MS in individuals who have had a first 
attack, known as a “clinically isolated syndrome (CIS)”. This study provided Class 
II evidence that atorvastatin did not reduce the proportion of patients with CIS that 
met imaging and clinical criteria for starting immunomodulating therapy after 
12 months, compared to placebo; never-the-less, atorvastatin was associated with a 
reduced risk for developing new T2 lesions (Waubant et al 2012).

A systematic review of randomized trials concluded that effects in the murine 
model of MS could not be translated to a proven effect in relapsing MS and hence 
statin therapy either as a monotherapy or in combination with interferon beta treat-
ment for relapsing remitting MS, and statin monotherapy for clinically isolated 
syndrome could not be recommended, but indications are that statins may be ben-
eficial in secondary progressive MS (Pihl-Jensen et al 2015). Whether the benefit 
is due to a direct immunomodulatory and neuroprotective effect warrants further 
studies. The 24-month MS-STAT phase II trial showed that high-dose simvastatin 
significantly reduced the annualized rate of whole brain atrophy in patients with 
secondary progressive MS, and the results of cognitive substudy revealed a positive 
effect of simvastatin on frontal lobe function (Chan et al 2017).

 Multiple Sclerosis



696

 Teriflunomide

Teriflunomide, an immunomodulator, is an oral disease-modifying therapy for 
relapsing forms of MS. It is the active metabolite of the rheumatoid arthritis drug 
leflunomide and an inhibitor of the mitochondrial enzyme dihydroorotate dehydro-
genase, which is critically involved in pyrimidine synthesis. Production of activated 
T cells largely depends on de novo pyrimidine synthesis, and thus pyrimidine deple-
tion is considered to inhibit immune cell proliferation (Palmer 2010). Therapeutic 
efficacy of teriflunomide has been demonstrated in vivo in an experimental autoim-
mune encephalomyelitis model of Dark Agouti rats. Results of a randomized, 
placebo- controlled phase III clinical trial showed that teriflunomide significantly 
reduced relapse rates, disability progression (at the higher dose), and MRI evidence 
of disease activity, as compared with placebo (O’Connor et al 2011). The global, 
phase IV Teri-PRO study provides further insights into the benefits of teriflunomide 
treatment and demonstrate a favorable benefit-risk profile for teriflunomide, thereby 
supporting its long-term use for the treatment of patients with relapsing forms of 
MS (Miller 2017).

 Tolerance-Directed Immunotherapy for MS

The human clinical trial that assessed the feasibility, safety, and tolerability of a 
tolerization regimen, i.e. therapy that make immune cells tolerant of specific 
antigens in MS patients, used a single infusion of autologous peripheral blood 
mononuclear cells chemically coupled with seven myelin peptides (MOG1-20, 
MOG35-55, MBP13-32, MBP83-99, MBP111-129, MBP146-170, and 
PLP139- 154) for patients who were off-treatment with standard therapies (Lutterotti 
et  al 2013). All patients had to show T cell reactivity against at least one of the 
myelin peptides used in the trial. Neurological, MRI, laboratory, and immunologi-
cal examinations were performed to assess the safety, tolerability, and in vivo mech-
anisms of action of this regimen. Administration of antigen-coupled cells was 
feasible, had a favorable safety profile, and was well tolerated in MS patients. 
Patients receiving the higher doses (>1  ×  109) of peptide-coupled cells had a 
decrease in antigen-specific T cell responses after peptide-coupled cell therapy. This 
clinical trial of autologous peptide-coupled cells in MS patients establishes the fea-
sibility and indicates good tolerability and safety of this therapeutic approach. The 
drawback in the study was that it used a method that involved extracting white blood 
cells, processing them to deliver myelin antigens so that the body to develop toler-
ance for them, and then reinfusing these treated white blood cells into the patients.

Tolerance-directed immunotherapies could eventually provide a safe, cost- 
effective, and highly efficient alternative to current approaches to MS treatments 
that suppress the immune system and inevitably lead to patients becoming more 
susceptible to infections, cancer, and other disorders. Tolerizing Immune Modifying 
Nanoparticles (COUR Pharmaceutical Development Company Inc) platform is in 
development for targeted tolerance-directed immunotherapies by intervening in the 
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autoimmune response, affecting only the pathogenic autoreactive T cells that 
respond to a specific antigen. Surfaces of nanoparticle provides the immune uptake, 
while the interior core can be loaded with antigen. Such therapies reset cells to 
avoid an immune response, rather than suppress a response. In the future, such new 
therapies may enable clinicians to shut down the underlying disease process instead 
of just controlling MS symptoms. Another trial of tolerance-directed immunother-
apy in the planning phase will use myelin antigen containing PLG nanoparticles in 
newly diagnosed MS patients. This novel treatment approach has broad implica-
tions not only for the treatment of MS but also for a variety of other immune- 
mediated diseases.

 Concluding Remarks and Future for Neuroprotection in MS

As the control of the acute phase of the disease is achieved, neuroprotection to pre-
vent progression of the disease and resulting damage to the brain becomes an impor-
tant issue. Although MS is a predominantly CD4+ T cell mediated autoimmune 
disorder, recent studies have challenged this existing paradigm by supporting the role 
of other immune cells and factors (even non-immune) including CNS antigen- driven 
clonally expanded B cells, autoantibodies, complement and mediators of the innate 
immune responses in MS lesions. The recognition of new “players” directing effec-
tor and regulatory functions and further insight into reparative mechanisms occur-
ring at various stages of the disease within a given individual will influence ongoing 
and future therapeutic trials. Emerging strategies for the enhancement of neuropro-
tection and reparative mechanisms might require global broad- based multidirec-
tional strategies.

All the therapies that prevent progression of the disease would be considered 
neuroprotective. Established remedies are being re-evaluated to detect neuroprotec-
tive effect. As an example, glatiramer acetate, the most recently approved drug in 
the US for treatment of multiple sclerosis, appears to slow progressive brain cell 
loss in patients with the relapsing-remitting type of MS.  Interferon beta-1b and 
mitoxantrone are used for the treatment of secondary progressive multiple sclerosis 
and may be considered to have a neuroprotective effect. Cell therapy is a promising 
approach. Desirable properties of a neuroprotective for MS that should be taken into 
consideration during evaluation of drug include the following:

• Effective in reducing permanent damage to the CNS.
• Easy to use, preferably by oral administration.
• Targeted delivery to CNS with minimal systemic effects.
• Good record of long-term safety as it may be used for a life time.
• Careful choice of biomarkers and end-points in clinical trials.

Natural killer cells were shown to regulate inflammation in the CNS in experi-
mental autoimmune encephalomyelitis (Kaur et  al 2013). Loss of neurons and 
axons in MS is likely to be secondary to both inflammatory and neuronal processes. 
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Scientists at University of Oxford have developed a translational program that 
examines molecular pathways leading to neurodegeneration in MS and test them 
within a basic science setting with drugs that are already used in clinical practice. 
This research forms the basis of early clinical trials in patients with the aim of 
reducing the progression of disability in MS. Proposed clinical studies aim to assess 
the efficacy of potential neuroprotective agents utilizing sensitive clinical and 
surrogate outcome biomarkers of neurodegeneration.

 Neuroprotection in Anti-NMDA Receptor Encephalitis

Anti-NMDA receptor (NMDAR) encephalitis is potentially lethal, but it is also a 
treatable autoimmune disorder characterized by prominent psychiatric and neuro-
logic symptoms. Anti-NMDAR antibodies in CSF and serum, which play a role in 
pathogenesis of the disease, are characteristic diagnostic features. During the decade 
following naming of the disease, thousands of cases have been identified in 15 cat-
egories where the autoimmune disease attacks other receptors in the brain. A review 
has summarized studies that have clearly documented that both clinical manifesta-
tions and the antibodies may contribute to early diagnosis and multidisciplinary care 
(Liu et al 2017). The clinical course of the disorder is reversible, and the relapse could 
occur in some patients. Anti-NMDAR encephalitis coexisting with demyelinating 
disorders makes the diagnosis more complex; thus, clinicians should be aware of the 
overlapping diseases. Steroids and intravenous immunoglobuling have a neuroprotec-
tive effect in NMDAR encephalitis, but recovery and neurological rehabilitation may 
be prolomged depending on the damage to the brain that may have occurred prior to 
diagnosis and start of therapy.

 Neuroprotection in Transverse Myelitis

Transverse myelitis (TM) is an immune-mediated spinal cord disorder associated 
with inflammation, demyelination, and axonal damage. TM may exist as part of a 
multi-focal CNS disease such as multiple sclerosis, multi-systemic disease such as 
systemic lupus erythematosus or as an isolated, idiopathic entity. TM may manifest 
with varying degrees of weakness, sensory alterations and autonomic dysfunction. 
These may progress to paraplegia, which may be temporary or permanent. TM is a 
rare condition with an incidence of between 1 and 8 new cases per million people 
per year.

In idiopathic cases, the treatment is mostly symptomatic. TM has traditionally 
been treated with oral or intravenous glucocorticoids or intravenous adrenocortico-
tropic hormone. There is still some controversy regarding the usefulness of this 
treatment. Plasma exchange has been shown to be effective in adults with TM and 
other inflammatory disorders of the CNS. There is no neuroprotective drug for this 
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condition. Further research is attempting to define triggers for the immune system 
derangements and cellular injury pathways initiated by the inflammatory response 
within the spinal cord. This may enable the identification of patients at risk for 
developing TM and offer neuroprotective treatments which minimize the neural 
injury that occurs in response to the inflammation.

IL-6 levels are selectively and markedly elevated in the CSF in TM and directly 
correlate with markers of tissue injury and sustained clinical disability. IL-6 medi-
ates cellular injury in spinal cord through activation of the JAK/STAT pathway, 
resulting in increased activity of iNOS and poly(ADP-ribose) polymerase (PARP). 
Rats intrathecally infused with IL-6 developed progressive weakness and spinal 
cord inflammation, demyelination, and axonal damage, which are blocked by PARP 
inhibition. This effect is not seen in the brain due to expression of soluble IL-6 
receptor in the brain relative to the spinal cord that may antagonize IL-6 signaling. 
The effect of IL-6 on the spinal cord may underlie regional vulnerability of different 
parts of the CNS to inflammatory injury. The elucidation of this pathway identifies 
specific therapeutic targets in search of neuroprotectives for CNS autoimmune 
conditions.

 Neuroprotection in Decompression Sickness

Divers and compressed air tunnel workers have experienced that if they adjust 
too quickly to the normal environmental pressure, they will develop a variety of 
unpleasant symptoms. The first and least severe symptoms are characterized by 
limb and joint pain. Thereafter, or with more rapid ascent or decompression, 
other nervous system symptoms will occur. The most common neurologic com-
plication of decompression sickness (DCS) is caused by the involvement of the 
spinal cord, characterized by weakness of the legs with walking difficulties, par-
esthesias and numbness of the legs, and bladder dysfunction (Jain 2019e). Other 
neurologic syndromes may also occur. Some divers develop evidence of acute 
cerebral hemisphere dysfunction, such as hemiparesis, aphasia, or hemianopsia. 
Memory loss, convulsions, and even coma can occur. The symptoms of DCS 
resemble those of thromboembolic cerebrovascular sickness, except that it more 
often affects the spinal cord. DCS is caused by a rapid reduction of the environ-
mental pressure suffices to cause formation of bubbles from inert gases in the 
body tissues.

The treatment of DCS is, first and foremost, recompression. The aim of the treat-
ment is to reduce bubble growth, promote the clearance of gas, and counteract isch-
emia and hypoxia in the affected tissues. The treatment is performed in a hyperbaric 
chamber following various hyperbaric oxygen protocols (James and Jain 2017). 
The role of oxygen treatment is well documented and is employed by most of the 
physicians who treat divers.

No all patients with DCS improve following recompression. If the pareses are 
severe and develop immediately after surfacing, this may indicate that the lesion 
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has been complicated with a hemorrhage into the medulla. In such situations, 
recompression treatment should be supported by neuroprotective therapy for spinal 
injury. The use of high-dose corticosteroids has not been tested in DCS and their 
use remains controversial. Use of NO-donating agents has been proposed based on 
the hypothesis that exogenous NO administration or pharmacological up-regula-
tion of NO may reduce DCS severity by decreasing bubble formation, reducing 
bubble- mediated inflammatory and coagulation cascades, and protecting endothe-
lial integrity. Some of these effects can be achieved by statins, which are approved 
for treatment of hypercholesterolemia. Statin-mediated lipid reduction may reduce 
bubble generation via alterations in plasma rheology and surface tension. NO-donor 
medications such as isosorbide mononitrate and nitroglycerine have been proposed 
for the treatment of DCS based on the hypothesis that exogenous NO administra-
tion or upregulation of NO may reduce severity of DCS by decreasing bubble for-
mation, and Foreducing bubble-mediated inflammatory and coagulation cascades, 
and protecting endothelial integrity (Duplessis and Fothergill 2008). One particu-
larly promising area of research in the treatment of DCS is use of perfluorocarbons 
as oxygen therapeutics as well as for enhancing other gas movements. 
Experimental studies of intravenous PFC in a sheep model of DCS show that the 
improved oxygenation explains, at least in part, the previously-observed thera-
peutic effects of PFCs in DCS (Smith et al 2012). A phase II clinical trials of 
Oxycyte, a third generation PFC, as a neuroprotective for TBI was discontinued 
due to lack of efficacy.

 Neuroprotection in Victims of Drowning

Permanent neurologic damage is the most worrisome outcome in persons who have 
been resuscitated after a drowning incident. Persons who are comatose or have neu-
rologic deterioration should undergo intensive assessment and care; the goals are to 
achieve normal values for glucose, partial pressure of arterial oxygen, and partial 
pressure of carbon dioxide, with avoidance of any situation that increases brain 
metabolism. Induced hypothermia with the core temperature maintained between 
32  °C and 34  °C for 24  h may be neuroprotective. In some cases, hypothermia 
reflects a prolonged submersion time and a poor prognosis. In other cases, early 
hypothermia is an important reason why survival without neurologic damage is pos-
sible. Later reports on drowning have documented good outcomes with the use of 
therapeutic induction of hypothermia after resuscitation, despite a predicted poor 
outcome (Guenther et al 2009). The paradox in resuscitation after drowning is that 
a person with hypothermia needs to be warmed initially in order to be effectively 
resuscitated but then may benefit from induced therapeutic hypothermia after 
successful resuscitation.

Hypoxemic-ischemic encephalopathy in victims of drowing has been treated with 
hyperbaric oxygen. Several cases treated successfully with improvement in neurologi-
cal status are documented in Textbook of Hyperbaric Medicine (Jain 2017).
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 Neuroprotection in CSF Circulatory Disorders

Cerebrospinal fluid (CSF) is produced largely by the choroid plexus and circulates 
from the lateral to the third and fourth ventricles and then into the spinal and sub-
arachnoid spaces. CSF contains ions, nutrients, neuroendocrine factors, and neu-
rotransmitters, and a key function of its flow is the clearance of brain catabolites. 
The total CSF volume is about 160 ml in humans, and this is replaced about 4 times 
per day, indicating the important role of CSF circulation in brain homeostasis. In the 
brain ventricles, motile cilia play a crucial role in circulating CSF inside the brain 
cavities.

In the aging CNS and in AD, CSF flow and turnover are reduced, resulting in a 
reduced clearance of potentially toxic catabolites. Altered CSF production from the 
choroid plexuses or defects in ependymal flow as a result of dysmotile cilia result in 
aqueduct stenosis and hydrocephalus. In mice, specific deletion of Htt in the Wnt-1 
lineage results in congenital hydrocephalus, which suggests that Htt could play a 
role in the regulation of CSF homeostasis (Dietrich et al 2009).

 Neuroprotection in Hydrocephalus

In hydrocephalus there is a pathological dilation of the ventricles of the brain, which 
causes damage to the white matter surrounding the ventricles. Hydrocephalus- 
induced damage is dependent on the rate and magnitude of ventricular dilatation, the 
proximity to the ventricle, and the developmental stage at which the disturbance 
occurs. It is mediated through a combination of mechanical, ischemic, and metabolic- 
toxic disturbances. Developmental processes, including myelin production, can 
be impaired. The usual treatment is surgical and involves shunting or diversion of 
the CSF from the ventricles to another compartment of the body outside the brain. 
The potential for reversal of damage by shunting diminishes as the duration and 
severity of hydrocephalus increases.

Pharmacological interventions have been tested experimentally and clinically 
since the 1950s to prevent hydrocephalus and avoid the need for shunting. Clinical 
trials did not demonstrate convincing and durable neuroprotective effects through 
manipulation of CSF, diuresis, or prevention of fibrosis in the subarachnoid spaces. 
Neuroprotection in established hydrocephalus has been tested experimentally by 
therapies designed protect neurons by modifying cerebral blood flow, reduction of 
neuroinflammation and oxidative damage, but success is limited (Del Bigio and Di 
Curzio 2016).

Nimodipine has been shown to ameliorateg the adverse effects of experimental 
hydrocephalus in rats and prevents the decline in motor and cognitive behavior. 
The protective effect of nimodipine is likely due to improved blood flow, although 
prevention of calcium influx-mediated proteolytic processes in axons cannot be 
excluded. Possible neuroprotective effects of the free radical scavenger edaravone 
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has been tested in experimental hydrocephalus in rats and shown to reduce astrocyte 
activity and apoptosis of neurons (Garcia et  al 2017). There has been no further 
development in pharmaceutical approaches to neuroprotection in hydrocephalus.

 Neuroprotection in Normal Pressure Hydrocephalus

Normal pressure hydrocephalus (NPH), also called chronic adult hydrocephalus, is 
due to multiple causes even though the basic mechanism is obstruction of CSF 
absorption. Primary NPH with no known cause is termed idiopathic NPH (iNPH). 
Secondary NPH may follow meningitis or subarachnoid hemorrhage but in about 
half of the cases, the cause remains obscure. Approximately 10% of patients with 
history of subarachnoid hemorrhage will develop NPH. The exact prevalence of 
NPH is not known but it is found more frequently in elderly people. The diagnosis 
of is based upon a triad of clinical symptoms; (1) gait disturbances; (2) urinary 
incontinence; and (3) various degree of cognitive impairment. Some of these 
patients are diagnosed as dementia due to neurodegenerative disorders such as 
AD. Brain imaging shows ventricular dilatation without cortical sulcal enlargement. 
The current established treatment is CSF drainage, usually by ventriculo-peritonial 
shunting using an adjustable valve. There is no proof that this procedure stops the 
progression of the disease even though improvement may occur.

A study has tried to elucidate the long-term cognitive condition by looking for 
signs of dementia in shunt-responsive iNPH patients diagnosed by clinical and 
radiological examination, 24-h intraventricular pressure monitoring, frontal cortical 
biopsy (Koivisto et al 2013). An interesting finding was that 5% of iNPH patients 
had dementia without any signs of other neurodegenerative diseases in clinical, neu-
roradiological, or brain biopsy evaluation. These patients initially presented a full 
triad of symptoms, with gait disturbance being the most frequent initial symptom 
followed by deterioration in cognition. The novel findings of this study were: (a) a 
significant risk of dementia in iNPH initially responsive to CSF shunt; (b) cognitive 
impairment most commonly due to iNPH-related dementia followed by concurrent 
degenerative brain disease; and (c) a subgroup with dementia related to iNPH with-
out comorbidities. The data demonstrate that nearly half of the initially shunt- 
responsive iNPH patients finally developed dementia. iNPH patients often have 
comorbid degenerative brain disease such as AD or vascular dementia. In addition, 
a subgroup of patients who have shunts seems to develop NPH-related dementia. 
Therefore, there is need for early differential diagnosis and long-term evaluation of 
shunting in these patients.

There is no neuroprotective agent for use in NPH. Pharmacotherapies in the past 
have included various diuretic agents. The psychostimulant methylphenidate has 
been shown to enhance cognition and reduce apathy in NPH, but neuroprotective 
effect has not been documented.
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 Neuroprotection in Infections of the CNS

A variety of agents including bacteria, viruses and protozoa infect the brain and 
manifestations vary according to the agent. Infections may be systemic involving 
multiple organs or confined to the brain. Damage to the nervous system involve a 
variety of mechanisms, which are discussed according to the agent involved in some 
examples described in the following pages. Neuroprotection is considered as an 
adjunct to treatment of the infection.

 Neuroprotection in Bacterial Meningitis

Bacterial meningitis (infection of the covering membranes of the brain) is an important 
clinical problem. Streptococcus pneumoniae is the predominant cause of the disease 
with mortality rates as high as 30% and neurological disability affecting one-third 
of the survivors despite antibiotic therapy.

 Mechanism of Neural Injury in Bacterial Meningitis

Neuronal damage in bacterial meningitis is due to several pathomechanism that 
include the following:

• Neuronal damage is induced by pneumococcal lipoteichoic acids, DNA and 
peptidoglycans and mediated by the production of reactive oxygen intermediates 
by glial cells.

• Pneumolysin is capable of damaging neurons probably by promoting the influx 
of extracellular Ca2+.

• Bacterial lipopolysaccharides can impair endothelial barrier function and induce 
apoptosis of vascular endothelial cells.

• Upon stimulation with bacterial components, macrophages and granulocytes 
release a broad range of inflammatory mediators including TNF-α. Hippocampal 
neuronal death is due to apoptosis derived from the inflammatory response in the 
cerebrospinal fluid.

• Cerebral ischemia is an important mediator of brain damage in patients with 
meningitis. The mechanisms of cerebral ischemic or hypoxic lesions in bacterial 
meningitis are: (1) vasculitis, vasospasm and obstruction of cerebral arteries and 
veins; (2) generalized cerebral edema; and (3) impairment of cerebral autoregu-
lation, leading to hypoxic lesions during hypotension.

• Glutamate concentrations in the interstitial space of the brain and in the CSF are 
increased in meningitis. Excessive release of excitatory amino acids causes 
membrane depolarization, Ca2+ influx and energy failure.

 Neuroprotection in Infections of the CNS
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• Most forms of apoptosis require activation of proteases of the caspase family, 
an event that occurs in meningitis.

• The variations in neurotrophic factor levels may reflect an endogenous attempt at 
neuroprotection against biochemical and molecular changes during both viral 
and bacterial meningoencephalitis. The expression of these factors is likely to 
play a neuroimmunomodulatory or neurosurvival role in CNS infections.

 Strategies for Neuroprotection

Neuroprotective strategies are required to supplement the treatment of meningitis 
by antibiotics. Interference with early pathogenesis reduces neuronal damage in 
meningitis. An important strategy is the prevention of leukocyte migration or of 
products released by leukocytes. Leukocyte migration into the subarachnoid space 
can be inhibited by antibodies against the CD18 epitope and MMP antagonists. An 
inhibitor of both MMPs and TNF-α converting enzyme decreases neocortical and 
hippocampal neuronal injury.

Approaches interfering with later events in the pathophysiological cascade 
include endothelin and excitatory amino acid antagonists, inhibitors of transcription 
factors and caspases, and free radical scavengers. Two of the radical scavengers that 
reduce neocortical injury in experimental meningitis (acetylcysteine, tirilazad) are 
already used in clinical practice for other indications.

As apoptosis drives neuronal loss in pneumococcal meningitis, caspase inhibi-
tors might provide a new therapeutic option directed specifically at reducing brain 
damage. In infant rat model of pneumococcal meningitis, endothelins contributed to 
neuronal damage and treatment with an endothelin inhibitor bosentan has been 
shown to reduce neuronal damage by restoring the CBF.

 Neuroprotection in Progressive Multifocal 
Leukoencephalopathy

Progressive multifocal leukoencephalopathy (PML) is a rare demyelinating infec-
tion of the CNS caused by reactivation of the JC (named after the first patient in 
which it was detected) polyomavirus that occurs in the context of defective cellular 
immunity, particularly in patients with impaired T cell response. Common underly-
ing conditions that are associated with JC virus infection include advanced HIV 
infection, cancer, hematopoietic stem cell transplantation, and the use of immuno-
suppressive drugs such as natalizumab. The infection typically causes altered men-
tal status, motor deficits, ataxia, and visual symptoms and is progressive and 
usually fatal. There is no effective treatment for PML other than the restoration of 
cellular immune function, which is not feasible for many patients. Discontinuation 
of natalizumab treatment after removal of the the drug by plasma exchange, with or 
without accompanying immunoabsorption therapy may lead to remission of PML. 
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Other approaches for the treatment of PML, including the use of antiviral medications 
and mirtazapine, have been tested, with poor results.

BK virus (named after the first patient in which it was detected is genetically like 
JC virus and shares sequence homology in immunogenic proteins. In a clinical 
study, 3 PML immunosuppressed patients were treated with ex vivo-expanded, par-
tially HLA-matched, third party-produced, cryopreserved BK virus-specific T cells 
(Muftuoglu et al 2018). The immunosuppression in these patients was due to the 
conditioning regimen for cord-blood transplantation in one patient, a myeloprolif-
erative neoplasm treated with ruxolitinib in another, and acquired immunodefi-
ciency syndrome in the third. After T cell infusion in two of the patients, alleviation 
of the clinical signs and imaging features of PML was seen and JC virus in the CSF 
cleared. The other patient had a reduction in JC viral load and stabilization of 
symptoms that persisted until death 8 months after the first infusion. Two of the 
patients had immune reconstitution syndrome. Donor-derived T cells were detected 
in the CSF after infusion.

 Neuroprotection in Cryptococcal Meningitis

Cryptococcal meningitis is due to infection by the Cryptococcus neoformans, an 
encapsulated fungus that is commonly found in soil throughout the world. C. neo-
formans may affect several organs but has an affinity for the CNS, perhaps due to 
the absence of complement and soluble anticryptococcal factors present in serum 
and a diminished inflammatory response to the agent in brain tissue. Cryptococcal 
meningitis has been reported in AIDS patients on antiretroviral therapy. Clinical 
manifestations vary according to the area of the brain involved and brain abscess 
may develop in some cases.

Protection of the brain after exposure to C. neoformans consists mainly of pre-
ventive measures. Prevention is only relevant in the AIDS population. Two forms of 
prevention are possible. As the risk of cryptococcal meningitis is considerable in 
HIV-infected persons with CD4 T lymphocyte counts below 100 cells/cu mm, pri-
mary prophylaxis is considered in this population in the form of therapy with fluco-
nazole − a triazole antibiotic. Relapse is common in the patient with AIDS who has 
already suffered from cryptococcal meningitis. Prevention in that population is 
regarded as secondary prophylaxis. The standard treatment for cryptococcal menin-
gitis is intravenous amphotericin B. Although not approved in the US, voriconazole 
has been shown to be an effective antifungal agent (Nierenberg et  al 2010). 
Granulocyte/macrophage colony-stimulating factor and interferon are being evalu-
ated as adjunctive therapies. Other potential future therapies include azole antifun-
gals and anticapsular monoclonal antibodies.

Elevated intracranial pressure is common in patients with cryptococcal menin-
gitis and may result in hydrocephalus, which may contribute to early mortality by 
impairing cerebral circulation. Treatment includes CSF drainage by serial lumbar 
punctures, ventricular drainage, and acetazolamide.

 Neuroprotection in Infections of the CNS
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 Neuroprotective Approach to Rabies

Rabies virus, which causes causes deadly encephalitis in animals and humans, is 
is responsible for ~60,000 deaths every year. Currently, there is no treatment 
available, except post-exposure prophylaxis that is administered after exposure 
to a rabid animal. Beneficial effects of a combination treatment initiated at day 4 
post infection, containing antiviral drugs and immune modulators has been 
described in infected mice (Martina et al 2018). Combination therapy resulted in 
significant increase in survival time and significantly lower viral RNA in the 
brain and spinal cord. Furthermore, treatment had an effect on biomarkers of 
pyroptosis and apoptosis as well as early inflammatory response as measured by 
the levels of TNF-α. Morphological lesions were absent in rabies virus infected 
mice with few signs of inflammation. However, these were not significant 
between the different groups. Future studies, including step-down approaches 
(i.e. reduction of number of compounds in the combination) should follow up in 
order to identify best combinations and further optimize treatment strategies 
against rabies.

Survival of a Wisconsin teenager who contracted rabies following unconven-
tional treatment indicated a treatment for rabies (Willoughby 2007). Now called 
Milwaukee protocol, it was based on the finding that rabies virus is capable of 
hijacking the brain into killing the body but does not directly damage the brain. It 
is based on inactivating the malfunctioning brain by induction of prolonged coma 
by drugs that have a neuroprotective function. Ketamine, an anesthetic, is known 
to inhibit rabies virus and has a neuroprotective function by blocking NMDA 
receptors. Amantadine, another antiviral agent that blocks NMDA receptors, was 
added. Rabies specific antibodies were then injected to boost the immune system. 
By the end of the week of induced coma, the patient’s body had produced enough 
antibodies to prevent further multiplication of the virus. None of the terminal 
events of rabies took place. On restoring consciousness, the patient was paralyzed 
but recovered within 2  weeks and has insignificant residual neurological signs. 
During this period, the patient had biopterin deficiency, which was corrected by 
replacement, and correlated with improvement.

Review of literature with reference to specific treatment recommendations 
made within the Milwaukee protocol literature fails to support an important role 
for excitotoxicity and cerebral vasospasm in rabies encephalitis (Zeiler and 
Jackson 2016). Therapies suggested in the Milwaukee protocol include therapeu-
tic coma, ketamine infusion, amantadine, and the screening/prophylaxis/manage-
ment of cerebral vasospasm. None of these therapies can be substantiated in rabies 
or other forms of acute viral encephalitis. The recommendations made by the 
Milwaukee protocol warrant serious reconsideration before any future use of this 
failed protocol.
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 Neuroprotection in Cerebral Malaria

Cerebral malaria (CM) in children is associated with a high mortality and long-term 
neurocognitive sequelae. Both erythropoietin (Epo) and VEGF have been shown to 
be neuroprotective. Levels of Epo, VEGF, and TNF have been measured in paired 
samples of plasma and CSF of Kenyan children admitted with CM (Casals-Pascual 
et al 2008). Logistic regression models were used to identify risk and protective 
factors associated with the development of neurological sequelae. Plasma Epo 
(>200  units/liter) was associated with >80% reduction in the risk of developing 
neurological sequelae. Admission with profound coma and convulsions after admis-
sion were also independently associated with neurological sequelae. Therefore, 
high levels of Epo are associated with reduced risk of neurological sequelae in chil-
dren with CM. The age-dependent Epo response to anemia and the age-dependent 
protective effect may influence the clinical epidemiology of CM. These data support 
further study of Epo as an adjuvant neuroprotective therapy in CM.

Minocycline, a semi-synthetic tetracycline, has a neuroprotective role in several 
neurodegenerative diseases. The effect of minocycline treatment on the survivability 
of mice during experimental CM has been investigated. Treatment with intraperito-
neal minocycline hydrochloride led to parasite clearance in blood, brain, liver and 
spleen in mice infected with Plasmodium berghei with survival without parasite 
recurrence (Apoorv and Babu 2017). Evans blue extravasation assay showed that 
BBB integrity was maintained by minocycline. TNF-α protein level and caspase 
activity, which is related to CM pathogenesis, was significantly reduced in the mino-
cycline-treated group. Minocycline treatment led to decrease in gene expressions of 
inflammatory mediators like INF-gamma, CXCL10, CCL5, CCL2; receptors 
CXCR3 and CCR2; and hence decrease in T cell-mediated cerebral inflammation. 
The study also proved that this reduction in gene expressions is irrespective of the 
anti-parasitic property of minocycline. The distinct ability of minocycline to  modulate 
gene expressions of CXCL10 and CXCR3 makes it more effective than doxycycline, 
a tetracycline used for chemoprophylaxis. This study shows that minocycline is 
highly effective in conferring neuroprotection during ECM.

 Neuroprotection in Complications of Systemic Disorders

 Neurological Complications of Cardiovascular Disorders

 Neuroprotection After Myocardial Infarction

The prognosis for postcardiac arrest patients remains very bleak, not only because of 
anoxic-ischemic neurological damage, but also because of the “postcardiac arrest syn-
drome,” a phenomenon often severe enough to cause death before any neurological 
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evaluation. This syndrome includes all clinical and biological manifestations related 
to the phenomenon of global ischemia-reperfusion triggered by cardiac arrest and 
return of spontaneous circulation. The main component of the postcardiac arrest 
syndrome is an early but severe cardiocirculatory dysfunction that may lead to mul-
tiple organ failure and death (Mongardon et al 2011).

Patients with cardiac arrest and ST-segment elevation myocardial infarction 
(STEMI) require neuroprotection in addition to cardioprotection. Therapeutic hypo-
thermia (TH) is recommended in cardiac arrest guidelines to prevent brain damage 
as it improves survival and confers neuroprotection in out-of-hospital cardiac arrest 
(Mooney et al 2011). For patients resuscitated after out-of-hospital cardiac arrest, 
improvements in survival and neurologic outcomes were observed with relatively 
slow induction of TH. More rapid induction of TH in patients with cardiac arrest 
might have a mild to modest incremental impact on neurologic outcomes. 
Neuroprotection is also based on the prevention of secondary cerebral damages. 
Rapid initiation of TH in patients with STEMI is challenging but attainable and 
marked infarct size reductions are possible. Surface cooling or endovascular cathe-
ters may be enough to induce TH in patients resuscitated after out-of-hospital car-
diac arrest. For patients with STEMI, intravenous infusion of cold fluids achieves 
target temperature very rapidly but might worsen left ventricular function. More 
widespread use of TH would improve survival and quality of life for patients with 
out-of-hospital cardiac arrest; larger studies with more rapid induction of TH are 
needed in the STEMI population (Schwartz et al 2012).

 Neuroprotection in Hypertensive Encephalopathy

Hypertension-induced neurologic signs and symptoms can be broadly divided into 
either focal deficits associated with chronic hypertension (e.g. lacunar stroke or 
hypertensive basal ganglia hemorrhage) or more diffuse cerebral dysfunction related 
to acute hypertension, termed “hypertensive encephalopathy”. Neurological effects 
of chronic hypertension may resemble those of encephalopathy due to bilateral mul-
tiple cerebral insults, e.g. multi-infarct dementia. The focus of this section is on 
neuroprotection in the acute hypertensive phase. The level of blood pressure eleva-
tion that will result in hypertensive encephalopathy is variable but generally requires 
a diastolic pressure of greater than 130 mm Hg. A rapid rise in blood pressure in a 
previously normotensive patient is more likely to result in manifestations of hyper-
tensive encephalopathy than a similar elevation in a chronically hypertensive per-
son. BBB is subject to disruption in acute hypertensive encephalopathy and partial 
intrinsic protection is offered by sympathetic stimulation, which attenuates the 
increase in cerebral blood flow. Although hypertension is a very common disorder 
in Western societies, the number of patients who present with hypertensive crisis is 
less than 1% due to improved management of chronic hypertension.

Hypertensive encephalopathy is a medical emergency and prompt but gradual low-
ering of the mean arterial pressure by approximately 25% (or diastolic to 110–120 mm 
Hg) over several minutes to a couple of hours is required in most hypertensive 
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emergencies to prevent damage to the brain. Early recognition followed by prompt 
lowering of blood pressure will result in recovery, usually within hours to several 
days. Delayed recognition, on the other hand, will lead to permanent brain damage. 
Careful blood pressure monitoring is necessary because treatment-induced isch-
emic stroke may occur from rapid and over-zealous lowering of blood pressure. 
Continuous intravenous sodium nitroprusside has the advantage of controlled 
reduction due to its short-lasting effect.

 Management of Hypertension to Prevent Dementia

Role of hypertension in vascular dementia was pointed out earlier in this chapter. 
Control of hypertension may reduce the incidence of dementia. In 2015, investiga-
tors at the Pacific Health Research and Education Institute in Honolulu studied data 
of autopsies of hypertensive men some of whom had been treated with anti- 
hypertensive drugs and found that they had fewer microinfarcts as well as tangles and 
amyloid plaques as compared to those not receiving any treatment. Those who had 
been on β blockers had healthier brains as compared with those who had been on 
other medications. β blockers are usually not the first line therapy for lowering BP 
but they seem to have a neuroprotective effect in hypertension.

 Neuroprotection in Complications of Diabetes

Diabetes mellitus is associated with several neurological complications involving 
both the central and peripheral nervous systems. Role of neuroprotection in some of 
these is discussed briefly.

 Neuroprotection in Hypoglycemic Coma

About 5–6 million people in the US take insulin to control diabetes. Diabetes patients 
monitor their blood sugar, often several times a day, and inject themselves with insu-
lin to maintain appropriate blood sugar levels. However, calculating the correct dose 
of insulin can be difficult: The body’s requirement changes depending on the content 
and quantity of food consumed, exercise, alcohol consumption and other factors. If 
insulin levels are too high, blood sugar can drop to dangerously low levels, producing 
hypoglycemia, which causes symptoms such as confusion, anxiety, shakiness, dizzi-
ness and difficulty speaking. Diabetes patients can normally detect the onset of hypo-
glycemia and control it by eating small, sugar-laden snacks. But if not treated 
promptly, hypoglycemia can rapidly worsen, depriving the brain of needed glucose. 
When this happens, a person may experience seizures or lapse into a coma. This is 
the stage of hypoglycemia known as hypoglycemic shock or coma, or insulin shock, 
and when it occurs, a biochemical chain reaction is initiated that ends with the 
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destruction of neurons, particularly in the hippocampus, a region of the brain 
instrumental in processing memories. Permanent memory impairment is a common 
and serious complication of severe hypoglycemic shock. Every hospital emergency 
department sees one or more cases of hypoglycemic coma each year.

The mechanisms of the common, hypoglycemia-induced functional brain failure 
and of the rare, hypoglycemia-induced brain death that occurs at very low, and at 
least in primates prolonged hypoglycemia differ. The former is the result of brain 
fuel deprivation per se, but the latter is not. A variety of mechanisms are thought to 
be involved in the pathogenesis of hypoglycemic neuronal death. These include 
glutamate release and activation of neuronal glutamate receptors, production of 
reactive oxygen species, neuronal zinc release, activation of poly(ADP-ribose) 
polymerase, and mitochondrial permeability transition.

A study has investigated the risk of dementia in patients with type 2 diabetes with 
or without prior hypoglycemic episodes (Lin and Sheu 2013). Hypoglycemia, older 
age, female gender and insulin use were independent predictors of dementia. Adult 
diabetic patients with prior hypoglycemia were found to have a significantly increased 
risk of dementia. The influence of hypoglycemic episodes on brain function warrants 
further investigation.

Intravenous injections of glucose can reverse insulin shock and rescue a patient, 
but they cannot prevent brain injury that already may have been initiated. The 
destructive biochemical pathway triggered by insulin shock shares some similari-
ties to pathways that damage heart and brain cells as a result of heart attack and 
stroke. Experimental evidence indicates that hypoglycemic brain neuronal death is 
increased by neuronal NADPH oxidase activation during glucose reperfusion. 
Therefore, therapeutic hyperglycemia should be avoided, at least in the setting of 
profound hypoglycemia.

Poly(ADP-ribose) polymerase-1 (PARP-1) inhibitors rescue neurons, which 
would otherwise go on to die even though blood glucose is restored. PARP inhibi-
tors, which block the action of PARP, an enzyme that floods cell nuclei when DNA 
is damaged, can inhibit these destructive pathways. PARP inhibitors mixed into the 
cell cultures at the start of the period of glucose deprivation improve survival. 
Before PARP inhibitors can be used in practice they must first be tested in a clinical 
trial. This will be problematic as each medical center treats only a few insulin shock 
patients each year, so a prospective clinical study would likely require participation 
by dozens of sites.

 Neuroprotection in Diabetic Ketoacidosis

Diabetic ketoacidosis, caused by deficiency of insulin, is a severe metabolic distur-
bance of characterized by hyperglycemia, ketonemia, metabolic acidosis, and elec-
trolyte abnormalities. Typical symptoms and signs are polyuria, ketotic breath, 
and Kussmaul respirations. Despite such knowledge, 30–50% of all children with 
new- onset type 1 diabetes have diabetic ketoacidosis at the time of diagnosis, even 
in highly developed countries.
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Current treatment for diabetic ketoacidosis include: (1) monitoring of vital signs 
and biochemical responses; (2) administration of intravenous insulin; and (3) replace-
ment of fluids and electrolytes, with the volume and content based on estimates of the 
degree of dehydration and daily maintenance requirements. Current consensus 
guidelines are based as much on experience as on comparative trials and recommend 
that the replacement of crystalloid fluid after initial bolus resuscitation should be 
gradual over 48 h (Wolfsdorf et al 2018). Most patients treated in this manner recover 
uneventfully, with resolution of diabetic ketoacidosis; however, a small percentage of 
patients (~0.5 to 1%) develop signs of elevated intracranial pressure and encepha-
lopathy, cranial nerve palsies, diabetes insipidus, and Cheyne- Stokes respiration. 
Even after rapid intervention with intravenous mannitol or hypertonic 3% saline, the 
prognosis remains guarded, with death resulting in some cases and persistent dis-
abilities in others. Cerebral edema is more likely to occur in younger patients who 
have greater severity of acidosis, a lower partial pressure of CO2, and a higher creati-
nine level. Diabetic ketoacidosis remains the leading cause of complications and 
death in patients with type 1 diabetes mellitus.

Better understanding of the BBB and its alterations in diabetic ketoacidosis may 
provide new targets for therapy in patients with cerebral edema reduce the incidence 
of brain damage from diabetic ketoacidosis (Sperling 2018). A multicenter, random-
ized, controlled trial that examined the effects of the rate of administration and the 
sodium chloride content of intravenous fluids on neurologic outcomes in children 
with diabetic ketoacidosis concluded that neither the rate of administration nor the 
sodium chloride content of intravenous fluids significantly influenced neurologic 
outcomes in children with diabetic ketoacidosis (Kuppermann et al 2018).

 Neuroprotection in Diabetic Retinopathy

Diabetic retinopathy (DR) is a microcirculatory disease of the retina. However, there 
is emerging evidence to suggest that retinal neurodegeneration is an early event in the 
pathogenesis of DR, which may antedate, and participates in, the microcirculatory 
abnormalities that occur in DR. Therefore, the study of the underlying mechanisms 
that lead to neurodegeneration will be essential for identifying new therapeutic tar-
gets in the early stages of DR. Elevated levels of glutamate, oxidative stress, the 
overexpression of the renin-angiotensin system and the upregulation of RAGE play 
an essential role in the retinal neurodegeneration induced by diabetes. Finally, the 
balance between the neurotoxic and neuroprotective factors is crucial in determining 
the survival of retinal neurons. A review has focused on neurotrophic factors already 
synthesized by the retina in physiological conditions as a new therapy strategy for 
neuroprotection (Hernández and Simó 2012).

Because the key factor in DR is aberrant neovascularization in the retina, strate-
gies to inhibit abnormal neovascularization represent a compelling therapeutic 
approach. Laser photocoagulation is used to treat advanced cases of diabetic reti-
nopathy. Various anti-angiogenic strategies include gene transfer as a way of achiev-
ing high, sustained concentrations of anti-angiogenic proteins in the back of the eye 
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without concomitant systemic toxicity. AdPEDF is a second generation E1, E4, and 
partial E3-deleted adenoviral vector designed to deliver the human PEDF gene. 
Intravitreous injection of AdPEDF results in increased expression PEDF mRNA in 
the injected eyes and is highly effective in preventing neovascularization.

VEGF-A was also shown to be involved in the adaptive response to retinal isch-
emia (Nishijima et  al 2007). In experiments reported by these authors, ischemic 
preconditioning 24 h before ischemia-reperfusion injury increased VEGF-A levels 
and substantially decreased the number of apoptotic retinal cells. The protective 
effect of ischemic preconditioning was reversed after VEGF-A inhibition. Finally, 
chronic inhibition of VEGF-A function in normal adult animals led to a significant 
loss of retinal ganglion cells without observable effect on several vascular parame-
ters. These findings have implications for diabetic retinopathy.

Because systemic factors may be important in the development and progression 
of DR, role of intensive glycemic control, combination therapy for dyslipidemia, and 
intensive blood-pressure control in limiting the progression of the disease has been 
investigated. In ACCORD (The Action to Control Cardiovascular Risk in Diabetes) 
trial, participants with type 2 diabetes who were at high risk for cardiovascular 
disease, received either intensive or standard treatment for glycemia and for dyslip-
idemia or for systolic blood-pressure control (The ACCORD Study Group 2010). 
The effects of these interventions were evaluated for 4 years on the progression of 
diabetic retinopathy. Results showed that intensive glycemic control combined with 
treatment of dyslipidemia, but not intensive blood-pressure control, reduced the rate 
of progression of diabetic retinopathy.

Several drugs have been tested for neuroprotective effect in diabetic neuropathy. 
Morin, a bioflavonoid, has diverse pharmacological effects against various diseases, 
which are attributed to its detoxifying effect against ROS. Results of a study suggest 
that morin offers neuroprotection in experimental diabetic neuropathy and further 
clinical investigation is warranted (Bachewal et al 2018).

 Neurological Complications of Liver Disorders

 Hepatic Encephalopathy

Hepatic encephalopathy is a reversible brain disorder characterized by disturbances 
of consciousness and other neuropsychiatric manifestations due to metabolic distur-
bances associated with liver disease or portosystemic shunts. The cause of acute 
hepatic encephalopathy is acute liver failure that can be due to several causes, 
including viral hepatitis and the hepatotoxic drugs. Currently available evidence 
suggests that hepatic encephalopathy results from neurotransmission failure rather 
than from primary energy failure. Hepatic encephalopathy is described in more 
detail elsewhere (Jain 2019f).

In contrast to the hepatic encephalopathy in chronic liver disease, hepatic 
encephalopathy in acute liver failure is sudden in onset. Brain ammonia levels are 
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markedly increased. Glutamate plays an important role in the pathogenesis of this 
condition, as CSF glutamate is increased in acute liver failure as a result of its 
decreased uptake. Exposure of the astrocytes to glutamate results in swelling and 
explains the marked cerebral edema. Increased glutamatergic neurotransmission 
explains the hyperexcitability and seizures. One proposed mechanism of pathogen-
esis of hepatic encephalopathy is an increased synthesis of glutamine by brain glu-
tamate in astrocytes due to excessive blood ammonia, followed by a compensatory 
loss of myoinositol to maintain astrocyte volume homeostasis.

Management of encephalopathy from acute hepatic failure is aimed at control 
and reduction of raised intracranial pressure. Hyperbaric oxygen and hypothermia 
have been used but there is no satisfactory pharmacotherapy.

Management of chronic hepatic encephalopathy is focused on the identification and 
correction of aggravating factors. Bromocriptine, a dopamine agonist, has been used in 
hepatic encephalopathy based onthe false neurotransmitter hypothesis. Neomycin is 
the most commonly used antibiotic, although a controlled trial failed to show its effi-
cacy. Alternative antimicrobial agents are vancomycin and metronidazole. Rifaximin is 
a nonabsorbed derivative of rifamycin with a broad spectrum of activity against aerobic 
and anaerobic gram-positive and gram-negative organisms. Flumazenil, a benzodiaze-
pine antagonist, is used based on the rationale that endogenous benzodiazepines may 
be involved in the pathogenesis of hepatic encephalopathy. Liver transplantation may 
be the definitive treatment in suitable candidates. Hepatocerebral degeneration has 
been reported to improve following liver transplantation.

Cell therapy is used in some patients with liver failure as an interim measure or 
bridging therapy (Jain 2019g). Genetically modified hepatocytes or HSCs may be 
transplanted. The aim is to reduce disease and extend survival until a donor becomes 
available for liver transplant or the patient’s own liver recovers function.

Glycerol phenylbutyrate is a pro-drug of phenylbutryrate and a pre-pro-drug of 
phenylacetic acid (PAA), the active moiety of Buphenyl, the only therapy currently 
FDA-approved as adjunctive therapy for the chronic management of patients with 
the most prevalent urea cycle disorders due to deficiencies of carbamylphosphate 
synthetase, ornithine transcarbamylase, and argininosuccinic acid synthetase. 
Glycerol phenylbutyrate, which is dosed orally in liquid form, provides an alterna-
tive pathway to the urea cycle for the disposal of waste nitrogen through the renal 
excretion of phenylacetylglutamine, which is formed from PAA and glutamine, and 
may protect the brain. It is in phase II clinical trials for hepatic encephalopathy. 
Future management will likely be directed at the correction of alterations in neuro-
transmission or protection from the putative neurotoxins that cause secondary 
defects in neurotransmission.

 Bilirubin Encephalopathy

Neonatal hyperbilirubinemia and resultant clinical jaundice affects up to ~85% 
of newborns. Although it is generally a benign, transitional phenomenon, high 
bilirubin levels can cause serious brain injury in a small proportion of neonates. 
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Acute bilirubin encephalopathy may follow and progress to kernicterus (chronic 
bilirubin encephalopathy), a disabling neurologic condition that is characterized by 
extrapyramidal movement disorders and hearing loss due to auditory neuropathy. 
CNS sequelae are due to bilirubin-induced neuropathology, which involves the glo-
bus pallidus, subthalamic nucleus, brainstem nuclei, hippocampal CA2 neurons, 
and cerebellar Purkinje’s cells. Incidence of kernicterus ranges from 0.4 to 2.7 
cases/100,000 live births. Although he complex cascade of molecular and cellular 
events leading to bilirubin-induced neurotoxicity is not well understood, some 
measures are required for neuroprotection (Table  11.6). A point-of-care test for 
measurement of total serum bilirubin is important.

 Neuroprotection in Neurological Complications of Renal 
Disease

Renal disease has an adverse effect on the nervous system. Chronic kidney disease 
and acute renal failure cause an excessively increased risk of neurologic complica-
tions such as uremic encephalopathy, uremic polyneuropathy, autonomic neuropa-
thy, and a range of mononeuropathies. Posterior reversible encephalopathy 

Table 11.6 Measures to prevent acute bilirubin encephalopathy

Phototherapy
By preventing bilirubin levels from reaching a hazardous range, it reduces the need for exchange 

transfusion.
It is usually safe, but aggressive phototherapy in newborns with extremely low birth weight can 

be toxic.
Exchange transfusion
It is used to prevent or lower hazardous levels of hyperbilirubinemia to reduce the risk of 

kernicterus.
Immediate exchange is recommended for acute bilirubin encephalopathy in an infant with 

jaundice.
It may avert neurologic damage and adverse neurodevelopmental sequelae.
Intravenous immune globulin (IVIG)
Effective against immune-mediated hemolysis and may be useful in direct Coombs-positive 

hemolytic disease.
The mechanism of action is unclear, but it may involve Fc receptors.
Lowering of total serum bilirubin level by IVIG reduces COHb level in Coombs-positive 

hemolytic disease.
It has a modest but clinically significant effect in reducing the need for exchange transfusion.
Pharmacotherapy
Heme oxygenase inhibitors such as metalloporphyrins reduce bilirubin production.
Phenobarbital increases bilirubin clearance by activating the phenobarbital enhancer module in 

the promoter sequence of UGT1A1, which enhances bilirubin conjugation.
Minocycline can directly protect neurons from effects of bilirubin toxicity, i.e., neuromotor 

dysfunction, cerebellar hypoplasia, and auditory-pathway abnormalities in rat pups.

Modified from: Watchko and Tiribelli (2013)
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syndrome (PRES) is a clinically and radiologically defined syndrome characterized 
by seizures, headaches, visual disturbances, and altered mental status or focal neu-
rological deficits. Imaging frequently shows abnormalities in the posterior brain 
regions, especially the occipital and the parietal lobes. PRES has been described in 
association with hypertension, renal disease, preeclampsia/eclampsia, or status post 
renal transplantation. The pathophysiology of PRES has not been sufficiently eluci-
dated; however, endothelial damage caused by different mechanisms possibly plays 
a central role. The prognosis of PRES is usually benign when intensive care and 
withdrawal of the causative agent is instituted early. Delay in diagnosis and treat-
ment may lead to permanent neurological deficits.

Angiotensin II receptor blockers (ARBs, collectively called sartans) are widely 
used compounds therapeutically effective in hypertension and have a protective 
effect on the kidneys. ARBs are also neuroprotective and have potential therapeutic 
use in many brain disorders. ARBs ameliorate inflammatory and apoptotic responses 
to glutamate, interleukin 1β and bacterial endotoxin in cultured neurons, astrocytes, 
microglial, and endothelial cerebrovascular cells. When administered systemically, 
ARBs enter the brain, protecting cerebral blood flow, maintaining BBB function 
and decreasing cerebral hemorrhage, excessive brain inflammation and neuronal 
injury in animal models of neurological disorders. Epidemiological analyses 
reported that ARBs reduced the progression of AD, and clinical studies suggested 
amelioration of cognitive loss following stroke and aging. ARBs are pharmacologi-
cally heterogeneous; their effects are not only the result of Ang II type 1(AT1) 
receptor blockade but also of additional mechanisms selective for only some 
compounds of the class including peroxisome PPAR gamma activation and other 
still poorly defined mechanisms (Villapol and Saavedra 2015). However, the complete 
pharmacological spectrum and therapeutic efficacy of individual ARBs have never 
been systematically compared, and the neuroprotective efficacy of these compounds 
has not been rigorously determined in controlled clinical studies. ARBs would be 
particularly useful for neuroprotection in renal disease.

 Neuroprotection in Fever

Fever is defined as elevation of body temperature above normal limits of the central 
regulatory processes originating in the hypothalamus. The normal temperature is 
37 °C (98.6 °F). However, temperature readings are higher in healthy young indi-
viduals and lower in the elderly. There are circadian variations with lower tempera-
tures in the morning and higher in the afternoon so that fever can be defined as 
morning temperature of >37.2  °C (98.9  °F) and afternoon temperature >37.7  °C 
(99.9 °F). Rectal temperatures are usually 0.6 °C higher than those recorded from 
the skin. Elevations of 0.8 °C (1.5 °F) may occur during physical exercise.

Fever reduces mental acuity and may cause delirium and stupor. In infants and 
children under the age of 5 years, fever is associated with febrile seizures, particu-
larly if there is a previous history of seizure disorder. Neurologic manifestations of 
hyperthermia in the acute stage may be reversible if temperature is reduced but 
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prolonged hyperthermia may lead to permanent deficits. Extremely high temperature, 
ie, a core temperature of 40 °C or above, is required to produce irreversible damage 
to the brain, which is consistent with the cellular changes and cell death occurring 
above this temperature. This occurs in conditions such as heat stroke. Temperature of 
the brain has an important influence on the extent of brain injury that follows inter-
vals of hypoxia-ischemia and hyperthermia exacerbate ischemic brain injury in 
stroke patients. Even structures not primarily affected by ischemia may be damaged 
by hyperthermia. Upregulation of neurotransmitters, release of free oxygen radi-
cals, aggravation of blood-brain barrier disruption, increase of potentially damaging 
ischemic depolarization in the focal ischemic penumbra, enhanced inhibition of 
protein kinases, and deterioration of cytoskeletal proteolysis are all mechanisms 
incriminated in worsening neuronal damage in the case of hyperthermia following 
brain injury. Increases in brain temperature and intracranial pressure are closely 
associated.

Neurocognitive effects of hyperthermia may persist after the acute insult, whereas 
cerebellar damage predominates in long-term cases as a result of the sensitivity of 
the Purkinje cells to thermal damage (Walter and Carraretto 2016). Ataxia, dysar-
thria, and nystagmus are some of the manifestations. Recovery may be incomplete 
or may not occur.

Fever is associated with >200 systemic disorders and neurological disorders 
listed in Table 11.7. Neuroprotection in high fever is important (Jain 2019h).

Table 11.7 Fever associated with neurologic disorders

Infections
Bacterial
  Brain abscess
  Brucellosis
  Meningitis
  Q fever
  Tuberculosis
  Whipple disease
Fungal
Viral infections
  Encephalitis
  Rabies
  Viral hemorrhagic fevers: Lassa fever, Marburg virus, Ebola virus, Dengue fever, Crimean- Congo 

hemorrhagic fever
  Viral meningitis
  West Nile virus infection
  Zika virus infection with fever
Rickettsial infection
Parasitic infections
Protozoal infections
  Amebic meningoencephalitis
  Cerebral malaria

(continued)
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There is little evidence that temperatures between 37.5 °C and 39.0 °C are harmful 
except in infants, the elderly, or those with impairment of cardiac, pulmonary, or 
cerebral function as well as pregnant women. Efforts should be made to lower the 
temperature in these risk groups as well as in otherwise healthy adults for tempera-
tures <39.0 °C. Various measures for protecting the brain in fever including treatment 
of the cause if identified, e.g. treatment of septicemia. Various measures for cooling 
the brain as well as pharmacological approaches are used.

 Pharmacologic Approaches for Fever

Various methods for reducing temperature start with simple measures such as 
administration of drugs such as aspirin, acetaminophen, and ibuprofen. 
Acetaminophen and ibuprofen are both safe and effective medications for quickly 

Table 11.7 (continued)

  Sleeping sickness due to Trypanosoma brucei
Postoperative neurosurgical infections
Infections in neurologically disabled persons, e.g., paraplegia
CNS tumors
  Carcinomatous meningitis
Primary central nervous system lymphoma
Rupture of intracranial dermoid cysts with chemical meningitis
Neurogenic fever
  Cerebrovascular disease; stroke
  Intracerebral hemorrhage
  Subarachnoid hemorrhage
  Traumatic brain injury
Drug-induced fever
  Drug-induced aseptic meningitis
  Interferon syndrome
  Malignant hyperthermia
  Methamphetamine intoxication
  Neuroleptic malignant syndrome
  Serotonin syndrome
Heat stroke
  Drug-induced disturbance of temperature control in hot weather
  Exposure to extreme heat
  Strenuous sports in hot weather
Monogenic autoinflammatory diseases
  Mediterranean fever
  Mevalonate kinase deficiency
  Tumor necrosis factor receptor–associated periodic syndrome (TRAPS)
Fever of unknown origin

© Jain PharmaBiotech
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reducing fever in young people, but only oneof these drugs should be given at a time 
because there is no evidence that simultaneous use of both is more effective. The use 
of aspirin in children with viral infections should be avoided for possible risk of 
developing Reye syndrome.

Flares of fever in monogenic autoinflammatory diseases – Mediterranean fever, 
mevalonate kinase deficiency and TNF receptor-associated periodic syndrome 
(TRAPS) –are self-activated and are characterized by the absence of any apparent 
infectious triggers. There is tissue damage of the nervous system in addition to 
pathology of other organs. Uncontrolled progression may lead to further brain dam-
age. Treatment includes the use of medications to suppress inflammation, such as 
antiinflammatories, corticosteroids, and IL-1 beta receptors. In a randomized clinical 
trial, canakinumab was effective in controlling and preventing flares in patients with 
colchicine-resistant familial Mediterranean fever, mevalonate kinase deficiency, and 
TRAPS (De Benedetti et al 2018).

 Cooling the Brain for Neuroprotection

Simple procedures such as cold sponges and cooling with a fan might suffice, but 
for high fever with temperature over 40 °C, combination of antipyretics with cool-
ing devices is indicated. For emergency situations with high fever, hypothermic 
devices may be required for rapid cooling. Hypothermia blankets are not practical 
for this purpose. Air-circulating cooling blankets do not effectively reduce body 
temperature in febrile neurointensive care unit patients. Intravascular cooling 
devices are more effective in prophylactically controlling the body temperature of 
neurologic intensive care patients with severe intracranial disease. The CoolGard/
Cool Line catheter system has been demonstrated to be a safe and useful adjunct in 
the management of fever in critically ill neurologic patients. CoolGard has been 
shown to effectively lower body temperature to the target values for neurointen-
sive care patients with fever after neurosurgical procedures that were resistant to 
pharmacotherapy (Popugaev et al 2011).

 Neuroprotection in Toxic Encephalopathies

The term “encephalopathy” has been used to characterize a constellation of symp-
toms and signs reflecting a generalized disturbance of brain function. Here the term 
is restricted to non-inflammatory organic disturbances of the brain. Encephalopathy 
may be acute or chronic. Encephalopathy and seizures may occur either together or 
separately, but seizures are usually an acute manifestation. The manifestations vary 
according to the involvement of brain structures. Paralysis and coma may occur in 
severe cases. The causes are varied and may be toxic, metabolic, degenerative, vas-
cular or posttraumatic. The term “toxic encephalopathy” is used for a disturbance of 
the brain caused by a toxic agent which is usually exogenous (e.g. drugs, poisons), 
but may also be endogenous (e.g. hepatic encephalopathy).
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 Encephalopathy Due to Organophosphorus Poisoning

Today, organophosphorus nerve agents are still considered as potential threats in 
both military and terrorism situations. These agents hyperstimulate the muscarinic 
and nicotinic receptors of the nervous system and act as potent irreversible inhibi-
tors of AChE in both central as well as peripheral nervous systems. Conventional 
treatment of organophosphate poisoning includes the combined administration of a 
cholinesterase reactivator (an oxime), a muscarinic cholinergic receptor antagonist 
(atropine) and a benzodiazepine anticonvulsant (diazepam). However, numerous 
studies have demonstrated that the excitatory amino acid glutamate also plays a 
prominent role in the maintenance of organophosphate-induced seizures and in the 
subsequent neuropathology especially through an overactivation of the NMDA 
receptor subtype. Contrary to other non-competitive NMDA antagonists success-
fully tested in rodents exposed to organophosphate, gacyclidine is a novel anti- 
NMDA compound, which has undergone phase III clinical trials in France for SCI 
before discontinuation for this indication. Previous data on use of gacyclidine 
obtained from experiments on primates in several scenarios mimicking military or 
terrorist attacks, using soman as the nerve agent, were used. Primates pretreated 
with pyridostigmine and receiving conventional emergency therapy at the first signs 
of poisoning survived. However, only gacyclidine was able to ensure complete man-
agement of nerve agent poisoning for rapid normalization of EEG activity, clinical 
recovery and neuroprotection. This beneficial effect is obtained provided that 
medical intervention is conducted rapidly after intoxication. Globally, the current 
lack of any other NMDA receptor antagonist suitable for human use reinforces the 
therapeutic value of gacyclidine as a neuroprotective agent for the treatment of 
organophosphate poisoning.

Although pyridinium oximes have been used for the management of poisoning 
with organophosphorus compounds for several decades, a significant drawback is 
inefficient restoration of brain acetylcholinesterase activity due to difficulty in pen-
etrating the BBB (Korabecny et al 2014). Cholinesterase reactivators in development 
can cross the BBB by use of nanoparticulate transport and inhibition of P-glycoprotein 
efflux pumps. Chemical modifications, such as glycosylation of pyridine aldoximes, 
facilitate increased blood-brain barrier penetration via the GLUT-1 transport system 
(Mercey et al 2012).

 Sarin Gas

The most likely of organophosphorus agents to be used is sarin gas. It is a highly toxic 
compound in both its liquid and vapor states that attack the CNS. A selective reduc-
tion by sarin of the action potential-dependent release of GABA in the hippocampus 
can account for the occurrence of seizures in intoxicated subjects. Animal studies 
suggest a central mechanism for respiratory paralysis in sarin neurotoxicity. A study 
of neuronal cells exposed to repeated Sarin poisoning shows that ETS2 gene expres-
sion increases and affects the neurodegenerative pathway (Pachiappan et al 2009). 

 Neuroprotection in Toxic Encephalopathies



720

Brain pathology has been studied for 2 decades in veterans of the 1991 Persian 
Gulf War who were accidently exposed to sarin in Iraq. MRI revealed reduced gray 
matter as well as white matter volumes, and neuropsychological testing showed 
errors of omission and tendency to have slower responses (Chao et al 2011). Sarin 
exposure is associated with symptoms of organophosphate-induced delayed as well 
as chronic neurotoxicity.

The standard treatment for sarin-like nerve agent exposure is postexposure 
injection of atropine, a muscarinic receptor antagonist, accompanied by an oxime, 
an acetylcholinesterase reactivator, and diazepam (Abou-Donia et al 2016). Atropine 
is recommended as the first-line treatment, and the dose should be titrated. 
Physostigmine is an effective treatment against sarin intoxication. Some 
acetylcholinesterase- inhibiting compounds in development for AD are now being 
tested against sarin. An experimental study of exposure of mice to sarin shows that 
neuronal death is mostly due to necrosis and severe astrocytosis that evolves over a 
period of 24 h following exposure, suggesting that timing of possible treatments should 
be determined by early events following exposure (Lazar et al 2016). For example, 
the biphasic changes in astrocytes activity indicate possible beneficial effects of 
delayed antiinflammatory treatment.

Single dose of galantamine, a reversible and centrally acting cholinesterase 
inhibitor approved for the treatment of AD, given in combination with atropine, 
has been shown to protect guinea pigs from the acute toxicity of sarin. The feasibil-
ity of vaccination for neuroprotection immediately before or after exposure to 
organophosphates is considered feasible by experimental demonstration that 
enhancement of adaptive immunity recruited at the site of intoxication helps the 
local cellular machinery such as resident microglia to protect retinal neurons 
against neurotoxic effects.

 Neuroprotection Against Chemotherapy-Induced Brain Damage

Several chemotherapeutic agents and other toxic substances used for the treatment 
of malignant brain tumors have adverse effects on the normal brain produced a 
drug-induced encephalopathy referred to as “chemo brain”. Neurotoxicity of anti-
cancer agents has been reported with increasing frequency in cancer patients as a 
result of aggressive anticancer therapy with neurotoxic agents and prolonged patient 
survival. These complications may result from the direct toxic effects of the drug on 
the nervous system or indirectly from metabolic derangements or cerebrovascular 
disorders induced by the drugs (Jain 2012). The adverse effects are aggravated by 
concomitant radiotherapy. The normal brain tissue can be protected by targeted 
delivery of chemotherapy and radiotherapy to the tumor.

A study found that 5-bromo-2-deoxyuridine labeling following chemotherapy 
given to C57BL/6 mice revealed that chemotherapeutic agents readily able to cross 
the BBB (cyclophosphamide and fluorouracil), as well as those not known to readily 
cross the barrier (paclitaxel and doxorubicin), reduce neural cell proliferation 
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following chemotherapy (Janelsins et  al 2010). IGF-1, a molecule implicated in 
promoting neurogenesis, counteracted the effects of high doses of chemotherapy on 
neural cell proliferation. The research team plans to conduct additional studies 
which will allow them to further test the impact of IGF-1 and other related interven-
tions on the molecular and behavioral consequences of chemotherapy. Neurogenesis 
can also be altered by stress, sleep deprivation and depression, all of which are com-
mon among cancer patients. More thorough studies are needed to understand the 
interplay of these factors and the long-term effects of chemotherapy on the brain.

Chemotherapy-induced cognitive impairment occurs in a substantial proportion 
of treated cancer patients, with no drug currently available for its therapy. A study has 
investigated whether PAN-811, a ribonucleotide reductase inhibitor, can reduce cog-
nitive impairment and related suppression of neurogenesis following chemotherapy 
in an animal model (Jiang et al 2018). Results showed that the Chemo group was 
impaired on the three cognitive tasks, but co-administration of PAN-811 significantly 
reduced all MTX/5-FU-induced cognitive impairments. Overall, PAN- 811 protects 
cognitive functions and preserves neurogenesis from adverse effects of MTX/5-FU 
providing a basis for clinical translation to determine the effect of PAN- 811 on 
chemotherapy-induced cognitive impairment in human patients.

 Neuroprotection Against Alcohol

 Alcoholic Neurologic Disorders

Moderate use of alcohol (ethanol) does not appear to have any adverse effects on the 
brain but excessive consumption of alcohol results in the formation of two very 
toxic compounds: acetaldehyde and malondialdehyde. These compounds generate 
massive free radical damage to cells throughout the body. A severe hangover may 
occur as a result of acute alcohol ingestion. Results of experimental studies on mice 
suggest that ethanol has a J-shaped effect on the glymphatic system whereby low 
doses of ethanol increase glymphatic function, whereas chronic intake of higher 
doses of ethanol induces reactive gliosis and perturbed glymphatic function, which 
possibly may contribute to the higher risk of dementia observed in heavy drinkers 
(Lundgaard et al 2018).

Chronic alcoholism as a cause of liver cirrhosis is well recognized. Alcoholic 
neurologic disorders include the following:

• Alcoholic cerebellar degeneration
• Alcoholic dementia
• Alcoholic neuropathy
• Central pontine myelinolysis
• Fetal alcohol syndrome (offspring of an alcoholic mother)
• Korsakoff’s amnestic syndrome
• Wernicke’s encephalopathy (ataxia, ophthalmoplegia and global confusion)

 Neuroprotection in Toxic Encephalopathies
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 Fetal alcohol Syndrome

Exposure to alcohol during brain development may cause a neurological syndrome 
called fetal alcohol syndrome (FAS). Ethanol induces apoptotic neuronal death at 
specific developmental stages, particularly during the brain-growth spurt, which 
occurs from the beginning of third trimester of gestation and continues for several 
years after birth in humans, whilst occurring in the first two postnatal weeks in mice. 
Administration of a single dose of ethanol in 7-d postnatal (P7) mice triggers activa-
tion of caspase-3 and widespread apoptotic neuronal death in the forebrain, provid-
ing a possible explanation for the microencephaly observed in human FAS.

Nicotinamide can prevent some of the deleterious effects of ethanol on the devel-
oping mouse brain when given shortly after ethanol exposure (Ieraci and Herrera 
2006). These results suggest that nicotinamide, which has been used in humans for 
the treatment of diabetes and bullous pemphigoid, may hold promise as a neuropro-
tective and preventive therapy of FAS.

 Pathogenesis of Alcohol-Induced Damage to the Nervous System

Chronic alcoholism results in severe cognitive impairment and learning deficits, 
with or without the deficiency in the B vitamin thiamine that is common among this 
population. Chronic alcoholics usually develop cerebral atrophy that can be docu-
mented on CT and MRI scans of the brain. Chronic alcohol abuse and alcoholism 
change the programming of the human brain at the molecular level, particularly in 
the regions involving judgment and decision-making. Cell and animal studies have 
consistently indicated that changes in gene expression in the brain appear to be 
responsible for the tolerance, dependence, and neurotoxicity produced by chronic 
alcohol abuse. These changes have been confirmed by a study with cDNA and oli-
gonucleotide microarrays on postmortem tissue samples from the superior frontal 
cortex of the brain of alcoholics.

Aging makes one increasingly vulnerable to alcohol-induced hangover, liver 
injury, and damage to the CNS. In the elderly, alcohol-and drug-induced injury are 
more common and more serious, and recovery is more difficult.

 Neuroprotection Against Neurotoxicity of Alcohol

If the proper combination of antioxidants is taken at the time the alcohol is con-
sumed or before the inebriated individual goes to bed, the hangover and much of 
the cellular damage caused by alcohol may be prevented. Nutrients that neutralize 
alcohol by-products and protect cells against the damaging effects of alcohol include 
vitamin C, vitamin B1, the amino acids cysteine and glutathione, and vitamin E.

Results of studies in mice implicate oxidative damage in the death of newly 
formed brain cells as a cause of alcohol-related cognitive impairment. Ebselen may 
provide its benefits by blocking the generation of the harmful free radical peroxynitrite 
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and by compensating for the loss of the body’s natural antioxidant glutathione 
peroxidase that has been observed in animals treated with ethanol. Thus antioxidants 
or similar compounds could be used to prevent cognitive impairment in alcoholics. 
Lithium inhibits glycogen synthase kinase 3 (GSK3), which has been identified as a 
mediator of ethanol neurotoxicity, and is able to ameliorate ethanol- induced neuro-
apoptosis (Luo 2010). In addition, lithium also affects many other signaling proteins 
and pathways that regulate neuronal survival and differentiation.

 Neuroprotection Against Exposure to Therapeutic Radiation

Exposure of the whole body to environmential radiation can have neurological 
complication. Exposure of the CNS to radiation has been linked to elevated levels 
of oxidative stress and inflammation. This section includes examples of therapeutic 
radiation of CNS lesions which can have effects on normal tissues.

 Neuroprotection Against Radiation Encephalopathy

Whole brain radiation therapy (WBRT) is commonly used for treatment of primary 
and metastatic brain tumors; however, cognitive impairment occurs in 40–50% of 
brain tumor survivors. The etiology of the cognitive impairment following WBRT 
remains elusive. Radiation-induced cerebrovascular rarefaction within hippocam-
pal subregions can be reversed by systemic hypoxia (Warrington et al 2011). An 
experimental study has investigated if systemic hypoxia can also reverse WBRT-
induced impairments in contextual and spatial learning and deficits in spatial mem-
ory (Warrington et al 2012). A clinical fractionated series of 4.5Gy WBRT was 
administered to mice twice weekly for 4 weeks, and after various periods of recov-
ery, behavioral analyses were performed. To study the effects of systemic hypoxia, 
mice were subjected to 11% (hypoxia) or 21% oxygen (normoxia) for 28 days, 
initiated 1  month after the completion of WBRT.  Results indicate that WBRT 
induces a transient deficit in contextual learning, disruption of working memory, 
and progressive impairment of spatial learning. Systemic hypoxia completely 
reversed WBRT- induced impairments in learning and these behavioral effects as 
well as increased vessel density persisted for at least 2 months following hypoxia 
treatment. These results provide critical support for the hypothesis that cerebrovas-
cular rarefaction is a key component of cognitive impairment post-WBRT and indi-
cate that processes of learning and memory, once thought to be permanently 
impaired after WBRT, can be restored. A study in mice showed dose-responsive 
changes in dendritic complexity, synaptic protein levels, spine density and morphol-
ogy, induced in hippocampal neurons by irradiation that persist for at least 1 month, 
and that resemble similar types of changes found in many neurodegenerative conditions 
(Parihar and Limoli 2013).

 Neuroprotection Against Exposure to Therapeutic Radiation
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Another complicating factor in human patients is that tumors themselves can 
become hypoxic, consuming the oxygen in their immediate vicinity, and hypoxic 
tumors are known to be more resistant to radiation therapy. Hyperoxia induced by 
hyperbaric oxygen is used to make these tumors radiation responsive and simultane-
ously protects the brain against radiation-induced damage (Jain 2017).

 Role of SOD in Protection Again Radiation-Induced 
Hippocampal Dysfunction

Oxidative stress is considered a major cause of tissue injury from irradiation. 
Following irradiation, wild-type mice showed reduced hippocampal neurogenesis, 
reduced dendritic spine densities, and defects in cognitive functions. Deficiency of 
antioxidant enzyme extracellular superoxide dismutase (EC-SOD) in mice with 
knockout of gene for this enzyme is associated with reduced progenitor cell prolif-
eration in the subgranular zone of dentate gyrus (Zou et al 2012). However, high 
levels of EC-SOD in the granule cell layer support normal maturation of newborn 
neurons in bigenic EC-SOD mouse model (OE mice) and the mice performed nor-
mally in neurocognitive tests. Although the resulting hippocampal-related functions 
were similar in OE and KO mice following cranial irradiation, molecular analyses 
suggested that they may be governed by different mechanisms: whereas neurotrophic 
factors may influence radiation responses in OE mice, dendritic maintenance may be 
important in the KO environment. Taken together, these data suggest that EC-SOD 
plays an important role in all stages of hippocampal neurogenesis and its associated 
cognitive functions, and that high-level EC-SOD may provide neuroprotection 
against irradiation-related defects in hippocampal functions.

 Catalase Reduces Mitochondrial ROS for Neuroprotection 
from Proton Irradiation

Neurogenesis is sensitive to irradiation and redox state. Secondary reactive pro-
cesses following radiation are dynamic as well as persistent and compromise the 
CNS by disrupting endogenous neurogenesis in the hippocampus. To clarify the 
role of reactive oxygen species (ROS) in mediating radiation-induced changes in 
neurogenesis have been analyzed in transgenic mice that overexpress human cata-
lase localized to the mitochondria (Liao et al 2013). This model was used to inves-
tigate the consequences of low dose and clinically relevant proton irradiation on 
neurogenesis, and how that process is modified in response to genetic disruption of 
mitochondrial ROS levels. In unirradiated animals, basal neurogenesis was improved 
significantly by reductions in mitochondrial ROS. In animals subjected to proton 
exposure, hippocampal progenitor cell proliferation was attenuated significantly by 
overexpression of human catalase in the mitochondria. Furthermore, expression of 
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gene for human catalase localized to the mitochondria significantly improved 
neurogenesis in wild type animals after low-dose proton exposure, with similar 
trends observed at higher dose. Results show the impact of proton irradiation on 
hippocampal neurogenesis, and the neuroprotective properties of reducing mito-
chondrial ROS through the targeted overexpression of catalase.

 Neuroprotection of the Fetus and the Neonate

The fetal genome regulates maternal physiology and behavior via its placenta, 
which produces hormones that act on the maternal hypothalamus. At the same time, 
the fetus itself develops a hypothalamus. A study has shown that many of the genes 
that regulate placental development also regulate the developing hypothalamus 
(Broad and Keverne 2011). Challenging this genomic linkage of hypothalamus and 
placenta with 24-h food deprivation results in disruption to coexpressed genes, pri-
marily by affecting placental gene expression. Food deprivation also produces a 
significant decrease in Peg3 gene expression in the placenta, with consequences 
similar to many of the placental gene changes induced by Peg3 mutation. Such 
genomic dysregulation does not occur in the hypothalamus, where Peg3 expression 
increases with food deprivation. Thus, changes in gene expression brought about by 
food deprivation are consistent with the fetal genome’s maintaining hypothalamic 
development at a cost to its placenta. This biased change to gene dysregulation in 
the placenta is linked to autophagy and ribosomal turnover, which sustain, in the 
short term, nutrient supply for the developing hypothalamus. Thus, the fetus con-
trols its own destiny in times of acute starvation by short-term sacrifice of the pla-
centa to protect its brain development.

Some of the brain insults in the fetus may occur in the preterm phase associated 
with complications of pregnancy. Developing CNS of the fetus is susceptible to 
several insults during pregnancy. The best known of these are the drugs taken during 
early months of the pregnancy that produce CNS malformations. Similarly, environ-
mental toxins and drugs of abuse during preganancy can affect the fetus. There are 
no neuroprotective strategies currently except avoidance of exposure to agents that 
have a harmful effect on the nervous system. There are, however, some intrinsic 
neuroprotective mechanisms on exposure to physiological stresses. Premature 
delivery renders the newborn susceptible and neuroprotective measures should be 
considered in the management.

 Neuroprotection in Preterm Babies

Babies born preterm are at an increased risk of dying in the first weeks of life, and 
those who survive have a higher rate of cerebral palsy compared with babies born at 
term. A metaanalysis of 5 randomized trials including women at risk of preterm 
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birth who were allocated magnesium sulphate or control treatment and in which 
neurologic outcomes for the baby were reported has been published (Crowther et al 
2017). Results show that antenatal magnesium sulphate given to women at immi-
nent risk of preterm birth for fetal neuroprotection prevents cerebral palsy and 
reduces the combined risk of fetal/infant death or cerebral palsy. Benefit was seen 
regardless of the reason for preterm birth, across a range of preterm gestational 
ages, and with minimal variation in outcomes related to time prior to birth or dosage 
given.

 Neuroprotection in Neonatal Hypoxic-Ischemic Brain Injury

Hypoxic-ischemic (HI) injury to the prenatal and perinatal brain is a major contribu-
tor to morbidity and mortality to infants, often leading to mental retardation, sei-
zures, and cerebral palsy. A hypoxic-ischemic insult occurring around the time of 
birth may result in an encephalopathic state characterized by the need for resuscita-
tion at birth, neurological depression, seizures and electroencephalographic abnor-
malities. There is an increasing risk of death or neurodevelopmental abnormalities 
with more severe encephalopathy.

 Pathomechanism of Neonatal Hypoxic-Ischemic Brain Injury

Perinatal HI brain injury is accompanied by an inflammatory response that contrib-
utes to brain degeneration and atrophy. The susceptibility of the developing brain to 
hypoxia depends on several factors: the lipid composition of the brain cell mem-
brane; the rate of membrane lipid peroxidation and the status of antioxidant 
defenses; the development and modulation of the NMDA receptor sites; the intra-
cellular Ca2+ influx mechanisms; expression of apoptotic and antiapoptotic genes 
such as Bax and Bcl-2; and the activation of initiator caspases and caspase-3. The 
cascade of biochemical and histopathologic events triggered by hypoxic ischemia 
can extend for days to weeks after the initial insult, providing the opportunity for 
therapeutic interventions.

 Management of Neonatal Hypoxia-Ischemia

Current management consists of maintaining physiological parameters within the 
normal range and treating seizures with anticonvulsants. Currently, there are no 
proven effective therapies with which to safeguard the human neonatal brain against 
this type of injury. Several promising neuroprotective agents were tested on animal 
models and in pilot clinical studies of neonatal HI brain injury according to the dif-
ferent phases of the disease. These agents target various phases of injury including 
the early phase of excitotoxicity, oxidative stress and apoptosis as well as late-phase 
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inflammatory reaction and neural repair. Cell survival and cell death pathways 
modified by these agents in neonatal HI brain injury have been analyzed with the 
aim is to ‘build a bridge’ between animal trials of neuroprotective agents and poten-
tial candidate treatments for future clinical applications against HI encephalopathy 
(Wu et al 2015).

 Approaches to Neuroprotection in Neonatal Hypoxia-Ischemia

Table 11.8 shows various approaches to neuroprotection in HI.

 Hyperbaric Oxygen for Neonatal Hypoxia-Ischemia

Traditional approaches using 100% O2 in resuscitation are being questioned. New 
approaches to neuroprotection are being actively explored. The role of therapeutic 
interventions such as extracorporeal membrane oxygenation and inhaled nitric oxide 
are being defined in the neonatal intensive care. Hyperbaric oxygen (HBO) therapy 
has been shown to ameliorate brain injury in a variety of animal models including 
global cerebral ischemia and neonatal hypoxia-ischemia. HBO improves cerebral 
oxygenation, reduces metabolic derangement, as well as BBB breakdown and cere-
bral edema, thereby decreasing intracranial pressure (Jain 2017). Ongoing research 
will continue to describe the mechanisms of hyperbaric oxygen therapy- related neu-
roprotection, and possibly expand clinical use of HBO in neonatal hypoxia-ischemia. 
HBO therapy with 1.4, 1.5 or 1.6 ATA pressure was shown to be safe and effective 
for neonates with hypoxic-ischemic injury and the antioxidant capacity was shown 
to increase with increasing HBO pressure (Zhou et al 2008).

Table 11.8 Approaches to neuroprotection in neonatal hypoxia-ischemia

Non-pharmacological approaches
Improving oxygenation of the brain: Inhalation of 100% oxygen, extracorporeal membrane 

oxygenation, hyperbaric oxygen
Hypothermia
Pharmaceutical approaches
Antiexcitotoxic: topiramate, memantine
Antioxidants: allopurinol, 7-nitroindazole, Aminoguanidine, JI-8
Antiapoptotic agents: indomethacin, 2-iminobiotin
Antiinflammatory agents: PDTC, IDR-1018
Multiple actions: melatonin is antioxidant and antiapoptotic
Miscellaneous agents: magnesium sulfate, minocycline, icotinamide mononucleotide adenylyl 

transferase 1, Plasminogen activator inhibitor-1, recombinant erythropoietin
Gas inhalations: nitric oxide inhalation, xenon inhalation
Cell therapy: Autologous umbilical cord blood stem cells

© Jain PharmaBiotech
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Findings of an experimental study indicate that HBO treatment enhances the 
proliferation of neural stem cells in the subventricular zone of neonatal rats with 
hypoxic-ischemic brain damage and has therapeutic potential for promoting neuro-
logical recovery following brain injury (Feng et al 2013).

 Hypothermia for Neonatal Hypoxia-Ischemia

Therapeutic hypothermia is gaining popularity as a safe and effective therapy for 
term asphyxial encephalopathy. Studies in adult and newborn animals have shown 
that a reduction of body temperature of 3–4 °C after cerebral insults is associated 
with improved histological and behavioral outcome. Smaller animals have a larger 
surface area to brain volume and hence more heat is lost. The clinical implication is 
that smaller infants may require higher cap or body temperatures to avoid detrimen-
tal effects of over-zealous cooling. Latent-phase brevity may explain less effective 
neuroprotection following severe hypoxia-ischemia in some clinical studies. In a 
controlled clinical trial, induction of moderate hypothermia, 33.5  °C for 72 h in 
infants who had perinatal asphyxial encephalopathy did not significantly reduce the 
combined rate of death or severe disability but resulted in improved neurologic 
outcomes in survivors (Azzopardi et al 2009). A randomized trial of whole-body 
hypothermia for neonatal hypoxic-ischemic encephalopathy showed significant 
reduction in the rate of death or moderate or severe disability at 18–22 month of age. 
Long-term follow-up showed that an IQ score of <70 at 6–7 year of age was lower 
among children undergoing whole-body hypothermia than among those undergoing 
usual care, but the differences were not significant; hypothermia did not increase 
rates of severe disability among survivors (Shankaran et al 2012).

 Melatonin for Neonatal Hypoxia-Ischemia

Melatonin has multiple functions in treating H-I brain injury including those as 
antiapoptotic, antioxidative and antiinflammatory. Studies in in  vitro models of 
brain injury including primary cortical neurons, primary hippocampal neurons 
and/or primary striatal neurons have shown that melatonin inhibits mitochondrial 
cell death pathways including caspase-dependent (cytochrome c/Smac release, 
caspase 1 and caspase 3 activation) as well as and caspase-independent apoptosis-
inducing factor cell death pathways (Alonso-Alconada et al 2013).

 Minocycline for Neonatal Hypoxia-Ischemia

Minocycline, a semi-synthetic tetracycline that crosses the BBB, is a neuroprotective 
when administered either immediately before or immediately after a hypoxic- 
ischemic insult in rat models of neonatal hypoxic-ischemic brain injury. The drug 
substantially blocks tissue damage by preventing the formation of activated 
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caspase- 3, which drives apoptosis, as well as calpain cleaved substrate, a marker of 
excitotoxic/necrotic cell death. If minocycline is shown to have similar effects on 
the human condition, it would be a good candidate therapy to consider in clinical 
trials for protecting the neonatal brain.

 Nicotinamide Mononucleotide Adenylyl Transferase 1

Increased expression of the NAD synthesizing enzyme nicotinamide mononucleotide 
adenylyl transferase 1 (Nmnat1) has been shown to be neuroprotective against axo-
nal injury in the peripheral nervous system. Neuroprotective role of Nmnat1 against 
acute neurodegeneration in the developing CNS has been demonstrated in mice over-
expressing Nmnat1  in the cytoplasm (cytNmnat1-Tg mice)  – a well- characterized 
model of neonatal H-I brain injury (Verghese et al 2011). As early as 6 h after H-I, 
cytNmnat1-Tg mice had strikingly less injury detected by MRI in hippocampus, cor-
tex, and striatum than wild-type mice. Neuroprotection is not mediated through mod-
ulating caspase3-dependent cell death in cytNmnat1-Tg brains but by inhibition of 
excitotoxicity-induced, caspase-independent injury to neuronal processes and cell 
bodies. Therefore, the Nmnat1 protective pathway could be a useful therapeutic target 
for acute and chronic neurodegenerative insults mediated by excitotoxicity.

 Nitric Oxide Inhalation for Neonatal Hypoxia-Ischemia

Preterm infants are more likely to develop hypoxia-ischemia. Although inhaled 
NO-mediated decreases in chronic lung disease and severe intraventricular hemor-
rhage/periventricular leukomalacia undoubtedly contribute to improved neurode-
velopmental outcomes, inhaled NO has an independent neuroprotective effect. 
However, additional studies are required before recommending the routine use of 
inhaled NO for neuroprotection in preterm infants.

 Plasminogen Activator Inhibitor-1 for Neonatal Hypoxia-Ischemia

Disruption of the integrity of the BBB is an important mechanism of brain damage 
due to neonatal cerebral hypoxia-ischemia. Both tissue-type plasminogen activator 
(tPA) and matrix metalloproteinase-9 (MMP-9) can produce BBB damage. 
Therapeutic effect of intracerebroventricular injection of plasminogen activator 
inhibitor-1 (PAI-1) was examined in rat pups subjected to unilateral carotid artery 
occlusion and systemic hypoxia and the results showed that the activity of both tPA 
and urokinase-type plasminogen activator greatly reduced (Yang et al 2009). PAI-1 
also blocked MMP-9 activation and increased permeability of BBB at 24 h of recov-
ery. Furthermore, MRI and histological analysis showed the PAI-1 treatment 
reduced brain edema, axonal degeneration, and cortical cell death at 24–48 h of 
recovery. Finally, PAI-1 therapy provided a dose-dependent decrease of brain tissue 
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loss at day 7 of recovery, with the therapeutic window at 4 h after hypoxia-ischemia. 
These results suggest that the brain PA system plays a pivotal role in neonatal cere-
bral hypoxia-ischemia and may be a promising therapeutic target in infants suffer-
ing hypoxic-ischemic encephalopathy.

 Recombinant Erythropoietin for Neonatal Hypoxia-Ischemia

A randomized, double-masked, single-center trial with a 2:1 allocation in favor of 
rEPO was conducted to determine if recombinant EPO (rEPO) reduces perinatal 
brain injury (intraventricular hemorrhage and periventricular leukomalacia) in very 
preterm infants and improve neurodevelopmental outcome (Fauchère et al 2008). 
The percentage of infants who survived without brain injury or retinopathy was 
53% in the rEPO group and 60% in the placebo group. No significant adverse effects 
of early high-dose rEPO treatment in very preterm infants were identified. These 
results enable the investigators to embark on a large multicenter trial with the aim of 
determining whether early high-dose administration of rEPO to very preterm infants 
improves neurodevelopmental outcome at 2 and 5 years of age.

High dose rEPO, i.e. 1000 U/kg per dose intravenously given in conjunction with 
hypothermia is well tolerated and produces plasma concentrations that are neuro-
protective in animals (Wu et al 2012). A large efficacy trial is needed to determine 
whether rEPO add-on therapy further improves outcome in infants undergoing 
hypothermia for hypoxic-ischemic encephalopathy.

 Neuroprotection in Carbon Monoxide Poisoning

Carbon monoxide (CO) is the leading cause of death by poisoning in the US. More 
than 4000 persons die annually from CO poisoning, and 10,000 receive emergency 
treatment for exposure to carbon monoxide fumes. In addition to this, CO accounts 
for more than half of the approximately 12,000 annual fire-associated deaths.

The most frequent neurologic manifestations of mild acute CO poisoning are 
headache, dizziness, and visual disturbances. These may be accompanied by impair-
ment of higher cerebral function, nausea, weakness, and abdominal pain. With a 
moderate degree of poisoning, the patient may present with cardiac disturbances, 
dyspnea, and vomiting. Loss of consciousness may occur. Severe poisoning may 
lead to coma, convulsions, and respiratory impairment. The patient may present in 
a decerebrate state. The most significant neurologic and psychiatric manifestations 
of CO poisoning are seen as subacute or late sequelae, often following a period of 
complete recovery. These are also referred to as “interval form of CO poisoning,” 
“secondary syndromes,” or “delayed postanoxic encephalopathy,” and may develop 
1–3  weeks after exposure to carbon monoxide. Late sequelae of CO poisoning 
include dementia, parkinsonism, and psychoses (Jain 1990). In some instances, there 
has been repeated exposure to CO. Pathomechanism of neurological manifestations 
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of CO is relevant to neuroprotective approaches to management in the acute stage 
as well as for prevention of chronic sequelae, and is described in detail elsewhere 
(2019i). It is summarized in the following sections.

 Pathomechanism of CO Poisoning as a Basis 
for Neuroprotection

The pathomechanism of brain lesions in CO poisoning is not well understood. 
Deleterious effects of elevated body carbon monoxide stores are usually called carbon 
monoxide-hypoxia; the term implies that an inhibition of oxygen transport occurs 
from the blood to the tissues. Tissue oxygen tension may be decreased directly through 
a reduction in oxygen content by a lowered arterial oxygen tension as well as through 
the presence of carboxyhemoglobin (COHb). The clinical effects of CO are usually 
attributed to tissue hypoxia, but they do not always correlate with COHb levels. The 
neuropathological sequelae of CO poisoning cannot be explained by hypoxia alone. 
CO combines with extravascular proteins (i.e. myoglobin) and, thus, its combination 
with cytochrome c oxidase and cytochrome P-450 has been considered possibly to 
cause cellular hypoxia by inhibiting the mitochondrial respiratory chain. CO may 
alter brain oxidative metabolism independently of carboxyhemoglobin- related 
decrease in oxygen delivery. Binding of CO to cytochrome oxidase in the cerebral 
cortex is a possible explanation of a nonhypoxic mechanism of CO toxicity. Extended 
and generalized inhibition of mitochondrial cytochrome c oxidase could explain the 
persistence of different symptoms after raised levels of acute COHb levels are normal-
ized. CO-mediated brain injury is a type of postischemic reperfusion phenomenon 
with involvement of reactive oxygen species. Delayed amnesia induced by CO expo-
sure in mice may result from delayed neuronal death in the hippocampal CA1 subfield 
and dysfunction of the acetylcholinergic neurons in the frontal cortex. Studies on mice 
have shown that NMDA receptor or ion channel complex is involved in the mecha-
nism of CO-induced neurodegeneration, and that glycine binding site antagonist, as 
well as NMDA- antagonists, may have neuroprotective properties.

CO exposure initiates processes including oxidative stress that triggers activation 
of NMDA and neuronal NOS, and these events are necessary for the progression of 
CO-mediated neuropathology. Various neurologic manifestations of CO poisoning 
can be correlated with lesions found in the brains of victims. Bilateral necrosis of 
the globus pallidus is a pathologic hallmark of CO intoxication. White matter dam-
age is considered to be significant in the pathogenesis of parkinsonism in patients 
with CO poisoning. Other affected areas include the cerebral cortex, hippocampus, 
cerebellum, and substantia nigra. Gray matter lesions in the cerebral cortex com-
posed of spongy changes, capillary proliferation, degeneration, and reduction of 
neurons have been observed on histological examination in a number of patients. 
The histology of these lesions is similar to those caused by other anoxic conditions. 
CO is one of the classic causes of anoxic leukoencephalopathy (also called “delayed 
postanoxic demyelination”). Pathological findings in patients with delayed CO 
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encephalopathy are atrophy of frontal lobes, diffuse demyelination of the white 
matter, and softening in the globus pallidus. In many cases, globus pallidus lesions 
do not correlate directly to clinical status and outcome; however, the presence of 
diffuse white matter disease is a more reliable index of both.

 Management of CO Poisoning

The objectives of treatment of CO poisoning are to hasten the elimination of CO 
from the body and to counteract hypoxia and its sequelae as well as the direct tissue 
toxicity of CO. The mainstay of therapy for CO poisoning is supplemental oxygen, 
ventilatory support, and monitoring for cardiac dysrhythmias. Although immediate 
oxygen breathing is sometimes an adequate treatment, hyperbaric oxygen (HBO) 
therapy is favored, particularly in patients with loss of consciousness or COHb lev-
els of greater than 30%, regardless of the severity of clinical signs (Jain 2017). HBO 
counteracts tissue hypoxia despite the presence of high levels of COHb and marked 
reduction of functional Hb. Additionally, it causes a rapid reduction of CO in the 
blood by mass action of oxygen. The half-life of CO when breathing air is 5  h 
20 min. It is reduced to 1 h 20 min when breathing 100% oxygen at normal pressure 
and to 23  min during HBO treatment. HBO assists in driving CO away from 
cytochrome oxidase and in restoring its function. Brain lipid peroxidation caused by 
CO is prevented by 100% oxygen at 3 ATA. Finally, HBO reduces cerebral edema, 
which is a serious complication of CO poisoning. HBO therapy has also been 
shown to decrease the severity of impairment in patients who have developed 
delayed neurologic sequelae of CO poisoning. Despite controversies, it is strongly 
recommended that HBO therapy be considered for patients with CO poisoning 
based on the available data, including biochemical studies, studies in animals, and 
at least one rigorous clinical trial.

A number of drugs are used for symptomatic relief of sequelae of CO poisoning 
but none has been proven to have a neuroprotective effect. Oxygen therapy both 
normobaric and hyperbaric are currently the only neuroprotective measures.

 Neuroprotection After Cardiac Arrest

Following cardiac arrest, the immediate focus is on resuscitation. The aim is not only 
cardioprotection but neuroprotection as well because of cerebral ischemia/hypoxia. 
Many efforts have been made in the last decades to improve outcome in patients who 
are successfully resuscitated from sudden cardiac arrest. Despite some advances, 
postanoxic encephalopathy remains the most common cause of death among those 
patients and several investigations have focused on early neuroprotection in this 
setting (Dell’anna et al 2014). Measures used for neuroprotection after cardiac arrest 
include the following:
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• Hypothermia. This is the most commonly used measure aand may be combined 
with drugs and other measures. Currently, there is no convincing clinical evidence 
to clearly delineate beneficial or harmful effects of pre-hospital induction of 
cooling in comparison to in-hospital induction of cooling (Arrich et al 2016).

• Inhaled gases, e.g. xenon, argon, nitric oxide. Replacement of air with either 
helium or argon in a 50:50 air/oxygen mixture for 24 h did not improve histo-
logical or clinical outcome in rats subjected to 8 min of cardiac arrest (Zuercher 
et al 2016).

• Intravenous erythropoietin
• Magnesium may improve functional neurological outcome in patients who suffer 

global cerebral ischemia associated with cardiac arrest, but it does not decrease 
neuropsychological decline. Further research is required before introduction into 
clinical practice and for determination of the optimal dose (Pearce et al 2017).

• Nitrite reduces in vitro mitochondrial superoxide generation and improves sur-
vival of neurons after oxygen glucose deprivation resulting in direct neuroprotec-
tion from cardiac arrest mediated by reductions in brain mitochondrial ROS in 
association with protein S-nitrosation (Dezfulian et al 2016). Neuroprotection is 
dependent on NO and S-nitrosothiol generation, not soluble guanylate cyclase.

• Neuroprotective effects of the glucagon-like-peptide-1 analog Exenatide, admin-
istered within 4 h from the return of spontaneous circulation to comatose patients 
resuscitated from out-of-hospital cardiac arrest, is being investigated in a clinical 
trial (Wiberg et al 2016).

• Hydrogen sulfide, which is a gasotransmitter with numerous physiological and 
pharmacological properties, may be used to protect against oxidative, inflamma-
tory and apoptotic adverse effects induced by the post-resuscitation syndrome 
(Sayouri et al 2015). The biochemical mechanisms are activation of adenosine 
triphosphate potassium channels and cytochrome c oxidase inhibition. This mol-
ecule can also induce a suspended animation state characterized by decrease in 
metabolism.

 Neuroprotection in Delayed Post-Hypoxic 
Leukoencephalopathy

Delayed post-hypoxic leukoencephalopathy (DPHL) is a demyelinating syndrome 
characterized by acute onset of neuropsychiatric symptoms days to weeks following 
apparent recovery from coma after a period of prolonged cerebral hypo- oxygenation. 
It is diagnosed, after excluding other potential causes of delirium, with a clinical his-
tory of CO poisoning, narcotic overdose, myocardial infarction, or another global 
cerebral hypoxic event. The diagnosis can be supported by neuroimaging evidence of 
diffuse hemispheric demyelination sparing cerebellar and brainstem tracts, or by an 
elevated CSF myelin basic protein. Normobaric or hyperbaric oxygen following CO 
poisoning may reduce the likelihood of DPHL or other neurologic sequelae. Bed rest 
and avoidance of stressful procedures for the first 10 days following any prolonged 
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hypoxic event may also lower the risk. Gradual recovery over a 3- to 12-month period 
is common, but impaired attention or executive function, parkinsonism, or corticospi-
nal tract signs can persist. Stimulants, amantadine or levodopa may be considered 
for lasting cognitive or parkinsonian symptoms. Anticipation and recognition of DPHL 
should lead to earlier and more appropriate neuroprotective strategies.

 Neuroprotection in Sleep Apnea

Obstructive sleep apnea (OSA) syndrome is present in ~2% of the adult population 
and is characterized by repetitive pharyngeal collapse during sleep. According to 
the NIH, sleep apnea affects more than 12 million Americans. OSA is receiving 
increased attention because of convincing data showing important neurocognitive 
sequelae associated with neural injury and dysfunction but the mechanisms under-
lying this motoneuron injury are not understood. Brief arousals from sleep tempo-
rarily restore patency of the airway and oxygenation. In severe sleep apnea, hypoxia/
reoxygenation events may cycle every minute or two throughout sleep. There is no 
satisfactory treatment for this condition. Positive airway pressure therapy helps 
some patients with OSA, but a significant number do not tolerate it. Intermittent 
hypoxia may provide neuroprotective preconditioning in some patients but one 
cannot rely on it.

Sensory nerve action potential amplitudes are reduced in individuals with OSA, 
and treatment partially reverses this defect, supporting the concept that OSA con-
tributes to this neural dysfunction. The presence of refractory wake impairments in 
many individuals with severe OSA led to the consideration that hypoxia/reoxygen-
ation events in sleep apnea may permanently damage wake-active neurons. From 
the result of studies in mice, it is anticipated that severe OSA in humans destroys 
catecholaminergic neurons. In a mouse model of OSA, investigators have found 
that motor neurons of the jaw and face had swollen endoplasmic reticula (the part 
of the cell where proteins get folded properly) and they hypothesized that mis-
folded proteins accumulated as the endoplasmic reticula of mice were exposed to 
decreased oxygen and oxygen fluctuations during sleep over 8 weeks (Zhu et al 
2008). The upregulated the unfolded protein response is evidenced by increased 
phosphorylation of PERK (PKR-like endoplasmic reticulum kinase), and the out-
come is that the cell either takes a pathway to repair itself or undergoes apoptosis. 
Augmentation of eIF-2α phosphorylation by administration of salubrinal mini-
mizes motoneuronal injury in this model. However, salubrinal is a double-edged 
sword. Just the right amount of the drug is neuroprotective, but too much can shut 
down all protein synthesis with adverse sequelae. There is a need for therapies 
that are better than solbrinal. It is important to know if neural injury observed in 
the murine model occurs in humans with OSA and whether this injury can be 
prevented, reversed, or minimized with therapies increasing endoplasmic reticulum 
homeostatic efforts.
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Chronic intermittent hypoxia (CIH), a major pathological component of OSA, 
increases oxidative damage to the brain cortex and decreases neurocognitive 
function in rodent models resembling human OSA.  Data from the in  vitro and 
in vivo experiments indicate that CIH-mediated mitochondrial oxidative stress may 
play a major role in the neuronal cell loss and neurocognitive dysfunction in OSA 
(Shan et al 2007). Thus, therapeutic strategies aiming at reducing ROS generation 
from mitochondria may improve the neurobehavioral morbidity in OSA.

 Neuroprotection in Mitochondrial Dysfunction

Mitochondria have long been known as the mechanism that produces ATP, the 
universal energy driver for animal life. Mitochondrial energetic and oxidative 
dysfunctions, which are associated with cytoplasmically inherited mutations and/or 
mutations in the mitochondrial genome caused by free radical production from 
electron transfer, are emerging as pathological factors in late-onset neurodegenera-
tive diseases. Mitochondrial respiration is an important site of production of reactive 
oxygen species and hence a potential contributor to brain functional changes with 
aging. Mitochondrial permeabilization is also induced by a variety of pathologically 
relevant second messengers, including reactive oxygen species, stress kinases and 
pro-apoptotic members of the Bcl-2 family. Malfunctioning of mitochondria has 
also been linked to after effects of radiation or exposure to biowarfare nerve agents 
such as sarin.

 Mitochondrial Permeability Transition

When cells are signaled to die as the result of certain neurological diseases, an 
excess of calcium ions and free radicals that result from certain chemical reactions 
in the body open a large pore in the inner membrane in the affected cell’s mitochon-
dria, the mitochondrial permeability transition (MPT), which enables release of 
cytochrome C that kills the cell. Meanwhile, the mitochondrion itself swells and 
explodes. A collapse of the inner membrane potential ultimately leads to energy 
failure and cell necrosis. MPT may also bring about the release of various factors 
known to cause apoptotic cell death. The principal factors leading to the MPT are 
elevated levels of intracellular Ca2+ and oxidative stress. MPT plays a role in neuro-
logical disorders, including ischemia, trauma, and toxic-metabolic conditions, as 
well as in chronic neurodegenerative conditions such as AD, PD, HD and ALS. 
Following acute brain injury, disruption of calcium homeostasis, overproduction of 
reactive oxygen species, and opening of the MTP pore, are key factors in promoting 
mitochondrial dysfunction, with ensuing activation of either necrotic or apoptotic 
cell death pathways. Studies in animal stroke models suggest that activation of 
mitochondrial ATP-sensitive potassium channels protects the brain against injury, 
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and this is probably mediated by attenuating mitochondrial Ca2+ overload and thus 
inhibiting MPTP opening during brain ischemia and reperfusion. Several pharma-
cological agents act on mitochondria to prevent the permeabilization of their mem-
branes, thereby inhibiting apoptosis. Such agents include inhibitors of the 
permeability transition pore complex, particularly ligands of cyclophilin D, openers 
of mitochondrial ATP-sensitive or Ca2+-activated K+ channels, and proteins from the 
Bcl-2 family engineered to cross the plasma membrane.

 Mitochondrial Approaches for Neuroprotection

Mitochondrial dysfunction from oxidative stress, mitochondrial DNA deletions, 
pathological mutations, altered mitochondrial morphology, and interaction of patho-
genic proteins with mitochondria leads to neuronal death. Therefore, therapeutic 
approaches targeting mitochondrial dysfunction and oxidative damage hold great 
promise in neurodegenerative diseases. In addition, manipulations that modulate the 
expression or activity of mitochondrial uncoupling proteins can prevent the death of 
post-mitotic cells. Treating mitochondria with specific protectant drugs would 
increase the survival chances of the brain. Several neuroprotectants acting on mito-
chondria have been mentioned throughout this report. Mitochondrial targeted anti-
oxidants and peptides have also been investigated. PPAR-γ-coactivator and sirtuins 
are promising for future therapeutic developments in neurodegenerative disorders. 
Table 11.9 lists drugs with neuroprotective effect at mitochondrial level.

 Methylene Blue

Methylene blue (MB), first discovered in 1891, is now used to treat methemoglobin-
emia, a blood disorder. Its use for neurological disorders was not explored because 
high concentrations of methylene blue were known to damage the brain. Moreover, 
drugs such as methylene blue do not easily cross the BBB and no experiment were 
done with low concentrations of the drug. One study showed that MB, used at nano-
molar levels, extends the life span of human IMR90 fibroblasts in tissue culture by 
>20 population doubling and delays senescence by enhancing mitochondrial func-
tion (Atamna et al 2008). MB increases the enzyme mitochondrial complex IV by 
30%, enhances cellular oxygen consumption by 37–70%, increases heme synthesis, 
and reverses premature senescence caused by H2O2 or cadmium. Experiments on 
lysates from rat liver mitochondria suggest the ratio MB/cytochrome c is important 
for the protective actions of MB. Cellular senescence delay caused by MB is due to 
cycling between MB and MBH2 in mitochondria, which may partly explain the 
increase in specific mitochondrial activities. Cycling of MB between oxidized and 
reduced forms may block oxidant production by mitochondria. Mitochondrial 
dysfunction and oxidative stress are thought to be key aberrations that lead to 
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cellular senescence and aging. MB may be useful to delay mitochondrial dysfunction 
with aging and the decrease in complex IV in AD. MB is now known to be neuro-
protective against ischemia and reperfusion injury (Chap. 3).

 Mitochondrial Encephalopathies

Mitochondrial dysfunction occurs in most neurodegenerative diseases and includes 
bioenergetic defect, respiratory chain-induced oxidative stress, defects of mito-
chondrial dynamics, increase sensitivity to apoptosis, and accumulation of dam-
aged mitochondria with instable mitochondrial DNA.  Significant progress has 
been made in our understanding of the pathophysiology of inherited mitochondrial 
disorders, but most have no effective therapies. The development of new metabolic 
treatments will be useful not only for rare mitochondrial disorders but also for the 

Table 11.9 Drugs with neuroprotective effect at mitochondrial level

Drug Rationale

2,4-dinitrophenol (DNP) Reduces neuronal death by mild mitochondrial uncoupling
Acetyl-L-carnitine Multiple mechanisms of neuroprotection including action at MTP
Creatine Stabilizes the mitochondrial creatine kinase and inhibits opening 

of the MTP
Cyclosporin A Blocks mitochondrial cytochrome c release and apoptotic cell death
Huperzine A Attenuates apoptosis and mitochondria-dependent caspase-3 in rat 

cortical neurons
Idebenone A synthetic analogue of coenzyme Q10, a membrane antioxidant 

and constituent of the ATP-producing mitochondrial electron 
transport chain

LAX-101 (an ethyl-ester of 
eicosapentaenoic acid

Stabilization of mitochondria

Methylene blue Enhances mitochondrial function and increases mitochondrial 
complex

Minocycline Inhibits MTP-mediated cytochrome c release.
Palmitic acid Enhances uncoupling protein 2 (UCP-2) activity that prevents the 

release of apoptogenic proteins
Promethazine Antihistaminergic drug that accumulates in brain mitochondria 

in vivo, inhibits Ca2+-induced MTP pore, and protects 
dopaminergic neurons against MPTP toxicity in vivo.

Polyphenols: green and 
black tea extracts

Antioxidant-radical scavenging on brain mitochondrial membrane 
fraction

Rasagiline and derivatives Neuroprotective effect is due to the propargylamine moiety, which 
protects mitochondria and MTP pore by activating Bcl-2 and 
PKC and by downregulating the proapoptotic FAS and Bax 
protein families.

Tauroursodeoxycholic acid Antioxidant: mitigates mitochondrial insufficiency and toxicity
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wide spectrum of common age-related neurodegenerative diseases shown to be 
associated with mitochondrial dysfunction. Defective mitochondrial energy 
production resulting in increased levels of free radicals and may contribute to 
excitotoxicity and oxidative damage. However, a better understanding of the 
mitochondrial regulating pathways provides opportunities for neuroprotection 
by modulation of mitochondrial biogenesis, the removal of damaged mitochondria 
through mitophagy, scavenging free radicals and dietary measures such as ketogenic 
diet (Procaccio et al 2014).

The final common pathway of cell destruction in a variety of neurological 
diseases involves existing mitochondrial mechanisms. Mitochondrial dysfunction is 
increasingly implicated in neurodegenerative conditions and is best illustrated in 
mitochondrial encephalopathies.

Mitochondrial encephalopathies are progressive degenerative disorders with mul-
tiple organ involvement. Among the most common of these disorders is mitochon-
drial encephalopathy-lactic acidosis-stroke-like episodes (MELAS) syndrome. A 
hallmark of MELAS syndrome is elevated intracerebral lactate caused by dysfunc-
tional oxidative metabolism. Dichloracetate has been used as a treatment because it 
stimulates pyruvate hydrogenase activity and lowers lactate levels. Although the effi-
cacy of dichloracetate in lowering lactic acid has been shown in a controlled clinical 
trial, the neurological disability does not improve because most of the neurological 
damage is probably not due to lactic acid. Neuroprotection in these encephalopathies 
remains a challenge.

Another mitochondrial disorder, Kearns-Sayre syndrome, affects many parts of 
the body. It is characterized by progressive external ophthalmoplegia, which impairs 
eye movement and causes ptosis (drooping of eyelids) as well as pigmentary reti-
nopathy leading to blindness. In addition, there are at least one of the following signs 
or symptoms: abnormalities of cardiac conduction, ataxia, and abnormally high lev-
els of protein in the CSF. People with Kearns-Sayre syndrome may also experience 
muscle weakness in their limbs, deafness, and dementia. The abnormal muscle cells 
contain an excess of mitochondria and are known as ragged-red fibers.

TYMP mutations have been associated with mitochondrial neurogastrointestinal 
encephalopathy (MNGIE) disease that typically presents before the age of 20 years 
with progressive gastrointestinal dysmotility and peripheral neuropathy.

 Neuroprotection in Mitochondrial Encephalopathies

NVP015 (NeuroVive Pharmaceutical AB and Yungjin Pharm Corporation), which 
improves electron transport chain function, and has shown positive results in phase 
I clinical trials for Leber’s Hereditary Optic Neuropathy.

KL1333 acts through modulating the levels of nicotinamide adenine dinucleo-
tide (NAD+), a central coenzyme in the cell’s energy metabolism, and thereby recti-
fying mitochondrial defects. KL1333 is in development for the treatment of genetic 
mitochondrial diseases, such as MELAS, Kearns-Sayre syndrome, Pearson syn-
drome, myoclonic epilepsy with ragged-red fibers (MERRF), and Alpers syndrome. 
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In preclinical studies, KL1333 has been shown to increase mitochondrial energy 
output, reduce lactate accumulation, diminish the formation of free radicals, and 
have long-term beneficial effects on energy metabolism. Its mode of action is com-
plementary to that of NVP015, which is intended to alleviate acute episodes of 
energy crises in genetic mitochondrial disorders with dysfunction in respiratory 
complex I and to NVP025, intended to protect the mitochondria in skeletal muscle 
from dysfunctional calcium handling and consequential muscle wasting. A phase I 
double-blind, placebo-controlled, dose-escalation study of KL1333, sponsored by 
NeuroVive and Yungjin, is in progress in South Korea to investigate the pharmaco-
kinetics and safety/tolerability of KL1333 in healthy subjects.

Stem cell transplantation in MNGIE disease shows promising results (Sicurelli 
et al 2012).

 Neuroprotection in Psychiatric Disorders

 Electroconvulsive Therapy and Neuroprotection

Electroconvulsive therapy (ECT) is a neurostimulation therapeutic intervention that 
is highly effective and frequently used to treat certain psychiatric conditions, par-
ticularly major depressive disorder. Deterioration of autobiographic memory and 
cognitive impairment has been reported after acute ECT. Despite its high efficacy, a 
major limitation of ECT is the significant rate at which patients relapse after treat-
ment. Providing additional ECT treatments for 6 months after remission following 
a short-term course of ECT, referred to as continuation ECT (C-ECT), is a strategy 
used to reduce the risk of relapse. Although adverse cognitive effects can occur dur-
ing C-ECT, the risk and severity of such effects are generally low, possibly because 
of the greater inter-treatment intervals. C-ECS decreases neuronal death in limbic 
system and increases mRNA levels for NGF. The neuroprotective action of NGF is 
mediated by the TrkA receptor. Repeated exposure to ECS causes an upregulation 
of TrkA and NGF proteins in several limbic areas in which neuroprotective effects 
are observed suggesting that NGF contributes to ECS-evoked neuroprotection. The 
available evidence supports the use of C-ECT as a safe and effective method in 
relapse prevention (Trevino et al 2010).

 Neuroprotection in Schizophrenia

TURNS (Treatment Units for Research on Neurocognition and Schizophrenia) 
was created by the US National Institute of Mental Health to identify drugs that 
improve cognition and that can be combined with antipsychotic drugs that control 
the psychotic episodes of schizophrenia. Apart from the use of atypical antipsy-
chotics, recombinant human erythropoietin (rhEPO), which penetrates into the 
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brain efficiently, is also considered as a neuroprotective in schizophrenia for the 
following reasons:

• EPO receptors are densely expressed in hippocampus and cortex of schizophrenic 
subjects but distinctly less in controls

• rhEPO attenuates the haloperidol-induced neuronal death in vitro
• Peripherally administered rhEPO enhances cognitive functioning in mice in the 

context of an aversion task involving cortical and subcortical pathways presum-
ably affected in schizophrenia.

These observations, together with the known safety of rhEPO, make it a potential 
compound for neuroprotective add-on strategies in schizophrenia and other human 
diseases characterized by a progressive decline in cognitive performance.

Intranasal davunetide, by promoting cytoskeletal structure of microtubules in 
hippocampal neurons, promotes better cognitive outcomes in the schizophrenic 
patients. It has completed phase IIa clinical trials.

 Cognitive Impairment in Schizophrenia

Approximately 60 million people worldwide suffer from schizophrenia, of which 
more than 2 million are in the US and twice as many in Europe. Schizophrenia has 
always been known as a disease that causes progressive worsening of symptoms 
and deterioration in function. The brains of schizophrenics also deteriorate 
progressively.

Most patients suffering from schizophrenia show cognitive impairment, which is 
independent of the psychotic symptoms and manifests as deficits in attention, work-
ing memory, learning and executive function. Because these cognitive deficits pre-
cede the onset of psychosis, they are a cardinal clinical feature in schizophrenia and 
constitute the best predictor of functional outcome. Currently, no effective treatment 
for the cognitive symptoms in schizophrenia exists.

Loss of gray matter in patients with schizophrenia has been linked to social with-
drawal and progressive deterioration in cognition and emotion, which are among the 
least responsive symptoms to medications. Loss of gray matter shown on brain 
imaging of schizophrenia patients can be prevented by one of the atypical antipsy-
chotic drugs, olanzapine, but not by older, conventional drugs. If the neuroprotec-
tive effect of antipsychotics is confirmed by other studies, it would mean that newly 
diagnosed patients should be treated with atypical antipsychotic drugs rather than 
older conventional medications.

There is evidence that the inhibitory GABA system is affected in schizophre-
nia, suggesting that cognitive impairments associated with schizophrenia may be 
effectively treated by drugs that modulate the GABAA receptor. However, classi-
cal benzodiazepines produce cognitive impairment and are associated with numer-
ous side effects. The development of compounds with selective efficacy for 
different α subunits at the benzodiazepine site of the GABAA receptor has renewed 
interest for the therapeutic potential of GABAergic drugs. If cognitive abnormalities 
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in schizophrenia are the result of GABAergic dysfunction, selective modulation the 
GABA  system could ecome a promising therapeutic intervention for cognitive 
symptoms in schizophrenia.

 Neuroprotection in Stress-Induced Neuropsychiatric Disorders

Stress-related disorders are prevalent worldwide, but the pathophysiology of these 
disorders and specific therapeutic targets are not well understood.

 Adenosine A2A Receptor Antagonists for Neuroprotection in Stress

Caffeine is an adenosine A2A receptor (A2AR) antagonist. A2AR antagonists are can-
didate therapeutic targets for neuroprotection because they control aberrant synaptic 
plasticity. A study tested the ability of A2AR to control the behavioral, electrophysi-
ological, and neurochemical modifications caused by chronic unpredictable stress 
(CUS), which alters hippocampal circuits, dampens mood and memory perfor-
mance, and enhances susceptibility to depression (Kaster et al 2015). CUS for 3 
weeks in adult mice induced anxiogenic and helpless-like behavior and decreased 
memory performance. These behavioral changes were accompanied by synaptic 
alterations, typified by a decrease in synaptic plasticity and a reduced density of 
synaptic proteins (synaptosomal-associated protein 25, syntaxin, and vesicular 
glutamate transporter type 1), together with an increased density of A2AR in glu-
tamatergic terminals in the hippocampus. Except for anxiety, for which results 
were mixed, CUS-induced behavioral and synaptic alterations were prevented by 
(1) caffeine in drinking water, starting 3 weeks before and continued throughout 
CUS); (2) the selective A2AR antagonist KW6002; (3) global A2AR deletion; and 
(4) selective A2AR deletion in forebrain neurons. Notably, A2AR blockade was not 
only prophylactic but also therapeutically effective, because a 3-weeks treatment 
with the A2AR antagonist SCH58261 reversed the mood and synaptic dysfunction 
caused by CUS. These results suggest use of A2AR blockers as a neuroprotective 
strategy against the adverse effects of chronic stress on the brain manifested by 
mood and memory disturbances.

 Role of Neurotrophic Factors in Stress-Induced Psychiatric Disorders

Neurotrophic factors and glucocorticoids are robust synaptic modifiers, and deregu-
lation of their activities is a risk factor for developing stress-related disorders. 
Glucocorticoids can either facilitate or deteriorate the structure and function of 
brain circuits involved in perception, cognition, and mood by modulating neuro-
transmission and remodeling dendritic spines as a function of time at exposure, dose, 
and duration. Low levels of BDNF increase the desensitization of glucocorticoid 

 Neuroprotection in Psychiatric Disorders



742

receptors (GR) and vulnerability to stress, whereas higher levels of BDNF facilitate 
GR-mediated signaling and the response to antidepressants. However, the molecu-
lar mechanism underlying neurotrophic-priming of GR function is poorly understood. 
A study provides evidence that activation of a TrkB-MAPK pathway, when paired 
with the deactivation of a GR-protein phosphatase 5 pathway, resultes in sustained GR 
phosphorylation at BDNF-sensitive sites that is essential for the transcription of neu-
ronal plasticity genes (Arango-Lievano et al 2015). Genetic strategies that disrupt GR 
phosphorylation or TrkB signaling in vivo impair neuroplasticity to chronic stress and 
the effects of the antidepressant fluoxetine. These findings reveal that the coordinated 
actions of BDNF and glucocorticoids promote neuronal plasticity and that disruption 
in either pathway could set the stage for the development of stress-induced psychiatric 
diseases. The unifying mechanism of BDNF-priming of glucocorticoid signaling 
provides new prospects for discovering innovative treatments for disorders featuring 
unpaired BDNF and glucocorticoid activities.

 Stress and Dementia

Stress enhances the activity of the hypothalamus-pituitary-adrenal axis and results in 
increased secretion of corticosteroids from the adrenal cortex. Cortisol and corticos-
terone are thus often used as biomarkers for stress and depressive disorders. Whereas 
corticosterone was a more adaptation-related biomarker than cortisol during chronic 
stress, cortisol is a quicker responder than corticosterone during severe acute stress. 
A study has evaluated effect of cortisol levels on the brain in asymptomatic middle-
aged participants of Framingham Heart Study (generation 3) by testing for cognitive 
function and brain volumetric studies with MRI (Echouffo- Tcheugui et  al 2018). 
This observational study shows only relationships and cannot prove cause and effect, 
but results show that persons with the highest levels of cortisol had lower brain 
volume and cognitive functioning than those with lower levels of the hormone, 
suggesting that stress is to blame. Although the study did not follow subjects to see 
if anyone went on to develop dementia, changes of this magnitude usually predict 
dementia a couple of decades later. Findings of this study suggest relaxation as a 
neuroprotective measure, since lowering perceived stress may also lower cortisol 
levels. Other activities that have been shown to reduce stress include meditation, 
exercise, yoga, adequate sleep and maintaining a robust social life.

 Neuroprotection in Hearing Loss

There are many types of hearing loss. Sensorineural hearing loss, which is relevant 
to neuroprotection, is a type of hearing loss where the cause lies in the vestibuloco-
chlear nerve (cranial nerve VIII), the inner ear, or central processing centers of the 
brain. Causes, pathomechanism and methods for prevention will be described 
briefly in this section.
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 Causes of Hearing Loss

Hearing loss with aging (presbycusis) is well known. According to the National 
Institute on Deafness and Other Communication Disorders, hearing loss is one of 
the most common conditions affecting older adults. One in three people older than 
60 and half of those older than 75 have hearing loss. Hearing loss is increasingly 
afflicting younger individuals as well as the elderly. Hearing loss may occur as a 
result of acute acoustic trauma such as in gun fire and blasts in military situations or 
chronic exposure such as attendance at rock concerts or in professions with expo-
sure to loud noises such as mining and logging. Drug-induced hearing loss is well 
recognized particularly as a side effect of anticancer drugs. In the US, the incidence 
of hearing loss is increasing and affects over 10–15% of the general population. 
Various causes of sensorineural hearing impairment are listed in Table 11.10.

 Pathomechanism of Hearing Loss

Irreversible hair cell death is elicited by metabolic or biochemical changes in the 
hair cells that involve reactive oxygen species. Acoustic trauma has been shown to 
induce an inflammatory response in the ear characterized by rapid entry of 

Table 11.10 Causes of sensorineural hearing impairment

Abnormalities of the VIII cranial nerve
  Damage to the nerve from fractures of skull base
  Tumors of the nerve or adjacent structures
Aging: presbyacusis
Genetic: syndromes with inherited deafness
Infections
  Viral infections: measles, mumps
  Bacterial meningitis
Long-term repeated exposure to loud noise
Metabolic disorders
  Hyperlipidemia
  Diabetes
Sudden deafness
  Acute acoustic trauma
  Decompression sickness
  Vascular disturbances: thromboembolic disease, microcirculatory disturbances
Toxic
  Exposure to ototoxic drugs
  Carbon monoxide poisoning
Idiopathic: cause cannot be identified
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macrophages into the cochlear lateral wall where they play a role in injury as well 
as repair. Chemokine CCL2 and its primary receptor, CCR2, are the most widely 
validated effectors of monocyte chemotaxis in vivo. CCR2, independent of CCL2, 
plays a protective role in the cochlea after noise, and neither ligand nor receptor is 
necessary for monocyte migration.

The impact of high levels of sound energy on an inadequately protected inner ear 
always results in the failure of the outside hair cells and the corresponding Deiters’ 
supporting cells from the end of the first spiral to the middle of the second spiral. If 
the damage is pronounced, the inner hair cells will also fail. The damaged sensory 
cells will then be maintained in a transitional phase between regeneration and cell 
death. It is in this transitional phase that therapy has a chance. It was shown histo-
logically that the alterations in the sensory cells, such as formation of cavernous 
nuclei, are the same as those resulting from anoxia and this supports the use of 
hyperbaric oxygen for treating sudden deafness.

 Prevention and Treatment of Hearing Loss

Reduction or elimination of factors leading to hearing loss is an important preven-
tive measure. There is no satisfactory method of treatment. Several strategies have 
been used for protecting against or treating sensorineural hearing loss as shown in 
Table 11.11.

Table 11.11 Strategies for prevention and treatment of sensorineural hearing loss

Prevention or slowing the development of age-related hearing loss
  Dietary polyunsaturated fatty acid
Preventionof drug-induced hearing loss
Surgical correction of lesions of the VIII nerve
  Removal of acoustic neurinoma
  Decompression of the VIII nerve
Noise-induced hearing loss
  Prevention by protection against exposure
  Free radical scavengers and antioxidant vitamins
Treatment of sudden deafness
  Conventional: hemodilution, vasodilators, corticosteroids
  Hyperbaric oxygen combined with other measures
Biological therapies for hearing loss
  Stem cell therapy for hearing loss
  Auditory hair cell replacement and hearing improvement by gene therapy
Pharmaceutical approaches
  Neurotrophic factors
  Drugs to promote regeneration of epithelial cells within the inner ear
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 Hyperbaric Oxygen for Hearing Loss

Hyperbaric oxygen (HBO) is useful for treating hearing loss due to acute acoustic 
trauma. The rationale for HBO is based on the following effects (Jain 2017):

• HBO increases the pO2 in the inner ear, which corrects the hypoxia.
• HBO improves hemorrheology and contributes to improved microcirculation. It 

lowers the hematocrit and whole blood viscosity and improves erythrocyte 
elasticity.

HBO therapy is recommended and warranted in patients with idiopathic sudden 
deafness, acoustic trauma or noise-induced hearing loss within 3 months after onset 
of disorder. In a recent clinical study, the success rate of combined HBO and steroid 
therapy was rather low, but early initiation of treatment resulted in better outcomes 
(Salihoğlu et al 2015).

 Stem Cell Therapy for Sensory Hearing Loss

Most types of congenital as well as acquired hearing loss are due to damage to or 
loss of cochlear hair cells or their associated neurons. The lost hair cells cannot be 
replaced by cell division or by regeneration from the endogenous cells in the inner 
ear epithelium. One of the greatest challenges in the treatment of inner-ear disorders 
is to find a cure for the hearing loss that is caused by the loss of cochlear hair cells 
or spiral ganglion neurons. The discovery that stem cells (SCs) in the adult inner ear 
can differentiate into hair cells, as well as the finding that embryonic SCs can be 
converted into hair cells, raise hope for the future development of SC-based treat-
ment for hearing loss. Transplantation of SCs and embryonic neurons into the inner 
ear has revealed that exogenous cells can survive, migrate, differentiate, and extend 
neuritic projections in the auditory system of adult mammals. These results suggest 
that cell replacement therapy could provide an effective future treatment alternative 
for hearing loss and other inner ear disorders. It is possible that the future therapy of 
hearing disorders may be a combination of SCs, gene therapy, drugs and devices 
such as microprocessor-controlled cochlear-interface implants.

Before SCs can be used for therapy of hearing disorders in humans, their ability 
to restore functional hearing needs to be demonstrated in experimental animals. 
Direct administration of SCs into the inner ear has been tested in a well- characterized 
rat model of drug-induced hearing loss (Kamiya et al 2007). This model specifically 
destroys cochlear fibrocytes and leads to acute hearing loss. Although partial recov-
ery occurs over many weeks, high-frequency hearing remains extremely dimin-
ished. SCs injected into the inner ear survived in half of the injured rats, where they 
migrated away from the site of injection toward the injured region within the inner 
ear. These SCs divided in the new environment and expressed several proteins nec-
essary for hearing, suggesting tissue-specific differentiation. Further, transplanted 
cells that migrated to the damaged area of the inner ear displayed shape like that of 
cochlear fibrocytes. Importantly, transplanted rats exhibited faster recovery from 
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hearing loss, particularly in the high frequency range, which is difficult to restore by 
natural regeneration. SC migration into the damaged area of the inner ear improved 
hearing of high frequency sound (40 kHz) by 23% compared to natural recovery in 
untreated animals. This is the first report to demonstrate hearing recovery following 
stem cell transplantation into the inner ear.

A transcription factor (TF)-driven approach using ATOH1 and regulatory factor 
of x-box (RFX) genes to generate HC-like cells from human-induced pluripotent 
stem cells (hiPSCs) has been proposed for sensorineural hearing loss (SNL). The 
results suggest that ATOH1/RFX1/RFX3 could significantly increase the differen-
tiation capacity of iPSCs to upregulate the mRNA expression levels of HC-related 
genes and promote the differentiation of HCs with more mature stereociliary bun-
dles (Chen et  al 2018). Results show that the ATOH1/RFX1/RFX3 TF-driven 
approach for the differentiation of HC-like cells from iPSCs is an efficient and 
promising strategy for the disease modeling of SHL and can be employed in future 
therapeutic strategies to treat SHL patients.

 Gene Therapy for Sensorineural Hearing Loss

In the mammalian auditory system, sensory cell loss resulting from aging, ototoxic 
drugs, infections, overstimulation and other causes is irreversible and leads to perma-
nent sensorineural hearing loss. The vibration of hair cells in the inner ear, when 
stimulated by sound, is crucial to normal hearing. To restore hearing, it is necessary 
to generate new functional hair cells. A therapeutic approach to hearing loss may be 
found through delivery of certain developmental genes for hair cell regrowth in the 
inner ear. One potential way to regenerate hair cells is to induce a phenotypic trans-
differentiation of nonsensory cells that remain in the deaf cochlea. Supporting cells 
in the inner ear are precursors one step removed from hair cells. Atoh1 gene is a key 
transcriptional regulator that activates the pathways that drive differentiation. To start 
this process, one just needs to turn on a switch, which is the Atoh1 gene in this case. 
Delivery of Atoh1 (MATH1) gene by an adenoviral vector has been shown to gener-
ate new hair cells in mature deaf guinea pig inner ears and improve hearing thresh-
olds. To avoid the pitfalls of systemic gene therapy, the replacement gene is delivered 
directly into the inner ear, which is sealed off from the blood circulation. Moreover 
the Atoh1 gene is delivered to the inner ear through a single injection rather than 
repeated administrations. Novartis is developing this therapy further.

The only therapy currently available for cases with severe or complete loss of 
hair cells is the cochlear implant auditory prosthesis. To enhance the therapeutic 
benefits of a cochlear implant, it is necessary to attract nerve fibers back into the 
cochlear epithelium. A study has shown that forced expression of the BDNF gene in 
epithelial or mesothelial cells that remain in the deaf ear induces robust regrowth 
of nerve fibers towards the cells that secrete the neurotrophin, and results in 
re- innervation of the sensory area (Shibata et al 2010). The process of neurotrophin- 
induced neuronal regeneration is accompanied by significant preservation of the 
spiral ganglion cells. The ability to regrow nerve fibers into the basilar membrane 
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area and protect the auditory nerve can enhance performance of cochlear implants 
and augment future cell replacement therapies such as stem cell implantation or 
induced transdifferentiation. This model also provides a general experimental stage 
for drawing nerve fibers into a tissue devoid of neurons and studying the interaction 
between the nerve fibers and the tissues.

 Pharmaceutical Approaches to Hearing Loss

Some pharmaceutical agents are in development for treating hearing loss. 
Neurotrophic factors have been used to treat anticancer drug-induced hearing loss. 
There is need for develoment of chemoprotective agents to prevent hearing loss from 
exposure to chemical agents. Sound Pharmaceuticals Inc is developing drugs aimed 
to restore hearing and is currently optimizing compounds that antagonize specific 
cell cycle proteins resulting in new cell division or proliferation. In mice deficient in 
p27Kip1, a growth inhibitory protein, normally non-dividing epithelial cells within 
the inner ear are now able to divide. More importantly, these newly dividing cells 
have the capacity to become replacement auditory hair cells. The company has 
completed phase I clinical testing of SPI-1005, an oral compound, under develop-
ment for the prevention and treatment of noise-induced hearing loss and is planning 
a phase II study on noise-exposed volunteers.

Noise-induced hearing loss is of major concern among military personnel, pre-
venting the return to duty of a large number of troops deployed in Afghanistan and 
Iraq; it has also been identified as a potential threat to iPod users and others who 
listen to music through headphones at high volume. Previously it was believed that 
noise causes hearing loss by mechanical vibrations which destroyed inner ear struc-
tures. Now free radical formation is known to play a key role in the development of 
noise-induced hearing loss. The amount, distribution, and time course of free radi-
cal formation have been defined, including a clinically significant formation of both 
reactive oxygen species and reactive nitrogen species several days after noise expo-
sure. Reduction in cochlear blood flow as a result of free radical formation has also 
been described. Another study has shown that noise-induced hearing loss can also 
be caused by increased nitric oxide (NO) production in the inner ear leading to 
nitroactive stress and cell destruction. In a study on guinea pigs exposed to noise, 
vitamin C treatment reduced the NO-production rate in the inner ear as well as the 
hearing threshold shift after noise (Heinrich et al 2008).

Identification of modifiable risk factors that could prevent or slow the develop-
ment of age-related hearing loss would be valuable. Dietary polyunsaturated fatty 
acid (PUFA) intake may be related to age-related hearing loss. The Blue Mountains 
Hearing Study, a population-based survey of age-related hearing loss, aimed to 
determine the association between dietary intakes of omega-3 (n-3) PUFAs and fish 
and the risk of presbycusis (Gopinath et al 2010). Results showed an association 
between consumption of >/=1 to <2 servings/week of fish and a reduced risk of a 
progression of hearing loss. This inverse association between higher intakes of 
long-chain n-3 PUFAs and regular weekly consumption of fish and hearing loss 
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indicates that dietary intervention with n-3 PUFAs could prevent or delay the 
development of age-related hearing loss.

Antioxidant agents vitamins A, C, and E act in synergy with magnesium to effec-
tively prevent noise-induced trauma even if the treatment is initiated just 1 h before 
noise exposure. Laboratory studies have demonstrated a reduction in hearing 
impairment subsequent to noise exposure in animals that received the nutrients. The 
supplement is being tested in military trials conducted in Sweden and Spain, a 
Spanish industrial trial, and a NIH-funded trial in the US. A study has examined 
associations between intake of antioxidant vitamins (daily β-carotene and vitamins 
C and E) and magnesium and hearing thresholds and explored their joint effects in 
US adults (Choi et al 2014). Results showed that dietary intakes of antioxidants and 
magnesium are associated with lower risks of hearing loss.

Resveratrol is noted for its antioxidant and antiinflammatory properties, in 
reducing temporary threshold shifts and decreasing cochlear hair cell damage 
following noise exposure. A study was designed to identify the potential protective 
mechanism of resveratrol by measuring its effect on COX-2 protein expression and 
ROS formation following noise exposure (Seidman et al 2013). Acoustic trauma 
exposure in healthy rats resulted in a progressive up-regulation of COX-2 protein 
expression, commencing at 8 h and peaking at 32 h. Animals treated with resvera-
trol had an increase in COX-2 that was 7.3 times higher than that of the control 
group, in comparison with those treated with saline whose levels were 13.6 times 
higher. Similarly, ROS production increased after noise exposure. However, treat-
ment with resveratrol reduced noise-induced COX-2 expression as well as ROS 
formation in the blood as compared with the controls. Increased expression of 
COX-2 may be a potential mechanism of noise-induced hearing loss and a possible 
mechanism of resveratrol’s ability to mitigate this loss by its ability to reduce 
COX-2 expression.

Other studies have demonstrated the temporal activation of Notch signaling in 
damaged mature cochleae, and induction of new hair cells by inhibiting Notch 
signaling, which plays a crucial role in determination of the fate of cochlear pro-
genitor cells, hair cells, and supporting cells in the developing cochlea. A study 
has shown the feasibility of pharmacologically inhibiting Notch signaling by 
using a MDL28170, a γ-secretase inhibitor, for treating sensorineural hearing loss 
(Tona et al 2014). The effect of the local delivery of MDL28170 on hearing and 
hair cell induction was tested in a guinea pig model with noise-induced hearing 
loss by direct sustained delivered into the cochlear fluids via a micro-osmotic-
pump1 week after noise exposure. Measurements of auditory brainstem responses 
revealed better hearing in the MDL28170-treated animals than in the vehicle con-
trols. Histological analysis demonstrated a higher number of outer hair cells in the 
MDL28170-treated cochleae than the vehicle-treated cochleae. These findings 
strongly suggest that local sustained delivery of a γ-secretase inhibitor into the 
cochlea could be a novel strategy for treating acute hearing loss that is refractory 
to conventional treatment.
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 Prevention of Drug-Induced Hearing Loss

Several drugs can cause hearing loss (Jain 2012). One measure is discontinuation 
of the offending agents. This may not be possible in case of chemotherapy for 
cancer. In a randomized clinical trial, administration of sodium thiosulfate, a cya-
nide antidote, 6 h after cisplatin chemotherapy, resulted in a lower incidence of 
cisplatin- induced hearing loss among children with standard-risk hepatoblastoma, 
without jeopardizing overall or event-free survival (Brock et al 2018).

 Neuroprotection of Peripheral Nerves

The focus of this report is on neuroprotection of the CNS but a brief discussion of 
the peripheral nervous system (PNS) is relevant. PNS is defined as those portions of 
the motor neurons, autonomic neurons and primary sensory neurons that extend 
outside the CNS and are associated with Schwann cells or ganglionic satellite cells. 
CNS and PNS are interconnected because the bodies of many PNS neurons lie 
within the CNS and some peripheral sensory neurons have central projections.

 Neuroprotective Agents for Peripheral Nerves

Several pharmaceuticals and other therapies are under investigation for neuropro-
tection of the PNS. Many of these are the same as those used for neuroprotection in 
the CNS.  A classification of agents for neuroprotection of the PNS is shown in 
Table 11.12.

Table 11.12 Agents for neuroprotection of the peripheral  
nervous system

Pharmaceutical approaches
  Acetyl-L-carnitine
  Erythropoietin
  Minocycline
  Neurohormones
  Neurotrophic factors
  Statins
Cell therapy: Schwann cell transplant
Gene therapy
  Gene transfer in hereditary axonal neuropathies
  Adenoviral-mediated VEGF gene transfer in peripheral nerve injuries
Hyperbaric oxygen

© Jain PharmaBiotech
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 Acetyl-L-Carnitine for Peripheral Nerve Injuries

Protection of sensory neurons after peripheral nerve injury is clinically important 
since inadequate sensory recovery is seriously affected by the death of up to 40% of 
sensory neurons. Immediate acetyl-L-carnitine (ALCAR) treatment eliminates this 
cell loss, but may not always be clinically feasible. In rats with unilateral sciatic 
nerve axotomy, ALCAR treatment, when initiated immediately within<or = 24 h of 
axotomy, eliminated cell loss but no neuroprotective effect was evident when 
ALCAR administration was initiated 7 days post-axotomy (Wilson et al 2007). 
In conclusion, ALCAR treatment remains highly neuroprotective when commenced 
within a clinically applicable time frame, potentially improving clinical outcome 
following peripheral nerve trauma. There has been no clinical development of 
ALCAR for peripheral nerve injuries.

 Atorvastatin for Peripheral Nerve Injuries

A short-term course of high-dose atorvastatin pretreatment has been investigated for 
beneficial effects in protecting sciatic nerve from crush injury. In one study, atorv-
astatin was given orally to Sprague-Dawley rats for 1 W before crush injury in the 
left sciatic nerve with a vessel clamp (Pan et  al 2010). Biochemical, functional, 
electrophysiological, and morphological alterations occurring during injury-
induced degeneration/ regeneration were examined. Atorvastatin improved injury-
induced neurobehavioral as well as electrophysiological changes and axonal loss. 
Damage- associated alterations, including structural disruption, oxidative stress, 
inflammation, and apoptosis, were attenuated by atorvastatin. After injury, regen-
eration-associated genes, including growth-associated protein-43, myelin basic pro-
tein, CNTF, and collagen, were upregulated by atorvastatin. The suppression of 
extracellular signal-regulated kinase, AKT, signal transducer and activators of tran-
scription-1, and necrosis factor-κB and the elevated activation of c-Jun N-terminal 
kinase, Smad2/3, and activating protein-1 were associated with the neuroprotective 
action of atorvastatin. These findings suggest that a short-term course of high-dose 
atorvastatin pretreatment can protect against sciatic nerve crush injury through 
modifying intracellular or extracellular environments, making it favorable for 
regeneration.

 Erythropoietin for Neuroprotection in Peripheral Nerve Injuries

The role of erythropoietin as a neuroprotectant in the CNS has already been 
described in other parts of this report. Experiments have been conducted to evaluate 
the effect of erythropoietin on the standard course of healing of sciatic injuries in 
mice (Elfar et al 2008). The injury groups included mice that were subjected to; (1 
sham surgery; (2) a calibrated sciatic crush injury; (3) transection of the sciatic 
nerve followed by epineural repair; or (4) a transection followed by burial of the 
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proximal stump in the adjacent muscle tissue (neurectomy). Either erythropoietin or 
saline solution was administered to the mice in each of these experimental groups 
24 h preinjury, immediately after surgical creation of the injury, 24 h postinjury, or 
1-week postinjury. All mice were evaluated based on the published model for recov-
ery of sciatic nerve motor function by measuring footprint parameters at specific 
times after the injury. Immunohistochemistry was also performed to assess the eryth-
ropoietin-receptor expression profile at the site of injury. Results showed that mice 
treated with erythropoietin recovered sciatic nerve motor function significantly faster 
than did the untreated controls. This conclusion was based on a sciatic function index 
that was 60% better in the erythropoietin-treated mice at 1 w postinjury. Although the 
group that had been given the erythropoietin immediately postinjury showed the best 
enhancement of recovery, the timing of the administration of the drug was not critical. 
Histological analysis demonstrated enhanced erythropoietin- receptor positivity in the 
nerves that recovered fastest, suggesting that accelerated healing correlates with 
expression of the receptor in nerve tissue. It is concluded that erythropoietin provides 
functional neuroprotection in acute peripheral nerve injury. This protective effect may 
have clinical relevance, especially since it was detectable even when erythropoietin 
had been administered up to 1 w after injury.

 Neuroprotection in Peripheral Nerve Injuries

Injuries of peripheral nerves are common. These are usually a part of traumatic 
injuries of extremities. Peripheral nerves may be crushed or severed. Surgical tech-
niques particularly with microsurgical refinements have improved the rate of recov-
ery in peripheral nerve injuries but some problems remain. Nerve regeneration is 
slow and sometimes erratic. The aim in peripheral nerve injuries is regeneration and 
restoration of function. Search continues for techniques to improve nerve regenera-
tion. Neuroprotection is an important component of management strategies for 
peripheral nerve injuries.

 Role of Hyperbaric Oxygen in Peripheral Nerve Injuries

Rationale for the use of HBO in peripheral nerve injuries is based on experimental 
studies which lead to the following line of reasoning (Jain 2017):

• In vitro fast axonal transport can be restored by administration of 95% normo-
baric oxygen to an anoxic nerve. It has been speculated that HBO can provide 
optimal tissue pO2 tension for restore axonal transport and enable the necessary 
delivery of materials to site of injury for regeneration to occur.

• HBO also reduces edema in traumatized tissues and is expected to break the 
vicious circle of edema leading to hypoxia and further aggravation of edema with 
compression of the nerve fibers and ischemia.
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Although HBO has a neuroprotective effect on peripheral nerves, the acceleration 
of regeneration has not been demonstrated conclusively and this issue remains 
controversial. However, it enhances the effect of stem cell transplantation in regen-
erating peripheral nerves. Regeneration of the peripheral nerves following micro-
surgical repair can also be enhanced by adjunct HBO treatments.

 Role of Neurotrophic Factors in Peripheral Nerve Injuries

There is considerable evidence that neurotrophic factors play an important role in 
the pathogenesis, regeneration, and neuroprotection of peripheral nerves following 
injuries (Jain 2019j). NTFs can be integrated into a multipronged new approach to 
management of peripheral nerve injuries.

 Pharmacological Approaches to Schwann Cells

Following nerve damage, the distal axon and the ensheathing Schwann cells, the 
glial cells of the PNS, degenerate – a process known as “Wallerian degeneration”. 
Schwann cells then dedifferentiate and switch their function from myelination of 
axons (insulating of conductivity of electrical impulses) to growth support for 
regenerating axons. They proliferate to support neurite outgrowth and produce 
neurotrophic factors, which provide a regenerative environment for the PNS.

Several pharmacological agents that may promote the Schwann cell in its role of 
supporting nerve regeneration have been proposed. However, in view of increased 
understanding of the cellular mechanisms controlling neuron-glial interactions, 
considerable attention has been focused on neurotransmitters, neuroactive steroids, 
and neurohormones for regeneration as well as neuroprotection in the management 
of peripheral nerve injuries.

 Role of Gene Therapy in Neuroprotection of Injured Peripheral Nerves

The adenoviral vector, Ad-p65, targets and induces expression of VEGF, which has 
neuroprotective effects and can increase neurite outgrowth. The efficacy of Ad-p65 
to enhance motor neuron regeneration was examined in vivo using rats that have 
undergone recurrent laryngeal nerve (RLN)-crush injury (Sakowski et  al 2009). 
Injection of Ad-p65 after RLN crush accelerated the return of vocal fold mobility 
and the percentage of nerve-endplate contacts in the thyroarytenoid muscle. Overall, 
adenoviral delivery of an engineered zinc finger protein (ZFP) transcription factor 
inducing VEGF-A splice variant expression enhances nerve regeneration. ZFP 
transcription factor gene therapy to increase expression of the full complement of 
VEGF-A splice variants is a promising avenue for the treatment of nerve injury and 
neurodegeneration.
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 Schwann Cell Transplantation for Peripheral Nerve Injury

Genetically modified adult human Schwann cells have been investigated as tools 
for cell transplantation in peripheral nerve repair. The application of transfected 
autologous Schwann cells overexpressing regeneration-promoting NTFs is a prom-
ising approach, which provides neuroprotection for the injured nerves. Adult human 
Schwann cell cultures demonstrably express plasmid proteins after plasmid DNA 
insertion by electroporation. These autologous human Schwann cells transfected to 
enhance the endogenous production of regeneration-supporting proteins will likely 
constitute a major component of tissue-engineered peripheral nerve grafts.

 Targeting Wallerian Degeneration Slow Protein for Neuroprotection

The expression of the mutant Wallerian degeneration slow (WldS) protein signifi-
cantly delays axonal degeneration from various nerve injuries and the mechanism for 
its axonal protective property requires further investigation. Although WldS is local-
ized predominantly in the nucleus, it also is present in a smaller axonal pool, leading 
to conflicting models to account for the WldS fraction necessary for axonal protec-
tion. To identify where WldS activity is required to delay axonal degeneration, a 
method was adopted to alter the temporal expression of WldS protein in neurons by 
chemically regulating its protein stability and demonstrated that continuous WldS 
activity in the axonal compartment is both necessary and adequate for delaying axo-
nal degeneration (Wang et al 2015). Furthermore, by specifically increasing axonal 
WldS expression postaxotomy, a critical period of 4–5 h postinjury was revealed 
during which the course of Wallerian axonal degeneration can be halted. Finally, 
NAD+, the metabolite of WldS/nicotinamide mononucleotide adenylyltransferase 
enzymatic activity, was shown to be adequate and specific to confer WldS-like axon 
protection and is a likely molecular mediator of WldS axon protection. The results 
delineate a therapeutic window in which the course of Wallerian degeneration can be 
delayed even after injures have occurred and help narrow the molecular targets of 
WldS activity to events within the axonal compartment.

 Peripheral Neuropathy

Peripheral neuropathy is a general term referring to any disorder that affects the 
PNS including infections, toxins, metabolic disturbances, and trauma. There are 
>100 causes of peripheral neuropathy. Apart from causing motor and sensory dis-
ability, some of these disorders are cause of chronic pain referred to as peripheral 
neuropathic pain, which is difficult to treat. One of the important and common 
conditions is diabetic neuropathy. Another cause of neuropathy is that induced by 
chemotherapy of cancer.

 Neuroprotection of Peripheral Nerves
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 Neuroprotection in Diabetic Neuropathy

Diabetes mellitus is a disease of metabolic dysregulation, most notably abnormal 
glucose metabolism, accompanied by chronic long-term complications which 
include neuropathy, retinopathy, and nephropathy. Included among the many patho-
logical processes that come into play in diabetic neuropathy are hypoxia, impairment 
of microcirculation of peripheral nerves and disturbances of neurotrophic factors. 
Most of the treatments are directed at control of diabetes and management of pain, 
but some neuroprotective measures are considered to delay the progression of the 
disease and possibly reverse some of the pathology. Measures used for protection of 
nerves in diabetic neuropathy include the following:

• Oxidative and nitrosative stress are key pathogenic factors in the development of 
diabetic peripheral neuropathy and treatments target these pathways and/or their 
downstream consequences.

• Aldose reductase inhibitors exert their neuroprotective effect by reducing abnor-
mal accumulation of sorbitol and normalizing reduced myoinositol levels in 
diabetic neuropathy. Clinical trials, however, have not been successful in dem-
onstrating this.

• Several neurotrophic factors have been tested in clinical trials, but none has been 
proven to be effective.

• Recombinant human erythropoietin has a neuroprotective/neurotrophic action in 
preventing and reversing nerve dysfunction in streptozotocin-induced diabetes 
in rats, but clinical value has not been established in diabetic neuropathy.

• Cell therapy
• Gene therapy

 Cell Therapy for Neuroprotection in Diabetic Neuropathy

Diabetic neuropathy is causally related to impaired angiogenesis and deficient 
growth factors. Endothelial progenitor cells (EPCs) are known to promote neovas-
cularization in ischemic diseases. Therefore, local transplantation of bone marrow- 
derived EPCs has been investigated in sciatic nerves of streptozotocin-induced 
diabetic mice (Jeong et al 2009). Multiple angiogenic and neurotrophic factors are 
significantly increased in the EPC-injected nerves indicating that EPCs could 
reverse various manifestations of diabetic neuropathy. These therapeutic effects are 
mediated by direct augmentation of neovascularization in peripheral nerves through 
long-term and preferential engraftment of EPCs in nerves and particularly vasa ner-
vorum and their paracrine effects. These findings suggest that EPC transplantation 
could represent an innovative therapeutic option for treating diabetic neuropathy.

 Gene Therapy in Diabetic Neuropathy

A randomized phase II trial was conducted to evaluate intramuscular gene transfer 
using VEGF (Vascular Endothelial Growth Factor) in patients with diabetic neuropa-
thy in the legs (NCT00056290). The results have not been published.
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A double-blind, randomized, placebo-controlled study testedVM202, (a plasmid 
containing two human hepatocyte growth factor isoforms given by intramuscular 
injection), in patients with diabetic neuropathy (Kessler et al 2015). M202 was well 
tolerated and effective indicating the feasibility of a nonviral gene therapy approach 
to painful diabetic neuropathy.

Gene therapy has been carried out in db/db mice as animal model for diabetic 
neuropathy by intramuscular injection of secretoneurin (SN) plasmid along the sci-
atic nerve (). Nerve conduction velocities showed normal values in heterozygous 
mice for the observational period, but were severely reduced in homozygous mice 
in which velocities were significantly improved by SN, but not by control plasmid 
gene therapy. The underlying mechanism of this effect is partially induction of 
growth of vasa nervorum. In addition, SN positively affects Schwann cell function 
in vitro and induced activation of important signaling pathways. These observations 
suggest that SN gene therapy may be a promising option for treatment of diabetic 
neuropathy (Theurl et al 2018).

 Neuroprotection in Chemotherapy-Induced Neuropathy

Chemotherapeutic drugs can produce peripheral neuropathies in several ways. 
Direct neurotoxicity is a dose-related effect of chemotherapeutic agents. Major 
problem in management is neuropathic pain, but damage to the nerves is also a 
concern. Examples are as follows:

• Doxirubicin has a direct effect on chromosomal DNA due to intercalation of the 
compound into DNA double-helix and breakdown of nucleic acid, thus impair-
ing protein synthesis of neurons.

• Vinca alkaloids produce depolymerization of microtubules and accumulation of 
neurofilaments blocks the axonal flow.

• Injury to myelin may occur such as in hexachlorophene neuropathy with intra- 
myelinic edema and splitting of myelin lamellae.

• Vitamin deficiencies induced by antineoplastic drugs may cause of peripheral 
neuropathy.

• Interference with metabolic processes in nerves.
• Local damage to nerves by drug application, e.g., infusion of cisplatin into the 

internal iliac artery may produce an acute neuropathy involving nerves in the 
lumbosacral region.

Radiation treatments may also produce peripheral neuropathy. Several measures 
have been tested to prevent damage to nerves from chemotherapeutic agents or 
radiation, according to the involved agent. These include the following:

Vitamin E. Cisplatin neuropathy is like that caused by vitamin E deficiency and 
vitamin E has been used to reduce its severity.

Org 2766. This is an ACTH analog, which has been shown to prevent peripheral 
neuropathy when given concomitantly with cisplatin without interfering with 
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cytotoxic effect. It appears to protect against cisplatin induced neurotoxicity 
directly at cellular level.

Nerve growth factor (NGF). This has been shown to protect against cisplatin- 
induced neuropathy in an experimental model, but clinical trials did not prove its 
efficacy.

Alpha-melanocyte-stimulating hormone (alpha-MSH) analog melanotan-II. This is 
a potent melanocortin receptor agonist, partially protects sciatic nerve from a 
toxic neuropathy induced by cisplatin in an experimental model.

Acetyl-L-carnitine has been shown in animal models to be neuroprotective against 
taxane, platinum-based compounds, and vincristine-induced neuropathies.

Tropisetron, a 5-HT3 receptor antagonist, significantly suppresses vincristine- 
related neuropathy in a rat model (Barzegar-Fallah et al 2014).

An oral Epac inhibitor reduces mouse allodynia and epidermal nerve fiber loss in a 
mouse model of paclitaxel-induced chemotherapy-induced neuropathies 
(Singhmar et al 2018).

Zinc supplements inhibit TRPV1 and may alleviate mouse induced paclitaxel neu-
ropathy (Luo et al 2018).

 Neuroprotection in Chronic Inflammatory Demyelinating 
Polyradiculoneuropathy

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is a neuro-
logical disorder often characterized by progressive weakness and impaired sensory 
function in the legs and arms. CIDP is an immune-mediated disease caused by dam-
age to the myelin sheath of the peripheral nerves. Signs and symptoms, which usu-
ally develop slowly over weeks and progress over several months, may include 
weakness of the arms, legs and face; tingling and numbness in the arms and legs 
(often beginning in the fingers and toes); as well as muscle aches and fatigue. CIDP 
affects two to seven individuals per 100,000 worldwide. Its course is variable but 
results in significant disability.

Current treatments are aimed at modulating the immune response to achieve 
remission and maintain functional status. However, many patients fail to make a 
long-term recovery with current treatments. Successful repeated treatments have 
been reported with high dose cyclophosphamide and autologous blood stem cell 
transplantation in CIDP (Axelson et al 2008).

Human intravenous immune globulin (IVIG) is used for the treatment of CIDP 
with some evidence of usefulness. Gamunex 10% caprylate-chromatography 
purified IVIG, is a FDA-approved product for neuroprotection in CIDP. The larg-
est reported trial of any CIDP treatment showed the short-term and long-term 
efficacy and safety of Gamunex and supported its use as a therapy for CIDP 
(Hughes et al 2008).
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 Neuroprotection in Charcot-Marie-Tooth Disease 1A

In Charcot-Marie-Tooth disease 1A (CMT1A), which affects >2 million persons 
worldwide, peripheral nerves display aberrant myelination during postnatal devel-
opment, followed by slowly progressive demyelination and axonal loss during adult 
life. A study has shown that myelinating Schwann cells in a rat model of CMT1A 
exhibit reduced transcription of genes because of duplication of Pmp22, which is 
required for myelin lipid biosynthesis and lipid incorporation into myelin, leading 
to ultrastructural changes of the myelin sheath (Fledrich et al 2018). The authors of 
this study showed that dietary lipid supplementation acts as a downstream effector 
to overcome the myelination deficit of affected Schwann cells and leads to a marked 
amelioration of neuropathic symptoms. Lipid supplementation by use of lecithin is 
an easily translatable potential neuroprotective and neuroregenerative therapeutic 
approach in CMT1A as well as other dysmyelinating neuropathies. Based on these 
experimental results, clinical trials are being planned for CMT1A patients.

An alternative approach is based on the finding that progesterone increases the 
expression of PMP22 in Schwann cell cultures and in the peripheral nervous system 
in  vivo and targeting of the progesterone receptor with antagonists may reduce 
 overexpression of Pmp22 and improve the CMT phenotype without obvious side 
effects. Thus, the progesterone receptor of myelin-forming Schwann cells is a 
promising pharmacological target for therapy of CMT1A that needs further valida-
tion in humans.
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 Introduction

The optic nerve and the retina are extensions of the CNS. A variety of disease pro-
cesses such as toxic, inflammatory, ischemic and degenerative affect the optic nerve 
and can lead to blindness. Neuroprotective approaches have been explored to pre-
vent damage to the optic nerve from acquired causes rather than genetic disorders 
with impairment of vision due to abnormalities such as optic nerve hypoplasia.

 Optic Neuropathy

 Pathophysiology

Optic neuritis, an inflammatory process, is a relatively common demyelinating 
event that is strongly associated with multiple sclerosis (MS). Clinical, radiographic, 
retinal imaging, and electrophysiologic techniques have provided significant insight 
into the pathology and pathophysiologic mechanisms of optic neuritis. Development 
of validated biomarkers within the anterior visual system has paved the way for 
novel investigations to characterize the processes of axonal loss and neurodegenera-
tion. Strategies for neuroprotection and neurorestoration vary according to the cause 
of optic neuropathy as described in the following section. Table 12.1 lists various 
causes of optic neuropathy.

Malignant hypertension can result in acute, substantial loss of vision owing to 
ischemic optic neuropathy and severe maculopathy. Prompt diagnosis and treatment 
may restore vision and retinal anatomy without any intervention in the eye.
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 Neuroprotection in Optic Neuritis

Neuroprotection is important in the acute stage of optic neuritis regardless of the 
etiology. Optic neuritis is a relatively common demyelinating event, strongly asso-
ciated with MS (see Chap. 11). Axonal damage and loss of neurons correlate with 
permanent vision loss and neurologic disability in patients with optic neuritis and 
MS.  Optic neuritis develops in two thirds of eyes in experimental autoimmune 
encephalomyelitis (EAE), a rat model of MS induced by immunization with proteo-
lipid protein peptide, and significant retinal ganglion cell (RGC) loss can be detected 
2  weeks after immunization. This is the most frequently used model for testing 
neuroprotective therapies for optic neuritis.

Calcium elevation correlated with an increase in calpain activation during the 
induction phase of optic neuritis in a rat model as revealed by increased calpain- 
specific cleavage of spectrin (Hoffmann et al 2013). The relevance of early calpain 
activation to neurodegeneration during disease induction was addressed by per-

Table 12.1 Causes of optic neuropathy

Compressive
  Eye tumors
  Intracranial neoplasms
Glaucoma
Hereditary
  Optic nerve hypoplasia
  Optic neuropathy as part of neurogenetic syndromes
Inflammation
  Neuromyelitis optica in multiple sclerosis
  Associated with infections
Ischemia
  Occlusion of the central retinal artery
  Malignant hypertension
Neoplastic
  Tumors of the optic nerve
  Tumors of other structures in the orbit
Neurodegenerative disorders
  Inherited neurodegenerative disorders
  Mitochondrial disorders
Toxic
  Exposure to toxins
  Adverse effects of therapeutic drugs
Trauma
  Injuries to the eye
  Head injuries
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forming treatment studies with the calpain inhibitor calpeptin. Treatment not only 
reduced calpain activity but also protected RGCs from preclinical degeneration. 
These data indicate that elevation of retinal Calcium levels and calpain activation 
are early events in autoimmune optic neuritis, providing a potential therapeutic tar-
get for neuroprotection.

Administration of NMDA receptor antagonists memantine or MK801 results in 
RGC protection, axon protection, and reduced demyelination of optic nerves in a rat 
model (Sühs et al 2014). Calcium imaging revealed that RGC responses to gluta-
mate stimulation predominantly occurred via NMDA receptors and were inhibited 
by memantine in a dose-dependent manner. NMDA receptor blockade protected 
RGCs directly and was independent of effects on oligodendrocytes. These results 
indicate an important pathophysiologic role for NMDA receptor-mediated gluta-
mate toxicity during the induction phase of this disease model and highlight a 
potential target for therapeutic neuroprotection in human optic neuritis.

Brimonidine (BMD) is a selective α2-adrenergic receptor agonist that is used 
clinically for the treatment of glaucoma to lower intraocular pressure. A study has 
examined the effects of topical administration of BMD on retinal degeneration dur-
ing optic neuritis in EAE (Guo et al 2015). The number of RGCs was significantly 
decreased and this effect was suppressed with BMD treatment. Visual impairment 
observed in EAE mice was also inhibited with BMD treatment, indicating the func-
tional significance of the neuroprotective effect of BMD.  Furthermore, BMD 
increased the expression level of bFGF in the EAE retina, particularly in Müller glial 
cells and RGCs. These findings suggest that topical administration of BMD may be 
available for RGC protection during optic neuritis, as well as for glaucoma.

Various experimental therapies for optic neuritis include:

• Brimonidine
• Calpain inhibitors
• NMDA receptor blockers
• Resveratrol
• Sodium channel blockers

Although corticosteroids hasten visual recovery in optic neuritis, no treatment 
improves final visual outcomes. Several neuroprotective therapies are in clinical 
trials and some of them are listed in Table 12.2.

 Evaluating Efficacy of Drugs for Optic Neuritis

Changes in retina can be monitored to assess the efficacy of drugs in clinical trials 
for optic neuritis. Following an episode of optic neuritis, thinning of the retinal 
nerve fiber layer, which indicates axonal loss, is observed using optical coherence 
tomography. Compared with the clinically unaffected eye, the retinal nerve fiber 
layer thickness of the affected eye are significantly increased at presentation and 
significantly reduced at all later time points. The evolution of changes in retinal 
nerve fiber layer in the affected eye fits well with an exponential model, with 
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thinning appearing a mean of 1.6 months from onset of symptoms and the rate of 
ongoing loss of retinal nerve fiber layer, and decreasing thereafter. At presentation, 
increased thickness of retinal nerve fiber layer is associated with impaired visual 
acuity and prolonged visual evoked potential latency. Visual function after 12 months 
is not related to the extent of acute retinal nerve fiber layer swelling but rather to the 
extent of concurrent retinal nerve fiber layer loss. Optical coherence tomography- 
measured retinal nerve fiber layer (RNFL) loss after 6 months is a suitable outcome 
measure for proof-of-concept trials of acute neuroprotection in optic neuritis 
(Henderson et al 2010).

 Flupirtine

Flupirtine, a drug approved for oral use in patients suffering from chronic pain, was 
used in a rat model of optic neuritis and significantly increased the survival of 
RGCs, the neurons that form the axons of the optic nerve (Sättler et al 2008). When 
flupirtine was combined with IFN-β, an established immunomodulatory therapy for 
MS, visual functions of the animals were improved during the acute phase of optic 
neuritis. Furthermore, flupirtine protected RGCs from degeneration in a 

Table 12.2 Clinical trials of neuroprotective therapies in optic neuritis

Drug Mode of neuroprotective action Status/sponsor/trial no.

Acthar® Gel (repository 
corticotropin injection)/
approved for MS

ACTH analog: antiinflammatory 
neuroprotectant

Phase IV/University of 
Colorado, Denver, 
USA/NCT01838174

Amiloride/approved 
diuretic

Blocks acid sensing ion channel to 
reduce influx of Na and Ca

Phase II completed/
University of Oxford, 
UK/NCT01802489

Anti-LINGO 1 
(BIIB033)

Antibody that blocks the process where 
LINGO binds with its receptor to 
inhibit myelin growth, allowing 
re-myelination of optic nerve

Phase II completed in 
2016/Biogen, USA

NCT01721161

Erythropoietin alfa/
approved antianemic 
agent in renal disease

Reduces retinal ganglion cell loss and 
improves optic nerve function in 
optic neuropathy due to methanol 
poisoning

Phase II/Tehran University 
of Medical Sciences, 
Iran

NCT02376881
Glatiramer acetate/

approved for relapsing- 
remitting MS

Antiinflammatory effect by inhibiting 
activation of myelin basic protein- 
reactive T cells and reduces axon loss

Phase III completed/Teva 
Pharmaceuticals, Israel

NCT00856635
MD1003/pharmaceutical- 

grade biotin for optic 
neuritis in MS

Co-factor for enzymes: activates Krebs 
cycle in demyelinated axons to 
increase energy production and 
enhance myelin synthesis

Phase III/Medday 
Pharmaceuticals

NCT02220244

Phenytoin/approved 
antiepileptic

Phenytoin, a Na ion channel blocker, is 
neuroprotective in preclinical models 
of optic neuritis

Phase II completed and 
results published/Univ 
College London, UK

NCT 01451593
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noninflammatory animal model of optic nerve transection. Although flupirtine was 
shown previously to increase neuronal survival by Bcl-2 up-regulation, this mecha-
nism does not appear to play a role in flupirtine-mediated protection of RGCs cells 
either in vitro or in vivo. Instead, the activation of inwardly rectifying potassium 
channels is involved in flupirtine-mediated neuroprotection.

 Sodium Channel Blockers

There is robust evidence that excessive accumulation of sodium ions within axons 
in an inflammatory environment leads to axonal degeneration. Partial blockade of 
sodium channels protects against axonal loss and improves clinical outcome in 
experimental models of MS. Optic neuritis in a novel mouse model showed inflam-
matory damage of axons in the optic nerve and subsequent loss of RGCs, which was 
inhibited by the systemic administration of a Na channel blocker oxcarbazepine 
(Lidster et al 2013).

A randomized placebo-controlled trial of lamotrigine in secondary progressive 
MS did not demonstrate a protective effect on brain atrophy, but the rate of decline 
of walking speed was halved in the active group compared to placebo and the treat-
ment compliant group had a significantly lower serum concentration of neurofila-
ment. The limitiations in the design of the lamotrigine trial were addressed in a 
placebo-controlled, randomized phase II clinical trial of neuroprotection with phe-
nytoin, an established drug for epilepsy, which is known to be a partial blocker of 
sodium channels in acute optic neuritis. The investigators examined the effect of 
phenytoin on the thickness of the nerve fiber layer in the retina after an optic neuritis 
attack. This study provides the first evidence that neuroprotection with phenytoin 
may be possible in MS patients. It lays the foundation for combination studies, 
where phenytoin can be added to currently available disease-modifying therapies to 
see if it can further improve the effect of antiinflammatory therapies.

A randomized, placebo-controlled, double-blind phase II trial (NCT01451593) of 
phenytoin for acute demyelinating optic neuritis showed a 30% reduction in the extent 
of RNFL loss with phenytoin compared with placebo (Raftopoulos et al 2016). These 
results support the concept of neuroprotection with phenytoin in patients with acute 
optic neuritis at concentrations at which it blocks Na channels selectively. Larger 
clinical trials in optic neuritis and in relapsing MS are warranted.

 Resveratrol

SRT501, a pharmaceutical grade formulation of resveratrol, reduces neuronal loss 
during relapsing-remitting experimental autoimmune encephalomyelitis (EAE). 
Resveratrol activates SIRT1, an NAD + -dependent deacetylase that promotes mito-
chondrial function (Shindler et al 2010). Results of a further study demonstrate that 
resveratrol prevents neuronal loss in this chronic demyelinating disease model, 
similar to its effects in relapsing EAE (Fonseca-Kelly et al 2012). Differences in 
immunosuppression compared with prior studies suggest that immunomodulatory 
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effects may be limited and may depend on specific immunization parameters or tim-
ing of treatment. Importantly, neuroprotective effects can occur without immuno-
suppression, suggesting a potential additive benefit of resveratrol in combination 
with antiinflammatory therapies for MS.

SIRT1 delays retinal ganglion cell loss following traumatic injury. Effects are 
associated with reduced oxidative stress. Results of studies in experimental animal 
models suggest that SIRT1-activating drugs may have a specific role in preventing 
traumatic optic nerve damage, and suggest a broader role for this strategy in treating 
a variety of optic neuropathies that may include a component of oxidative stress 
(Zuo et al 2013).

 Neuroprotection in Optic Nerve Trauma

The concepts of optic nerve trauma and its treatment are still evolving. Traditionally, 
optic nerve trauma visual loss was considered to result from blunt force to the fore-
head. Optic nerve trauma is now considered to be a type of brain injury. Based on 
the initial favorable impressions of the beneficial effects of corticosteroids in trau-
matic brain injury (TBI), this approach was also considered to be beneficial in the 
treatment of optic nerve trauma. However, little clinical evidence has emerged to 
prove this beneficial effect. Research in neuroprotection now holds the promise for 
the development of novel and effective treatments for optic nerve injury.

 Potential Regeneration of the Optic Nerve

Mammalian retinal ganglion cells (RGCs) do not normally regenerate their axons 
through an injured optic nerve, but can be stimulated to do so by activating macro-
phages intraocularly if intracellular cAMP is elevated. D-mannose, a simple carbo-
hydrate closely related structurally to the glucose, is the only carbohydrate that has 
been shown to stimulate optic nerve regeneration in mammalian RGCs, whereas 
goldfish cells are able to utilize other carbohydrates (including glucose) and are 
otherwise far less restricted in the specific conditions required for their optic nerve 
growth. Thus, the explanation as to why lower vertebrates (but not mammals) can 
regenerate their optic nerve appears to be that lower vertebrate nerve cells retain the 
ability to respond to a relatively wide range of readily-available carbohydrates, and 
additionally do not require other co-factors that mammalian optic nerve cells require 
in order to grow their optic nerves. The axon-promoting effects of mannose are 
highly specific and are unrelated to energy metabolism or glycoprotein synthesis. 
These findings provide the potential for development of other therapeutic molecules 
for the treatment of stroke, spinal cord injury and eye diseases. Oncomodulin, a 
macrophage-derived signal, may offer therapeutic benefits in optic nerve regeneration 
following acute eye injury or damage to retinal ganglion cells from intraocular 
pressure caused by glaucoma.

 Neuroprotection in Optic Nerve Trauma
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 Neuroprotection of Optic Nerve in Glaucoma

Glaucoma, which is a major cause of blindness, results from abnormally high 
intra- ocular pressure which in turn causes irreversible ischemic destruction of the 
optic nerve and loss of retinal ganglion cells (RGCs). Changes in the microcircula-
tion to the optic nerve head and posterior segment, caused by ischemia and vaso-
spasm, might contribute to visual loss. Findings on examination are an optic 
neuropathy with cupping of the optic disk, degeneration of retinal ganglion cells, 
and characteristic visual field loss. Because elevated intraocular pressure (IOP) is 
a major risk factor for progression of glaucoma, treatment has been based on low-
ering IOP, which is not adequate for neuroprotection and cannot regenerate the 
destroyed optic nerve.

RGC death may result from a specific type of ischemia. Support for this view 
comes from the fact that not all types of retinal ischemia lead to the pathologic 
findings seen in glaucomatous retinas or to cupping in the optic disk area. 
Moreover, in animal experiments in which ischemia is caused by elevated IOP, the 
retinal abnormality is similar to that seen in true glaucoma. In ischemia, gluta-
mate is released, and this initiates the death of neurons that contain NMDA recep-
tors. NMDA receptors exist on ganglion cells and elevated glutamate levels are 
found in the vitreous humor of patients with glaucoma. The major causes of cell 
death after activation of NMDA receptors are the influx of calcium into cells and 
the generation of free radicals. NMDA-receptor activity, however, is also essential 
for normal neuronal function. This means that potential neuroprotective agents 
that block virtually all NMDA-receptor activity will have unacceptable clinical 
side effects.

Interest has been increasing in preventing progression of glaucomatous optic 
neuropathy using approaches based on the premise that glaucoma is a neurodegen-
erative disease. Several mechanisms are implicated in initiating the apoptotic cas-
cade in glaucomatous retinopathy. These mechanisms include excitotoxicity, protein 
misfolding, mitochondrial dysfunction, oxidative stress, inflammation and neuro-
trophin deprivation. All of these mechanisms ultimately lead to programmed cell 
death of RGCs. There is an urgent need for neuroprotective therapies that directly 
target the RGCs.

In the future IOP reduction might be augmented by other therapeutic approaches. 
Neuroprotection of the glaucomatous optic nerve, therefore, would be an adjunc-
tive measure to prevent cell death for use with conventional IOP-lowering treat-
ments or by itself. For a substance to have a role as a neuroprotective agent in 
glaucoma, it would ideally be delivered topically to the eye and safe if used repeat-
edly. An orally administered drug should reach an adequate concentration across 
the blood-retinal barrier to shield the retina in glaucoma. Various neuroprotective 
approaches for the optic nerve in glaucoma are shown in Table 12.3. Some of the 
current clinical trials are shown in Table 12.6. A Cochrane systematic review of 
controlled clinical trials of neuroprotective agents in glaucoma concluded that the 
evidence that they are effective in preventing RGC death, and thus preserving 
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vision in patients with glaucoma, has not been demonstrated (Sena et  al 2010). 
Long-term randomized controlled clinical trials are needed determine whether or 
not neuroprotective agents may be beneficial for individuals with glaucoma.

 Aminoguanidine as a Neuroprotective in Glaucoma

Inducible nitric-oxide synthase (iNOS) has been demonstrated in the optic nerve 
heads from human glaucomatous eyes and in rat eyes with chronic, moderately 
elevated intraocular pressure. Aminoguanidine  - a relatively specific inhibitor of 

Table 12.3 Neuroprotection of the optic nerve in glaucoma

Agent Mode of action/rationale

AC-262271  
(Acadia/Allergan)

Selectively targets a subtype of the muscarinic receptors that controls 
intraocular pressure and activates this target. Efficacy shown in 
preclinical models

AChE inhibitor: 
donepezil

Improves cerebral as well as optic nerve head blood flow in patients 
with glaucoma and might prevent deterioration of visual field defect

Aminoguanidine Inhibits NOS in the optic nerve heads of glaucomatous eyes
Anti- Aβ agents Glaucoma, like neurodegenerative disorders, is associated with deposits 

of Aβ
Betaxolol topical 

application
Reaches the retina and blunts the effects of ischemia. Interacts directly 

with neuronal sodium channels to reduce sodium influx and 
indirectly reduce calcium influx

Brimonidine A selective α2 agonist that has been used to activate α2 receptor- 
mediated neuroprotective signaling pathways in the retina

Citicoline In a double-blind, placebo-controlled study, treatment of glaucoma 
resulted in functional improvement in the visual system but there was 
no further development

Gabapentin lactam A derivative of the anticonvulsant drug gabapentin, which is 
neuroprotective in an animal model of acute retinal ischemia

Ginko biloba extract Reduces ischemia-reperfusion injury in the retina and is effective for 
treatment of non-IOP related pathophysiology in glaucoma

HspB1 (Hsp27) Heat shock protein elevated in retina in response to raised IOP
NMDA antagonist: 

memantine
Memantine is approved for treatment of AD. Phase III clinical trials did 

not show efficacy in glaucoma and further development for this 
indication was discontinued

Pituitary adenylate 
cyclase-activating 
polypeptide

Neuroprotective effect against RGC loss induced by high intraocular 
pressure in the rat by bimodal effects mediated via different signaling 
pathways

Thioredoxin Blocks generation of lipid peroxides and thus inhibits apoptosis
TNF-α antagonists TNF-α production in response to rise of IOP produces loss of RGCs
Vaccination with 

synthetic peptide 
copolymer 1 
(Cop-1)

In the rat ocular hypertension model, which simulates glaucoma, 
immunization with Cop-1 significantly reduces the retinal ganglion 
cell loss by its anti-glutamate action without affecting the IOP
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iNOS - has been shown to be effective as a neuroprotective in the rat model of 
unilateral glaucoma as demonstrated by reduction of loss of retinal ganglion cells. 
Pharmacological neuroprotection, by inhibition of iNOS, may prove useful for the 
treatment of patients with glaucoma.

 Antiglutamate Agents for Neuroprotection of Optic Nerve

There is considerable experimental evidence suggesting that excitotoxicity plays a role 
in retinal neurodegeneration produced by conditions such as glaucoma and diabetes. 
In these diseases, the chronic loss of neurons in the retina results in a progressive dete-
rioration in vision and eventual blindness. Reducing levels of glutamate receptor acti-
vation in retinal neurons using glutamate receptor antagonists represents a 
straightforward therapeutic strategy to block the excitotoxic events and thus retard the 
associated retinal degeneration. The relative drug potencies of these agents cannot be 
directly compared, because of differences in dosage and the route of administration. 
Antiglutamate agent riluzole is known to have a neuroprotective effect and reduces 
excitotoxic damage of retinal neurons. Memantine, a NMDA antagonist, is a neuropro-
tective in models of glutamate-induced retinal ganglion cell damage. Phase III clinical 
trials of memantine were conducted in patients with glaucoma. Although the study 
showed that the progression of disease was significantly lower in patients receiving the 
higher dose of memantine compared to patients receiving the low dose of memantine, 
there was no significant benefit compared to patients receiving placebo. Further devel-
opment of memantine for this indication was discontinued. A series of second-genera-
tion memantine derivatives called nitro- memantines are in development and may prove 
to have even greater neuroprotective properties than does memantine.

 Betaxolol

Betaxolol (Alcon), a beta-blocker presently used to reduce IOP in humans, also has 
calcium channel-blocking functions. Moreover, experimental studies show that 
betaxolol is an efficient neuroprotective agent against retinal ischemia in animals, 
when injected directly into the eye or intraperitoneally. Topically applied betaxolol 
has the following actions:

• It reaches the retina and blunts the effects of ischemia/reperfusion.
• It is distributed to the back of the eye locally, and within a range that provides 

neuroprotection.
• It interacts directly with neuronal sodium channels to reduce sodium influx and 

indirectly reduce calcium influx.
• It stimulates the levels of mRNA for BDNF, showing that the drug might provide 

an alternative source for BDNF to the retinal ganglion cells during ischemia/
reperfusion.
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 NGF Eye Drops

The effects of NGF eye drops has been evaluated in a rat model of glaucoma as well 
as in patients with progressive visual field defects due to glaucoma despite IOP 
control (Lambiase et al 2009). Patients treated with NGF demonstrated long lasting 
improvements in visual field, optic nerve function, contrast sensitivity, and visual 
acuity. NGF exerted neuroprotective effects, inhibiting apoptosis of RGCs in ani-
mals with glaucoma. In patients with advanced glaucoma, treatment with topical 
NGF improved all parameters of visual function. These results indicate potential 
neuroprotection in glaucoma and other neurodegenerative diseases.

 Targeting Aβ in Glaucoma Treatment

Aβ deposition, neuronal apoptosis, and cell loss are associated with neurodegenera-
tive diseases. Available evidence implicates the same mechanisms in the retinal dis-
ease glaucoma, previously associated simply with the effects of intraocular pressure. 
Aβ has been shown to colocalize with apoptotic retinal ganglion cells (RGC) in exper-
imental glaucoma and induces significant RGC apoptosis in vivo in a dose- and time-
dependent manner. Targeting different components of the Aβ formation and 
aggregation pathway has been demonstrated to effectively reduce glaucomatous RGC 
apoptosis in vivo. Finally, it was shown that combining treatments (triple therapy) is 
more effective than monotherapy. This work suggests that targeting the Aβ pathway 
provides a therapeutic avenue in glaucoma management. Furthermore, combination 
of agents affecting multiple stages in the Aβ pathway may be the most effective 
strategy in Aβ-related diseases.

 TNF-α Blockers for Neuroprotection in Glaucoma

The cytokine tumor necrosis factor-alpha (TNF-α) can induce RGC death through 
receptor-mediated caspase activation, mitochondrial dysfunction, and oxidative 
stress. In addition to direct neurotoxicity, potential interplay of TNF-α signaling with 
other cellular events associated with glaucomatous neurodegeneration may also con-
tribute to spreading neuronal damage by secondary degeneration. Induction of IOP 
in mice by angle closure via laser irradiation results in a rapid upregulation of TNF-
α, followed sequentially by microglial activation, loss of optic nerve oligodendro-
cytes, and delayed loss of RGCs. Intravitreal TNF-α injections in normal mice mimic 
these effects. Conversely, an anti-TNF-α-neutralizing antibody or deleting the genes 
encoding TNF-α or its receptor, TNFR2, can block the deleterious effects of 
OH.  Deletion of the CD11b/CD18 gene prevents microglial activation and also 
blocks the pathophysiological effects of OH.  Thus TNF-α provides an essential, 
although indirect, link between rise of IOP and RGC loss in vivo. Blocking TNF-α 
signaling or inflammation, therefore, may be helpful in treating glaucoma.

 Neuroprotection of Optic Nerve in Glaucoma
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 Concluding Remarks About Neuroprotection in Glaucoma

While glaucoma may be a better candidate for the implementation of neuroprotec-
tive strategies than neurological diseases, the failure of clinical neuroprotective tri-
als in stroke should prompt both clinical and basic researchers studying glaucoma 
to develop better methods to test these agents in animal models, as well as improve 
methods to quantify glaucomatous damage in clinical studies. The inadequacy of 
visual fields to quantify glaucomatous progression may hamper current and future 
clinical trials evaluating neuroprotective agents, and thus may fail to identify poten-
tially beneficial agents and delay the implementation of these strategies.

 Neuroprotection in Retinal Ischemia

The retina is an extension of the human brain and is nourished by branches of the 
cerebral arteries. The retina has the highest rate of oxygen consumption of any 
organ in the body at 13 ml/100 g/min and is therefore very sensitive to ischemia. 
Retinal ischemia impairs vision. Strategies for neuroprotection in retinal ischemia 
partly overlap those for optic nerve in glaucoma and are shown in Table 12.4.

 β-Adrenoceptor Antagonists

β-adrenoceptor antagonists are used clinically to reduce elevated intraocular pressure 
in glaucoma which is characterized by a loss of retinal ganglion cells. Previous studies 
have shown that the β1-selective adrenoceptor antagonist, betaxolol, is additionally 

Table 12.4 Strategies for neuroprotection in retinal ischemia

Strategy Mode of action

Brimonidine (Allergan) A selective α2 agonist that has been used to activate α2 receptor- 
mediated neuroprotective signaling pathways in the retina

Endogenous neuroprotection Ischemic preconditioning
Erythropoietin Antiapoptotic mechanisms
Gene therapy Transfection of the BDNF gene into the cells transplanted in retina
Hyperbaric oxygenation Supplying oxygen to the ischemic retina maintains retinal viability 

until restoration of central retinal artery blood flow occurs
Hypothermia Reduction of metabolism
L-carnitine Protection against ischemia-reperfusion injury
Levodopa Neuroprotection of the maculopapular retinal ganglion cell fibers
Metipranolol β-Adrenoceptor antagonist
Pyruvate Antagonizes zinc, which mediates retinal injury in ischemia
Thioredoxin Protects cells and tissues against oxidative stress
Trimetazidine Antiglutamate action
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able to protect retinal neurons in vitro and ganglion cells in vivo from the detrimental 
effects of either ischemia-reperfusion or from excitotoxicity, after topical application. 
The neuroprotective effect of betaxolol is not elicited through an interaction with 
β-adrenoceptors, but by its ability to reduce influx of sodium and calcium through 
voltage-sensitive calcium and sodium channels. One study has shown that the 
non-selective beta-adrenoceptor antagonists, metipranolol and timolol behave like 
betaxolol. When topically applied they all attenuate the detrimental effect of isch-
emia-reperfusion. Protection of the retina was determined by evaluating changes in 
the electroretinogram and by assessing the loss of mRNA for Thy-1, which is 
expressed in retinal ganglion cells. In addition, studies conducted on neurons in mixed 
retinal cultures demonstrated that metipranolol, betaxolol and timolol were all able to 
partially counteract anoxia-induced cell loss and viability reduction. The influence of 
timolol was, however, not significant. Within the confines of these investigations, an 
order of neuroprotective efficacy was delineated for the three β-adrenoceptor antago-
nists: betaxolol>metipranolol>timolol. The ability of various β-adrenoceptor antago-
nists to attenuate ligand-induced stimulation of calcium and sodium entry into neuronal 
preparations showed a similar order of effectiveness. In conclusion, the ability to 
confer neuroprotection to retinal neurons is a common feature of three ophthalmic 
beta-adrenoceptor antagonists (betaxolol, metipranolol and timolol). A comparison of 
the effectiveness of the individual compounds in protecting retinal cells in vivo was not 
possible in these studies. However, in vitro studies show that the capacity of the indi-
vidual β-adrenoceptor antagonists to act as neuroprotectants appears to relate to their 
capacity to attenuate neuronal calcium and sodium influx.

 Brimonidine as a Neuroprotective Is Ischemic Retinopathy

Brimonidine eye drops are used for lowering intraocular pressure in glaucoma. As a 
selective α2 agonist, brimonidine has been used as a pharmacological probe to acti-
vate α2 receptor-mediated neuroprotective signaling pathways and quantitate the 
enhancement of retinal ganglion cell survival and function in models of neuronal 
injury resulting from acute retinal ischemia/reperfusion and calibrated optic nerve 
compression. Topical application of brimonidine 1 h before injury was effective in 
decreasing ischemic retinal injury and can be considered to confer neuroprotection to 
retinal ganglion cells (RGCs). systemic brimonidine treatment protects RGCs by 
blockade of glutamate excitotoxicity-induced oxidative stress and subsequent preser-
vation of Tfam/OXPHOS complex expression in ischemic retina (Lee et al 2012).

 Endogenous Neuroprotection in the Retina

Ischemic preconditioning (IPC) can protect the rat retina against the injury that 
ordinarily follows severe ischemia for up to 72  h after the application of IPC. 
However, there is no early preconditioning, i.e. protective effects starting within 
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hours of preconditioning. The IPC stimulus consists of a brief, non- damaging 
period of ischemia. It results in complete preservation of retinal structure and 
function following ischemia and is thus the most robust neuroprotection demon-
strated in the retina to date. Release of adenosine, de novo protein synthesis, and 
mediators such as protein kinase C and K+ ATP channels are required for IPC 
protection. Both the adenosine A1 and A2a receptors are involved. However, the 
molecular mechanisms for neuroprotection are not fully understood. It appears 
that both increased expression of protective proteins and decreased expression of 
pro-apoptotic proteins are involved. In addition, IPC prevents hypoperfusion fol-
lowing severe ischemia. Further study of the IPC phenomenon could lead to an 
enhanced understanding of the mechanisms of ischemic damage and its prevention 
in the retina.

 Erythropoietin for Neuroprotection of Retinal Ischemia

Erythropoietin (Epo) has already been shown to play an important role in the 
brain’s response to neuronal injury. Neuroprotection by systemic administration of 
recombinant human Epo (rhEpo) is partly mediated by antiapoptotic mechanisms. 
Studies of rhEpo in animal models of transient global retinal ischemia induced by 
raising intraocular pressure reveal abundant expression of Epo receptor (Epo-R) 
throughout the ischemic retina. Neutralization of endogenous Epo with soluble 
Epo-R exacerbates ischemic injury, which supports a crucial role for an endoge-
nous Epo/Epo-R system in the survival and recovery of neurons after an ischemic 
insult. Systemic administration of rhEpo before or immediately after retinal isch-
emia not only reduced histopathological damage but also promoted functional 
recovery as assessed by electroretinography. Exogenous Epo also significantly 
diminished terminal deoxynucleotidyltransferase-mediated dUTP end labeling of 
neurons in the ischemic retina, implying an antiapoptotic mechanism of action. 
These results further establish Epo as a neuroprotective agent in acute neuronal 
ischemic injury.

Erythropoietin (Epo) is upregulated by hypoxia and provides protection 
against apoptosis of erythroid progenitors in bone marrow and brain neurons. In 
the adult mouse retina acute hypoxia dose-dependently stimulates expression of 
Epo, fibroblast growth factor 2 and vascular endothelial growth factor via 
hypoxia-inducible factor-1 (HIF-1) stabilization. Hypoxic preconditioning pro-
tects retinal structure and function against light-induced apoptosis by interfering 
with caspase-1 activation. The Epo receptor required for Epo signaling localizes 
to photoreceptor cells. Systemically administered Epo crosses the blood-retina 
barrier and prevents apoptosis even when applied after the light insult. Epo mimics 
the neuroprotective effect of hypoxic preconditioning. Application of Epo may, 
through the inhibition of apoptosis, be beneficial for the treatment of various retinal 
diseases.
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 Gene Therapy for Retinal Neuroprotection

Brain-derived neurotrophic factor (BDNF) gene has been reported to protect retinal 
neurons against ischemia when transfected into iris pigment epithelial (IPE) cells of 
Long-Evans rats, and the neuroprotective ability of the IPE cells transfected with 
the BDNF gene against N-methyl-D-aspartate (NMDA)-induced neuroretinal cell 
death and against phototoxic damage have been examined. Transfected IPE cells 
into the subretinal region provide significant photoreceptor cell protection against 
injury from constant light. This gene transfer strategy demonstrates a neuronal res-
cue effect in both in vitro and in vivo experiments. IPE cells may be a potential 
source for autologous cell transplantation for some retinal diseases, and the 
transfection of the genes of neurotrophic factors into the transplanted cell may be a 
useful tool for delivering these factors to the retina.

 Hyperbaric Oxygen for Central Retinal Artery Occlusion

The visual outcome of arterial occlusive diseases of the retina depends on the vessel 
occluded as well as the degree and location of the occlusion. The type of occlusion 
(thrombosis, embolus, arteritis, or vasospasm) may also affect the outcome. Natural 
spontaneous recanalization eventually takes place after central retinal artery occlu-
sion (CRAO), but this reperfusion lead to an improvement of vision only in a few 
cases, presumably because the retinal tissue has been irreversibly damaged during 
the ischemic period. Treatment of CRAO is aimed at promptly supplying oxygen to 
the ischemic retina at a partial pressure sufficient to maintain inner retinal viability 
until restoration of central retinal artery blood flow occurs (Butler et  al 2017). 
Although oxygen at normal pressure may be beneficial in some cases hyperbaric 
oxygen is more effective. There are cases in which patients with CRAO have 
regained significant vision even when treatment was delayed for periods of up to 
2 weeks but it is recommended not to delay treatment for more than 24 h.

 Levodopa for Treating Non-arteritic Anterior Ischemic Optic 
Neuropathy

A retrospective cohort study was conducted on patients with non-arteritic anterior 
ischemic optic neuropathy (NAION) who were evaluated within 15 days of onset of 
visual loss and received 25 mg carbidopa/100 mg levodopa three times daily for 
12 weeks or were untreated to serve as the control group (Lyttle et al 2016). Among 
participants with 20/60 or worse initial visual acuity, levodopa-treated participants had 
significant improvement whereas the change in the control group was not significant. 
The study concluded that treatment within 15 days of onset of NAION with levodopa 
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improved central visual acuity by an average of 6 lines on Snellen acuity chart and 
that it may promote neuroprotection of the maculopapular retinal ganglion cell 
fibers in NAION.

 Thioredoxin as a Neuroprotective Agent in Retinal Ischemia

Thioredoxin is a ubiquitous small protein known to protect cells and tissues against 
oxidative stress. In retinitis pigmentosa, retinal detachment, age-related macular 
degeneration, and glaucoma, retinal neuronal cells are damaged by a common 
mechanism of retinal neuronal apoptosis. Administration of thioredoxin, which 
blocks generation of lipid peroxides and thus inhibits the death process upstream, is 
neuroprotective against retinal ischemia-reperfusion injury. Possible roles of cas-
pases have also been studied by using the ischemia-reperfusion injury in the rat 
model, and excessive light exposure damage in wild type and caspase-1 deficient 
mice. Also, application of AAV that carries Bcl-xL has been tested to find possible 
neuroprotective effects on rats.

 Protection Against Oxygen-Induced Retinopathy

Oxygen-induced retinopathy (OIR) of prematurity is an ischemic retinopathy dependent 
on oxygen-induced vascular obliteration. In an OIR mouse model, chemically overrid-
ing the oxygen-induced downregulation of hypoxia-inducible factor (HIF) activity 
could prevent vascular obliteration and subsequent pathologic neovascularization. 
Because the degradation of HIF-1α is regulated by prolyl hydroxylases, the effect of 
systemic administration of a prolyl hydroxylase inhibitor, dimethyloxalylglycine, was 
examined in the OIR model (Sears et al 2008). The results showed that stabilization of 
HIF activity in the early phase of OIR prevents the oxygen-induced central vessel loss 
and subsequent vascular tortuosity and tufting that is characteristic of OIR. These find-
ings imply that simulating hypoxia chemically by stabilizing HIF activity during the 
causative ischemia phase (hyperoxia) of retinopathy of prematurity may be of therapeu-
tic value in preventing progression to the proliferative stage of the disease.

 Neuroprotection in Macular Degeneration

 Epidemiology

Age-related macular degeneration (AMD) is the leading cause of visual impairment 
and blindness in people 65  years of age or older in the developed world. AMD 
occurs in two types: the “dry” form and the more severe “wet” form. Wet (neovas-
cular) AMD is caused by the growth of abnormal blood vessels, or choroidal 
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neovascularization, under the central part of the retina, the macula. Dry AMD, or 
the avascular form is the more common and milder form of AMD, accounting for 
85–90% of all cases. Although the wet form of AMD accounts for only 10–15% of 
all AMD, the chance for severe sight loss is much greater; it is responsible for 90% 
of severe vision loss associated with AMD.

There are over 20 million people in the US and 15 million people in Europe who 
are living with some form of AMD. Overall, the prevalence of AMD in the 2005–
2008 US National Health and Nutrition Examination Survey was 6.5%, which is 
lower than the 9.4% prevalence reported in the last survey of 1988–1994 (Klein et al 
2011). Over 200,000 new cases of wet AMD occur each year in the US. The number 
of persons in the US with wet AMD will increase to almost three million people by 
the year 2020. Currently, over 500,000 persons worldwide lose their sight annually 
from the disease.

 Pathomechanism of AMD

Previous studies have identified chromosome 1q32 as harboring a susceptibility 
locus for AMD. A polymorphism of the complement factor H gene, which alters a 
protein whose normal function is to regulate the immune system’s attack of foreign 
invaders and abnormal cells, is involved in the development of AMD. Drusen depos-
its in central part of retina, characteristic of AMD, are largely composed of lipids, but 
a small portion of the drusen are components of the complement factor. Cholesterol 
is known to accumulate in the eye within drusen deposits in AMD. Macrophages 
play a key role in clearing cholesterol from the eye and these cells become less effi-
cient at this task with aging. A protein called ABCA1 is needed for macrophages to 
release cholesterol into the bloodstream and there is a decrease in the level of 
ABCA1 in macrophages from old persons. The ABCA1 gene has been identified as 
a risk factor for AMD. These finding opens the door for new investigations of the role 
of genes in developing AMD and possible treatments for this disease. Visual loss in 
age-related macular degeneration is usually caused by a primary dysfunction of reti-
nal pigment epithelial (RPE) cells.

The Beaver Dam Eye Study showed that use of vasodilators is associated with 
a 72% increase in the hazard of incidence of early AMD and use of oral β-blockers 
is associated with a 71% increase in the hazard of incident exudative AMD (Klein 
et al 2014). If these findings are replicated, it may have implications for prevention 
of AMD in older adults because these drugs are used commonly by older persons 
with hypertension.

 Current Treatment of AMD

Within the past decade, many potentially promising treatments were introduced to 
prevent and minimize the damage to the retina resulting from AMD. A high-dose of 
an orally administered combination of the antioxidants, vitamin C, vitamin E and 
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beta-carotene, in addition to copper and zinc, is the only widely accepted preventive 
therapy. Thermal laser photocoagulation and verteporfin photodynamic therapy 
became standard treatment options available based on large scale, randomized, pro-
spective, placebo-controlled trials; however, efficacy is limited and only a minority 
of patients who present with AMD are eligible for these treatments. Many other 
preventive and treatment options are in all phases of clinical studies and expected to 
change the entire approach to AMD management in the near future. For example, 
HMG-CoA reductase inhibitors, antiangiogenic medications, radiation treatment 
and surgery have demonstrated the ability to inhibit or possibly even reverse the 
severe vision loss often associated with AMD characterized by choroidal neovascu-
larization. Laser photocoagulation, photodynamic therapy and excision of neovascu-
lar membranes have been used with variable degree of success. Visudyne is a unique 
drug therapy that is light activated. When injected into the bloodstream, Visudyne 
travels to abnormal leaky vessels in the eye. When activated by a low- energy non-
thermal laser, a reaction occurs that damages and seals the abnormal vessels in AMD. 
Two drugs have been approved: pegaptanib and ranibizumab.

 Antiangiogenic Agents

Three anti-VEGF therapies currently form the mainstay of treatment for neovascu-
lar AMD, including 2 therapies approved by the FDA (aflibercept and ranibizumab) 
and 1 therapy approved by the FDA for oncology indications and used off-label for 
treatment of AMD (bevacizumab). In clinical trials, each of the 3 agents maintained 
visual acuity in ~90% or more of neovascular AMD patients over 2 years. However, 
in long-term and real-world settings, significant challenges in diagnosis, treatment, 
and management pose barriers to achieving optimal outcomes for patients with neo-
vascular AMD (Wykoff et al 2018).

Ranibizumab (Lucentis), a small antibody fragment designed to competitively 
bind all VEGF isoforms, passes all retinal layers and reaches the retinal pigment 
epithelium-choroid complex following intravitreal injection, it. Experimental animal 
models showed the drug to be safe and effective. Phase I/II clinical trials conducted 
in patients with neovascular AMD demonstrated a good safety profile with signifi-
cant functional benefit and the product successfully completed phase III clinical tri-
als. Lucentis™ was approved by the FDA for the treatment of neovascular wet AMD. 
Clinical trials to confirm the role of ranibizumab in the treatment of choroidal neo-
vascularization, diabetic macular edema, retinal venous occlusion, telangiectasia, 
central serous chorioretinopathy, polypoidal choroidal vasculopathy, conjunctival 
neoplasms and von Hippel-Lindau syndrome were also conducted.

Aflibercept (Eylea) is a recombinant fusion protein consisting of portions of 
human VEGF receptors 1 and 2 extracellular domains fused to the Fc portion of 
human IgG1 formulated for intravitreal administration. It is approved by the FDA 
for treatment of wet AMD.
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Bevacizumab (Avastin) is used off-label to treat AMD. In a multicenter, random-
ized, single-blind, noninferiority trial, patients with neovascular AMD received intra-
vitreal injections of ranibizumab or bevacizumab on either a monthly schedule or as 
needed with monthly evaluation and primary outcome was the mean change in visual 
acuity at 1 year (CATT Research Group 2011). The efficacy of both drugs was found 
to be equal but the proportion of patients with serious systemic adverse events 
(primarily hospitalizations) was higher with bevacizumab than with ranibizumab.

An aptamer-based therapeutic pegaptanib (Macugen) is approved by the FDA for 
the treatment of wet AMD. Macugen is derived from a modified 2’fluoro pyrimidine 
RNA inhibitor of VEGF and specifically targets vascular VEGF. Macugen prevents 
VEGF from binding to its natural receptor, thereby inhibiting such abnormal blood 
vessel growth and blood vessel. The VEGF165 aptamer binds specifically to the 
VEGF165 isoform, a dimeric protein with a receptor-binding domain and a heparin- 
binding domain, which provides the binding site for the aptamer and is the primary 
determinant for the affinity and specificity in the VEGF165-aptamer complex.

Several anti-VEGF agents that have been tested in randomized clinical trials for 
AMD include the following:

• A systemically administered antiangiogenic drug, squalamine, inhibits abnormal 
angiogenesis in rodent models of retinopathy of prematurity, and the develop-
ment of choroidal neovascular membranes in rat models of AMD. Squalamine 
(Visudyne) directly interrupts and reverses multiple facets of the angiogenic pro-
cess. Working within activated endothelial cells, squalamine inhibits growth fac-
tor signaling including VEGF, integrin expression, and reverses cytoskeletal 
formation, thereby resulting in endothelial cell inactivation and apoptosis. 
Preliminary results of squalamine phase II clinical trials in patients with wet 
AMD showed that 97% of patients had preserved or improved vision and vessel 
leakage improved.

• Intravitreal ranibizumab, a recombinant, humanized, MAb that neutralizes all 
active forms of VEGF, prevented vision loss and improved mean visual acuity in 
neovascular AMD.

• POT-4, a synthetic peptide, is a complement inhibitor, which shuts down the 
complement activation system that could lead to local inflammation, tissue dam-
age and upregulation of angiogenic factors such as VEGF. A genetic link between 
the complement system and AMD is well established. POT-4 binds tightly to 
complement component C3, preventing its participation in the complement acti-
vation cascade.

• ATG003, an antagonist of the nACh receptor pathway in the vasculature, is a 
non-invasive topical therapy for AMD.

• OPT-302 suppresses different forms of VEGF, which enhances the effect of other 
anti-VEGF drugs when used in combination.

Other new multifaceted strategies, including inhibitors to down-stream targets of 
endothelial cell division, such as TNP-470, may lead to a more permanent inactiva-
tion of choroidal neovascularization (Ehrenberg and Benny 2018). However, reduction 
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of the levels of VEGF by various therapies for AMD may cause the death of photo-
receptors and cells of the retina, known as Muller glia, which are essential for visual 
function. Therefore, anti-VEGF therapies should be administered with caution.

 Novel Neuroprotective Strategies Against Retinal Degeneration

Several treatments are undergoing investigation to retard the progression of AMD. 
Novel neuroprotective strategies against retinal degeneration are shown in Table 12.5.

 LXR Agonists

Hypercholesterolemia is not strongly related to AMD, and it remains to be determined 
whether statins and other cholesterol-modifying drugs on the market can reduce the 
risk of AMD. Targeting cholesterol metabolism in the eye might help prevent a severe 
form AMD. Eye drops containing a liver X receptor (LXR) agonist known to promote 
cholesterol release from macrophages helped restore macrophage function and pre-
vent AMD progression in a mouse model (Sene et al 2013). LXR agonists and other 
agents that modify cellular release of cholesterol are at various stages of investigation 
for many disorders. This study points to a novel strategy using LXR agonists for early 
intervention to prevent the progression of AMD to the severe neovascular form of the 
disease. Prevention of formation of new blood vessels is preferable to treatments 
aimed at eliminating blood vessels after they have formed.

 Neurotrophic Factors for Neuroprotection in AMD

 CNTF for Neuroprotection in AMD

Ciliary neurotrophic factor (CNTF) is well known for promoting retinal cell sur-
vival in animal models of hereditary retinal degenerations and light-induced photo-
receptor damage and has been proposed to prevent geographic atrophy (GA) in dry 
AMD. CNTF’s role in dry AMD is currently under investigation in human clnical 
trials. Capsules containing cells transfected with the CNTF gene (Neurotech) 
implanted into the vitreous have been shown to be well tolerated in a phase I trial. 
A phase II trial has demonstrated a significant stabilization of visual acuity for 
patients with GA in the first 1 year after device implantation (Zhang et al 2011). 
Results were particularly positive for those with moderately good vision (20/63 or 
better) at baseline, where no patients lost more than 15 letters over the trial period. 
There was also evidence for a statistically significant increase in macular thickness 
in those treated with the CNTF implant.
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 N-Acetylserotonin Derivatives

N-acetylserotonin (NAS) is synthesized from serotonin by arylalkylamine 
N-acetyltransferase, which is predominantly expressed in the pineal gland and retina. 
NAS activates TrkB in a circadian manner and exhibits antidepressant effects in a 

Table 12.5 Novel neuroprotective strategies against retinal degeneration

Antiangiogenic agents
ATG003: antagonist of the nACh receptor pathway
Macugen: blocker of VEGF
Monoclonal antibodies: ranibizumab
Photodynamic therapy: verteporfin
Squalamine
Protection of RPE cells from oxidative-stress-induced apoptosis
Neuroprotectin D1
Antiinflammatory/immunomodulator drugs
Fluocinolone acetonide: a corticosteroid is in phase II trial for geographic atrophy
Glatiramer acetate: an immunomodulatory agent that suppresses T cells is in a phase II/III trial 

for AMD
Sulindac: a NSAID
Targeting cholesterol metabolism
LXR agonists
Neurotrophic agents
CNTF
N-acetyl serotonin derivatives
Nutritional protection
Vitamin C and E, betacarotine, omega-3 fatty acids
Progestogenic hormones
Norgestrel
Miscellaneous drugs
Aflibercept (Regeneron’s EYLEA)
Brimonidine
REGN2176–3 (Regeneron): PDGFR-β MAb rinucumab co-formulated with aflibercept
RN6G: humanized MAb against Aβ
Tandospirone
Cell therapy
Autologous transplantation of RPE cells combined with submacular surgery
Encapsulated cells delivering CNTF for geographical retinal atrophy
Stem cell transplantation
Gene therapy
  Viral vector-mediated delivery of antiangiogenic proteins
  Genetically modified stem cells
RNA interference
Targeting VEGF pathway to inhibit vascularization

© Jain PharmaBiotech
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TrkB-dependent manner. It also enhances neurogenesis in hippocampus in sleep- 
deprived mice. Identification of NAS derivatives that possess much more robust neu-
rotrophic effects with improved pharmacokinetic profiles has been reported (Shen 
et al 2012). The compound N-[2-(5-hydroxy-1H-indol-3-yl)ethyl]-2- oxopiperidine- 3-
carboxamide (HIOC) selectively activates TrkB receptor with greater potency than 
NAS.  It potently protects retinas from light-induced retinal degeneration, which is 
tightly coupled with pronounced TrkB activation in retinas. Pharmacokinetic studies 
demonstrate that this compound is stable in serum and liver microsomes. It can pass 
the BBB and blood-retinal barrier. Therefore, HIOC is a good lead compound for 
further drug development for treating retinal degenerative diseases.

 Nutritional Protection Against AMD

The results of the Age-Related Eye Disease Study (AREDS), released by the 
National Eye Institute (NEI)/NIH of USA in 2001, found that high doses of beta- 
carotene, vitamins C and E, zinc, and copper lowered the risk of progression to 
advanced AMD by 25% as well as reduced the risk of moderate vision loss by 19%. 
High dietary intake of beta carotene, vitamins C and E, and zinc is associated with 
35% reduced risk of AMD in elderly persons. In 2013, NEI (https://www.nei.nih.
gov/areds2/) reported the results of the follow-up study, called AREDS2. The 
AREDS2 formula studied vitamin C, vitamin E, copper, lutein, zeaxanthin, omega-3 
fatty acids and a lower amount of zinc. The AREDS and AREDS2 vitamins are 
neither a treatment nor a cure for AMD. The studies showed that the formulations 
were most beneficial for people with:

• Intermediate age-related macular degeneration in one or both eyes, or
• Advanced age-related macular degeneration in one eye, but not the other eye
• Persons with early stage AMD did not benefit from taking either AREDS formu-

lation. AREDS does not prevent AMD from starting.

 Progestogenic Hormones

Progestogenic hormones, produced naturally in the body, modulate pro-survival 
pathways in the retina and are potential neuroprotective agents. Norgestrel, a syn-
thetic progestin commonly used in hormonal contraception, has anti-apoptotic 
action in two distinct mouse models of retinal degeneration (Doonan et al 2011). 
Dosing with Norgestrel protects photoreceptor cells from undergoing apoptosis. 
Photoreceptor rescue was assessed by analysis of cell number, structural integrity 
and function. Improvements in cell survival of up to 70% were achieved in both 
disease models, indicating that apoptosis had been halted or at least delayed. A 
speculative mechanism of action for Norgestrel involves activation of survival 
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pathways in the retina. Norgestrel increases the expression of bFGF, which is known 
to both promote cell survival and inhibit apoptosis. These results demonstrate sig-
nificant protection of photoreceptor cells which may be attributed to Norgestrel 
mediated activation of endogenous survival pathways within the retina. Norgestrel 
is a potential therapy for retinal degenerations (Doonan and Cotter 2012).

 Protection of Retinal Cells from Oxidative-Stress-Induced 
Apoptosis

DHA is a lipid peroxidation target in oxidative injury to RPE and retina. 
Photoreceptor and synaptic membranes share the highest content of DHA of all cell 
membranes. This fatty acid is required for RPE functional integrity. Synthesis of 
10,17S-docosatriene (neuroprotectin D1) is enhanced by the calcium ionophore 
A-23187, by IL-1, or by supplying DHA. Neuroprotectin D1 protects RPE cells 
from oxidative-stress-induced apoptosis and is predicted to protect neurons in the 
same manner. Therefore, this lipid mediator may indirectly contribute to photore-
ceptor cell survival as well. Because both RPE and photoreceptor cells die in retinal 
degenerations, these findings contribute to the understanding of retinal cell survival 
signaling and to the development of new therapeutic strategies. Neurotrophins, par-
ticularly PEDF, have been shown to induce NPD1 synthesis. Moreover, DHA elicits a 
concentration-dependent and selective potentiation of PEDF-stimulated NPD1 syn-
thesis and release through the apical RPE cell surface. The bioactivity of signaling 
activated by PEDF and DHA uncovers synergistic cytoprotection with concomitant 
NPD1 synthesis when cells are challenged with oxidative stress. Also, DHA and 
PEDF synergistically modify the expression of Bcl-2 family members, activating anti-
apoptotic proteins and decreasing proapoptotic proteins, and by attenuating caspase 3 
activation during oxidative stress. These findings demonstrate that DHA- derived 
NPD1 protects against RPE cell damage, mediated by aging/disease- induced A2E 
accumulation, implying that NPD1 may elicit autocrine actions on RPE cells.

 Sulindac

Sulindac, a NSAID, was tested for protection against oxidative stress-induced dam-
age in an established RPE cell line (Sur et al 2014). Besides its established antiin-
flammatory activity, sulindac can also protect RPE cells from chemical oxidative 
damage or UV light by initiating a protective mechanism like that observed in isch-
emic preconditioning. The mechanism of protection appears to be triggered by ROS 
and involves known IPC signaling components such as PKG and PKC epsilon in 
addition to the mitochondrial ATP-sensitive K+ channel. Sulindac induced iNOS 
and Hsp70, late-phase IPC markers in the RPE cells. A unique feature of the 
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sulindac protective response is that it involves activation of the peroxisome 
proliferator- activated receptor alpha (PPAR-α). We have also used low-passage 
human fetal RPE and polarized primary fetal RPE cells to validate the basic obser-
vation that sulindac can protect retinal cells against oxidative stress. These findings 
indicate a mechanism for preventing oxidative stress in RPE cells and suggest that 
sulindac could be used therapeutically for slowing the progression of AMD.

 Tandospirone

Tandospirone (AL-8309B) is a topical serotonin 1A receptor agonist that is known 
to protect from light-induced damage in a dose-dependent fashion in animal studies 
by preventing complement deposition in the outer retina. Histology and electroret-
inogram (ERG) has shown that topical application of AL-8309B provides rapid 
structural and functional protection against phototoxicity and lasts at least 48 h after 
administration (Collier et al 2011). This drug has completed a phase III clinical trial 
known as Geographic Atrophy Treatment Evaluation (GATE) in patients with dry 
AMD.  Results showed that AL-8309B did not affect lesion growth in eyes with 
geographic atrophy secondary to AMD (Jaffe et al 2015).

 Cell Therapy for Macular Degeneration

 Retinal Pigment Epithelial Cells

Autologous transplantation of retinal pigment epithelium (RPE) combined with 
submacular surgery is a reasonable treatment option for patients with AMD. Ex vivo 
preparation of autologous RPE cell sheets based on iPSC technology applied to skin 
fibroblasts and the results of transplanting this in a patient with wet AMD following 
removal the neovascular membrane have been reported (Mandai et al 2017). This is 
the first patient and more will be treated as a part of ongoing study. At 1 year after 
transplantation, there were no serious complications. Efficacy at 1 year after trans-
plantation was assessed by measuring foveal thickness and evaluating visual func-
tion. The foveal thickness was reduced successfully through the removal of the 
neovascular membrane, and there was no recurrence. Postoperative best corrected 
visual acuity did not improve but was maintained at ~0.1 (equivalent to 20/200 on a 
Snellen chart). In an exercise of extreme caution, the investigators decided not to 
perform the transplantation in the second patient because of concerns about the 
genetic integrity of that patient’s iPSCs.

Submacular transplantation of autologous iris pigment epithelial (IPE) cells, 
expressing biological therapeutics, has been tested as replacement for the damaged 
retinal pigment epithelium following surgical removal of the membranes. Pigment 
epithelium-derived factor (PEDF) has strong antiangiogenic and neuroprotective 
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activities in the eye. Subretinal transplantation of IPE cells that express PEDF inhib-
its pathological choroidal neovascularization in rat models of hyperoxia-induced 
ischemic retinopathy. PEDF expressing IPE transplants also increased the survival 
and preserved rhodopsin expression of photoreceptor cells in rat model of retinal 
degeneration. These findings suggest a promising role of cell transplantation for 
neuroprotection in AMD and other retinal disorders.

 Stem Cell Transplantation in the Retina

Bone marrow stem cells have been tested in mice carrying a genetic mutation for 
retinal development. Normally, these animals start to lose retinal blood vessels 
around 2 weeks after birth and become completely blind by 1 month. Bone marrow 
stem cells stabilize capillaries for up to a month after the injection in these mice. 
The stem cells’ targeting ability to deliver an antiangiogenic protein to the retina 
is also exploited. Before injection, the cells were genetically modified to produce 
this protein.

The injection of adult bone marrow-derived stem cells from mice or humans into 
the back of mouse eyes at an appropriate stage of development dramatically curtails 
retinal degeneration. The treatment leads to development of a normal retinal vascu-
lature, improved retinal tissue, and response to light. These stem cells are guided by 
the retinal astrocytes to the vasculature in the back of the eye. There some are incor-
porated into the vasculature while others take up positions very close to the blood 
vessels and both can survive. Once at sites of the retinal vasculature, the stem cells 
rescue and stabilize the retinal vessels which would otherwise degenerate. 
Significantly, the injected stem cells protect the retinal neurons from death at the 
same time. The neuronal protection seems to be specific for the cones, the types of 
photoreceptors found predominantly in the human macula, the center of the retina 
responsible for fine, or reading vision.

Efficient methods are available for deriving retinal neurons from hESCs. Under 
appropriate culture conditions, up to 80% of these can be directed to the retinal 
progenitor fate with gene expression profiles like progenitors derived from human 
fetal retina. hESC-derived progenitors differentiate primarily into inner retinal 
neurons with functional glutamate receptors. Upon coculture with retinas derived 
from a mouse model of retinal degeneration, hESC-derived retinal progenitors 
integrate with the degenerated mouse retina and increase the expression of 
photoreceptor- specific markers. These results show that hESCs can be selectively 
directed to a neural retinal cell fate and thus may be useful in the treatment of reti-
nal degenerations.

hESC-retina can form structured mature photoreceptor layers after transplanta-
tion into nude rats. Now a study has assessed the potential clinical utility of hESC- 
derived retinal tissues for transplantation therapy by using 2 primate models of 
retinal degeneration (Shirai et  al 2016). The authors performed a pilot study of 
hESC-retina transplantation in the models and conducted in vivo monitoring studies 
using clinical devices and confirmed structured graft maturation as well as the 
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potential formation of synaptic contacts between graft and host cells. This study 
demonstrates the competency of hESC-retina as a graft source and the usefulness of 
monkey models in future, long-term, functional studies of retinal transplantation. 
Findings of this study show the clinical feasibility of hESC-retina transplantation 
and provide practical tools for the optimization of transplantation.

 Neural Progenitor Cells

Wild type and genetically modified human neural progenitor cells (hNPCs) survive 
for prolonged periods, migrate extensively, secrete growth factors and rescue visual 
functions following subretinal transplantation in rat models of retinal degeneration 
indicating the potential therapeutic utility of hNPC in the treatment of retinal degen-
erative diseases and suggest potential mechanisms underlying their effect in vivo. 
How the cells act to preserve the deteriorating eye cells remains unknown. Like all 
cells, NPCs do many things and secrete many different types of chemicals that may 
influence the cells around them. Although the idea was to test the cells as a continu-
ous delivery system for GDNF, but it was found they work quite well on their own. 
It seems that the cells themselves are quite neuroprotective. They don’t become reti-
nal cells. They maintain their own identity, but they migrate within the outer and 
inner retina where they seem to confer some protection to the light-sensing cells that 
typically die in the course of degenerative eye disease. The work is intriguing 
because the NPCs come from the brain itself, and not from the part of the nervous 
system devoted to vision.

 hESC-Derived RPE Cells for AMD

The first generation of human retinal pigment epithelial (RPE) cells were isolated in 
the laboratory from hESCs. Transcriptomics was used to compare RPEs derived 
from hESCs to human fetal RPE. Isolated hESC-derived RPEs were transdifferenti-
ated into cells of neuronal lineage and redifferentiated into RPE-like cells through 
multiple passages. These cells expressed RPE-specific molecular markers and were 
capable of phagocytosis, an important RPE function. Gene expression profiling 
demonstrated their higher similarity to primary RPE tissue than of existing human 
RPE cell lines, which has been shown to attenuate loss of visual function in animals. 
These cells were developed as potential therapy for AMD and Stargardt’s macular 
dystrophy, an inherited cause of loss of vision, which affects >25,000 persons in the 
US. The disease is diagnosed during childhood and causes a loss of central vision, 
but usually not the peripheral vision.

Two prospective phase I/II studies were done to assess the primary endpoints 
safety and tolerability of subretinal transplantation of hESC-derived RPE in nine 
patients with Stargardt’s macular dystrophy and atrophic AMD (Schwartz et  al 
2015). Transplanted patients were followed up for a median of 22 months by use 
of serial systemic, ophthalmic, and imaging examinations. Vision-related QOL 
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measures increased for general and peripheral vision, as well as near and distance 
activities, improving by 3–12 months after transplantation in all patients. Results of 
this study provide the first evidence of the medium-term to long-term safety, graft 
survival, and possible biological activity of pluripotent stem cell progeny in indi-
viduals with any disease.

In a phase I trial, an engineered patch comprising of a fully differentiated, hESC- 
derived RPE monolayer on a coated, synthetic basement membrane was delivered 
by microsurgical technique into the subretinal space of one eye in each of two 
patients with severe exudative AMD (da Cruz et al 2018). Successful delivery and 
survival of the RPE patch was demonstrated by biomicroscopy and optical coher-
ence tomography, and a visual acuity gain of 29 and 21 letters in the two patients, 
respectively, over 12 months. The results support the feasibility and safety of hESC- 
RPE patch transplantation as a regenerative strategy for AMD.

A prospective, interventional, FDA-cleared, phase I/IIa study in subjects with 
advanced non-neovascular AMD that is being conducted to assess the safety and 
efficacy California Project to Cure Blindness–RPE1 (CPCB-RPE1), which consists 
of a polarized monolayer of hESC-RPE on an ultrathin, synthetic parylene substrate 
designed to mimic Bruch’s membrane (Kashani et al 2019). In interim analysis of 
the phase I, four of five subjects enrolled in the study successfully received the 
composite implant. In all implanted subjects, optical coherence tomography imag-
ing showed changes consistent with hESC-RPE and host photoreceptor integration. 
None of the implanted eyes showed progression of vision loss, one eye improved by 
17 letters and two eyes demonstrated improved fixation. The concurrent structural 
and functional findings suggest that CPCB-RPE1 may improve visual function, 
at least in the short term, in some patients with severe vision loss from advanced 
non- neovascular AMD.

 Gene Therapy for Retinal Degeneration

Gene therapy has been used successfully to slow degeneration in rodent models of 
primary photoreceptor diseases. The progress made with such approaches now 
offers hope to patients with these incurable forms of blindness.

Recent advances in the field of ocular gene transfer have led researchers pursuing 
treatment for AMD to turn to gene therapy. Viral vector-mediated delivery of anti-
angiogenic proteins and molecules that inhibit the eye’s endogenous pro-angiogenic 
factors has successfully diminished the pathology of ocular diseases in rodent models. 
Gene therapy has been used successfully to slow degeneration in rodent models of 
primary photoreceptor diseases. The ultimate solution to vision restoration, might 
be blending both gene therapy and stem cell transplantation. Viral vectors might be 
used to transfect the stem cells, giving them genes that force them to become pho-
toreceptors. The progress made with such approaches now offers hope to patients 
with these incurable forms of blindness.
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A phase I clinical trial provides evidence that Ad vector-mediated ocular gene 
transfer is a viable approach for the treatment of AMD and that further studies 
investigating the efficacy of AdPEDF11 in patients with neovascular AMD should 
be performed. The antiangiogenic activity may last for several months after a single 
intravitreous injection of AdPEDF11.

RetinoStat® is an equine infectious anemia virus-based lentiviral gene therapy 
vector that expresses the angiostatic proteins endostatin and angiostatin that is 
delivered via a subretinal injection for the treatment of the wet form of AMD. Safety 
and biodistribution studies of RetinoStat® have been carried out in two species; 
rhesus macaques and Dutch belted rabbits (Binley et  al 2012). After subretinal 
administration of RetinoStat the level of human endostatin and angiostatin proteins 
in the vitreous of treated rabbit eyes peaked at 1 month after dosing and remained 
elevated for the duration of the study. Regular ocular examinations revealed a mild 
to moderate transient ocular inflammation that resolved within 1 month of dosing in 
both species. There were no significant long-term changes in the electroretinograms 
or intraocular pressure measurements in either rabbits or macaques postdosing com-
pared with the baseline reading in RetinoStat-treated eyes. Histological evaluation 
did not reveal any structural changes in the eye although there was an infiltration of 
mononuclear cells in the vitreous, retina, and choroid. No antibodies to any of the 
RetinoStat vector components or the transgenes could be detected in the serum from 
either species, and biodistribution analysis demonstrated that the RetinoStat vector 
was maintained within the ocular compartment. These studies show RetinoStat to 
be well tolerated, localized, and capable of persistent expression after subretinal 
delivery. It is in a phase I trial.

 Combining Stem Cell and Gene Therapies for Retinal Disorders

Gene therapy has been used successfully to slow degeneration in rodent models of 
primary photoreceptor diseases. The ultimate solution to restoration of vision might 
be blending both gene therapy and stem cell transplantation. Viral vectors might be 
used to transfect the stem cells, giving them genes that force them to become pho-
toreceptors. The progress made with such approaches now offers hope to patients 
with these incurable forms of blindness.

CRISPR and iPSCs can be used for interrogation of disease pathophysiology, anal-
ysis of gene therapy and as a source of autologous cells for cell transplantation and 
replacement for retinal degenerative disorders (Wiley et  al 2015). Applications of 
iPSCs and CRISPR-include disease modeling, diagnostics and therapeutics - with an 
ultimate view towards understanding how these two technologies can come together 
to address heterogeneity of retinitis pigmentosa in a novel personalized medicine plat-
form (Zheng et al 2015). Coupled with the ability to generate iPSCs from mature cells 
and to differentiate them into retinal cells, CRISPR brings within reach the possibility 
of autologous iPSC-derived retinal cell transplantation, which might not only halt, but 
also potentially reverse progressive vision loss in retinitis pigmentosa.
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 RNAi-Based Treatments for AMD

In the search for more effective treatments, researchers are targeting VEGF, which 
has been shown to be a key cause of the excess growth of blood vessels that results 
in loss of vision. A siRNA compound was shown to be effective in blocking produc-
tion of endogenous VEGF in laser-induced choroidal neovascularization in mice. 
Bevasiranib sodium, a siRNA therapeutic, showed safety and efficacy in a phase II 
clinical trial. Bevasiranib sodium shuts down VEGF, which has been shown to be 
the central stimulus in the development of ocular neovascularization and vision loss 
in AMD and DR. This has been demonstrated in a nonhuman primate model of 
laser-induced choroidal neovascularization (CNV). A single intravitreal injection 
injection of VEGF siRNA significantly inhibits growth of CNV and attenuates angi-
ographic leakage in a dose-dependent manner. VEGF siRNA does not cause any 
change in electroretinographic, hemorrhage, inflammation, or clinical signs of tox-
icity. Clinical trials of siRNA targeting VEGFA or its receptor VEGFR1 (also called 
FLT1), in patients with CNV from AMD are based on gene silencing by means of 
intracellular RNAi. A phase II clinical trial of bevasiranib for AMD was conducted 
in 2008 to assess whether bevasiranib administered every 8 or 12 weeks is safe and 
has equivalent efficacy in preventing vision loss as ranibizumab administered every 
4 weeks (NCT00259753). The results were not published, and no further develop-
ment has been reported since 2008.

Instead, another study shows that CNV inhibition is a siRNA-class effect: 
21-nucleotide or longer siRNAs targeting non-mammalian genes, non-expressed 
genes, non-genomic sequences, pro- and anti-angiogenic genes, and RNAi- 
incompetent siRNAs all suppressed CNV in mice comparably to siRNAs targeting 
Vegfa or Vegfr1 without off-target RNAi or INF-α/β activation (Kleinman et  al 
2008). This study suggests that at least some drugs now being tested in clinical trials 
actually work not by silencing genes but by activating the immune system. That 
could mean the drugs are not really precise tools and could have unexpected side 
effects. Virtually any sequence of RNA, not just the ones in the drugs, worked 
equally well in stopping blood vessel formation in the eyes of mice. These included 
RNA sequences corresponding to other mouse genes, to a jellyfish gene, to a firefly 
gene, and even a completely random RNA sequence. The reason is that the RNA 
snippets actually bind to an immune system sentry, toll-like receptor 3 (TLR3) and 
induce INF-γ and IL-12, which arouses the immune system, setting off a chain of 
events that stop the blood vessel formation. The siRNAs were not even getting into 
the cells in the eye, so they could not be activating the gene-silencing mechanism. 
The drugs had no effect genetically engineered mice that lacked the immune system 
sentry. Future versions of RNA drugs could be encapsulated in fat globules and 
chemically modified. That would help the drugs enter cells and keep them from set-
ting off the immune system.
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 Neuroprotection in Proliferative Diabetic Retinopathy

Proliferative diabetic retinopathy (DR) is a common cause of visual impairment in 
the developed world. The incidence of diabetes is increasing, and a corresponding 
increase is expected in retinal complications. Like wet AMD, DR is characterized by 
the growth of abnormal blood vessels in the back of the eye, which then leak blood 
into the center of the eye, causing severe retinal damage. There are about 18 million 
people in the US with diabetes, and after 10 years of disease duration, 75% of them 
will develop some form of diabetic retinopathy.

 RNAi-Based Approaches to Diabetic Retinopathy

The knockout mouse model of retinopathy of prematurity (ROP), deficient in 
QG-819, is protected from the three major pathological hallmarks of retinopathy: 
hyperoxia-associated vaso-obliteration, hypoxia-induced apoptosis of neural retina 
and retinal neovascularization. The ROP model and diabetic retinopathy share a 
similar molecular pathogenesis. The protective effect of QG-819 gene knockout on 
the retinopathy of prematurity appears to be independent of VEGF production. The 
target gene can be silenced by antisense oligonucleotide or siRNA but may also be 
amenable to small molecule inhibition.

ROP and diabetic retinopathy are caused by diverse processes that lead to retinal 
ischemia, a condition in which the blood flow, and thus oxygen, is restricted in the retina. 
Reduced oxygen induces the formation of morphologically abnormal vessels, (neovas-
cularization), as well as neuronal death (apoptosis) in a layer of the retina, causing retinal 
degeneration. The retinal disease that develops in the model of ROP combines many 
features that characterize both ROP and diabetic retinopathy, such as retinal vaso-
obliteration, neovascularization and neuroretinal apoptosis. The RTP801 knockout-
mice clearly demonstrate a significant attenuation of all these features, indicating that 
RTP801 may be a novel therapeutic target for treatment of these conditions.

siRNA can be efficiently delivered into the rat retina using lipid-based nanocar-
riers, and some of the lipoplexes loaded with siRNA silencing HuR expression are 
potential candidates to manage retinal diseases (Amadio et al 2016). A phase II, 
prospectively randomized, multicenter, double-masked, dose ranging study evalu-
ated the efficacy and safety of PF-04523655, a siRNA for diabetic macular edema, 
but the results have not been pubished (NCT01445899).

 Clinical Trials for Optic Nerve and Retinal Neuroprotection

As of January 2019, 297 clinical trials for optic neuropathy and 23 for retinal neu-
ropathy are listed on the US Government web site: http://clinicaltrials.gov/ct2/resul
ts?cond=%22Optic+Nerve+Diseases%22. The search can be narrowed down 
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according to the condition. Table 12.6 shows selected clinical trials for optic nerve 
and retinal neuroprotection, most of which deal with age-related macular dystrophy 
(AMD). Search with the term AMD retrieves a list of 1516 studies.
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 Introduction

General anesthesia is viewed from two angles in this chapter: adverse effects on the 
brain and use of some anesthetic agents as neuroprotectives with focus on the latter. 
There is a particular concern about neurotoxicity of general anesthetics on the 
developing brain during anesthesia on pregnant women. Neurologic complications 
of general anesthesia have been described elsewhere (Jain 2019). General anesthe-
sia carries a risk of stroke in elderly hypertensive patients, particularly those with 
stenotic lesions of the cerebral arteries and in whom there is hypotension whether 
incidental or induced. This is more to do with techniques and the physiological 
responses, which may result in hypotension or inadequate oxygenation. In spite of 
all the modern monitoring techniques, it is not possible to avoid an episode of cere-
brovascular ischemia during general anesthesia. Complications of carotid endarter-
ectomy during local or regional anesthesia are distinctly less than those under 
general anesthesia. One of the reasons is that general anesthesia deprives the pos-
sibility of clinical neurological assessment requiring patient cooperation and 
responses. However, agents used for anesthesia have a neuroprotective effect, which 
will be discussed, in the following section.

 Anesthetic Agents as Neuroprotectives

General anesthetics penetrate brain parenchyma and may prevent oxidative injury to 
neurons by inhibiting free radical generation due to slowing of cerebral utilization 
of oxygen and glucose. Antioxidant anesthetics, such as thiopental are free radical 
scavengers. Anesthetics may also prevent the rise of extracellular glutamate concen-
tration and inhibit the activation of excitatory glutamatergic receptors that aggravate 
oxidative stress after cerebral ischemia. There is strong experimental evidence to 
support the neuroprotective role played by anesthetic agents because of reduction in 
neuronal activity and cerebral metabolism. Hence, barbiturates, volatile anesthetics 
or ketamine exhibit significant protective effects against ischemic injury in numer-
ous experimental models of ischemia in vitro or in vivo. The neurobiological sub-
strate of this action may also be a reduction of the activity of glutamate receptors 
(NMDA and kainate), and/or downstream biochemical events.

Although anesthetics have been shown to reduce ischemic cerebral injury, the 
durability of this neuroprotection has been questioned. The available data indicate 
that, under the right circumstances, anesthetic neuroprotection can be sustained for 
at least 2–4 weeks; the durability of this protection is dependent upon the experi-
mental model, control of physiologic parameters and the assurance of the adequacy 
of reperfusion. In addition, volatile anesthetics have been shown to accelerate post-
ischemic neurogenesis; this suggests that anesthetics may enhance the endogenous 
reparative processes in the injured brain. Although anesthetics can provide long- 
term durable protection against ischemic injury that is mild to moderate in severity, 
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experimental data do not provide support for the premise that anesthetics reduce 
injury when the ischemic injury is severe. No data are available at the present time 
to support any clinical benefit of these actions in neurosurgical patients or TBI. 
Future research should develop clinically relevant models to examine the neuropro-
tective potential of anesthetics in neurosurgery.

 Barbiturates

Barbiturates were the earliest neuroprotective pharmaceuticals as they were intro-
duced into medicine in 1903 and the neuroprotective effect was demonstrated in 
1962. Barbiturate therapy has been used mainly for brain protection from hypoxia 
and ischemia. Barbiturates exert their neuroprotective effect by reducing the oxygen 
demands, increasing the oxygen delivery and inhibition of deleterious intracellular 
pathological processes. The exact mechanism of neuroprotective effect of barbiturates 
is not well understood but the proposed mechanisms are:

• Decrease of the cerebral metabolism
• Improvement in the distribution of regional cerebral blood flow
• Suppression of seizures
• Decrease of intracranial pressure
• Loss of thermoregulation
• Scavenging of free radicals
• Blocking of calcium channels
• Stabilization of membranes

Studies relevant to role of temperature in barbiturate-induced neuroprotection 
provide some evidence that the protective action of barbiturates is due to hypother-
mia resulting from loss of thermoregulation (Erickson et al 2009). In studies on rats, 
administration of pentobarbitone concurrently with MDMA produces a significant 
attenuation of the neurotoxic damage, but also acute hypothermia. When the tem-
perature of the MDMA plus pentobarbitone-treated group is kept elevated to that of 
the MDMA-treated group by the use of a homeothermic blanket, the neuroprotec-
tive effect of pentobarbitone is lost. These observations indicate that pentobarbitone 
does not possess intrinsic neuroprotective activity and the previously reported activity 
is due to a hypothermic action of the drug.

Barbiturates are still widely used as neuroprotective agents during status epilep-
ticus and during surgical procedures that cause cerebral ischemia. The efficacy of 
this practice is unproved. Two drawbacks of barbiturates as neuroprotectives are:

 1. While barbiturates may counter neuronal excitotoxicity, they can also inhibit 
mitochondrial ATP production. Measurement of glutamate uptake in primary rat 
astrocyte cultures in the presence of several barbiturates has shown that barbitu-
rates potentiate ATP depletion during glucose deprivation, supporting mitochon-
drial inhibition as the mechanism of these effects. These findings suggest that 
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barbiturates can, under some conditions, impair glutamate uptake at concentrations 
relevant to their clinical use.

 2. High doses of barbiturates are required to maintain coma and this can cause 
severe hypotension requiring vasopressor support.

 Thiopental

Thiopental is a barbiturate anesthetic that has been shown to protect against isch-
emic neuronal damage in vivo and is one of a few agents that has been shown to 
improve neurological outcome clinically. Basis of its neuroprotective effect is mul-
tiple effects on brain physiology:

• Reduction of intracranial pressure
• Decrease of metabolic rate
• Reduction of brain temperature
• Direct neuronal protection

 Etomidate

Etomidate, a non-barbiturate imidazole derivative has actions similar to those of 
barbiturates but has the following advantages:

• Minimal cardiovascular side effects
• It has a shorter half life than most barbiturates, allowing a more rapid awakening 

of the patient
• It has a direct vasoconstrictor effect on cerebral blood vessels, which may have 

lost their tone.

No controlled clinical studies have been conducted to prove the neuroprotective 
action of etomidate. Etomidate use is restricted because of side effects: myoclonic 
movements and suppression of adrenal cortical function.

 Propofol

Propofol, an intravenous hypnotic anesthetic, is currently the world’s best-selling 
anesthetic agent. Because its effect on neuronal activity is like that of barbiturates, 
it has been hypothesized that propofol may act as a neuroprotective. There is some 
evidence that it provides brain protection in hypoxia and incomplete cerebral 
ischemia. When used in combination, the dose-dependent neuroprotective effect of 
propofol is additive to the neuroprotective effect of hypothermia in an in vitro model 
of TBI (Rossaint et al 2009). Neuroprotective effect of propofol has compared to 
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two other types of intravenous anesthetics (i.e. benzodiazepine; midazolam and bar-
biturate; pentobarbital) using animal cerebral ischemia models focused on GABA 
receptor subtypes. The neuronal injury was significantly attenuated by propofol, 
midazolam and the GABAA agonist, muscimol, administered prior to induction of 
ischemia. This neuroprotective property, however, was lacking with pentobarbital 
and GABAB agonist baclofen. Concomitant pretreatment with subthreshold doses 
of propofol and muscimol significantly reduced the amount of cell death induced by 
brain ischemia. On the other hand, pretreatment with the GABAA antagonist bicu-
culline significantly inhibited the neuroprotective effects of propofol. However, a 
GABAB antagonist, phaclofen, was without effect on neuronal damage and on neu-
ronal protection of propofol. These results indicate that activation of GABAA recep-
tors, which include the specific binding subunits for propofol and midazolam, but 
not pentobarbital, plays a role in the inhibition of neuronal death induced by brain 
ischemia. Propofol, however, is not used clinically as a neuroprotectant adjunct to 
surgery.

 Ketamine

Intravenous ketamine is used for premedication, sedation, and induction as well as 
maintenance of general anesthesia. As a NMDA blocker, ketamine has been shown 
to be neuroprotective both in vivo and in vitro. However, ketamine is not commonly 
recommended for use in patients suffering from cerebral ischemia because of its 
adverse neurological effects. Experimental studies have shown that combinations of 
reduced doses of ketamine and thiopental sodium exhibits enhanced neuroprotec-
tion against NMDA-induced neurotoxicity. Hence, combinations of these two com-
mon anesthetics agents could be developed to protect the brain from ischemia. As 
an anesthetic, ketamine is a neuroprotective in stroke, neurotrauma, subarachnoid 
hemorrhage, and status epilepticus (Bell 2017). Investigations have been carried out 
on specific pharmacological properties of ketamine, and their effects on the cerebral 
hemodynamics and cellular physiology of brain tissue exposed to TBI. In the mod-
ern acute management of TBI patients, ketamine might be a suitable agent for 
induction of anesthesia, particularly in those patients with potential cardiovascular 
instability.

 Gaseous Anesthetics

 Isoflurane

This volatile anesthetic is considered to have neuroprotective effect because it 
decreases neuronal activity by decrease in cerebral metabolic rate and cerebral 
blood flow. Isoflurane has been shown to provide neuroprotection in animal models 
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of incomplete cerebral ischemia. Mechanisms of action of neuroprotective effect of 
isoflurane include the following:

• Metabolic suppression
• Prevention of cerebral hypothermic response to ischemia
• Suppression of sympathetic activity
• Decrease in glutamate receptor activity preventing Ca2+ influx

Isoflurane preconditioning is neuroprotective in models of cerebral ischemia. 
The isoflurane concentrations and times needed for the preconditioning to be neuro-
protective are clinically relevant. The mechanisms of this protection seem to involve 
modulation of glutamate transporter activity.

 Xenon

Xenon has been used for several years in CBF studies. 131Xenon inhalation com-
bined with scintigraphy was used to measure regional CBF and now xenon-CT is 
used for this purpose. In vivo measurements of ACh release in the rat cerebral cortex 
during xenon anesthesia using Microdialysis show that xenon induces an initial 
increase in ACh release, followed by a gradual decrease. An explanation of this find-
ing is that xenon activates CNS cholinergic cell activity followed by development of 
acute tolerance. Rise of ACh is due to inhibition of ChE by xenon. Further studies 
have shown that xenon does produce ACh rise is not due to inhibition of ChE; it is 
more likely a direct effect of xenon on the cholinergic nervous system.

Xenon, an “inert” gaseous anesthetic, is an antagonist at NMDA-type glutamate 
receptor. Efficacy of xenon as a neuroprotectant has been tested both in vitro and 
in vivo models of brain injury. Xenon exerts a concentration-dependent protection 
in vitro against neuronal injury in mouse neuronal cell cultures provoked by NMDA, 
glutamate and oxygen deprivation. In mouse models of transient focal cerebral isch-
emia induced by MCAO, xenon administration improves both functional and histo-
logical outcomes. In an in  vivo brain injury model in rats, xenon exerts a 
concentration-dependent protective effect and reduces brain damage. Thus xenon 
exerts a concentration-dependent neuroprotective effect at concentrations below 
which anesthesia is produced in rodents. Unlike either nitrous oxide or ketamine 
(other anesthetics with NMDA antagonist properties), xenon is devoid of both neu-
rotoxicity and clinically significant adverse hemodynamic properties.

An understanding of the molecular pharmacology of xenon and specific pharma-
cological targets that may mediate its actions provide the basis for its use as a neu-
roprotectant (Dickinson and Franks 2010). Xenon has been studied as a 
neuroprotective against stroke and cognitive impairment in patients during cardiac 
bypass surgery on heart-lung machine. Cardiopulmonary bypass-induced neuro-
logic and neurocognitive dysfunction can be attenuated by the administration of 
xenon, potentially related to its neuroprotective effect via NMDA receptor 
antagonism.
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Synergistic effect of xenon’s neuroprotective effect with targeted temperature 
management (TTM) led to its use in clinical settings including management of the 
postcardiac arrest syndrome, in which TTM is indicated (Robel et al 2018). Xenon’s 
efficacy in combination with TTM has been successfully demonstrated in a preclinical 
model of porcine cardiac arrest. Xenon plus TTM have also been shown to signifi-
cantly decrease an imaging biomarker of brain injury for out of hospital cardiac 
arrest victims that had been successfully resuscitated. There is a need for further 
investigation to determine whether xenon improves survival with good clinical out-
come for successfully resuscitated victims of a cardiac arrest.

 Local Anesthetics

Lidocaine is the local anesthetic most frequently studied in determining the neuro-
protective effects. It acts by blocking Na+ channels in the cells, which restricts both 
Na+ influx and K+ efflux. By blocking the ion influxes, lidocaine decreases the 
work of cell membrane ATP-dependent ion pumps and thus the energy require-
ment. In the normal brain this would appear as decrease of cerebral metabolism 
and in the ischemic brain as decrease in energy requirement, which would have a 
neuroprotective effect. However, lidocaine can have neurotoxic effects and sei-
zures are a known side effect of lidocaine (Jain 2019a). Unless more studies are 
done to prove its neuroprotective effect in safe doses, it is not recommended for use 
as a neuroprotective.

 Monitoring of CNS Function During Anesthesia and Surgery

 Monitoring of Cerebral Function

Optimal assessment of the nervous system is usually done by means of the clinical 
neurological examination, but this is not possible in patients under anesthesia dur-
ing neurosurgical procedures. Risk of undetected seizure activity and progression of 
neurological injury increase during anesthesia. Technologies such as evoked poten-
tials and bispectral index (Aspect Medical Systems’ BIS®) monitoring are effective 
for assessing cerebral function as well as level of sedation or arousal, respectively, 
in patients with a compromised neurological assessment. The technology works by 
placing a BIS sensor on a patient’s forehead to obtain information from EEG. The 
BIS monitor then translates this information into a single number from 100 (indicat-
ing an awake patient) to zero (indicating the absence of brain electrical activity) that 
objectively represents each patient’s level of consciousness. BIS monitoring thereby 
enables clinicians to minimize the risk of under- and over- dosing of anesthetics and 
sedatives.

 Monitoring of CNS Function During Anesthesia and Surgery
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 Monitoring of Spinal Cord Function During Spinal Surgery

There is risk of damage to the spinal cord during surgery on tumors or vascular 
malformations of the spinal cord. Spinal cord monitoring is also needed during 
scoliosis surgery and other spinal surgery as well. Since the patient under general 
anesthesia is not responsive to any clinical testing, laboratory-monitoring proce-
dures are needed. Monitoring of spinal cord function has become the standard of 
care in scoliosis surgery and is increasingly utilized in other spinal surgical 
procedures.

Experimental studies show that, during spinal surgery, time-frequency analysis 
of evoked potentials (EPs) provides a better indicator of the integrity of spinal cord 
function than traditional time-domain monitoring of EPs alone. EPs usually consist 
of many components or small waves that are generated at different sites in the spinal 
cord, but current intraoperative EP monitoring techniques can only measure the 
main peak and initial latency in the time domain because the interpeak measure-
ments take too long to be performed during surgery. Time-frequency analysis of EPs 
would be a solution, since the EPs can be easily identified and measured in time- 
frequency distribution and the time-frequency analysis can represent the property of 
different components in a close area.

With the approval by regulatory bodies of appropriate stimulators, and the pub-
lication of workable guidelines, MEPS (Motor Evoked Potentials) are increas-
ingly used in addition to SSEPs (somatosensory evoked potentials). This type of 
monitoring presents an additional challenge to the anesthetist. In most of the 
medical centers, the MEVs are recorded from the muscles, especially in scoliosis 
surgery, to avoid the need of placing electrodes on the spinal cord. This necessi-
tates the entire anesthetic management be tailored to the requirements of this 
monitor. The anesthetic cannot include ongoing neuromuscular blockade, and 
particularly in children reliable recordings of MEPs are best obtained in the 
absence of many of the halogenated agents. This makes an approach utilizing 
propofol and a short acting opioid infusion preferable. A practical overview has 
been presented from the perspective of the neurophysiologist, the anesthesiolo-
gist, and the surgeon on the requirements which must be understood by these 
participants in order to successfully contribute to a positive outcome when a 
patient is undergoing complex spine surgery.

Multimodel intraoperative monitoring (MIOM) during lumbosacral surgical pro-
cedures is an effective method of monitoring the conus medullaris, cauda equina 
and nerve root function during surgery at the lumbosacral junctions and might 
reduce postoperative surgical-related complications and therefore improve the long- 
term results. MIOM has increasingly become important to monitor ascending and 
descending pathways, giving immediate feedback information regarding any neuro-
logical deficit during the decompression and stabilization procedure in the lumbo-
sacral region. Intraoperative spinal- and cortical-evoked potentials, combined with 
continuous EMG- and motor-evoked potentials of the muscles, are evaluated and 

13 Neuroprotection During Anesthesia and Surgery



809

compared with postoperative clinical neurological changes. The sensitivity of 
MIOM applied during decompression and fusion surgery of the lumbosacral region 
is ~90%, and the specificity is ~99.7%.

 Perioperative Neuroprotection

Perioperative cerebral damage may be associated with surgery and anesthesia. 
Pharmacological perioperative neuroprotection is associated with conflicting results. 
A qualitative review of randomized controlled clinical trials of perioperative pharma-
cological neuroprotection, reported the effects of tested therapies on new postopera-
tive neurological deficit, postoperative cognitive decline (POCD), and mortality rate 
(Bilotta et  al 2013). Tested therapies were: lidocaine, thiopental, S(+)-ketamine, 
propofol, nimodipine, GM1 ganglioside, lexipafant, glutamate/aspartate and xenon 
remacemide, atorvastatin, magnesium sulphate, erythropoietin, piracetam, rivastig-
mine, pegorgotein, and 17β-estradiol. The use of atorvastatin and magnesium sulphate 
was associated with a lower incidence of new postoperative neurological deficit. The 
use of lidocaine, ketamine, and magnesium sulphate was associated with controver-
sial results on POCD, which did not differ between treated patients and control group 
for other tested drugs (thiopental, propofol, nimodipine, GM1 ganglioside, lexipafant, 
glutamate/aspartate, xenon, erythropoietin, remacemide, piracetam, rivastigmine, 
pegorgotein, and 17β-estradiol). None of the tested drugs was associated with a reduc-
tion in mortality rate. Drugs with various mechanisms of action have been tested over 
time; current evidence suggests that pharmacological neuroprotection might reduce 
the incidence of new postoperative neurological deficits and POCD, while no benefits 
on perioperative mortality are described.

A study has shown that patients in medical and surgical intensive care units 
(ICUs) are at high risk for long-term cognitive impairment (Pandharipande et al 2013). 
A longer duration of delirium in the hospital was associated with worse global cog-
nition and executive function scores at 3 and 12 months but use of sedative or anal-
gesic medications was not consistently associated with cognitive impairment. One 
out of four patients had cognitive impairment 12 months after critical illness that 
was similar in severity to that of patients with mild AD, and one out of three had 
impairment typically associated with moderate TBI. Since delirium is associated 
with long-term cognitive impairment, interventions directed at reducing delirium 
may mitigate brain injury associated with critical illness. Although the judicious use 
of sedative agents and routine monitoring for delirium, which are recommended 
components of care for all patients in the ICU, are increasingly applied, only a few 
interventions such as early mobilization and sleep protocols have been shown to 
reduce the risk of delirium among patients in the ICU, and it is not known whether 
any preventive or treatment strategies can reduce the risk of long-term cognitive 
impairment after critical illness.

 Perioperative Neuroprotection
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 Neuroprotection During Cardiovascular Procedures

 CNS Complications of Cardiac Surgery

Although improvements in technology, as well as advances in surgical and anes-
thetic techniques, have reduced mortality related to cardiovascular procedures, neu-
rologic complications continue to be recognized as important factors in postoperative 
morbidity from these procedures. For example, strokes complicate cardiac surgical 
procedures in up to 6% of patients. As a basis for the discussion of neuroprotection, 
CNS complications of cardiovascular procedures are shown in Table 13.1.

Table 13.1 CNS complications associated with cardiac procedures

Complication Structure involved Manifestations

Coronary artery bypass graft
Infarction Cerebral cortex Variable depending on the site of the lesion
Coma Brainstem Evidence of hypoxic-ischemic injury including 

brain death or coma
Cognitive dysfunction Cerebral cortex Disturbances in learning, memory, attention, 

concentration, psychomotor function, 
language, and other areas of higher cortical 
functioning

Periventricular 
leukomalacia

Cerebral white 
matter

Spastic diplegia

Infarction Basal ganglia Movement disorders, including choreoathetosis
Apoplexy Pituitary gland Headache, visual acuity and field deficits, 

ocular palsies
Ischemic optic neuropathy Optic nerve Sudden painless visual loss
Central retinal artery 

occlusion
Retina Acute, unilateral, painless visual loss

Infarction Spinal cord Paraplegia
Valve replacement surgery
Ischemic stroke 

intracranial hemorrhage
Cerebral cortex, 

cerebellum, 
brainstem

Variable depending on the level of lesion

Cardiac transplantation
Infarction or hemorrhage Cerebral cortex, 

cerebellum, 
brainstem

Variable depending on the site of the lesion

Seizures Cerebral cortex Usually loss of consciousness and generalized 
tonic-clonic movements

Encephalitis Cerebral cortex Fever, meningismus, headache, altered mental 
status, weakness or paralysis, and seizures

Abscess Cerebral cortex Fever, headache, meningismus, altered mental 
status, focal neurologic signs, seizures

(continued)
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Most neurological complications of cardiovascular surgery are associated with 
cardiopulmonary bypass. Other procedures such as cardiac catheterization and coro-
nary artery bypass grafting can be accompanied by neurological complications 
resulting in CNS injury. Two mechanisms are believed to be responsible for postop-
erative neurological dysfunction: cerebral hypoperfusion (insufficient oxygen supply 
for cerebral oxygen demand) and cerebral emboli (reduced blood supply). Studies of 
cerebral oxygenation effects of various methods of pharmacological neuroprotection 
during cardiopulmonary bypass demonstrate that the balance of cerebral oxygen 
delivery to consumption during cardiopulmonary bypass is altered differently by 
thiopental and isoflurane. It appears that cerebral protection is more complex than a 
simple improvement in the balance of oxygen delivery and consumption.

 Neuroprotective Strategies During Cardiac Surgery

Stroke as a complication of cardiac surgery occurs in 2–13% of cases depending on 
the type of surgery. The cause is most likely multifactorial with embolic events 
considered as main contribution. Prophylactic administration of neuroprotective 
drugs to lessen the consequences of brain ischemia might be useful for patients 
undergoing cardiovascular procedures. The drugs should be started before surgery 
and continued through the operation into the postoperative period. One advantage of 
this setting over stroke in starting neuroprotective therapy is that cardiac surgery 
provides an opportunity to start the therapy before the onset of ischemia whereas it 
is difficult to predict a stroke and the therapy is started only after the stroke has 
occurred. This area of neuroprotection needs to be reassessed and other neuropro-
tectives should be investigated for this purpose. Non-pharmacological strategies 

Table 13.1 (continued)

Complication Structure involved Manifestations

Reversible posterior 
leukoencephalopathy

Cerebral white 
matter

Seizures, visual field defects, and other focal 
neurologic deficits

Meningitis Meninges Fever, altered consciousness, confusion, 
headache, nausea, vomiting, and seizures

Aortic surgery
Seizures Cerebral cortex Loss of consciousness +/− tonic-clonic 

movements
Weakness due to 

neuromuscular block. 
Ventilatory dependency

Neuromuscular 
junction

Generalized weakness may be present. 
Difficulty weaning from ventilator

Ischemia Cerebral cortex, 
cerebellum, 
brainstem

Variable depending on the site of the lesion

Ischemia Spinal cord Paraparesis or paraplegia
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allow perioperative caregivers to detect injurious events and to ameliorate stroke 
and its sequelae. Considering the multifactorial etiology, stroke prevention will 
likely have to be addressed with an personalized combination of different strategies. 
Table 13.2 shows neuroprotective strategies for cardiac surgery.

Remacemide, an NMDA-receptor-antagonist showed a significant drug-based 
neuroprotection during cardiac surgery. Other substances currently assessed in 
 clinical trials whose results are still pending are acadesine, an adenosine-regulating 
substance, the free radical scavenger edaravone and the local anesthetic lidocaine. 
Lidocaine is FDA approved and is commonly used for treating some heart rhythm 
disorders and for regional anesthesia. A double-blind randomized trial showed that 
lidocaine administered during and after cardiac surgery does not reduce the high 

Table 13.2 Strategies for protection of the brain during cardiac surgery

Time Issue Suggestions

Before 
surgery

Identification of patients at 
high risk

Use of minimally invasive surgery: e.g. 
percutaneous coronary intervention

Detection of carotid artery 
stenosis

Correction of stenosis:  carotid endarterectomy or 
stenting

MRI to identify preexisting 
cerebrovascular disease

Blood pressure management during surgical 
procedures to avoid hypotension

Atrial fibrillation Pretreatment with drug therapy
Cardioprotection + 

neuroprotection for 
on-pump CABG surgery

Preconditioning with HBO

During 
surgery

Aortic atheroma with risk of 
thromboembolism and 
impaired cerebral perfusion 
due to hypotension

Use of transesophageal echocardiogram 
ultrasound to identify ascending and arch aortic 
atheroma lesions

Use of neuroprotective agents: e.g. erythropoietin
Minimize aortic manipulation
Maintain higher blood pressure during 

cardiopulmonary bypass
Increase hematocrit to 30%
Hypothermia: prevent rewarming 

temperature > 37 °C
Monitoring of brain oxygenation and perfusion 

with near infrared spectroscopy and 
transcranial Doppler

Glucose monitoring: prevent hyperglycemia
Aortic cannulae and filters help to reduce 

embolization
If arterial emboli, terminate procedure and move 

patient to a hyperbaric chamber
After 

surgery
Prevention of atrial fibrillation Early intervention for arrhythmias
MRI for identification of brain 

infarcts
Blood pressure intervention to minimize infarct 

size
Brain infarcts with 

neurological deficit
Hyperbaric oxygen therapy

© Jain PharmaBiotech
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rate of postoperative cognitive dysfunction (Mathew et al 2009). Higher doses of 
lidocaine and diabetic status were independent predictors of cognitive decline.

Efficacy of erythropoietin has been tested in a study on adults who required surgi-
cal revascularization of the heart with the use of the heart-lung machine (Lakic et al 
2010). MRI scans revealed that 4 of 10 patients from the control group had fresh 
ischemic brain lesions after open heart surgery. None of the patients in the erythro-
poietin-treated group had fresh ischemic brain lesions. In a prospective randomized 
double-blinded placebo-controlled trial, patients undergoing cardiac surgery with 
cardiopulmonary bypass were randomized to receive either intravenous lidocaine 
bolus +48-h infusion or placebo that had identical infusion volume and duration 
(NCT00938964). Although lidocaine did not affect the systemic or transcerebral 
activation of platelets or leukocytes, there was a reduction in the transcerebral activa-
tion of platelet-monocyte conjugates after aortic cross-clamp release, which may be 
a manifestation of reduced cerebral inflammation during cardiopulmonary bypass in 
response to treatment with lidocaine (Klinger et al 2016).

Advances in infant cardiac surgery have resulted in a dramatic decline in mortal-
ity rates; however, neurological morbidity remains an important concern. The effec-
tiveness of interventional strategies to prevent or minimize brain injury during 
open-heart surgery is currently being investigated. These approaches fall into two 
categories: (1) interventions to enhance intra-operative cerebral oxygenation to pre-
vent hypoxic-ischemic insults, and (2) the application of cerebral rescue therapies 
to attenuate the cascade of brain injury. Infant cardiac surgery provides a controlled 
environment in which to apply these neuroprotective approaches, to optimize the 
quality of life of these vulnerable children.

 Neuroprotection Before Anticipated or Induced Cardiac Arrest

Cardiac arrest may be anticipated or induced in some procedures. Pharmacological 
neuroprotection may then be instituted as a prophylactic measure for pharmacologi-
cal neuroprotection prior to transient global cerebral ischemia. These strategies may 
differ from those used after onset of focal cerebral ischemia. The following drugs 
have been used for neuroprotection before anticipated or induced cardiac arrest: 
isoflurane, phenytoin, lamotrigine, magnesium, nimodipine, and flunarizine. Some 
of them are applied chronically and others administered via clinically impracticable 
routes. If factors like costs, toxicity, side effects, route and mode of application are 
considered, isoflurane and magnesium sulfate that have also been safely applied to 
patients with compromised left ventricular pump function are advantageous but 
their true role in human neuroprotection remains unclear.

 Neuroprotection During Coronary Artery Bypass Grafting

Coronary artery bypass grafting (CABG) is highly effective in increasing the life 
expectancy and improving quality of life for patients with ischemic heart disease. 
CABG is currently perhaps one of the most commonly performed major operations 
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in the industrialized world; more than a million procedures are performed world-
wide every year. Unfortunately, subtle impairment of cognitive function is common 
after surgery and may be related to cardiopulmonary bypass at the time of surgery.

Over the past decade advances in anesthesia, surgery, and perioperative manage-
ment of patients resulted in mortality of coronary artery bypass grafting remaining 
at 2–3% despite a marked increase in the risk profile of such procedures. Brain 
injury is now the most feared complication of CABG. Although clinically overt 
cerebral injury is infrequent (around 3% of patients have a stroke) subtle impair-
ment of higher cognitive function is common. Detailed cognitive assessment, using 
a battery of tests, shows some impairment in as many as 80% of patients at the time 
they are discharged from hospital, which persists in around a quarter of them at 
6 months. Neurocognitive impairment early after surgery has been shown to cor-
relate with both late decline and impaired measures of quality of life. Although 
cognitive impairment is often “subclinical,” the patients may complain of loss of 
memory, impaired concentration, or “just not being the same,” or their relatives 
may notice these changes.

Although postoperative neurocognitive injury is complex and not unique to car-
diac surgery, it is more frequent and more severe after operations using cardiopul-
monary bypass. This procedure uses artificial extracorporeal circulation to provide 
oxygenated blood to vital organs while the heart is stopped. Until the recent devel-
opment of cardiac stabilizers, this had been a prerequisite to providing a motionless 
and bloodless operating field during coronary artery bypass grafting. The disadvan-
tage of cardiopulmonary bypass is that it causes multiorgan dysfunction through a 
combination of embolization of gaseous and particulate debris, flow abnormalities 
in capillary beds, and a systemic inflammatory reaction syndrome. Such dysfunc-
tion is mild and reversible in most patients, but the brain is particularly susceptible, 
especially in the settings of advanced age, impaired ventricular function, and long 
duration of cardiopulmonary bypass. A few randomized controlled trials have 
shown that patients who undergo off-pump CABG surgery show similar patency of 
grafts, better clinical outcome, shorter hospital stay, and better neurocognitive func-
tion than patients who undergo conventional CABG surgery using cardiopulmonary 
bypass, but there was no difference in mortality. Other clinical trials have shown the 
superiority of on-pump over off-pump during CABG.  In a randomized trial, off- 
pump CABG led to lower rates of 5-year survival and event-free survival than on- 
pump CABG (Shroyer et  al 2017). The use of off-pump CABG procedures has 
declined considerably during the past decade.

Various neuroprotective strategies have been tried in conjunction with CABG 
surgery. There is no evidence that hypothermia can reduce the incidence of neuro-
logical complications following CABG. In a large study, use of β-adrenergic antag-
onists was associated with a substantial reduction in the incidence of postoperative 
neurologic complications but a prospective randomized trial is needed to verify 
this potentially important neuroprotective strategy in cardiac surgery. Dexanabinol 
(see Chap. 2), a cannabinoid completed a phase IIa double blinded, placebo con-
trolled, randomized trial of for prevention of cognitive impairment in heart by-pass 
surgery in Israel. Improvements in the Stroop test by the dexanabinol-treated 
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patients over the placebo-treated patients may reflect a preservation of the brain’s 
higher cognitive functions and learning mechanisms that can be vulnerable to 
effects from surgery.

Gaseous microembolization contributes to neuropsychological decline, which is 
measurable 3 months postoperatively. No filter device could protect the brain during 
CABG completely, but the use of the dynamic bubble trap, an intra-aortic filter 
(Embol-X), tends to improve the cognitive outcome after CABG as shown by a 
study using controls that did not receive this device (Gerriets et al 2010). Gas filters 
are recommended for neuroprotection during cardiac surgery.

 Preconditioning with Hyperbaric Oxygen

A prospective, randomized, single-blinded study, including patients scheduled for 
CABG surgery between 2007 and 2009, evaluated the cerebral and myocardial pro-
tective effects of HBO preconditioning (PC) in both on-pump and off-pump surgery 
(Li et al 2011). Patients in the HBO groups underwent preconditioning for 5 days 
before surgery. On-pump CABG surgery patients preconditioned with HBO had 
significant decreases in S100B protein, neuron-specific enolase, and troponin I peri-
operative serum levels compared with the on-pump control group. Postsurgically, 
patients in the on-pump HBO group had a reduced length of stay in the intensive 
care unit and a decreased use of inotropic drugs. Serum catalase activity 24 h post-
operatively was significantly increased compared with the on-pump control group. 
In the off-pump groups, there was no difference in any of the same parameters. It 
was concluded that preconditioning with HBO resulted in both cerebral and cardiac 
protective effects as determined by biomarkers of neuronal and myocardial injury 
and clinical outcomes in patients undergoing on-pump CABG surgery.

 Neuroprotection in Aortic Surgery

Surgical therapy for aortic aneurysms and dissections involves partial or complete 
replacement of the aortic arch. Neurologic injury is a potentially devastating com-
plication of aortic surgery because of the interruption of circulation. Neuromonitoring 
includes use of EEG, peripheral somatosensory-evoked potentials (SEPs), and cere-
bral oximetry by near-infrared spectroscopy (NIRS). Measures for neuroprotection 
include pharmacologic, hypothermia and rewarming, circulatory and cannulation 
management strategies, allowing for actively manipulating CBF to circulatory 
arrest, and acid-base management. Some of the conclusions of a review of this topic 
are (Bergeron et al 2017):

• Selective antegrade cerebral perfusion by cannulation of the right innominate or 
axillary artery with simultaneous clamping of the more proximal innominate 
artery, provides CBF via the right carotid artery, whereas circulation to the rest 
of the body is arrested. An intact circle of Willis is required for the unilaterally 
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antegrade cannulated innominate or axillary artery to perfuse contralateral cerebral 
hemisphere.

• Adjunctive cerebral perfusion results in adequate brain protection at more mod-
erate hypothermic temperatures resulting in decreased hypothermia-related 
complications.

Spinal cord ischemia and resulting paraplegia represent a major complication 
associated with surgical repair of the thoracoabdominal aorta. It may result in per-
manent spinal cord dysfunction in 15–38% of high-risk patients.

 Pharmacologic Strategies for Neuroprotection in Aortic Surgery

The pharmacological strategies for neuroprotection in aortic surgery include the use 
of steroids given before cardiopulmonary bypass may decrease brain damage by 
decreasing the proinflammatory response. Furthermore, there is some evidence that 
some steroids can act as antioxidants for the ischemic tissues. The associated hyper-
glycemia, however, must be monitored and treated aggressively. Other clinically 
tested drugs include:

• Lidocaine may improve cognitive outcomes by decreasing the cerebral metabolic 
rate of oxygen.

• Magnesium may be protective by decreasing the voltage-sensitive and 
NMDA- activated calcium channels. Reduction in vasospasm may also be 
beneficial.

• Dexmedetomidine inhibits ischemia-induced norepinephrine release. It can be 
used in the immediate post-operative period.

Although the mechanism of spinal neuronal degeneration during ischemia is 
unclear, it may involve excessive calcium influx via N-type voltage-sensitive 
calcium channels (VSCCs). The neuroprotective effect of intrathecal administration 
of the selective N-type VSCC blocker ziconotide has been demonstrated in a rat 
aortic occlusion model but no clinical studies were done to test this.

Erythropoietin (EPO), with acute as well as delayed beneficial action in isch-
emic spinal cord injury, is a potential candidate for neuroprotection during aortic 
surgery. Intravenously administered EPO can cross the blood-spinal cord barrier 
and protect motor neurons. Because rhEPO is currently used widely with an 
excellent safety profile, clinical trials to evaluate its use for preventing motor neu-
ron apoptosis and the neurological deficits that occur due to ischemic injury are 
warranted.

The use of adenosine receptor A2 agonists as a spinal cord neuroprotectant dur-
ing surgery on the aorta is under investigation. Results of a study in a mouse model 
indicate that an A2A antagonist protects against SCI by acting on centrally located 
A2A receptors and is likely that blockade of A2A receptors reduces excitotoxicity 
(Paterniti et al 2011).

13 Neuroprotection During Anesthesia and Surgery



817

 Cerebral Protection During Organ Transplantation Surgery

Patients who need major organ transplants may already have impairment of the brain 
associated with the disease. Impairment of cerebral circulation is known in patients 
with failure of kidneys, liver and the heart who requiring transplantation. Some of the 
neurological complications seen in patients who require neuroprotective therapy are 
seizures, cerebral ischemia and hepatic encephalopathy. Cyclosporine, a drug used in 
transplant patients for immunosuppression, may cause encephalopathy even though 
it has neuroprotective properties. Antiepileptic drugs may have a neuroprotective 
function but there are problems of coadministration with immunosuppressant drugs 
like cyclosporine as both categories of drugs are metabolized via the hepatic P-450 
system and may accelerate the metabolism of each other thus reducing efficacy. 
The problem of neuroprotection during organ transplant is a complex one requiring 
several strategies and it is unlikely that it can be solved by a simple pharmacological 
approach and use of a neuroprotective drug.

 Cerebral Protection in Neurosurgery

The neurosurgical procedures that carry a risk of stroke are most those on the cere-
brovascular system and most of these are carried out to prevent a stroke. These com-
plications have been reduced to extremely low figures with the introduction of 
modern monitoring during surgery and refinement of surgical techniques such as 
microsurgery. The morbidity and mortality from these procedures is less than that 
resulting from the natural course of these diseases. Some of these procedures are:

 Cerebral Angiography and Endovascular Surgery

Angiography is performed less frequently with the advent of non-invasive diagnostic 
procedures. However, this procedure is required for delineation of some vascular 
lesions and requires injection of contrast material into cerebral circulation. 
Angiography is generally safe but stroke rates of 2–4% have been reported in large 
series of patients with cerebrovascular pathology. These are mostly transient stroke 
and permanent neurological deficits occur in less than 1% of the patients. 
Hypertensive patients with carotid stenosis and patients with vasospasm of the cere-
bral arteries following subarachnoid hemorrhage are at particular risk of developing 
cerebral ischemia during cerebral angiography.

Several procedures are performed on the blood vessels through percutaneously 
introduced catheters. Transluminal angioplasty may be performed with placement 
of a stent in the carotid artery as a treatment for carotid stenosis. One complication 
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of this procedure is thrombosis of the artery or detachment of emboli from the site 
of operation, which may lodge, in intracerebral arteries. Endovascular procedures 
are also performed for treatment of intracranial aneurysms and vascular malforma-
tion and similar complications may arise during these procedures.

 Cerebral Protection During Surgery for Arteriovenous 
Malformations

During surgery for arteriovenous malformations, normal branches of arteries may 
be occluded accidentally or misdirected embolization (aimed at abnormal vessels) 
may occlude normal arteries. Cerebral hemorrhage may occur due to reperfusion or 
incomplete excision of the malformation.

 Cerebral Protection During Surgery of Intracranial Aneurysms

Surgery on intact intracranial aneurysms carries virtually no morbidity or mortality 
(Jain 1974, 1982) but surgery of ruptured intracranial aneurysms still carries a 
small risk of stroke, which may be due to aneurysm rupture, procedure of inserting 
coils for inducing thrombosis, vasospasm or occlusion of arteries - planned or acci-
dental. Planned occlusion or carotid or vertebral arteries in the neck used to be 
performed frequently for the treatment of intracranial aneurysms but only rarely 
these days. Even those who can tolerate the procedure are at risk of developing a 
late stroke. Those who had one carotid artery occluded several years ago may 
develop atherosclerotic disease in the other artery with advancing age and have less 
potential for developing collateral circulation to protect against cerebral ischemia. 
Methods for neuroprotection during surgery of intracranial aneurysm include both 
physiologically- based (hyperoxygenation, hypothermia, hyperglycemia, hyperten-
sion, hemodilution and hypervolemia) and pharmacologically-based (antifibrinol-
ytic drugs, calcium antagonists, anesthetics, magnesium, and erythropoietin) as 
well as new concepts such as ischemic preconditioning, growth factors, and gene 
therapy.

Older methods required interruption of the intracranial circulation for intracra-
nial aneurysms of certain types, which were more likely to rupture during repair. 
The earliest neuroprotective agent was hypothermia. Randomized studies have 
shown that intraoperative hypothermia does not improve the neurologic outcome 
after craniotomy among good-grade patients with aneurysmal subarachnoid 
 hemorrhage. With refinements of surgical techniques such as microneurosurgery, 
the importance of neuroprotection has decreased.

There are still some situations where neuroprotection may be required. One of 
these is vasospasm, which means narrowing, or a contracted state of arteries. 
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Vasospasm is still a therapeutic challenge of the cerebral arteries in vivo as seen on 
angiograms or observed during surgical exposure of the cerebral blood vessels. This 
could get worse during surgical manipulation. Cerebral arterial vasospasm follow-
ing surgery on intracranial aneurysms may lead to cerebral ischemia.

Another situation is the use of induced hypotension as an adjunction to surgery. 
Blood pressures as low as 80 mm Hg systolic can be achieved for short periods 
without any risk of cerebral ischemia if competent anesthetic help is available. 
Nevertheless, there is a risk of cerebral ischemia and there is a good argument for 
placing patients with intracranial aneurysms on neuroprotective therapy in the pre-
operative period and to continue it through surgery as well as the postoperative 
period.

Combination of magnesium, tirilazad, and mild hypothermia was a neuroprotec-
tive effect in rat model of temporal middle cerebral artery occlusion and is superior 
to agents currently used for neuroprotection in situations requiring temporary occlu-
sion of an artery supplying the brain, e.g. during aneurysm surgery. Because all 
components of the suggested combination therapy are approved for use in humans, 
clinical evaluation may be performed without tedious approval procedures.

 Management of Subarachnoid Hemorrhage

Subarachnoid hemorrhage (SAH) due to rupture of intracranial aneurysms remains 
a very prevalent challenge in neurosurgery and is associated with a high morbidity 
and mortality due to the lack of specific treatment modalities. The prognosis of SAH 
patients depends primarily on three factors: (1) the severity of the initial bleed; (2) 
the endovascular or neurosurgical procedure to occlude the aneurysm; and (3) the 
occurrence of late sequelae, i.e. delayed ischemic neurological deficits due to cere-
bral vasospasm. Considerable efforts are being made to minimize periprocedural 
complications and chronic vasospasm but the acute phase of SAH has not been 
studied in comparable detail. In previous sections of the report, hypothermia has 
been shown to reduce neuronal damage after ischemia and traumatic brain injury. 
Based on the analysis of results of various studies on the effects of hypothermia on 
acute SAH, some considerations should be given to the application of mild to mod-
erate hypothermia in these patients as well.

 Vasospasm Associated with Subarachnoid Hemorrhage

Cerebral vasospasm and ischemic damage are important causes of mortality and 
morbidity in patients affected by aneurysmal subarachnoid hemorrhage (SAH). 
Prevention and management of vasospasm is an important neuroprotective strategy. 
Various methods to deal with cerebral vasospasm are dealt with in detail elsewhere 
(Jain 2019b). Medical and surgical methods of cerebral vasospasm management are 
shown in Table 13.3.
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One of the older methods for prevention and reduction of vasospasm associated 
with subarachnoid hemorrhage is drainage of CSF by lumbar puncture based on the 
concept of removal of spasmogens in CSF.  Shunting of CSF after subarachnoid 
hemorrhage has been observed to markedly reduce the risk of clinically evident 
vasospasm and its sequelae, shorten hospital stay, and improve outcome. Although 
CSF drainage or shunting procedures are done for hydrocephalus as a complication 
of subarachnoid hemorrhage, the value of early drainage of CSF on prevention of 
complications of subarachnoid hemorrhage (eg, vasospasm triggered by presence of 
blood) was tested in a phase III clinical trial completed in 2017 (NCT01258257). 
According to an earlier published protocol, this prospective randomized controlled 
trial investigated whether early application of a lumbar drainage after aneurysm has 
been secured by coiling or clipping improves clinical outcome (Bardutzky et  al 
2011). One of the secondary endpoints was angiographic vasospasm. A systematic 
review and meta-analysis of controlled trials concluded that external lumbar drain-
age was associated with a statistically significant decrease in the risk of delayed 
cerebral ischemia-related complications (cerebral infarctions and clinical deteriora-
tion), as well as the risk of severe disability; however, it was not translated in a lower 
mortality (Alcalá-Cerra et al 2016). Surgical removal in the acute stage of as many 
blood clots as possible by irrigation of all accessible cisterns can decrease symp-
tomatic cerebral vasospasm and reduce the severity of angiographic cerebral vaso-
spasm (Ota et al 2017).

Pharmacological agents to prevent vasospasm and to protect the brain against 
cerebral ischemia are shown in Table 13.4 according to concept of pathomechanism.

Intraperitoneal administration of recombinant human erythropoietin (rhEPO) 
has been shown to exert a neuroprotective effect during experimental SAH. 
Systemic administration of rhEPO following basilar artery spasm induced by SAH 
in rabbits produces significant increases in CSF EPO concentrations and reduced 
vasoconstriction of the basilar artery, ischemic neuronal damage, and subsequent 

Table 13.3 Medical and surgical methods of cerebral vasospasm management

Medical methods to improve cerebral blood flow and perfusion
Volume expansion
Induced hypertension
Adjuncts to surgery for intracranial aneurysms
Irrigation of blood from subarachnoid spaces in the brain
Application of vasodilators directly to the affected arteries
Implantation of prolonged-release papaverine pellets in basal cisterns of the brain
Application of low-power pulsed dye laser to the arterial wall
Minimally invasive procedures
Intracisternal administration of tissue plasminogen activator
Dilatation of the spasm with an intra-arterial balloon catheter
Intra-aortic balloon counterpulsation to improve cerebral blood flow
Cervical spinal cord stimulation
Gene therapy
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neurological deterioration. These observations suggest that rhEPO may provide an 
effective treatment to reduce the post-SAH morbidity.

Poly(ADP-ribose) polymerase is important in modulating inflammation, which 
has been implicated in cerebral vasospasm after SAH. Inhibiting ADP-ribosylation 

Table 13.4 Neuroprotection by prevention of vasospasm

Concept of pathomechanism Pharmacologic agent Rationale

Cerebral ischemia in vasospasm 
leading to infarction

Erythropoietin Neuroprotective by anti-apoptotic 
action

Clotted blood accumulated in the 
CSF prevents clearance of 
spasmogens

Recombinant tissue 
plasminogen 
activator

Thrombolysis facilitates drainage 
of blood from CSF to prevent 
vasospasm

Effective vasodilation Milrinone, a PDE 
inhibitor is given 
intraarterially

Combining vasodilating and 
inotropic properties is desirable

Endothelin-1 is a powerful 
endogenous vasoconstrictor 
substance produced by 
endothelial cells

Endothelin receptor 
antagonists

Prevention or reversal of vasospasm 
and neuroprotective effect

Intracellular calcium ion is 
essential for the contraction of 
muscle in the vessel wall

Calcium antagonists: 
nicardipine, 
nimodipine

Prevention or reversal of vasospasm 
and neuroprotection

Iron in the oxyhemoglobin causes 
vasospasm by generating free 
radicals

Iron-chelating agents, 
e.g. deferoxamine

Free radical scavenging effect with 
with partial relief of vasospasm

Oxyhemoglobin released from red 
blood cells has a potent direct 
vasoconstrictor effect on the 
vessel wall. A common agent 
that produces endothelial injury 
is the superoxide ion

Free radical 
scavengers: 
Tirilazad mesylate 
recombinant human 
superoxide 
dismutase

Prevention of vasospasm by 
preventing endothelial injury 
initiated by the superoxide ion

Platelet-derived growth factor-BB 
(PDGF-BB) is produced around 
the cerebral arteries following 
subarachnoid hemorrhage and 
produces vasospasm

Trapidil, an 
antiplatelet agent, 
relieves vasospasm

Trapidil is an antagonist of 
PDGF-BB function and forms 
the basis of developing better 
agents to counteract cerebral 
vasospasm

Protein-dependent inflammatory 
response in the vessel wall in 
vasospasm

Synthetic serine 
protease inhibitor 
FUT-175 (nafamostat 
mesilate)

Inhibits both complement pathways 
as well as the other plasma 
protease cascades (coagulation, 
fibrinolysis, and the kinin system

Spasmogenic substances released 
from the blood clot in the 
subarachnoid space

Thrombolytic: 
intracisternal tissue 
plasminogen 
activator

Facilitation of clearance of blood 
from the subarachnoid space

Vasoconstriction induced by 
depletion of nitric oxide

Nitric oxide donors: 
sodium 
nitroprusside 
nitroglycerine

Nitric oxide is an extremely potent 
vasodilator and accounts entirely 
for the biological effect of 
endothelium-derived relaxing 
factor. It acts through cyclic 
guanylic acid-dependent protein 
kinases
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attenuates cerebral vasospasm after SAH in animal models. A review of the 
literature indicates that leukocyte-endothelial cell interactions play a significant 
role in the pathophysiology of cerebral vasospasm and experimental therapeutic 
targeting of the inflammatory response when timed correctly can prevent vasospasm 
(Pradilla et al 2010).

Delayed cerebral ischemia (DCI) has a unfavorable outcome for patients with 
aneurysmal SAH. Regular administration of aspirin might have a positive impact on 
DCI risk and outcome of SAH patients, without increasing the risk for clinically 
relevant bleeding events. A retrospective case-control study showed that dual anti-
platelet therapy showed no additional benefit on DCI risk, but increased the likeli-
hood of major bleeding events (Oppong et al 2018).

Tissue plasminogen activator has been administered intrathecally for intracister-
nal thrombolysis to facilitate removal of subarachnoid blood accumulations. Various 
studies using this method suggest a beneficial effect, but there is a paucity of ran-
domized studies.

Triple-H approach, which is a commonly used approach to reduce the occurrence 
of delayed ischemic neurologic deficits consists of three measures: hypertension, 
hypervolemia, and hemodilution. Human albumin is used to induce hypervolemia; 
although it may increase the mortality rate in critically ill patients with subarachnoid 
hemorrhage. The primary rationale for the use of induced hypertension is that raising 
perfusion pressure may increase cerebral blood flow in high-resistance  vascular beds, 
increase collateral flow to ischemic brain regions, or both. Dopamine- induced hyper-
tension is associated with an increase in cerebral blood flow in patients with ischemia 
after subarachnoid hemorrhage. However, a potential risk of dopamine-induced isch-
emia exists, so the treatment should be guided by local cerebral blood flow measure-
ments. Hypertension can be induced only in such patients if the ruptured aneurysm 
has been repaired so that no recurrence of hemorrhage occurs. This therapy, though, 
does not increase the risk of hemorrhage from unsecured, unruptured aneurysms in 
the acute setting or in their short-term natural history. A systematic review of studies 
with triple-H approach concluded that hypervolemia did not appear to be superior to 
normovolemia, whereas its side effects were significantly more frequent. However, 
hypertension was associated with higher cerebral blood flow, regardless of the status 
of volume, with reversal of symptoms in two thirds of patients (Treggiari and 
Participants in the International Multi-Disciplinary Consensus Conference on the 
Critical Care Management of Subarachnoid Hemorrhage 2011).

 Cerebral Protection During Carotid Endarterectomy

This is the most frequently performed vascular procedure for carotid stenosis. 
Stroke as a complication of carotid endarterectomy has been reported in 2–20% of 
the cases during the past years. With refinements of technique, the risk of compli-
cations has dropped considerably, particularly when performed by an experienced 
surgeon. Perioperative strokes have been attributed to interruption of the carotid 
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circulation during surgery, embolization and intracerebral hemorrhage (considered 
to be due to reperfusion). Restenosis may occur as a late complication of the 
procedure.

The benefit of carotid endarterectomy for carotid artery stenosis relates to both 
appropriate patient selection and careful surgical technique. Critical to the latter is 
the ability to afford intra-operative neuroprotection during carotid cross-clamping, 
although the optimal strategy to assure this protection remains debated. Preoperative 
colloid volume expansion can be added to a surgical algorithm that includes electro-
encephalographic monitoring and barbiturate-induced burst suppression for EEG 
lateralization refractory to hypertension. This approach can increase the cerebral 
tolerance to carotid cross-clamping.

Intravenous infusion of 10% dextran 40 during carotid endarterectomy reduces 
embolic signals in the early postoperative period and may lower the risk of periop-
erative stroke. Doppler emboli counts may be a useful surrogate for clinical out-
come in future trials of antithrombotic agents during carotid endarterectomy, 
thereby reducing sample size requirements substantially.

Another problem is emboli traveling to the brain during angioplasty and stenting 
of the carotid arteries. Several cerebral protection devices have been devised com-
mercially to prevent this complication by attempting to catch debris in a net as it 
flows with blood upstream to the brain. One novel embolic protection device is the 
GORE Flow Reversal System (Gore & Associates Inc). Flow reversal is achieved at 
the treatment site by selectively occluding common carotid and external carotid 
artery blood flow. By establishing an arteriovenous shunt, blood from the  contralateral 
side via the Circle of Willis and collateral vessels is redirected to the lower pressure 
venous return. Embolic particles are captured in the external filter. In a clinical trial 
with this device, none of the 100 patients suffered from an embolic event during the 
procedure. Current literature on carotid angioplasty and stenting shows that, without 
embolic protection, anywhere from 5% to 15% of patients undergoing carotid artery 
angioplasty and stenting may suffer from embolic events during the procedure, caus-
ing temporary ischemic attacks, strokes, or even death.

 Cerebral Protection During Surgery of Brain Tumors

The aim of the surgeon during surgery of brain tumors is to prevent injury to the 
normal brain and its blood vessels. This is problematic because the normal tissue 
surrounding the brain may already be damaged by the growing tumor and the treat-
ments such as radiation and chemotherapy. Metabolic behavior of the peritumoral 
tissue has not been studied adequately for investigation of neuroprotective mea-
sures. Current measures for neuroprotection are directed at anesthetic support and 
reduction of raised intracranial pressure due to cerebral edema while maintaining 
adequate cerebral perfusion. Imaging using nanoparticle contrast materials may 
help in delineation of the margins of the tumor at interface with normal brain during 
tumor resection.
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Protection of the brain is particularly important during removal of benign 
tumors such as meningiomas. Peritumoral brain edema (PTBE), which widely 
accepted to be vasogenic, may be crucial in the clinical outcome of meningioma 
patients. A study found that vascular endothelial growth factor (VEGF) was exclu-
sively confined to tumor cells in World Health Organization grade I meningiomas, 
but only the occurrence of both pial vascular supply and tumor VEGF expression 
was found to be correlated with PTBE formation (Schmid et al 2010). These data 
suggest that VEGF may be crucial in angiogenesis and therefore indirectly in 
PTBE formation in meningiomas.This may form the basis of anti-VEGF strategies 
for controlling PTBE.

 Neuroprotective Measures Prior to Surgery

There are numerous procedures, such as surgery of the heart and brain, in which 
ischemia of the brain is anticipated. Some of the experimental ischemic precondi-
tioning/tolerance paradigms that involve clinically approved drugs such as desfer-
roxamine and erythropoietin might be exploited in clinical neurology to protect the 
brain. To this end, several groups are currently planning clinical trials to test whether 
brain protection can be achieved by pharmacological ischemic preconditioning/tol-
erance in patients undergoing bypass or carotid surgery.

During neurosurgical interventions, there is inevitable brain injury that results 
from the procedure itself. Brain tissue at the periphery of the operative site is at risk 
of injury by various means, including incisions and direct trauma, electrocautery, 
hemorrhage, and retractor stretch. In animal models of such injuries, pretreatment 
with PP1, an Src tyrosine kinase inhibitor, has shown neuroprotective properties but 
this has not been tested clinically. Preoperative neuroprotective treatment might 
limit surgical brain damage. HBO preconditioning attenuates postoperative brain 
edema and improves neurological outcomes after surgically-induced brain injury 
and this is mediated through COX-2 signaling pathways (Jadhav et al 2009).

 HBO Preconditioning for Neuroprotection During Surgery

HBO preconditioning (PC), may be useful for neuroprotection in procedures where 
ischemia is anticipated. A study has explored the role of osteopontin (OPN) in 
HBO-PC-induced neuroprotection (Hu et al 2015). In a randomized comparative 
study on rat models, neurological outcome in HBO-PC group was better than that 
of stroke group. After OPN siRNA was administered, neurological function aggra-
vated compared with control siRNA group. Brain morphology and structure seen 
by light microscopy was diminished in stroke group and OPN siRNA group, while 
fewer pathological injuries occurred in HBO-PC and control siRNA group. The 
infarct volume in HBO-PC group was the lowest, followed by OPN siRNA group 
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and stroke group, respectively. OPN reduced the expression of IL-1β/nuclear 
factor- κ- gene binding (NFκB) and augmented protein kinase B.  OPN siRNA 
reversed these changes. OPN plays an important role in the neuroprotection elic-
ited by HBO-PC. Pretreatment with HBO may be beneficial for patients prior to 
brain surgery.

 Neuroprotection Following Surgery

Decompressive craniotomy (DC) is performed to relieve intracranial pressure in 
uncontrollable cerebral edema following severe TBI and malignant infarction of the 
middle cerebral artery. This procedure involves maximal bony decompression and 
an expansile duraplasty to accommodate edematous brain tissue and prevent com-
pressive hypoperfusion, venous hypertension, and irreparable neurological injury. 
The cranial defect is usually non-problematic and sometimes left unrepaired. 
Cranioplasty is done to protect the brain against penetrating injuries.

 Neuroprotection by Cranioplasty After Decompressive Craniectomy

After DC, patients are potentially at risk for further neurotrauma due to the absence 
of a protective skull flap. Patients may develop additional complications including 
ex vacuo hydrocephalus, subdural hygroma, hemorrhage, infection, CSF leakage, 
and seizures. Syndrome of the sinking skin flap (SSSF) with delayed sensorimotor 
deficits after craniectomy is reported in as high as 30% of patients in an old retro-
spective study but a more recent study reported an incidence of 7.8% (Schorl 
2009). The condition may be overlooked as it has a delayed onset after the patient 
leaves the hospital. The “sinking skin” is a result of lower intracranial pressure in 
upright position and higher atmospheric pressure so that the pressure gradient 
across the skin flap directly acts on the brain resulting in tissue compression. 
Accordingly, neurological improvement has been reported when this pressure dis-
turbance is normalized temporarily with change in posture or permanently after 
cranioplastic repair.

Besides physical protection of the brain, cranioplasty often facilitates neurologi-
cal recovery after trauma by restoring intracranial pressure dynamics and allowing 
for increased rehabilitation activities. Motor deficits in patients with SSSF are attrib-
uted to impaired blood flow in the area of compressed brain and are relieved by cra-
nioplasty. Impairment of cerebral perfusion and marked increase after cranioplasty 
have been demonstrated by MRI perfusion studies and correlated with clinical 
improvement (Kemmling et al 2010). A systematic review of literature suggests that 
cranioplasty improves CBF following DC with a concurrent improvement in neuro-
logical function (Halani et al 2017). The causative impact of CBF on neurological 
function, however, requires further study.
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TBI
clinical trial, 317
effects, 316
HSCs, 317
limitations, 317, 318
MSC-derived exosomes, 318
transplantation, 317

Cell therapy
AD

bone marrow-derived microglia, 
 508, 509

cell transplantation, 602
CD11b promoter, 508
CPECs, 509
stem cell-based therapy, 603, 604
stem cell transplantation, 509–512

adenosine, 661
diabetic neuropathy, 754
hESC-derived RPE cells, AMD, 792, 793
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Cell therapy (cont.)
MS

autologous bone marrow stem cell 
therapy, 677

cannabinoids, 680, 681
dysmyelinated mutant mouse  

model, 676
ESCs, 677
HSCT, 678
MGE cell grafting, 679
MSCs, 679, 680
NaVI.5, 677, 678
NPCs, 680
NSC transplantation, 679
olfactory ensheathing cells, 677
T cell-based personalized vaccine, 680
transplantation strategies, 676

neural progenitor cells, 792
pharmacoresistant epilepsies, 662
post-traumatic epilepsy (PTE), 661
RPE, 790, 791
stem cell transplantation, 791, 792
TLE, 661, 662

Central retinal artery occlusion (CRAO), 781
Ceramide

AD, 544
Cerebral atrophy, 469
Cerebral cavernous malformations (CCMs), 

191, 235, 236
Cerebral dopamine neurotrophic factor 

(CDNF), 220, 447
Cerebral edema, 182, 287
Cerebral exercise (mental training)

age-related dementia, 651
Cerebral hypoperfusion, 811
Cerebral hypoxia

adaptive mechanisms, 24, 25
cerebral metabolism, 23, 24
description, 22
effect on brain, 23
HIFs and Hsps, 22

Cerebral hypoxia/ischemia, 283, 284
Cerebral infarction

penumbra, 188, 189
stress response and glial activation, 187
zones of, 187

Cerebral ischemia
pathophysiology (see Pathophysiology)
reperfusion injury, 187

Cerebral malaria (CM)
CNS infections, 707

Cerebral metabolism, 7
Cerebral perfusion pressure (CPP), 296
Cerebrolysin, 528

Cerebrospinal fluid (CSF) circulatory 
disorders

aging CNS, 701
brain catabolites, 701
hydrocephalus, 701, 702
NPH, 702

Cerebrovascular disease
classification, 178
stroke (see Stroke)

Cerebrovascular malformations
AVMs, 190, 234
CCMs, 191, 235, 236

Ceria nanoparticles, 39
Cerliponase alfa, 386, 387
Ceroid lipofuscinosis type 2 (CLN2), 385
Charcot-Marie-Tooth disease 1A (CMT1A), 757
Chelation

AD
clioquinol, 522
copper, 522, 523
next generation multifunctional  

agents, 523
Chemotherapy-induced brain damage,  

720, 721
Chemotherapy-induced neuropathy

PNS, 755, 756
Chitosan nanoparticles, 40
Chlamydia pneumoniae (Cpn)

vs. antimicrobial drugs, 536
Cholestatic liver diseases, 595
Cholesterol lowering agents

AD, 515, 516
Choline supplementation

AD, 550
Cholinergic-mediated seizures

miR-211, 665, 666
Chondroitin sulfate proteoglycans  

(CSPGs), 343
Chondroitinase ABC (ChABC), 343
Choroid plexus epithelial cells (CPECs)

AD, 509
Choroidal neovascularization (CNV), 795
Chronic adult hydrocephalus, 702
Chronic inflammatory demyelinating 

polyradiculoneuropathy  
(CIDP), 756

Chronic intermittent hypoxia (CIH), 735
Chronic myeloid leukemia (CML), 442
Chronic traumatic encephalopathy (CTE), 289

brain tau deposition, 290
clinical features, 290
neurodegenerative disease, 290
neurofibrillary degeneration, 290
neuropathological findings, 291
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pathological findings, 291
symptoms, 290
TDP-43, 291

Chronic unpredictable stress (CUS), 741
Ciliary neurotrophic factor (CNTF), 119, 786
Circadian rhythms, 8
c-Jun N-terminal kinase (JNK), 589
Cladribine

MS, 681, 682
Classification, neuroprotective agents

ADNP, 56
APC, 56
Davunetide, 57
dexmedetomidine, 56

Clenbuterol, 204
Clinical Dementia Rating (CDR) scale, 529
Clinical trials

AD, 560–575
ALS, 636
MS, 671
optic nerve, 796
PD, 455
retina, 796
SCI, 363
TBI

completed or ongoing (only one), 328
failed, 330, 331 (see Failed clinical 

trails)
Clinically isolated syndrome (CIS), 695
Clioquinol

AD, 522
Clozapine-N-oxide (CNO), 432
Clustered regularly interspaced short 

palindromic repeats associated 
(CRISPR), 794

Clustered regularly interspaced short 
palindromic repeats associated Cas9 
(CRISPR-Cas9), 606, 624, 637, 638

CNS disorders, 472
CNS glucocerebrosidase activity, 428, 429
CNS infections

bacterial meningitis, 703–704
CM, 707
cryptococcal meningitis, 705
PML, 704, 705
rabies virus, 706

Coagulation inhibitors
Apixaban, novel factor Xa inhibitor, 206
heparin and enoxaparin, 205
warfarin vs. dabigatran, 205, 206

Cocktail of dietary supplements
AD, 550

Coenzyme Q10 (CoQ10), 621
Coffee, 655

Cogane™, 433
Cognitive deficits

AD, 484
Cognitive reserve (CR), 160
Colivelin, 125
Colostrinin, 504, 505
Combinatorial therapies, 602
Comorbidities, 539
Conserved dopamine neurotrophic factor 

(CDNF), 434
Continuation ECT (C-ECT), 739
Copper, 493, 494

chelation, 522, 523
Coronary artery bypass grafting (CABG),  

813, 814
Corticotropin-releasing hormone (CRH), 146
COX-2 inhibitors, 200, 301, 302
Cranioplasty, 825
Creatine, 311

neuroprotective effect, 311
parameters, 311
pre-emptive, 311

Creatine supplementation, 311
CREB-regulated transcription coactivator 1 

(TORC1), 599
Crenezumab, 512, 513
Creutzfeldt-Jakob disease

2-aminothiazoles, 395, 396
extraneural infection, 394
flupirtine, 395
nontranscriptional mechanism, 395
pharmacological approaches, 394
PrP gene, 394
PrPSc conformation, 394
quinacrine, 394
symptoms, 393

Creutzfeldt-Jakob disease (CJD), 393
Cryptococcal meningitis

CNS infections, 705
CSP-1103, 544
Curcumin, 206, 505

MS, 682
CXCL-12, 679
Cyclic AMP response element binding (Creb) 

protein
AD, 553

Cyclic nucleotides, 596
Cyclin-dependent kinase (CDK) inhibitors, 301
Cyclin-dependent kinase 5 (Cdk5), 372
Cyclooxygenase (COX)-2 inhibitors, 65
Cyclooxygenase-2 (COX-2), 621, 622
Cyclophilin inhibitors

MS, 682
Cyclosporine, 302, 817
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Cysteamine, 593
Cysteine and neuroprotection

cysteamine, 593
cysteine metabolism reprogramming, 593

Cysteine stress, 589
Cysteine-string protein-α (CSPα), 372
Cytokine-directed therapies

MS, 682, 683
Cytokines

EPO, 87–89
G-CSF, 89

Cytokines and adhesion molecules
cells, 183
ICAM-1, 184
IL-1 and IL-6, 184
TNF-α, 184

Cytoplasmic dynein, 612

D
Daclizumab (zinbryta), 690
Dalfampridine

MS, 683
Dapsone, 535, 536
Decompression sickness (DCS), 699, 700
Decompressive craniotomy (DC), 825
Decompressive hemicraniectomy, 242
Deep brain electrical stimulation (DBS), 320
Deep brain stimulation (DBS)

cortico-basal ganglia-thalamo-cortical 
loop, 424

effects of high-frequency, 424
firing patterns, 424
frequency stimulation, 424
glial-neuronal interactions, 424
neural restoration, 424
striatal reinforcement, 424

Dehydroascorbic acid (DHA), 505, 506
Dehydroepiandrosterone (DHEA), 154
Delayed cerebral ischemia (DCI), 822
Delayed damage, 287
Delayed postanoxic demyelination, 731
Delayed post-hypoxic leukoencephalopathy 

(DPHL), 733, 734
Delta-opioid receptor (DOR) agonists

FK960, 91
gene therapy, 91, 92
hibernation, 90, 91
mammalian cortical neurons, 90
strategies, 90

Dementia
age-related, 648–652
AIDS, 655, 656
autologous stem cells, 511, 512

FTD, 383, 384
LBD, 655
Lewy bodies, 383
PSP, 384
and stress-induced neuropsychiatric 

disorders, 742
vascular, 652–654

Dementia with Lewy bodies (DLB), 655
Dentate gyrus (DG), 511
Derived CPECs (dCPECs), 509
Desferrioxamine, 523
Dexanabinol, 302, 303, 814
Dexanabinol (Pharmos), 105
Dexmedetomidine (Dex), 233
Dexpramipexole, 622
Diabetes

and AD, 483, 484
DR, 711, 712
hypoglycemic coma, 709, 710
ketoacidosis, 710, 711

Diabetic ketoacidosis, 710, 711
Diabetic neuropathy

cell therapy, 754
gene therapy, 754, 755
neuroprotection, 754

Diabetic retinopathy (DR), 711, 712
Diallyl trisulfide (DATS), 622, 623
DIAN-TU (Dominantly Inherited Alzheimer 

Network-Trials Unit) trial, 514
Dichloracetate, 738
Dimebon

AD, 540, 542
Dimethyl fumarate, 683, 684
Dipeptide-repeat proteins (DPRs), 638
Disease-associated microglia (DAM), 485
DJ-1 gene, 408, 409
DNA binding drugs, 70
DNA repair enzymes, 19, 20
Docosahexaenoic acid (DHA), 14, 207, 312

AD, 551
Donor skin cells, 633
Dopamine (DA), 589, 602

and AD, 481, 482
Dopamine (DA) systems, 293
Dopamine receptors (DARs), 602
Dopamine-induced hypertension, 822
Dopaminergic (DA), 414
Double-strand DNA breaks (DSBs), 478, 479
Doxycycline, 434
DP-b99 (D-Pharm), 256
Drug-induced hearing loss, 749
Drug-resistant epilepsy

MCs, 663
Drug-resistant partial epilepsies, 661
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Drugs, inappropriate calcium release, 593, 594
dsDNA breaks, 478, 479
Dysmyelinated mutant mouse model, 676

E
Edaravone, 623
Eicosapentaenoic acid (EPA), 594
Electrical fields, 160
Electroconvulsive (ECS) therapy, 59
Electroconvulsive therapy (ECT), 739
Electroretinogram (ERG), 790
Embryonic stem cells (ESCs), 357

remyelination, 677
Encephalopathy, 718
Endocannabinoids, 103
Endoplasmic reticulum (ER), 480, 634
Endothelial progenitor cells (EPCs), 754
Environmental enrichment, 161
Enzymatic antioxidants, 13
Ephrin-A5 blockers, 207
Epicatechin (EC), 210
Epidemiology

PD, 405
TBI, 284

Epigenetic dysregulation
AD, 482, 483

Epilepsy
AEDs, 658, 660
cell therapy, 661–662
drug-resistant, 663
gene therapy, 663, 664
HA, 664
hypothermia, 665
KD, 665
miR-211, 665, 666
neuronal damage mechanisms, 657, 658
neuroprotection vs. sequelae of seizures, 658

Epileptogenesis, 659, 660
Erythropoietin (Epo), 87–89, 303, 623, 750, 

751, 780, 816
MS, 684

Erythropoietin receptor (Epo-R), 780
Estrogen

AD, 542, 543
E2-treated female myeloid-specific ER 

alpha knockout mice, 208
endogenous and exogenous, 207
estradiol replacement therapy, 208
free radicals, 208
neuroprotection, 109
post-ischemic inflammatory responses, 208
protective effects, 209
SERMs, 209

Estrogen receptors (ERs)
AD

SERMs, 542, 543
ligands, 107
modulators, 108, 109

Etanercept, 502, 503
Evoked potentials (EPs), 808
Excitatory amino acid transporter (EAAT) 

family, 14
Excitatory amino acid transporter 2  

(EAAT2), 621
Excitotoxicity, 408, 588
Experimental autoimmune encephalomyelitis 

(EAE), 667, 679, 681, 769, 772
Experimental oral vaccines, 253
Extracellular serine protease thrombin, 15
Extracellular superoxide dismutase  

(EC-SOD), 724
Extracellular vesicles (EVs), 318

F
Failed clinical trials

Ancrod, defibrinogenating agent, 260
Aptiganel hydrochloride (cerestat), 261
causes of, 267, 268
Cerovive (disufenton sodium, 

AstraZeneca’s NXY-059), 261, 262
Citicoline (Cytidine-5'-diphosphocholine), 

262, 263
clinical vs. preclinical studies, 330
Desmoteplase (Lundbeck AS), 263, 264
erythropoietin, 264
extensive prognostic analysis, 331
Gavestinel, 266
improvements, 330, 331
Lubeluzole, 265
multiple treatment strategies, 331
Nalmefene, 265
Nimodipine, 266
NMDA receptor antagonists, 329
preventive measures, 269
Selfotel (CGS 19755, Novartis), 264
shortening trial time, 331
Sipatrigine, 266
subgroup analysis, 330
therapeutic agents, 329

Familial AD (FAD), 482, 483
Familial dysautonomia (FD), 387
Fcγ receptor-mediated phagocytosis, 556
Fetal alcohol syndrome (FAS), 722
Fetus and neonate

brain insults, 725
food deprivation, 725
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Fetus and neonate (cont.)
gene dysregulation, 725
HI injury, 726–730
hypothalamus, 725
preterm babies, 725, 726

Fever
cooling the brain, 718
definition, 715
hyperthermia, 716
infants and children, 715
neurologic disorders, 716
neurotransmitters, 716
pharmacologic approaches, 717, 718
systemic and neurological disorders, 716
temperature, 715–717

FGF2 gene transfer
AD, 518

Fibroblast growth factors (FGFs), 120, 220, 349
Fingolimod, 594, 595

AD, 544, 545
MS, 684, 685

FK506-binding protein 52 (FKBP52), 522
Flavones

epicatechin (EC), 210
isorhamnetin, 210

Fluid percussion injury (FPI), 323
Flupirtine, 771
FMS-like tyrosine-3 (FLT-3), 688
Folic acid, 559, 560
Forkhead box O3A (Foxo3a), 600
Fragile X syndrome (FXS)

synaptopathies, 648
Frataxin (FXN), 388
Free radical scavengers, 595

PD
antioxidants, 435
diapocynin, 435
MAPT gene, 435
tea extraction, 435, 436

FREEDOMS (Fingolimod Research 
Evaluating Effects of Daily Oral 
therapy in Multiple Sclerosis), 685

Friedreich ataxia (FA), 388
Frontotemporal dementia (FTD), 383, 384, 610
Fusokine (GIFT15)

MS, 685, 686

G
GABAA, 805
GABAB, 805
Gacyclidine, 343
GADD34 upregulation, 11
Galanin, 664

Galantamine, 654
Galantamine-induced Aβ clearance, 512
Gambogic amide, 125
Gangliosides, 370
Gantenerumab, 513, 514
Gaseous anesthetics

isoflurane, 805, 806
xenon, 806, 807

Gaseous microembolization, 815
GDF11 protein

AD, 553, 554
GeneChip assay, 109
Gene recombination process, 537
Gene therapy, 91, 92, 793, 794

AD
molecular medicine, 516
NGF, 516–520
NTFs, 516

diabetic neuropathy, 754, 755
epilepsy, 663, 664
MS, 686, 687
PD

bFGF, 436
classical dopamine replacement, 436
direct gene transfer into striatal cells vs. 

cell transplantation, 437
GDNF, 438
nigrostriatal pathway, 436

PNS, 752
SCI

BDNF, 361
NGF, 361
NT-3, 361, 362
NTFs, 361, 362

SNL, 746, 747
TBI, 319

Gene therapy, HD, 604
Gene vaccination, 520
Genetic disorders

Batten disease
cerliponase alfa, 386, 387
CLN2, 385
FA, 388
FD, 387
Leigh syndrome, 389
LSDs, 385
Niemann-pick type C (NP-C), 389, 390
PPT1, 386
SBMA, 390, 391
SMA, 391, 392
SMN protein, 392

Genomic Translation for ALS Clinical Care 
(GTAC), 637

Genomics/proteomics, 589, 590
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Geographic atrophy (GA), 786
Geographic Atrophy Treatment Evaluation 

(GATE), 790
Geroneuroprotectors (GNPs),  

650, 651
Ginkgo biloba, 528, 529
Ginkgo biloba extract (GBE), 528, 529
Ginkgolides, 528
Glatiramer acetate, 93, 624, 671, 697
Glaucoma

aminoguanidine, 775
antiglutamate agents, 776
betaxolol, 776
glaucomatous optic neuropathy, 774
IOP, 774
neuroprotective approaches, 774
NGF eye drops, 777
NMDA receptors, 774
RGCs, 774
targeting Aβ, glaucoma treatment, 777
TNF-α blocker, 777

Glial cell line-derived neurotrophic factor 
(GDNF), 120, 221, 375

Glial growth factor (GGF2), 693
Glial-restricted precursor cells (GRPs),  

361, 511
Globins, 15
Glucagon-like peptide (GLP), 93
Glucagon-like peptide-1 (GLP-1), 209
Glu-R5, 614
Glutamate antagonists

AD
memantine, 520, 521

blood glutamate scavenging, 95
excitatory neurotransmitter, CNS, 94
families, 94
pharmaceutical neuroprotective drug 

development activity, 94
transporters, 95, 96

Glutamtergic dysfunction, 612
Glycine-proline-glutamate analogs

endogenous neuroprotective  
tripeptide, 97

Trofinetide, 97
Glycogen synthase kinase (GSK)-3α, 545
Glycogen synthase kinase (GSK)-3β, 545
Glymphatic system, 6
GM-1 ganglioside, 343
GM604, 625
Golgi stress, 593
GORE Flow Reversal System, 823
G-quadruplex (G4), 614
Granulocyte colony-stimulating factor 

(G-CSF), 89, 220

Granulocyte-macrophage colony-stimulating 
factor (GM-CSF), 221

AD, 543
and IL-15, 685, 686

Gut microbiota, 9

H
Hearing loss

causes, 743
pathomechanism, 743, 744
prevention and treatment

drug-induced hearing loss, 749
HBO, 745
pharmaceutical approaches, 747, 748
SCs therapy, 745, 746
SNL, 746, 747
strategies, 744

Heat shock protein 70 (Hsp70), 441
age-related dementia, 649, 650

Heat shock proteins (HSPs), 22, 105, 183
Hematopoietic stem cell transplantation 

(HSCT)
MS, 678

Hematopoietic stem cells (HSCs), 317, 632
Heme, 487
Heme oxygenase (HO), 84
Hemoglobin-based oxygen carriers  

(HBOCs), 142
Hepatic encephalopathy, 712, 713
Heritable risk factors, 667
Herpes simplex virus vectors, 663
Herpes simplex virus-1 (HSV-1), 536, 663
Highly active antiretroviral therapy  

(HAART), 655
Histamine H2-receptor modulation, 212
Histone acetylation (HAT) activity, 595
Histone deacetylase (HDAC) inhibitors, 388, 

551, 596, 631
Histone deacetylase (HDAC)-based 

therapeutics, 211
Histone deacetylase 4 (HDAC4), 410
Histone deacetylase inhibitors (HDACis), 106, 

304, 397
Historical development, 3
Homocysteine (Hcy), 628
Homophilic binding, 471
Hormones

estrogen and progesterone, 107
Human albumin, 822
Human amyloid precursor proteins  

(hAPP), 484
Human antibody

myelin, 692
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Human brain endothelial cells (HBMECs), 536
Human embryonic stem cell (hESC), 355
Human immunodeficiency virus-1 (HIV-1) 

infection, 380
Human NEP (hNEP), 519
Human neural progenitor cells (hNPCs), 792
Human pluripotent stem cell-derived neurons 

(hPSC), 432
Huntexil™, 598
Huntingtin-associated protein (HAP-1), 589
Huntingtin protein (HTT), 601
Huntington's disease (HD)

antipsychotic D2 and 5-HT1A  
antagonists, 591

antisense therapeutics, 604, 605
caspase inhibitors, 591
cell therapy

cell transplantation, 602–604
combinatorial therapies, 602
cysteine and neuroprotection  

(see Cysteine and neuroprotection)
EPA, 594
fingolimod, 594, 595
free radical scavengers, 595
gene therapy, 604
HDAC inhibitors, 595, 596
inappropriate calcium release, drugs,  

593, 594
management (see Management)
mhtt, 594, 601
NTFs, 604
pathomechanisms, 591
pathophysiology (see Pathophysiology)
PDEs, 596
polyQ aggregation inhibitors, 596, 597
pramipexole, 597
pridopidine, 598
RNAi-based therapies, 605, 606
RRAS signaling pathway, 598
sFV antibodies, 599
simvastatin, 599
SIRT1 activators, 599, 600
SIRT2 activators, 600
stem cell-based therapy, 603
synaptic activation, NMDA receptors, 600
targeting multiple pathways, 602
tetrabenazine, 601

Hyaluronan (HA)
preservation, brain ECS volume, 664

Hydrocephalus, 701, 702
Hydrogen sulfide (H2S)

description, 97
hibernation, 98

Hyperbaric oxygen (HBO), 727, 728, 815

hearing loss, 745
PNS, 751, 752
therapy, 144, 237, 238, 320

Hyperexcitability, 662
Hypertension

prevent dementia, 709
Hypertensive encephalopathy, 708, 709
Hypoglycemic coma, 709, 710
Hypoglycemic shock/coma, 709
Hypothermia, 321, 728

hypoxia-ischemia (HI), 163
ketogenic diet, 164
limitations, 162
Mediterranean diet, 165
mild, 162
status epilepticus, 665
techniques, 162

Hypothermia blankets, 718
Hypoxemic-ischemic encephalopathy, 700
Hypoxia-inducible factors (HIFs), 22, 782
Hypoxia-inducible factor-1 (HIF-1), 780
Hypoxic-ischemic (HI) brain injury

characterization, 726
HBO therapy, 727, 728
hypothermia, 728
management, 726, 727
melatonin, 728
minocycline, 728
neuroprotection, 727
nicotinamide mononucleotide adenylyl 

transferase 1, 729
nitric oxide inhalation, 729
PAI-1, 729, 730
pathomechanism, 726
rEPO, 730

Hypoxic-ischemic brain injury (HIBI), 25

I
Ibudilast, 671

MS, 687
Idiopathic NPH (iNPH), 702
IGF-1, 693
Imatinib, 673
Immune system, 18
Immunogenicity, 557
Immunosuppressive effect, 303
In vitro assays, 31
Induced pluripotent stem cells (iPSCs), 357, 

410, 603, 636, 794
Inducible nitric-oxide synthase (iNOS), 775
Inosine, 212
Insulin

and AD, 483, 484, 538

Index



841

Insulin degrading enzyme (IDE), 483
Insulin, neuroprotective effect, 109, 110
Insulin-like growth factor (IGF), 121, 483, 

625, 626
Insulin-like growth factor-1 (IGF-1),  

213, 222
Integrated stress response (ISR), 304
Intensive care units (ICUs), 809
Interferon beta-1a (IFNβ1a)

AD, 545
Interferon-beta (IFN-β), 686
Interferons, 671
Interleukin-1 (IL-1), 64, 184
Interleukin-6 (IL-6), 184
Interleukin-10 (IL-10), 345
Intracellular adhesion molecule-1  

(ICAM-1), 184
Intracerebral hemorrhage, 190
Intracerebroventricular (ICV), 603
Intracranial aneurysms, 818, 819
Intracranial pressure (ICP), 296
Intraocular pressure (IOP), 774
Intravenous immunoglobulin (IVIG) 

treatment, 213
Intravenous immunoglobulins (IVIG)

MS, 688
Ion channel dysfunction, 181
Ion channel modulators

calcium channel blockers, 110
description, 110
Ziconotide (Prialt), 111

IPLEX, 626
Iris pigment epithelial (IPE), 781, 790
Iron chelation, 398
Iron chelators

MS, 687, 688
Iron homeostasis, 407
Ischemia-reperfusion (I/R) injury

aminoguanidine (AG), 232
dexmedetomidine (Dex), 233
methylene blue (MB), 233
neuroprotection, 241
spin trap agents, 234

Ischemic preconditioning (IPC), 214, 215, 
779, 780

Ischemic stroke, 192
ISF Aβ levels, 494
Isoflurane, 805, 806
Isorhamnetin, 210
Istradefylline, 427

J
JNK1-deficient CNS myeloid cells, 672

K
KAI subunit, kainate receptor, 96
Kearns-Sayre syndrome, 738
Ketamine, 805
Ketogenic diet (KD), 164, 626, 665
Ketone bodies, 215
KIFAP3, 614
Kinase inhibitors

MS, 688
Kinesin family member 5A (KIF5A), 614
KL1333, 738, 739
Klotho treatment, 651
Kynurenine (KYN) inhibitors, 113

L
Ladostigil tartrate, 546
Lamotrigine, 535, 772
Laquinimod

MS, 688, 689
Late-onset Alzheimer's disease (LOAD), 494
Lenalidomide, 626, 627
Leukocyte adhesion inhibitors, 113, 114
Levetiracetam (LEV), 324, 535
Levodopa, 417, 420–422, 438, 439, 443, 451
Levosimendan, 304, 305
Lewy body dementia (LBD), 655
Lidocaine, 807, 812
LINGO-1, 676
Lipid metabolism

AD, 481
Listerin, 611
Lithium, 627

AD, 545
Liver disorders

bilirubin encephalopathy, 713, 714
hepatic encephalopathy, 712, 713

Liver X receptor (LXR) agonist, 786
Liver X receptor β (LXRβ), 441
Living brain slices, 33, 34
Lysosomal storage diseases (LSDs), 385

M
Macugen, 785
Macular degeneration

AMD, 782, 783
antiangiogenic agents

aflibercept, 784, 785
clinical trials, 784, 785
Macugen, 785
ranibizumab, 784

cell therapy (see Cell therapy)
combining stem cell, gene therapies, 794
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Macular degeneration (cont.)
epidemiology, 782, 783
gene therapy, retinal degeneration

AMD, 793
combining stem cell, gene therapies, 794
primary photoreceptor diseases, 793
RetinoStat®, 794

LXR agonists, 786
NTFs (see Neurotrophic factors (NPFs))
nutritional protection, AMD, 788
oxidative-stress-induced apoptosis, 789
pathomechanism, AMD, 783
progestogenic hormones, 788, 789
retinal degeneration, 786
RNAi-based treatments, AMD, 795
sulindac, 789
tandospirone, 790
treatment, AMD, 783, 784

Magnetic resonance imaging (MRI), 36
Malignant hypertension, 768
Mammalian target of rapamycin (mTOR),  

314, 547
Management

AD, 498, 499
HD, 590
PD

dopamine therapy limitations, 417, 419
therapeutic interventions, 417

SCI
neuroprotective and regenerative 

approaches, 341, 362
TBI

cerebral edema, 295, 296
classification, 294
corticosteroids, 297
decompressive craniectomy, 297
intracranial pressure, 295
pharmacological and non- 

pharmacological approaches, 295
MAO-B inhibitors

AD, 546
Masitinib, 628
Matrin-3, 614
matrix metalloproteinase (MMP) expression, 

66, 346
Medial ganglionic eminence (MGE) cell 

grafting
MS, 679

Mediterranean diet, 165
Medium spiny neurons (MSNs), 601, 603
Melatonin, 441, 442, 506, 628

HI brain injury, 728
MS, 689

Melatonin receptor 1A (MT1), 628

Memantine, 520, 521, 601, 654
Mental stress, 27
Mesencephalic-astrocyte-derived neurotrophic 

factor (MANF), 446
Mesenchymal stem cells (MSCs), 303

autologous adipose tissue, 510
Metabolic stress, 588
Metabotropic glutamate (mGlu) receptors, 103
Metals

and AD, 492, 494
Meteorin (NsGene), novel neurotrophic 

protein, 126
Metformin

AD, 538
Methylcobalamin, 628
Methylene blue (MB)

AD, 546, 547
mitochondrial dysfunction, 736, 737

Methylprednisolone, 346, 347
Microglias, 612, 613

and AD, 485
MicroRNAs (miRNAs) regulation, 252
Microtubule-associated protein tau  

(MAPT), 435
Mild cognitive impairment (MCI)

AD, 576, 577
non-dementia, 576
non-pharmacological approaches, 578
pharmacological approaches, 577, 578

Mild TBI (mTBI), 284
Milwaukee protocol, 706
Mineralocorticoid receptor (MR)  

activation, 216
Minocycline, 305, 306, 707

HI brain injury, 728
MS, 689

miR-211, 665, 666
Mitochondria-associated membranes  

(MAMs), 480
Mitochondrial DNA (mtDNA), 416
Mitochondrial dysfunction

encephalopathies, 737–739
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malfunctioning, 735
MB, 736, 737
MPT, 735, 736
neuroprotection, 736
permeabilization, 735
respiration, 735

Mitochondrial encephalopathies
cell destruction, 738
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neuroprotection, 738, 739
pathophysiology, 737
regulating pathways, 738
TYMP mutations, 738

Mitochondrial encephalopathy-lactic 
acidosis-stroke-like episodes 
(MELAS) syndrome, 738

Mitochondrial energy metabolism
AD, 480

Mitochondrial neurogastrointestinal 
encephalopathy (MNGIE), 738, 739

Mitochondrial permeability transition (MPT), 
735, 736

Mitochondrial respiration, 735
Mitochondria-targeted antioxidants, 81
Mitoxantrone, 671
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Monitoring of CNS function

cerebral, 807
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MEPS, 808
MIOM, 808
scoliosis surgery, 808

Monoclonal antibody (MAb), 556
Aβ removal

crenezumab, 512, 513
gantenerumab, 513, 514
solanezumab, 514

MS
alemtuzumab (lemtrada), 690
CD3+CD20 T cells, 690
daclizumab (zinbryta), 690
indirect evidence, 690
natalizumab (tysabri), 690, 691
ocrelizumab, 690
ofatumumab, 691

Monophosphoryl lipid A (MPL), 557
Mossy cells (MCs)

drug-resistant epilepsy, 663
Motor Evoked Potentials (MEPS), 808
Motor neuron (MN), 616
MSCs-derived exosomes

effects, 318
EVs, 318

Multi-infarct dementia, 653
Multimodal evoked potentials (MMEPs), 677
Multimodel intraoperative monitoring 
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Multi-omics approach, ALS, 637
Multiple endovascular modalities, 244, 245
Multiple sclerosis (MS), 768
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antiglutamate, 675

antioxidants, 675
antisense and RNAi approaches,  
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BCDT, 676
cell therapy, 676–680
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curcumin, 682
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dimethyl fumarate, 683, 684
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gene therapy, 686, 687
human antibody, 692
ibudilast, 687
iron chelators, 687, 688
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696, 697
autoimmune inflammation in brain, 

671–673
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imatinib, 673
management, 667, 668
natural killer cells, 697
neuroprotective therapies, 668, 670
pathomechanisms, 668
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relapsing remitting, 666
remyelination, 674
secondary progressive forms, 671
TRPM4 cation channel blockers, 673
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Multipotential neuroprotective agents, 306
Muscimol, 805
Mutant human TDP-43 (mTDP-43), 634
Mutant huntingtin (mhtt), 590, 594, 597, 601
Myelin, 692
Myelin basic protein (MBP), 667, 676
Myelin oligodendrocyte glycoprotein 
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Myelin-associated glycoprotein (MAG), 351
Myelin-associated inhibitory factors  
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Myocardial infarction, 707, 708
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N-2-mercaptopropionyl glycine, 218
n-3 fatty acids (FA) triglyceride (TG) 

emulsions, 223
Na+ channel blockers, 112
NAALADase inhibitors, 101
N-acetylaspartate (NAA), 625
N-acetylserotonin (NAS), 787
NADPH oxidase type 4 (NOX4) inhibitors, 223
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BBB, 530
disadvantages, 530
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nanobodies, 530, 531
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Aβ fibrils, 531
vitamin E, 531

Nanobodies, 530, 531
Nanosweeper, 515
Nasal delivery, 217
Natalizumab, 690, 691
Natural killer cells, 697
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curcumin, 135
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green tea, 136
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nicotinamide, 138
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resveratrol, 139
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NaVI.5, 677, 678
Near infrared laser (NIR) technology, 239
Near-infrared spectroscopy (NIRS), 815
Neotrofin (AIT-082), 533
Neprilysin (NEP)

in Aβ degradation, 474
gene therapy, 518, 519

Nerve growth factor (NGF), 122, 532
AD

advantages, 517
and MMSE, 517
clinical testing, 517
FGF2 gene transfer, 518
gene vaccination, 520
NEP, 518, 519
neurodegenerative disorders, 520
nucleus basalis of Meynert, 517
patient's skin, 517
pharmacologic therapy, 517
phase I trial, 517
prevents/reduces cholinergic neuronal 

degeneration, 518
retroviral vectors, 517
viral gene transfer, APPsα, 519

Nerve growth factor receptor (NGFR), 340
Neural grafting, 662
Neural precursor cells (NPCs), 430

MS, 680
Neural stem cells (NSCs), 385, 431, 614

AD
autologous stem cells, dementia,  

511, 512
BDNF, 511
grafting, 511
neuronal differentiation, 510
transplantation, 510

astrocytic phenotypes, 358
axonal regeneration, 359
genetic fate mapping, 358
grafting, 359
restoration of motor function, 359
VPA, 359

Neural stem/progenitor cells (NSCs/NPCs), 603
Neuregulin, 686
Neuregulin-1 (NRG-1), 222
Neurite outgrowth-promoting agents

monoclonal antibodies, 115
Neuritic plaques

AD, 469, 470
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Neurocognitive sequelae, 291, 292
Neurodegeneration

and AD, 490
Neurodegeneration Consortium  

(NDC), 373
Neurodegenerative disorders

Creutzfeldt-Jakob disease (see Creutzfeldt- 
Jakob disease)

dementia (see Dementia)
genetics (see Genetic disorders)
glutamate-based therapies, 397
HDACis, 397, 398
iron chelation, 398
mitochondria permeability transition pore 

complex, 398, 399
pathomechanism (see Pathomechanism)
proteostasis modulation, 399

Neurofibrillary tangles (NFTs), 499
AD, 469, 470

Neuroimmunophilin ligands
calcium-dependent signal transduction 

pathway, 115
cyclosporin-A, 116
description, 115
immunosuppressant FK506  

(tacrolimus), 116
rapamycin, 117

Neuroinflammation, 288, 289
AD

amyloid deposition, 485
autotoxicity, 485
etanercept, 502, 503
glial activation, 486
IL-12 and IL-23, 486
microglia and astrocytes, 485
and NO, 486, 487
NSAID indomethacin, 485
NSAIDS, 503, 504
and oxidative stress, 489, 490
PPARgamma, 504

BBB dysfunction, 26
biomarkers, 26
description, 26
fibrinogen, 26
microglia, 26
receptors, 26
synaptic pruning, 26

Neuroinflammation inhibitors
AD

ceramide, 544
CSP-1103, 544
fingolimod, 544, 545
IFNβ1a, 545

Neurological disorders, 27

anti-NMDA receptor (NMDAR) 
encephalitis, 698

cardiac arrest, 732, 733
CNS infections, 703–707
CO poisoning, 730
CSF circulatory disorders, 701–702
DCS, 699, 700
dementia, 648–656
DPHL, 733, 734
epilepsy (see Epilepsy)
fetus and neonate, 725–730
hearing loss, 742–749
mitochondrial dysfunction, 735–739
MS (see Multiple sclerosis (MS))
MSA, 656, 657
PNS (see Peripheral nervous system (PNS))
psychiatric disorders, 739–742
sleep apnea, 734, 735
synaptopathies, 647–648
systemic disorders, 707–718
therapeutic radiation, 723–725
TM, 698, 699
toxic encephalopathies, 718–723
victims of drowing, 700

Neuronal loss, 469
Neuron-restrictive silencer factor (NRSF), 

554, 649
Neuropeptide galanin expression, 15
Neuropeptide Y (NPY), 664
Neuroprotectin, 789
Neuroprotection

in AD (see Alzheimer's disease (AD))
ALS (see Amyotrophic lateral sclerosis 

(ALS))
anesthesia and surgery (see Anesthesia and 

surgery)
HD (see Huntington's disease (HD))
neurological disorders (see Neurological 

disorders)
optic nerve (see Optic nerve)
PD (see Parkinson's disease (PD))
Retina (see Retina)
SCI (see Spinal cord injury (SCI))
TBI (see Traumatic brain injury (TBI))

Neuroprotective agents
AD

cerebrolysin, 528
ginkgo biloba, 528, 529
tetrahydrocannabinol, 529, 530

Neuroprotective drug discovery, 30
Neuroprotective effect

AD
antidiabetic drugs, 537–539
antiepiletic drugs, 535
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Neuroprotective effect (cont.)
antihypertensive drugs, 539, 540
antimicrobial drugs, 535, 537
bexarotene, 540
dimebon, 540, 542
estrogen receptors, 542, 543
lithium, 545
MAO-B inhibitors, 546
MB, 546, 547
neuroinflammation, 543–545
rapamycin, 547
saracatinib, 547, 548
testosterone, 548
valproic acid, 549

PD
DJ-1 protein, 443, 444
LRRK2 mutation, 443
pramipexole, 420, 421
rasagiline mesylate, 421, 422
rivastigmine treatment, 423
ropinirole, 422
selegiline mechanisms, 423

Neuroprotective gene expression, 11
Neuroprotective strategies

PD
ALDH1A1, 415
Cav1.3 Ca2+ channels, 413
dysfunctional mitochondria, 416, 417
genetic animal model, 414, 415
pacemaking mechanisms, 413
RNAi screening, 415, 416
α-synuclein aggregation, 416

Neuroprotective therapies
AIMSPRO, 619
Anakinra, 619
antisense therapy, 620
APC, 617, 619
arimoclomol, 620, 621
ceftriaxone, 621
CoQ10, 621
COX-2, 621, 622
DATS, 622, 623
dexpramipexole, 622
DP-b99 (D-Pharm), 256
edaravone, 623
Epo, 623
free radical scavengers, 255, 256
gene therapy

AAV-IGF1, 624
gene editing, 624
neural progenitor cells, 624
RNAi, 624

glatiramer acetate, 624
GM604, 625

high-dose human albumin therapy, 255
insulin-like growth factor, 625, 626
KD, 626
lenalidomide, 626, 627
lithium, 627
masitinib, 628
melatonin, 628
methylcobalamin, 628
mildronate, 257
MS, 668, 670
NaPB, 631
olesoxime, 629
ONO-2506, 629
PD

adenosine A2A antagonists, 427
adenosine A2A receptor, 427
antiapoptotic strategies, 427, 428
ATP13A2 activation, 428
CDNF, 434
cell therapies (see Cell therapies)
clinical measures, 420
clinical trials, 455
CML treatment, 443
cogane™, 433
CSF, 443
dopaminergic deficits characteristics, 427
doxycycline, 434
evaluation, 458
free radical (see Free radical 

scavengers)
GBA1 mutations, 428, 429
gene therapy (see Gene therapy)
Hsp70, 441
istradefylline, 427
L-type Ca2+ channels, 429
LXRβ, 441
melatonin, 441, 442
9-methyl-β-carboline, 426
MPTP toxicity, 427
neurodegenerative process, 419, 420
nicotine, 442
nigrostriatal dopaminergic pathway 

degeneration, 454, 455
nilotinib, 442, 443
Nrf2, 448
Nurr1
RXRα activation, 448
omega-3 (n-3) PUFAs, 448, 449
pro-apoptotic protein Bax, 453
RAB3B overexpression, 449
resveratrol, 449, 450
RNAi therapy, 450
safinamide, 451
sirtuin 2 inhibitors, 451, 452
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squalamine, 452
statins, 452, 453
α-Synuclein O-GlcNAcylation, 426
vitamin D, 453, 454

perindopril, ACE-inhibitor, 257
riluzole, 629, 630
RNAi-based therapy, 630, 631
stem cell therapy (see Stem cell therapy)
talampanel, 634
tamoxifen, 634
vaccination, 635
VEGF, 635
vitamin E, 636

Neuroregeneration, 29
causes, 325
classification, 326, 327
intrinsic factors, 325

Neurorehabilitative strategies, 247
Neuroserpin (NSP), 218
Neurosteroids, 307
Neurosurgery

arteriovenous malformations, 818
brain tumors, 823, 824
carotid endarterectomy, 822, 823
cerebral angiography and endovascular 

surgery, 817
cranioplasty, 825
DC, 825
HBO preconditioning (PC), 824, 825
intracranial aneurysms, 818, 819
ischemic preconditioning/tolerance, 824
neurosurgical interventions, 824
SAH

vasospasm, 819, 822
Neurosurgical procedures

chronic cerebral ischemia, 246
decompressive hemicraniectomy, 242
multiple endovascular modalities, 244, 245
stenting, 244
thrombectomy, 243

Neurotoxicity
alcohol, 722, 723

Neurotrophic factors (NTFs), 12, 412, 602, 604
AD

AL-108, 532
BDNF, 532, 533
deficiency, 532
limitations, 534
Neotrofin (AIT-082), 533
p75NTR, 533, 534

ADNF, 118
AMD, CNTF, 786
BDNF, 119 (see Brain-derived 

neurotrophic factor (BDNF))

bFGF, 220
BMPs, 118
CDNF, 220
CNTF, 119
cortical and hippocampal neurons, 117
FGF, 120
G-CSF, 220
GDNF, 120, 221
GM-CSF, 221
IGF, 121
IGF-1, 222
NAS, 787
neuregulin-1 (NRG-1), 222
neurotrophins, 123
NGF, 122
PD

BDNF, 436, 445
bFGF, 444
GDNF, 436, 438, 439, 445, 446
MANF, 446
microdialysis studies, 447
NTN, 446, 447
Parkin's E3-ligase activity,  

439, 440
PDGF, 447
potential mechanisms, 444

SCI
BDNF and NT-3, 340
bFGF, 340
CNS neurons, 349
FGFs, 349, 350
mechanisms, 349
neurons regeneration, 350
NGF, 340
NT-3, 349

scientific problems, 186
stress-induced neuropsychiatric disorders, 

741, 742
stroke, role in, 185
TBI

Bcl-2, 307
bFGF, 292
hypothermia, 307
IGF-1, 293, 307
NGF, 292, 307
NNZ-2566, 307
uses, 307

Neurotrophin-3 (NT-3), 349
NeurotrophinCell (NtCell), 431
Neurotrophins, 123
Neurovascular remodeling, 327
Neurturin (NTN), 446, 447
NF-E2-related factor (Nrf2), 448
NGF eye drops, 777
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Nicastrin
APP, 475

Nicotinamide, 311
AD treatment, 551

Nicotinamide mononucleotide adenylyl 
transferase 1, 729

Nicotine, 442
Nicotine and nicotinic receptor agonists, 128
Nicotinic acetylcholine receptors  

(nAChRs), 512
Niemann-Pick type C (NP-C) disease, 389
Nilotinib, 515
Nimodipine, 654, 701

MS, 693
Nitric oxide (NO), 181

and AD, 486, 487
donating derivatives, 131
mimetics, 131

Nitric oxide synthase (NOS), 486
Nitric oxide synthase inhibitors, 130
Nitrones, 82
NitroSynapsin, 647
NMDA receptor ion channel complex

AMPAKINEs (RespireRx), 102
annabidiol (CBD), 104
antagonists, 100
cytoprotective effects, glutathione, 105
damage mediated attenuation, excitatory 

amino acids, 99
dexanabinol (Pharmos), 105
endocannabinoids, 103
Gacyclidine (G-11), 101
glutamate binding sites, 98
Ifenprodil, 100
Memantine, 101
mGlu receptors, 103
NAALADase inhibitors, 101
N-alkylglycines, 102
NMRD NR2B subunits, 100
total receptor blockade, 99

NMDA receptors, 309, 612
NO-based strategies, 223
Nogo, 525
Nogo-66 receptor 1 (NgR1), 342
Noise-induced hearing loss, 747
Non-arteritic anterior ischemic optic 

neuropathy (NAION), 781, 782
Non-pharmaceutical approaches

TBI
application of controlled vacuum, 322
DBS, 320
HBO therapy, 320, 321
hypothermia, 321
microglia migration, 321, 322

Non-pharmacological approaches
hyperbaric oxygen therapy, 352
hypothermia, 353
MCI, 578

Non-pharmacological neuroprotective 
therapies

HBO therapy, 237, 238
hypothermia combination, 239
hypothermia, acute stroke, 237
NIR technology, 239
preconditioning strategies, 240

Non-pharmacological preconditioning,  
165, 166

Non-pharmacological strategies
PD

CR, 425, 426
DBS, 424
MPTP, 425
physical exercise, 425

Non-rapid eye movement (NREM) sleep 
disruption, 495

Nonsense-mediated decay (NMD)  
pathway, 373

Nootropics
metabolic enhancers, 132
Piracetam, 132, 133
properties, 132

Norepinephrine (NE), 293
Norgestrel, 788
Normal pressure hydrocephalus (NPH), 702
Nortriptyline, 594
Notch signaling, 748
NR4A nuclear orphan receptors, 11
NSAIDS, 503, 504
NSC transplantation

demyelination, 679
Nuclear factor I-A (NFI-A), 16
Nuclear receptor-related 1 (Nurr1)

Retinoid X receptor α (RXRα)  
activation, 448

Nuclear Respiratory Factor-1  
protein, 209

Nuclear-factor erythroid 2-related factor 2 
(Nrf2), 622

Nucleus basalis of Meynert, 517
Nutritional approaches

AD
axona, 549, 550
choline supplementation, 550
cocktail of dietary supplements, 550
DHA, 551
nicotinamide, 551
omega-3 fatty acids, 552

NVP015, 738
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O
Obstructive sleep apnea (OSA), 734, 735
Ocrelizumab, 690
Ofatumumab, 691
O-GlcNAcylation, 426
Olesoxime, 629
Olfactory ensheathing cells (OECs), 677

adult nasal lining, 354
autologous transplantation, 354
cell grafting, 354
neurological improvement, 354
trial protocol, 354

Oligodendrocyte precursor cells (OPCs)
demyelinating injuries, 355
factors, 355
hESC, 355
regulatory factors, 355

Oligodendrocytes, 616, 692
Omega-3 (n-3) polyunsaturated fatty acids 

(PUFAs), 448
Omega-3 fatty acids

AD, 552
Omega-3 polyunsaturated fatty acids, 72
Oncomodulin, 773
ONO-2506, 629
Operation Brain Trauma Therapy (OBTT), 312
Optic nerve

glaucoma (see Glaucoma)
optic neuropathy (see Optic neuropathy)
trauma

regeneration, optic nerve, 773
Optic neuritis

BMD, 770
calpain activation, 769
EAE, 769
efficacy of drugs, 770, 771
experimental therapies, 770
flupirtine, 771
resveratrol, 772, 773
RGC, 770
sodium channel blockers, 772

Optic neuropathy
optic neuritis (see Optic neuritis)
pathophysiology, 768

Oral immunomodulatory agents
MS, 694

Organophosphorus poisoning, 719, 720
Osmotic diuretics

mannitol, 140
OPN, 141

Osteogenic protein-1 (OP-1), 123
Osteopontin (OPN), 141, 824
Oxidative damage

and aging, 76, 77
neurodegenerative disorders, 77

Oxidative injury model, 32
Oxidative stress, 588, 615

and AD, 489, 490
age-related dementia, 649
etiology of PD, 411
free radical production, 411

Oxygen free radicals, 181
Oxygen therapeutics

description, 141
HBO therapy, 144
HBOCs, 142
oxygen carriers, 142
PFCs, 143

Oxygen-induced retinopathy (OIR), 782
Oxygen-regulated protein 150 kD  

(ORP150), 126

P
Pannexin channel blockers, 224
Parkinson's disease (PD)

DA neurons, 409
DJ-1 gene mutation, 408, 409
DJ-1 mutation, 409
epidemiology, 405
failed clinical trials, 455
gene therapy techniques, 436
genetic variability, 408
Lewy body formation, 408
LRRK2 gene mutations, 410
management (see Management)
neuroprotection, 410
neuroprotective effect (see Neuroprotective 

effect, drugs)
neuroprotective strategies (see 

Neuroprotective strategies)
neuroprotective therapies (see 

Neuroprotective therapies)
non-pharmacological strategies (see 

Non-pharmacological strategies)
pathophysiology (see Pathophysiology)
prevalence, 405
SEMA5A gene, 408
α-synuclein-induced neuropathology, 408
therapeutic strategies, 417

Passive immunization, MAbs, 556
Pathomechanism

AD
Aβ deposits (see Aβ deposits)
APP (see Amyloid precursor protein 

(APP))
body's homeostasis, 497
brain metabolism, 480, 481
cerebral atrophy, 469
cognitive deficits, 484
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Pathomechanism (cont.)
cognitive impairment with aging, 496, 497
components, 498
diabetes, 483, 484
and dopamine, 481, 482
epigenetic dysregulation, 482, 483
etiology, 497
fibrillar aggregates, 497
functional role of genes, 482
insulin, 483, 484
lipid metabolism in brain, 481
microglia, 485
mitochondrial energy metabolism, 480
neuritic plaques, 469, 470
neurodegeneration, 490
and neuroinflammation, 485–490
neuronal loss, 469
NFTs, 469, 470
and RNA-binding proteins, 470, 471
risk factors, 490–496
tau, 470

CO poisoning, 731, 732
hearing loss, 743, 744
HI brain injury, 726
MS, 668
neurodegeneration

aging, 371
apoptosis role, 377, 378
Cdk5, 372
CSPα, 372
exosomes, 373
gangliosides, 370
genomic technology, 374
glia role, 378
metals role, 378
neural transport, 374
neuroinflammation, 375
neurotrophic factors lack, 375
pluripharmacological properties, 371
protein misfolding, 376, 377
spread, 379
α-synuclein, 371, 372
TDP–43 proteinopathy, 379
translation dysregulation, 373
viral infections, 380–382

Pathophysiology
ALS, 610

clumping, abnormal proteins, 610, 611
FTD, 610
genetic factors, 613, 614
glutamate toxicity (excitotoxicity), 612
immune-mediated mechanism, 612, 613
ion channel dysfunction, 613
mitochondrial dysfunction, 617

motor neurons interactions,  
astrocytes, 615

neurotrophic factors, 615
nuclear pore impairment, 615
OD1, 615
oligodendrocytes, 616
oxidative stress, 615
pathomechanisms, mutant SOD1, 616
protein aggregation, 617
retrograde axonal transport, 611
RNA metabolism abnormality, 616

cerebral ischemia
adenosine diphosphate, 179
calcium overload, 180
cerebral edema, 182
cytokines and adhesion molecules  

(see Stroke)
DNA damage and repair, 185
extracellular glutamate, 182
free radicals, 180
gene expression, 182
HSP, 183
ion channel dysfunction, 181
nitric oxide (NO), 181
NTFs, 185, 186
oxygen free radicals, 181
PAR1, 186
PARP gene, 186

HD
amino acid metabolism, 589
apoptosis, 589
DA, 589
excitotoxicity, 588
genomics/proteomics, 589, 590
impaired phospholipid-related signal 

transduction, 589
metabolic stress, 588
oxidative stress, 588
polyglutamine and copper binding, 590

optic neuropathy, 768
PD

apoptosis, 407
dopamine homeostasis, 406, 407
excitotoxicity, 408
genes, 408–410
HDAC4, 410
iron homeostasis, 407
misfolding proteins, 412
NTFs, 412
oxidative stress, 411
PrPC, 412, 413
SV2C, 413
α-synuclein, 407
VMAT2, 406, 407
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SCI
NTFs, 340
pathomechanism, 338
secondary injury mechanisms, 338

TBI
axonal damage, 287, 288
BBB damage, 289
blast injury sequelae, 286
cerebral edema, 287
CTE, 289–291
delayed damage, 287
genetics, 294
genomic response, 289, 290
immediate damage, 285
neurocognitive effects, 291, 292
neurodegeneration-related proteins, 

293, 294
neuroinflammation, 288, 289
neurotransmitters, 293
NTFs, 292, 293
secondary injury mechanisms, 287
γ-secretase components, 293
sequelae, 287

PD with dementia (PDD), 655
Peptide nucleic acids (PNAs), 508
Peptides

C3-derived, 145
CRH, 146
TRH, 146
VIP, 146

Perfluorocarbons (PFCs), 143
Perioperative neuroprotection, 809
Peripheral nervous system (PNS)

CIDP, 756
CMT1A, 757
neuroprotection

gene therapy role, 752
HBO role, 751, 752
neurotrophic factors role, 752
pharmacological approaches to 

Schwann cells, 752
Schwann cell transplantation, 753
WldS protein, 753

neuroprotective agents
ALCAR, 750
atorvastatin, 750
EPO, 750, 751

peripheral neuropathy, 753–756
Peripheral neuropathy, PNS

chemotherapy-induced neuropathy,  
755, 756

diabetic neuropathy, 754, 755
Peritumoral brain edema (PTBE), 824
Perlecan domain V (DV), 224

Peroxisome proliferator-activated receptor 
alpha (PPAR-α), 790

Peroxisome proliferator-activated receptor-γ 
(PPAR-γ), 225

Peroxisome-proliferator-activated receptors 
(PPARs), 148

PGC-1α elevation, 12
PGE2 EP2 receptor activation, 226
Pharmaceutical approaches

hearing loss, 747, 748
Pharmacologic approaches

fever, 717, 718
Pharmacologic neuroprotective agents

AEDs (see Antiepileptic drugs (AEDs))
anesthetic, 196
antiapoptotic, 196–198
antidepressants, 198
anti-HMGB1 monoclonal antibody, 200
antiinflammatory (see Antiinflammatory 

agents)
antioxidant approaches (see Antioxidant 

approach)
arimoclomol, 204
ASICs blockers, 195
aspirin, 230
cardiac glycosides, 204
clenbuterol, 204
clopidogrel (Plavix), 230 (see also 

Coagulation inhibitors)
curcumin, 206
dipyridamole, 231
docosahexaenoic (DHA) acid, 207
ephrin-A5 blockers, 207
estrogen, 207, 209 (see Flavones)
GLP-1, 209
glutamate clearance from blood, 211
hamartin induction, 211
HDAC-based therapeutics, 211
hemorrhage prevention, 236
histamine H2-receptor modulation, 212
IGF-1, 213
inosine, 212
IPC, 214, 215
IVIG treatment, 213
ketone bodies, 215
magnesium ion, 215
miR-223, 216
MR activation, 216
N-2-mercaptopropionyl glycine, 218
NA-1 (NoNO Inc), 217
nasal delivery, 217
NeuroAiD, 218, 219
NSP, 218
NTFs (see Neurotrophic factors (NTFs))
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Pharmacologic neuroprotective agents (cont.)
pioglitazone, 225
progesterone, 226
sildenafil (Viagra), 229
statins, 228, 229
ticagrelor, 231

Pharmacologic therapy, 517
Pharmacological approaches
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