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Abstract

Therapeutic strategies using stem cells for treating
neurological diseases are receiving more attention as
the scientific community appreciates cell-autonomous
contributions to several diseases of the central nervous
system. The transplantation of stem cells from various
sources is now being employed for both neuronal

and glial replacement. This review provides an
assessment of glial contributions to some of the central
nervous system diseases and the advancements

in cellular replacement approaches. The rationale

for glial replacement in individual diseases and the
potential hurdles for cell-replacement strategies

are also emphasized. The significant progress in the
field of stem cell biology with the advent of tools

such as induced pluripotent stem cells and imaging
technigues holds promise for the clinical application of
cell therapeutics.

Introduction

Rudolf Virchow first introduced the term glia (glue) in
1895 as the connective tissue supporting neurons. Four
major subtypes of glial cells have since been discovered:
astrocytes, oligodendrocytes, microglia and nerve glial
antigen 2 (NG2) cells [1]. While diverse subpopulations
of each of these glial cell types have been investigated, for
the purpose of this review we will discuss how astrocytes,
oligodendrocytes and NG2 cells can be used as potential
therapeutic targets for cell replacement strategies.

Astrocytes

Astrocytes are stellate cells abundant in both the gray
matter and white matter of the central nervous system
(CNS). The historical view of astrocytes as support cells
for neurons is now evolving to include functions from
homeostasis to gliotransmission as reviewed by Seifert
and colleagues [2].
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Astrocytes harbor a variety of different receptors and
transporters that help mediate their primary function of
homeostasis. Some of the key receptors on the astrocyte
surface are the inward-rectifying K* channel [3] and
aquaporin-4 receptor [4], which regulate potassium levels
and osmotic changes, respectively. Some of the key trans-
porters on astrocytes are glucose transporters (glucose
transporter 1) [5] and the glutamate transporters gluta-
mate aspartate transporter (GLAST) and glutamate
transporter 1 (GLT-1) [6]. Astrocytes are interconnected
via gap junctions. Calcium waves propagate between
astrocytes through these gap junctions, which can further
regulate the vesicular release of neurotransmitters (such
as glutamate, ATP and serine) from astrocytes. This
process is referred to as gliotransmission and can be a
critical regulator of synaptic inputs in neurons [7].

Considering the repertoire of channels and transporters
present on astrocytes and their proximity to the
neurovascular unit, it is easy to appreciate that the loss of
any of these functions can lead to cellular dysfunction.

Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS
present in white matter (classic oligodendrocytes) and in
gray matter (satellite oligodendrocytes). Myelination is
the central role of oligodendrocytes and myelin serves to
maintain efficient nerve conduction, regulate axon
caliber, and promote axon survival (extensively discussed
by Baumann and Pham-Dinh [8]). Satellite oligodendro-
cytes are perineuronal and are believed to regulate the
local neuronal microenvironment. Current research
efforts exploring neuron-glia interactions indicate a
mutually beneficial relationship in which oligodendro-
cytes provide structural and neurotrophic support for
neurons, and in turn neurons/axons induce maturation
of oligodendrocytes. Novel roles of oligodendrocytes in
neuroprotection, synaptic tuning, and higher cognitive
functions in addition to their traditional roles in myeli-
nation are now being explored (as reviewed by Nave [9]).

Nerve glial antigen 2 cells
Recent fate-mapping studies confirm that NG2 cells are
precursors of mature oligodendrocytes and co-localize
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with the oligodendrocyte precursor cell (OPC) marker
platelet-derived growth factor-a receptor [10-12].
However, the NG2 proteoglycan is also expressed on
other cell types including macrophages and vascular
mural pericytes [13]. NG2 cells constitute the highest
proportion of dividing cells in the normal adult CNS [14]
and in diseases including spinal cord injury [15] and
amyotrophic lateral sclerosis (ALS) [10], among others.
Besides its function as a progenitor cell, NG2 cells express
ion channels and conduct electrical currents [1,16,17]. The
ability of NG2 cells to self-propagate and then differentiate
into oligodendrocytes makes them a potentially appealing
cellular therapy for demyelinating diseases.

New perspective: glial therapy

Recent advances in the field of neuroscience are creating
a holistic picture of CNS circuitry involving not just
neurons, but also surrounding glial cells. The passive role
of glial cells described in the past century is now overlaid
with discoveries of crucial glial functions for normal CNS
homeostasis [1]. This advance has shifted the focus in
neuroscience from a neuron-centric to a glial-inclusive
viewpoint [18].

This view allows for cell-replacement strategies to be
designed around not just neuronal replacement but also
glial cell replacement. For example, therapeutic strategies
for spinal cord injury have evolved from attempts to
conserve neurons and axons to now additionally
safeguarding oligodendrocytes that could remyelinate
and help preserve surviving axons. Notable work from
Smith and colleagues shows that nerve conduction can
be restored through remyelination [19]. Preventing
demyelination has thus now become an acceptable
therapeutic target. Clinical trials for spinal cord injury
[20] involving the transplantation of oligodendrocyte
precursor cells exemplifies the fast pace of glial replace-
ment as a therapeutic approach [20,21]. Neuronal re-
placement may be a daunting task involving trans-
plantation, neuronal survival, integration, and ultimately
the formation of the right connections with target cells/
tissues. Glial replacement strategies promote the protec-
tion of existing host neuronal populations. This will be
the central theme of the review discussing contributions
of astrocytes, oligodendrocytes and NG2 cells to neuro-
logical diseases.

Leukodystrophies

Leukodystrophies are a group of diseases caused by
genetic mutations resulting in abnormalities in myelin
production or maintenance. Leukodystrophies can arise
from a variety of gene mutations, including genes
encoding myelin proteins, enzymes involved in fatty acid
metabolism, lysosomal proteins, peroxisomal proteins
and other as yet unknown causes [22].
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Pelizaues—Merzbacher disease (PMD) is a rare
leukodystrophy with a mutation in the proteolipid
protein 1 gene, a major component of myelin protein
[23]. Animal models with mutations in myelin genes such
as shiverer mice (shi) have been used to study PMD [24].
Shi mice are homozygous recessive for the myelin basic
protein gene and die at 20 to 22 weeks due to abnormal
oligodendrocyte formation and lack of myelination [25].
Because these animals lack functioning oligodendrocytes,
cellular replacement strategies to form new oligo-
dendrocytes are being used as a therapy in PMD models.
One source for stem cells is neural stem cells (NSCs),
multipotent stem cells arising from the neuroepithelium
that can differentiate into neurons, oligodendrocytes and
astrocytes. Elegant transplantation studies with mouse
NSCs in shi mice at birth show promising results for
survival and widespread distribution of transplanted
cells. Approximately 40% of transplanted NSCs
differentiate into mature oligodendrocytes, replacing lost
oligodendrocytes and remyelinating brains of shi mice
[26]. Another study tested oligodendrocyte replacement
with transplantation of OPCs, which are committed to
differentiate into cells of glial lineage. Transplantation of
OPCs derived from adult and fetal human brain
generated oligodendrocytes and new myelin successfully
[27]. Surprisingly, adult OPCs are better at generating
oligodendrocytes and more efficient at myelinating axons
while fetal OPCs give rise to a substantial astrocyte
population in addition to oligodendrocytes. These
successful transplantation studies have progressed to
human clinical trials for PMD with a phase I safety and
preliminary efficacy trial for intracerebral transplantation
of human stem cells [28].

Alexander’s disease is a rare disorder with an astrocyte
abnormality due to mutations in the gene for the
intermediate filament glial fibrillary acidic protein [29].
This abnormality results in demyelination and the
formation of Rosenthal fibers — proteinaceous inclusions
in astrocytes. Although treatment for Alexander’s disease
using gene therapy is being tested, cellular replacement
therapy has not yet been pursued and might make an
excellent alternative approach [30]. Targeting disorders
with cell-specific mutations in either oligodendrocytes or
astrocytes may thus be approached using diverse
therapeutic strategies, including substituting missing
metabolic enzymes, overexpressing proteins of interest
or glial cell transplantation biology.

Demyelinating diseases: multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory
disease characterized by infiltration of immune cells in
the CNS resulting in demyelinated lesions and denuded
axons. A number of animal models have been developed
to study MS [31], such as experimental autoimmune
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encephalomyelitis (EAE) in which a myelin antigen or T
cells raised against myelin are used to elicit an immune
response that destroys myelin [32]. While EAE is the
most common MS model used, Theiler’s murine virus
and toxin models such as lysolecithin [33] and cuprizone
[34] are also used to study demyelination. The loss of
myelin in MS affects the integrity of axons, leading to
their degeneration and dysfunction. Although the local
lesion environment mounts a response to restore myelin
via the formation of new myelin sheaths, this process of
remyelination is ineffective either due to the extent of
demyelination or to recurring demyelination.

The therapeutic goal for demyelination in MS is to
enhance formation of new oligodendrocytes and subse-
quently new myelin. This entails developmental events
akin to recruitment of OPCs to sites of demyelination,
proliferation of OPCs, and further cues to induce differ-
entiation of OPCs into oligodendrocytes. Several seminal
papers reported a plethora of factors needed for every
step that eventually forms new myelin sheaths, as
reviewed by Franklin as well as Miller [31,35]. MS
researchers believe one significant therapeutic hurdle is
the recruitment of OPCs to the site of demyelination
[31]. The lack of migration cues, extracellular matrix
molecules, or accumulation of inhibitory molecules could
be some of the factors affecting recruitment of OPCs to
demyelinating plaques.

The transplantation of rodent neural precursor/stem
cells in an experimental EAE model resulted in successful
integration and differentiation of NSCs into oligodendro-
cytes, remyelination, and functional recovery in animals.
This led to similar studies with human fetal NSCs in a
nonhuman primate model of MS serving as a stepping-
stone to preclinical trials [36]. The limited sources for
neural precursor cells (NPCs) have directed researchers to
embryonic stem cells (ESCs), which are pluripotent self-
renewing cells capable of giving rise to all three germ layers
[37]. ESCs can serve as a source for making NSCs in large
proportions for transplantation studies. However, as newer
methods for the generation of stem cells from other tissues
are developed, the use of ESCs will probably become less
important as a source of stem cells for therapeutics.

Even though cellular replacement of oligodendrocytes
has been tested successfully in animal models, there is a
dearth of matching clinical data in MS. One complication
could be the immunosuppression regimen for MS
patients who already have heightened immune responses.
Additionally, even if the transplants survive and integrate
around demyelinating areas, a paucity of differentiation
factors or increased inhibitors of differentiation may
render the transplants of no value. A combinatorial
approach of pharmacological, immunological, and cell-
based therapy may therefore be the way to pursue clinical
trials.
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Neurodegenerative diseases

Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease
that manifests as progressive memory loss and dementia.
One of the pathological hallmarks of AD is the accumu-
lation of extracellular plaques made of B-amyloid (Ap)
proteins leading to toxicity and death of neurons [38].
Evidence from postmortem tissue of AD patients and AD
animal models suggests that, in addition to neurons,
astrocytes also harbor the AP plaques [39]. In fact, it is
suggested that apolipoprotein E receptors on the astrocytic
surface transport the extracellular A protein, degrade the
toxic plaques, and confer neuroprotection [40]. Astrocytes
can also exert neuroprotection by inhibiting the toxic
production of nitric oxide from microglial cells [41].

However, the inability to degrade continuing accumu-
lation of AP makes astrocytes aberrant and neurotoxic.
Hyperactive astrocytes begin secreting proinflammatory
cytokines including IL-1p and TNFa, which in turn
activate microglia and result in neuronal damage [42].
Furthermore, internalization of AP proteins compromises
the homeostatic functions of astrocytes such as
counteracting increased oxidative stress in AD brains and
recycling of extracellular glutamate, as reports suggest
the loss of the major astrocytic glutamate transporter
GLT-1 in brain samples from AD patients [43].

One approach has been to transplant astrocytes that
can conduct normal functions and replace aberrant
astrocytes. Pihlaja and colleagues tested this hypothesis
and transplanted adult and neonatal GFP-expressing
astrocytes in the hippocampi of AD mice expressing
human AP [44]. Transplanted astrocytes were able to
internalize the AP plaques and clear up to 70% of the
plaques via upregulation of proteolytic enzymes [45].
These findings were observed as early as 1 week after
transplantation. However, approximately 45% of the
transplanted astrocytes were lost at 2 months. This loss
was primarily associated with increased microglial
activation and phagocytosis after astrocyte transplantation.

Besides astrocytic changes, imaging and histopatho-
logical studies reveal demyelination and loss of
oligodendrocytes in AD patients and animal models [46].
Oligodendrocytes are fairly new participants in AD
pathology, and studies delineating their loss have
attributed it to collateral damage from plaque formation,
a lack of calcium homeostasis, oxidative stress and the
proinflammatory environment in AD. Further studies
addressing the potential of oligodendrocyte replacement
using oligodendrocyte lineage cells as a therapeutic tool
may be a future line of investigation.

Amyotrophic lateral sclerosis
ALS is a motor neuron disease with progressive muscle
atrophy and paralysis due to loss of cortical, hindbrain
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and spinal cord motor neurons. Recent advances in the
field focus on glial contributions to disease etiology.
Transgenic mice (Tg) overexpressing the human mutant
superoxide dismutase 1 (SOD1) protein are used fre-
quently as ALS models mimicking the progressive motor
weakness characteristic of the disease. Specifically,
deleting human SOD1 mutation in astrocytes using the
Cre recombinase system demonstrates amelioration of
disease in these transgenic mice, suggesting that SOD1
mutations in astrocytes contribute to disease [47,48]. We
have shown in a focal transplantation model that astro-
cytes mediate toxicity with transplantation of human
mutant SOD1 glial-restricted precursor (GRP)-derived
astrocytes in the cervical spinal cord of healthy wild-type
animals, resulting in a striking loss of motor neurons
along with functional deficits in the animal [49].
Importantly, in vitro co-culture studies identified that
astrocytes derived from postmortem ALS patients
caused significant toxicity and demise of wild-type motor
neurons compared with astrocytes from control patients
[50]. All of the above studies suggest the critical
involvement of astrocytes in the ALS pathobiology.

Given these findings, targeting astrocytes may become
a potential ALS treatment strategy by modulating
astrocyte-specific proteins or by conferring neuro-
protection through astrocyte transplantation to replace
diseased astrocytes. For the latter, transplantation of
rodent GRPs in an ALS rat model showed efficient
migration, integration and differentiation of GRPs into
mature astrocytes [51]. These transplanted cells increased
survival of motor neurons and lifespan in Tg human
mutant SOD1 rats. The decreased GLT-1 levels in the
spinal cord of the Tg human mutant SOD1 animals were
partially restored, thereby imparting neuroprotection.
Similarly when human GRPs were transplanted into the
spinal cord of Tg human mutant SOD1 mice, the cells
survived, integrated and differentiated into astrocytes in
the diseased animals [52]. Unlike rodent GRPs, however,
human GRP-derived astrocytes did not provide
significant neuroprotection. Despite this lack of
neuroprotection, this study demonstrated the safety and
feasibility of human GRPs in making astrocytes in an in
vivo environment. Currently, transplantation of human
spinal cord-derived neural stem cells is underway in a
phase I trial for ALS patients with the goal of sequestering
excess glutamate and secreting neuroprotective trophic
factors — possibly through the differentiation of these
cells into astrocytes [53].

In addition to astrogliosis, Kang and colleagues recently
described a profound increase in the proliferative
response of NG2 cells in the Tg human mutant SOD1
mice [10]. Myelin loss in ALS patients has been reported
but the role of myelin and oligodendrocyte loss in ALS is
not well established. Whether NG2 cell proliferation
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plays a role in ALS onset or progression is under
investigation.

Parkinson’s disease
Parkinson’s disease (PD) is a movement disorder charac-
terized by bradykinesia, rest tremors, rigidity of move-
ment, and postural instability due to loss of dopaminergic
neurons in the substantia nigra [54]. Histological
examination of PD brains reveals the presence of Lewy
bodies, which are o-synuclein protein inclusions in
neurons. Lewy bodies have also been found in astrocytes
and oligodendrocytes in sporadic PD patients [54,55].
This finding has given rise to the noncell autonomous
hypothesis of PD pathogenesis, where glial cells in
addition to neurons may contribute to disease initiation
and spread — similar to hypotheses for AD and ALS. To
understand how the presence of a-synuclein in astrocytes
contributes to disease, a recent study engineered a
conditional mouse overexpressing a-synuclein in astro-
cytes [56]. These animals displayed profuse neuronal loss
in the substantia nigra and spinal cord along with
progressive paralysis and decreased lifespan. These mice
had hypertrophic astrocytes dysfunctional in glutamate
uptake. The presence of a-synuclein in astrocytes also
elicited microglial activation and neuronal death.
Another theory is that decreased glutathione levels in
astrocytes result in their inability to counteract increased
oxidative stress in PD brains and makes neurons vulner-
able. In a neurotoxin (1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)) model of PD, astrocytic over-
expression of Nrf2, a transcription factor encoding
antioxidant enzymes, was found to be neuroprotective
[57]. Astrocytes also secrete growth factors such as glial
cell-derived neurotrophic factor, brain-derived neuro-
trophic factor and nerve growth factor, among others.
Several groups have illustrated neuroprotection and
behavioral recovery by the transplantation of rodent
astrocytes overexpressing glial cell-derived neurotrophic
factor, brain-derived neurotrophic factor and nerve
growth factor via viral vectors in a MPTP/6-hydroxy-
dopamine neurotoxin model of PD [58,59]. These studies
show a causal link between diseased astrocytes in PD that
are incapable of conducting their normal trophic and
protective functions, resulting in neuron loss. Seminal
work by Svendsen and colleagues showed that when
human fetal-derived NPCs were transplanted in a
6-hydroxydopamine model of PD, the graft cells survived
and gave rise to fully differentiated astrocytes at 20 weeks
post transplantation [60]. However, the growing literature
of human fetal ESC and NPC transplantation generating
dopaminergic neurons has sidelined glial-specific cellular
therapeutics. Since clinical studies with human ESCs/
NPCs have resulted in variable outcomes, efforts are
underway to increase the efficiency of dopaminergic
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neuron generation and produce astrocytes with elevated
levels of growth factors to safeguard the endogenous
neuronal population.

In continuing efforts to derive astrocytes, researchers
have resorted to mesenchymal tissue as a source of glial
cells. Bahat-Stroomza and colleagues used human adult
bone-marrow-derived stromal cells and differentiated
them into astrocyte-like cells in vitro [61]. When these
cells were transplanted in a Parkinson’s MPTP rodent
model, animals receiving transplants preserved more
dopaminergic neurons and showed improved behavioral
outcomes compared with saline controls. While the
authors show that stromal-derived astrocyte-like cells
secrete neuroprotective growth factors, it will be impor-
tant to establish whether transplantation of control cells
such as fibroblasts would achieve similar outcomes
instead of the saline controls used in the study.

Oligodendroglial contributions to PD are not well
established. Interestingly, oligodendrocytes co-localize
with a-synuclein in PD and multiple system atrophy
patient samples. Similarly, oligodendrocyte death was
noted acutely in a MPTP model of PD [62] and over-
expression of a-synuclein in oligodendrocytes resulted in
extensive neurodegeneration in the neocortical and
nigrostriatal region [63]. These early studies open an
underexplored research area in PD, and continuing
efforts will tell whether oligodendrocytes are important
contributors to the disease.

Transplantation: risks and benefits

The clinical applicability of cell therapeutics has yet to
realize any standard for the treatment of nervous system
disorders. The enthusiasm for the potential of stem cell
transplantation has grabbed the attention of the popular
press but numerous scientific hurdles are currently being
navigated to establish these cell transplantation para-
digms as mainstream CNS treatment approaches. The
fascinating results from transplantation studies in animal
models often lead to expedited clinical trials resulting in
unanticipated and confounding outcomes. In transplan-
tation therapy, therefore, decisions about the most
appropriate cell type for transplantation, the route of
delivery, the dosing, site and timing of transplantation,
and safety must be carefully examined and executed.

The type or source of cell being utilized — whether ESC,
NSC, GRP/OPC or of non-CNS source such as mesen-
chymal and bone-marrow-derived stem cells — probably
needs to be tailored to the disease target. For example,
while fetal OPCs are considered more pliable and
migratory in nature compared with adult OPCs, trans-
plantation studies in ski mice show efficient oligodendro-
cyte formation and myelination with adult OPCs [64].
The use of less differentiated cells such as ESCs or more
differentiated cells such as NSCs or GRPs should be
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bolstered with evidence from animal studies and further
preclinical studies. Clinicians and researchers will need
to pursue rigorous measures regarding the safety, dosing
and reproducibility of studies with transplanted cells.

One of the most significant clinical concerns is the
potential for stem cells to either have ectopic engraftment
into regions outside the CNS or the risk of uninhibited
cell division and subsequent tumor formation. Promising
methodologies for tracking transplanted cells using non-
invasive imaging techniques (magnetic resonance
imaging, positron emission tomography and biolumines-
cence) could potentially help to monitor the migration
patterns of transplanted cells [65,66].

The fate of the transplanted cells may also be affected
by the surrounding milieu. For example, autopsy results
from a PD patient transplanted with human NSCs show
Lewy body accumulation in transplanted cells in addition
to host cells [67].

One major issue in transplantation studies has been the
possibility of immune rejection of nonautologous trans-
plant sources. A potential alternative to this dilemma is
the use of induced pluripotent stem cells (iPSCs) — adult
somatic cells reprogrammed to revert to a pluripotent
state [68]. iPSCs could overcome concerns of immune
rejection as well as reduce the ethical issues concerning
use of human embryonic cells. That said, future studies
will determine whether patient-derived iPSCs will retain
the genetic profile of their endogenous diseased cells,
necessitating ex vivo genetic correction before re-
introducing the cells. iPSC technology also empowers
scientists to directly study properties of patient-derived
cells and serves as a model system for drug development
strategies. However, the details of iPSC characterization
and utilization in cellular therapeutics are beyond the
scope of this review.

Conclusion and future directions

Cellular replacement therapy is a milestone in the field of
neuroscience with a promising future in replacing lost
cells and also creating an environment conducive to
neuronal survival through release of trophic factors and
immunomodulatory molecules. Since the discovery of
iPSCs [69], progress has been made in generating human
iPSC lines from a number of CNS disorders. A recent
study discusses transplantation of iPSC-derived NPCs
from a PD patient in a primate model taking iPSC
research to preclinical stages [70]. Krencik and colleagues
reported a pioneering method of deriving astrocytes
from iPSCs, which, along with astrocyte lineage markers,
displayed functional properties of glutamate uptake,
synaptogenesis and propagation of calcium waves [71].
This protocol can now be utilized for deriving glial cells
from diseased iPSC lines, paving a path for future glial
therapies. In addition to the diseases mentioned here,
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glial contributions in several other neurological diseases
such as stroke, ischemia, spinal cord injury, schizo-
phrenia, depression, autism, and others are being
explored. The ongoing efforts in recognizing glial contri-
butions to diseases and the efforts to replace/replenish
them make glial cells a potentially valuable therapeutic
target for cell replacement strategies.

This article is part of a thematic series on Clinical applications of stem
cells edited by Mahendra Rao. Other articles in the series can be
found online at http://stemcellres.com/series/clinical
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