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Abstract
HIV-associated neurocognitive disorder (HAND) is characterized by cognitive and behavioral deficits in people living with 
HIV. HAND is still common in patients that take antiretroviral therapies, although they tend to present with less severe 
symptoms. The continued prevalence of HAND in treated patients is a major therapeutic challenge, as even minor cognitive 
impairment decreases patient’s quality of life. Therefore, modern HAND research aims to broaden our understanding of the 
mechanisms that drive cognitive impairment in people with HIV and identify promising molecular pathways and targets 
that could be exploited therapeutically. Recent studies suggest that HAND in treated patients is at least partially induced 
by subtle synaptodendritic damage and disruption of neuronal networks in brain areas that mediate learning, memory, and 
executive functions. Although the causes of subtle neuronal dysfunction are varied, reversing synaptodendritic damage in 
animal models restores cognitive function and thus highlights a promising therapeutic approach. In this review, we examine 
evidence of synaptodendritic damage and disrupted neuronal connectivity in HAND from clinical neuroimaging and neuropa-
thology studies and discuss studies in HAND models that define structural and functional impairment of neurotransmission. 
Then, we report molecular pathways, mechanisms, and comorbidities involved in this neuronal dysfunction, discuss new 
approaches to reverse neuronal damage, and highlight current gaps in knowledge. Continued research on the manifestation 
and mechanisms of synaptic injury and network dysfunction in HAND patients and experimental models will be critical if 
we are to develop safe and effective therapies that reverse subtle neuropathology and cognitive impairment.

Keywords HAND · Dendritic spines · Neuronal connectivity · Neuroinflammation · Drug abuse · Cognitive impairment

Introduction

Human immunodeficiency virus (HIV) infection can cause 
cognitive, motor, and sensory deficits that are collectively 
termed HIV-associated neurocognitive disorders (HAND) 
[1]. Typical symptoms of HAND include loss of attention, 

concentration, and memory, reduced motivation, irritability, 
depression, and slowed movements [1]. Symptom severity 
can range from asymptomatic neurocognitive impairment to 
HIV-associated dementia in the most severe cases [2]. HIV 
infection has been transformed into a chronically manage-
able disease by combined antiretroviral therapy (ART) [1, 
3]. ART effectively controls HIV replication and sharply 
reduced the incidence of HIV-associated dementia, but it 
does not entirely prevent the development of HAND [4, 
5]. Mild neurocognitive symptoms persist in roughly 50% 
of patients on ART [6] and only a small fraction of this 
group develops severe forms of HAND [1]. In addition, the 
onset or progression of HAND may be worsened in aging 
patients [7] and is exacerbated by common comorbidities 
like drug abuse [8]. There are no effective treatments for 
HAND despite extensive studies, suggesting that there is still 
much to learn about the pathogenic mechanisms underlying 
the disorder.
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The neuropathology of HAND has also been drastically 
changed by ART. Early in the HIV epidemic, many patients 
presented with encephalitis and neuronal loss, which were 
associated with severe forms of dementia [3, 9]. Today, 
ART-treated patients with HAND do not present with neu-
ronal loss or overt neuropathology, suggesting that more 
subtle neuronal changes drive the pathology [10]. This likely 
includes simplification of neuronal networks and loss of den-
dritic spines in brain regions that are necessary for learning 
and memory processes [3]. Synaptodendritic damage can 
directly relate to aberrant neuronal circuitry and impaired 
cognitive functions, and it is associated with disease pro-
gression [11].

Clinical studies of HAND patients are important for set-
ting research directions, but the number of clinical samples 
available for analysis has declined since patients on ART 
now live close to a normal lifespan. However, new non-inva-
sive neuroimaging techniques have become a useful alterna-
tive approach. Despite their focus on functional alterations, 
neuroimaging techniques can provide some information 
about structural changes and, therefore, aid investigations 
on the brain in virally suppressed subjects. Neuroimaging 
can also reveal insights about other factors relevant to the 
pathology, such as inflammatory markers and select patho-
genic proteins [12, 13]. These studies, in combination with 
insights gained from pre-clinical model systems, suggest 
that HAND is brought on or worsened by subtle synapto-
dendritic damage in select brain regions, and by extension, 
disruption of neuronal networks that are involved in learn-
ing and memory processes. This review highlights our cur-
rent knowledge of synaptodendritic damage and neuronal 
dysfunction in HAND from clinical and pre-clinical stud-
ies, and suggests new insights that could lead to effective 
HAND therapies. We begin by discussing neuroimaging 
and neuropathology studies of human HAND patients that 
show the structural, metabolic, and functional alterations in 
the HIV-infected brain. Next, we cover studies from animal 
and in vitro models that provide more precise and specific 
insights on region-specific synaptodendritic damage that are 
not available from human neuroimaging studies. Finally, we 
review the molecular mechanisms that are currently thought 
to promote synaptodendritic damage and neuronal dysfunc-
tion, and highlight some unanswered questions and future 
directions of HAND research that may lead to new thera-
peutic approaches.

Neuroimaging and neuropathological 
studies in HAND patients

Neuroimaging methods have allowed us to observe 
important aspects of HAND pathology in today’s 
patients, including brain volume, neuroinflammation, 

and functional connectivity [14]. However, neuroimaging 
approaches generally lack the resolution to detect changes 
in small structural components of neurons like synapses 
and dendritic spines, and so far, they detect few surrogate 
measures of inflammation. Despite these limitations, neu-
roimaging studies provide much needed context on modern 
HAND in the absence of neuropathology studies of treated 
patients with well-controlled infection. By considering the 
findings and limitations from both neuroimaging and neu-
ropathology studies, we can better understand how HAND 
pathology has changed in treated patients as well as guide 
future studies that seek to understand the pathological 
drivers of HAND in the ART era.

Magnetic resonance imaging (MRI) is often the initial 
step in the diagnostic approach for HAND, although to 
date, there is no unique neuroimaging technique capable 
of confirming a HAND diagnosis [15]. Published MRI 
studies of HAND patients show various alterations in 
brain volume and suggest that these changes may con-
tribute to cognitive impairment [16, 17]. A recent study 
used functional MRI to measure brain atrophy in aviremic 
ART-treated people with HIV compared to uninfected con-
trols over a period of 2 years [18]. The HIV group showed 
reduced cortical thickness and subcortical brain volumes 
and poorer cognitive performance compared with con-
trols, but the changes in cognitive performance and brain 
volumes during the 2-year period were similar between 
the groups. Another clinical study reported that thinning 
of cortical areas including the frontal and temporal corti-
ces was associated with nadir CD4 count in patients with 
controlled infection [19]. Together, these studies suggest 
that maintaining full viral suppression can minimize brain 
injury in people with HIV, but subtle, region-specific brain 
damage may persist from before initiation of ART. Similar 
neuroimaging studies have examined changes in gray and 
white matter of patients on ART. For example, one group 
reported widespread changes in gray matter volume in 
patients with controlled infection, and the volume of spe-
cific brain regions correlated with impairment in specific 
cognitive tasks [20]. Another recent study of virally sup-
pressed patients reported that white matter alterations were 
present in patients with HAND, but HIV patients without 
cognitive impairment had similar white matter measures 
compared to uninfected controls [21]. Furthermore, more 
pronounced white matter alterations were observed in 
older patients with HIV [22], which may reflect acceler-
ated brain aging. White matter alterations are also asso-
ciated with impairment of several cognitive domains in 
patients with controlled infection and no other medical 
comorbidities [23]. The changes in brain volume described 
here may also reflect synaptodendritic injury, but this must 
be confirmed by neuropathology studies of patients with 
controlled infection [24].
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Resting-state functional MRI can detect changes in 
brain connectivity in people with HIV and can help to 
determine how altered neuronal network activity con-
tributes to cognitive impairment. One recent study found 
abnormal connectivity patterns at a global as well as a 
regional scale in subjects with HAND compared to age-
matched controls, primarily in portions of the lateral 
occipital cortex and the cingulate cortex [25]. Their results 
showed that a combination of network analysis and graph 
theoretic methods can help to better understand the mecha-
nisms of neurologic diseases and identify diagnostic bio-
markers for HIV-related neurological damage. A smaller 
clinical study of patients with controlled infection reported 
changes in salience and executive networks that correlated 
with neuropsychological test scores [26]. Other evidence 
suggests that during acute HIV infection, changes in rest-
ing-state functional connectivity in several brain regions 
correlate with depressive symptoms [27], and switch-
ing ART regimens may affect functional connectivity in 
asymptomatic patients [28]. Thus, functional connectivity 
appears to be altered in HAND patients with controlled 
infection and may correlate with cognitive impairment as 
well as other auxiliary symptoms of HAND.

Sustained subtle neuroinflammation is also thought to 
contribute to synaptodendritic damage and neuronal dys-
function in the ART era. Several groups have studied cor-
relates of neuroinflammation in people with HIV, most nota-
bly using positron emission tomography (PET) imaging of 
translocator protein (TSPO) [29–31]. TSPO is a mitochon-
drial membrane protein that is strongly expressed in glial 
cells and is upregulated during periods of neuronal injury 
or neuroinflammation [32]. Although measuring TSPO with 
PET ligands is a common approach in studies on neuro-
inflammation, recent work suggests that the physiological 
functions of TSPO are not completely understood and TSPO 
ligand binding may not directly translate across species [33]. 
Therefore, although TSPO imaging is widely used, results 
from these studies should be considered with caution and in 
consideration with other approaches when possible. Overall, 
TSPO studies of HAND patients found correlations between 
certain cognitive domains and tracer uptake in various brain 
regions, but their results vary as they used different patient 
populations and different criteria for defining the degree of 
cognitive impairment [34]. Another approach to measure 
correlates of neuroinflammation in patients involves diffu-
sion basis spectrum imaging (DBSI), which can separate 
measures of inflammation-induced cellularity and white 
matter integrity [35]. For example, one DBSI study of a 
cohort of aviremic people with HIV showed that they had 
elevated brain cellularity compared to HIV negative con-
trols, and younger people with HIV showed the greatest 
cellularity changes [36]. However, when they adjusted for 
duration of ART, the association between age and cellularity 

in HIV + individuals was no longer significant, suggesting 
that prolonged treatment reduces brain inflammation.

As non-invasive imaging approaches are increasingly 
necessary to understand HAND in the ART era, future neu-
roimaging studies are positioned to play important roles in 
uncovering brain region and network-level alterations in 
HAND patients with controlled infections.

Neuropathology studies are currently necessary to con-
firm synaptodendritic damage and neuronal alterations in 
relevant brain regions. Unfortunately, most published neu-
ropathology studies on HAND are from the pre-ART era or 
use clinical samples from patients with acquired immuno-
deficiency syndrome (AIDS), suggesting that they are not 
completely reflective of the current pathology [37]. There-
fore, new studies using tissues from ART-treated patients 
with controlled infection are urgently needed. However, pub-
lished neuropathology studies do provide insight on features 
of HAND and evidence that synaptodendritic damage and 
altered neurotransmission play important roles in HAND.

Gene expression studies of human brain tissue offer an 
overhead view of many interconnected systems and allow 
measurement of synaptic and neuronal genes alongside of 
other genes that are thought to contribute to synaptic injury, 
including those related to inflammation and bioenergetics. 
Older studies from patients with moderate-to-severe HAND 
generally report an upregulated brain immune response 
and a downregulation of synaptic transmission [38]. These 
findings appear less severe in milder forms of HAND as 
patients without HIV encephalitis but with sustained neuro-
cognitive impairment show lower brain HIV levels, weaker 
immune responses, and fewer neuronal pathway changes 
in the neocortex [39]. Though there are still some contra-
dicting data, alteration of inflammatory genes is a common 
feature of HAND, ranging from widespread, uncontrolled 
inflammation and tissue damage in HIV-encephalitis tissue, 
to induction of interferons, cytokines, and tissue injury in 
neurocognitively normal HIV patients [40]. Furthermore, 
white matter alterations in the expression of chemokines, 
cytokines, and β-defensins correlate with cognitive impair-
ment in patients without HIV encephalitis [40]. A recent 
gene expression study also supports inflammatory dys-
regulation in older HAND patients on ART, as brain tissue 
from these patients showed upregulation of genes related 
to interferon signaling, stress, and immune responses, as 
well as decreased expression of genes involved in cellular 
metabolism and myelin production [41]. Overall, these stud-
ies shed light on some of the underlying changes contribut-
ing to HAND in patients with more controlled infection and 
further support the hypothesis that subtle neuronal disrup-
tion is an important component of modern HAND.

Several early neuropathology studies identified syn-
aptodendritic damage in specific brain regions as a corre-
late of cognitive impairment in patients with AIDS. One 
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of the early reports showed that neocortical dendritic and 
presynaptic damage was a strong correlate of neurocognitive 
impairment [42]. Another study reported reduced branching 
density, dendritic spines, and other types of dendritic sim-
plification throughout the hippocampus [43]. Presynaptic 
damage was also found in the hippocampus and putamen 
of AIDS patients [44], and this study showed that a com-
bined index of both synaptic and dendritic injury markers 
was more strongly associated with global neuropsychologi-
cal impairment ratings than either marker alone. Notably, 
dendritic injury was brain region specific [40]. Additional 
studies have shown that synaptodendritic degenerative 
changes in HIV correlate with the presence and severity of 
cognitive impairment [3, 45]. As these studies all found an 
association between synaptodendritic injury and cognitive 
impairment in tissue from HAND patients, it remains pos-
sible that cognitive impairment in treated patients with con-
trolled infection may be the result of more subtle forms of 
synaptic injury or functional alterations in neurons. Indeed, 
a small gene expression study of brain tissue from treated 
people with HIV revealed no changes in synaptic markers 
in neurocognitively normal patients, but increased expres-
sion of immune response genes and the anti-inflammatory 
gene heme oxygenase 1 [24]. This study provides some 
evidence that preserving synapses could be an approach to 
treat HAND, even in an environment of subtle, chronic brain 
inflammation. However, this claim will require additional 
validation in future studies.

One mechanism that may lead to synaptodendritic dam-
age in HAND patients is the accumulation of neurotoxic 
amyloid-β, especially as patients on ART become older. 
Studies of brain samples from HIV patients have shown 
altered amyloid precursor protein processing and the pres-
ence of amyloid-β plaques and oligomers [46–49]. One study 
showed that patients with HIV encephalitis had more intra-
neuronal amyloid-β accumulation compared to HIV cases 
with no significant pathology [48], and another study sup-
ported intracellular amyloid-β deposition in brain samples 
from HAND patients and showed parenchymal amyloid-β 
deposition in samples from older patients exposed to ART 
[46]. The latter authors suggested that local inflammatory 
responses to HIV in the brain could increase amyloid precur-
sor protein production and susceptibility to amyloid deposi-
tion, and ART itself may contribute to an overall increase 
in amyloid deposition [46]. Interestingly, these studies sug-
gest a distinct type of amyloid-β pathology in some patients 
with HAND that differs from Alzheimer’s disease. While 
Alzheimer’s disease is characterized by neuritic, extracel-
lular amyloid plaques, studies of HAND tissue show dif-
fuse and intracellular expression of amyloid-β that may be 
a precursor to neuritic plaques [46, 50, 51]. However, more 
recent PET imaging studies measured amyloid deposition 
in the brains of living HAND patients and did not show 

amyloid-β accumulation [52–55], and a recent neuroimag-
ing study reported no change in amyloid levels in virally 
suppressed patients [56]. The conflicting results from these 
studies may be due to different factors. For example, amyloid 
dysregulation may be absent or mild in treated patients with 
less severe neuroinflammation, or amyloid pathology may 
only be relevant in patients with specific genotypes [57]. 
However, amyloid pathology may become more relevant as 
the HAND patient population on ART ages. Therefore, addi-
tional studies are required to determine if amyloid pathology 
or toxic amyloid oligomers contribute to HAND in treated 
patients.

Several studies suggest that neurotransmitter systems are 
disturbed in HAND patient samples. GABAergic markers in 
brain samples from HIV-infected patients with and without 
HAND appear to be significantly decreased in most areas of 
cerebral neocortex, the neostriatum, and the cerebellum [58]. 
These findings were correlated with neuroimmune mark-
ers in the brain and mRNA expression of neuromodulators 
including dopamine receptor type 2 and the opioid neuro-
transmitter preproenkephalin, which were also reported to be 
dysregulated in a previous study of the same patient cohort 
[59]. Thus, dysfunction of inhibitory neurotransmission may 
contribute to HAND, and this could possibly result from 
subtle, ongoing brain inflammation and/or changes in other 
neuromodulators. Altered inhibitory neurotransmission in 
HAND patients may also be due to the breakdown of peri-
neuronal nets, a type of extracellular matrix that stabilizes 
inhibitory synapses from parvalbumin interneurons [60]. Of 
note, increased expression of matrix metalloproteinases that 
degrade perineuronal net components has been reported in 
brain tissue from people with HIV on ART [61]. Older stud-
ies have also reported HIV-induced upregulation of matrix 
metalloproteases in the CNS, in particular MMP-2 [62], 
which was linked with HIV-associated dementia [63].

Dysregulated inhibitory circuits may also lead to abnor-
mal excitatory neurotransmission via the glutamate system, 
which has long been reported in HAND patients and mod-
els [64]. However, clinical studies of brain glutamate levels 
in HAND have reported conflicting results, which likely 
reflects the underlying complexity of HAND in different 
patients [64]. While there is evidence that ART can decrease 
extracellular glutamate levels in the brain [65], many stud-
ies in model systems have demonstrated that HIV proteins 
may directly and indirectly enhance glutamatergic signaling 
[66, 67]. Excitatory and inhibitory neurotransmission are 
likely dysregulated via multiple pathways in HAND, and 
this may also include dysregulation of other neurotransmit-
ter systems. For instance, dysfunction of dopamine sign-
aling in HAND is an ongoing area of research. Although 
some evidence suggests that HIV neurotoxins may directly 
modulate the dopamine transporter and damage brain areas 
with high dopamine expression [68], drug abuse is another 



4287Mechanisms of neuronal dysfunction in HIV-associated neurocognitive disorders  

1 3

common comorbidity that can transiently elevate dopamine 
levels in HAND patients [69]. This can lead to several out-
comes, including circuit adaptations and neuroinflammation 
in dopamine-rich regions [70], which may further contribute 
to synaptodendritic damage. Future studies that explore both 
excitatory and inhibitory systems in parallel as well as the 
status of other neuromodulators may help to provide a more 
integrated picture of neurotransmitter systems in the pres-
ence of HIV or other related factors.

Clinical studies of HAND provide evidence that well-
controlled HIV infection can still dysregulate neuronal 
functions in specific brain regions, suggesting a potential 
underlying cause of cognitive impairment in treated patients. 
However, it is still not entirely clear how controlled HIV 
infection contributes to this more subtle and region-spe-
cific neuronal dysfunction. Though some clinical studies 
of HAND would surely benefit from updates with treated 
patients, the field has expanded on insights gained from cur-
rent clinical research using a variety of pre-clinical models. 
As discussed in the next section, these models support syn-
aptodendritic injury as a substrate of neurocognitive impair-
ment in HAND.

Synapodendritic damage and neuronal 
activity changes in HAND experimental 
models

In vitro and in vivo models of HAND have provided impor-
tant insights into the neuropathological features of HAND 
that may exist in treated patients. Although these models 
have their own set of limitations, they allow for much more 
precise examination of neuronal structure and function and 
how specific HIV proteins and related stimuli contribute to 
synaptodendritic damage and alter the activity of neuronal 
networks. This section reviews recent findings from model 
systems regarding changes in synapses, dendritic spines, and 
electrophysiology.

Excitatory synapses are commonly studied through quan-
tification and morphometric analyses of dendritic spines, 
which are small protrusions along the dendrite that form 
the post-synaptic component of most excitatory synapses 
[71, 72]. Dendritic spines exist along a continuum of mor-
phologies that is often classified into groups, including the 
more mature mushroom and thin spines, and the immature 
stubby spines and filopodia [73]. Several studies over the 
past 2 decades have shown that spine morphology is cor-
related with function, as these structural changes allow for 
variable abundance of glutamate receptors as well as key 
components of the post-synaptic density, thus dictating 
synaptic strength (many excellent reviews have been pub-
lished on this important topic; the readers are referred to 
some of the most recent papers, e.g., [73–75]). Thus, the 

shape of a spine also reflects its stability or maturation as a 
synaptic site. For instance, mushroom spines, which have a 
large bulbous head and a narrow neck, form the most stable 
synapses [76]. Their large head contains multiple AMPA 
and NMDA receptors, and their narrow neck provides a 
well-controlled biochemical microenvironment [77]. Thin 
spines, which have a smaller head attached to a narrow neck, 
often form more transient synapses [78]. As expected, these 
spines also have lower expression of glutamate receptors 
and other components of the post-synaptic density [79]. In 
the adult cortex and hippocampus, more than 65% of den-
dritic spines are thin spines, while just 25% are mushroom 
spines [80], highlighting the vast neuroplasticity in these 
regions. Stubby spines lack a neck region and presumably 
the ability to buffer synaptic ion flux, and are prevalent dur-
ing early postnatal development [80]. Filopodia are hair-like 
structures that may act as precursors to thin dendritic spines. 
Filopodia and stubby spines account for approximately 10% 
of spines in adults [80]. Dendritic spines are highly enriched 
in filamentous actin and are highly motile in response to syn-
aptic activity [81]. Therefore, spines are dynamic structures 
that can change their shape, even throughout adulthood [82]. 
However, the plasticity of dendritic spines also makes them 
vulnerable to neurotoxins and inflammatory mediators that 
impair neuronal functions.

Different groups, including ours, have reported how den-
dritic spines may be altered in HAND by studying HIV-
transgenic rats. These rats provide a similar environment to 
HIV-infected patients on ART, as they express viral proteins 
but do not produce infectious virus [83]. The HIV-trans-
genic rat also presents with cognitive impairment, including 
deficits in executive function [84, 85], temporal processing 
and long-term episodic memory [86], and spatial learning 
[87, 88]. Notably, these rats have impaired cognitive flex-
ibility, or the ability to shift strategies in response to differ-
ent demands. This requires neuronal activity in the medial 
prefrontal cortex [89] and male HIV-transgenic rats present 
dendritic spine deficits on layer II/III pyramidal neurons in 
this region [90], including a reduced density of thin and 
mushroom spines and increased density of stubby spines 
[84]. As predicted for highly plastic spines, the density of 
mature thin spines is more strongly associated with cogni-
tive flexibility than any other spine type [84]. Furthermore, 
HIV-transgenic rats show dendritic spine and branching 
deficits in layer II/III neurons of the motor cortex, includ-
ing an increased percentage of filopodia [37], suggesting 
that this could correlate with motor dysfunction. Another 
study examined synaptodendritic injury in older female and 
male HIV-transgenic rats and reported thin spine deficits and 
increased stubby spine density on similar regions of proxi-
mal dendrites, although neurocognitive impairment later in 
disease progression predominantly affected male rats [91]. 
The same group reported that in animals of a similar age, 
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methylphenidate caused a significant shift toward increased 
frequency of thin spines on lower order dendrite branches 
[92]. Dendritic spine deficits in the HIV-transgenic rat likely 
involve multiple factors in addition to expression of HIV 
proteins, as chronic immune activation is typically observed 
in these animals [93–95], which could drive synaptoden-
dritic damage.

Synaptic injury can also be caused by individual HIV 
proteins, including HIV tat and gp120. Tat is present in the 
cerebrospinal fluid of virally suppressed patients [96] and 
has multiple direct and neuroinflammatory effects that are 
considered key contributors to HAND neuropathology [66]. 
There are multiple splice variants of tat, and the most stud-
ied version is a truncated tat 1–86. A recent meta-analysis 
uncovered that 40% of the 973 studies examining Tat used 
the 1–86 variant, while only 15.5% used Tat 1–101, which is 
the most common splice variant observed in people infected 
with HIV-1 subtype B [97]. This suggests that one should 
exercise some caution when considering studies using 
tat 1–86 or other truncated forms of tat. Indeed, there are 
functional differences reported between tat splice variants 
that may contribute to synaptodendritic injury in HAND, 
and common tat-transgenic animal models typically do not 
express the full-length tat 1–101 [97]. That said, tat 1–86 
exposure in animal models does affect dendritic spines and 
neuronal function in brain regions including the hippocam-
pus, cortex, and striatum. One study reported that tat 1–86 
injection in the lateral ventricle of male mice produced spine 
deficits in the retrosplenial cortex, which predicted cogni-
tive deficits in a trace fear conditioning model [98]. Another 
report shows that inducible tat-transgenic male mice have 
reduced dendritic spine density in apical dendrites of the 
hippocampus, which was associated with reduced LTP in 
the region [99]. Tat-transgenic male mice also present with 
damage to neurons expressing D2 dopamine receptors in 
the striatum, characterized by reduced dendritic spine den-
sity in the second- and third-order dendrite branches [100]. 
Although inducible tat-transgenic female and male mice 
both have dendritic spine deficits in striatal medium spiny 
neurons, male mice had slightly more pronounced cellular 
deficits as well as a motor learning impairment [101].

The HIV envelope glycoprotein gp120 can also produce 
dendritic spine deficits, although recently only a few studies 
have examined gp120 animal models—since tat is thought 
to have a prominent role in virally suppressed patients. 
However, considering that transient expression of gp120 in 
the first days of infection can trigger long-term events and/
or neuroinflammation [102], the contribution of this viral 
protein should not be ignored. Indeed, past studies showed 
that a single injection of gp120 elicited long-term damage. 
Specifically, intracerebroventricular injection of  gp120IIIB in 
adult male rats decreases dendritic spine density in several 
cortical regions, including the medial prefrontal cortex [90] 
and the motor cortex [37]. As spine loss in the prefrontal 
cortex correlated with decreased cognitive flexibility in the 
same rats, it is possible that gp120-induced spine loss in the 
motor cortex could contribute to motor deficits. Other stud-
ies that examined female and male gp120-transgenic mice 
reported dendritic spine deficits throughout the hippocampus 
[103] and the dorsal striatum [104].

Alterations of dendritic spines and synapses are expected 
to be accompanied by changes in neuronal activity and con-
nectivity. Indeed, several groups have demonstrated that the 
animal models discussed above display changes of neuronal 
activity in the same brain regions where spine deficits occur, 
including the prefrontal cortex, hippocampus, and striatum 
(Table 1). One such study of hippocampal tissue in female 
HIV-transgenic rats reported that dorsal CA1 pyramidal neu-
rons were not as excitable as neurons from control animals, 
which could be part of a feedback mechanism to protect 
hippocampal neurons from excitotoxicity induced by HIV 
proteins [105]. On the other hand, studies in male HIV-trans-
genic rats showed hyper-excitability in medial prefrontal 
cortex layer V and VI pyramidal neurons [106], suggest-
ing that select brain regions may respond differently to HIV 
neurotoxins. Similar findings were observed in brain tissue 
from inducible tat-transgenic male mice, as CA1 pyramidal 
neuron excitability was reduced, while layer II/III neurons 
in the medial prefrontal cortex were hyper-excitable [107]. 
These phenotypes may be at least partially driven by changes 
in inhibitory neurotransmission, as male tat-transgenic mice 
show reduced exocytosis of GABA in the prefrontal cor-
tex but not the hippocampus [108]. Evidence also suggests 

Table 1  Dendritic spine density and excitatory/inhibitory balance in select brain regions of HAND/HIV models

Cortex/PFC Hippocampus Striatum

Spine density Reduced in several models [37, 84, 90, 
91, 98, 118]

Reduced in several models [99, 103] Reduced in several models [100, 101, 
104, 188]

Excitatory status Hyper-excitable in PFC of several mod-
els [106, 107, 109, 118, 190]

Decreased excitability in CA1 [105, 
107] and in vitro tat models [127]

Differential effects on D1 and D2 MSNs 
[100]

Inhibitory status Reduced IPSCs/GABA efflux in tat 
models [108, 159]

No change in GABA efflux [108], 
increased inhibition in vitro tat models 
[114, 115, 127]

Reduced IPSCs in tat model [111]
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that specific types of neurons may be more vulnerable to 
HIV neurotoxins. Investigations in the dorsal striatum of 
male inducible tat-transgenic mice revealed increased excit-
ability, reduced dendritic spine density, and a shift toward 
immature spine types in medium spiny neurons expressing 
the D2 dopamine receptor, whereas medium spiny neurons 
expressing D1 dopamine receptors did not display these 
impairments [100]. Additionally, altered neuronal activity 
in HAND models can be exacerbated by comorbid drug 
abuse. For example, cocaine increased the excitability of 
pyramidal cells in the layer V and VI prefrontal cortex of 
male HIV-transgenic rats [109], opioids reduced GABAe-
rgic neurotransmission in the striatum of male and female 
mice in the presence of tat [110, 111], and methampheta-
mine affects synaptic and neuroplasticity markers in male 
and female HIV models [112, 113]. These findings are in 
line with the complex and multifactorial HAND scenario 
observed in the clinic and highlight our incomplete knowl-
edge of the disorder.

In vitro models of exposure to HIV-1 proteins or related 
neurotoxins generally support the findings from animal mod-
els of HAND and recently have provided new insights on 
how HIV neurotoxins and comorbidities disrupt neuronal 
networks, and how neurons respond to these insults. For 
example, we have recently shown that exposure to  gp120IIIB 
leads to dendritic spine deficits in cultured cortical neurons 
in a process that requires secretion of interleukin-1β (IL-
1β) from co-cultured glial cells, suggesting that IL-1β is an 
important contributor to HIV-induced spine deficits in the 
cortex [90]. Other studies in rat hippocampal cultures have 
shown that  gp120IIIB increased inhibitory synapses and tonic 
inhibition, which also required gp120-induced secretion of 
IL-1β from microglia in the same cultures [114, 115]. Since 
IL-1β indirectly activated NMDA receptors in these neu-
rons [114], the shift toward inhibitory input may represent 
an adaptive mechanism that could at least partially explain 
why hippocampal neurons are not as hyper-excitable as other 
types of neurons in animal models of HAND. The number of 
excitatory and inhibitory synapses on neurons can be scaled 
up or down in response to neuronal activity in a process 
called synaptic scaling [116], and this process appears to be 
a key compensatory mechanism in HAND [117].

Several recent in vitro studies have also examined how 
HIV tat affects synapses and neuronal excitability either 
alone or with comorbid factors, and all studies in this para-
graph examined the truncated tat 1–86 variant. In cultures 
of mouse primary neurons from the prefrontal cortex, tat 
treatment caused dendritic spine deficits and promoted 
excitotoxicity in line with studies from tat-transgenic mice, 
but these effects were mitigated by cannabinoid receptor 1 
(CB1) agonists [118]. Thus, CB1 signaling could function 
as a feedback mechanism to control tat-induced excitotoxic-
ity in prefrontal cortex neurons. The same group reported 

that CB1 receptors are upregulated in neurons of the pre-
limbic prefrontal cortex in female tat-transgenic mice [119], 
suggesting that this system may be sex-specific. However, 
a new study examining cultured rat hippocampal neurons 
reported that tat treatment prevents CB1-mediated presyn-
aptic inhibition at excitatory synapses, but does not affect 
inhibitory synapses, suggesting that CB1-mediated neuro-
protection may not extend to the hippocampus [120]. On 
the other hand, opioids appear to enhance HIV tat effects in 
cultured striatal neurons, as morphine exacerbated calcium 
and sodium flux in medium spiny neurons exposed to tat, 
which contributed to dendritic spine deficits and varicosi-
ties [121]. Opioid use has previously been shown to reduce 
dendritic spine density in other types of neurons, including 
cortical [122] and hippocampal neurons [123], suggesting 
that comorbid opioid use may broadly dysregulate neuronal 
circuits in HAND patients or animal models. Importantly, 
drugs of abuse may also indirectly affect neuronal structure 
and function by modulating other non-neuronal cells in the 
CNS [8].

It is also possible that ART itself contributes to synapto-
dendritic injury, either alone or in combination with other 
comorbid factors. For instance, select combinations of 
antiretrovirals and methamphetamine can alter expression 
of the presynaptic marker synaptophysin in cortical cultures, 
although ART compounds alone seem to minimally affect 
synaptophysin levels, even over a prolonged exposure [124]. 
Reduced levels of synaptophysin protein were also found 
in the hippocampus of SIV-infected macaques on an ART 
regimen compared to SIV-infected controls [125]. Follow-up 
in vitro experiments indicated that select protease inhibi-
tor antiretroviral drugs reduced synaptophysin and MAP-2 
expression by promoting oxidative damage [125] and that 
protease inhibitors can also affect neuronal function through 
effects on oligodendrocytes, such as inhibition of oligoden-
drocyte progenitor cells maturation [126]. Administration of 
these drugs to mice reduced myelin expression in the frontal 
cortex [126]. This suggests that some ART may affect white 
matter volume, in line with the recent neuroimaging studies 
discussed above.

Most of the previously mentioned studies examined 
structural and functional changes in individual neurons of 
in vitro and in vivo models, but it is also possible to meas-
ure neuronal network activity in vitro using multielectrode 
arrays. A few reports have used multielectrode arrays to 
better understand how HIV neurotoxins alter activity at the 
network level in select types of primary neurons. One group 
examined rat primary hippocampal neurons and found that 
full-length tat 1–101 strongly suppressed neuronal activity 
and neuronal oscillations from 0 to 5 Hz, which was associ-
ated with attenuated spike frequency and amplitude across 
the culture. Additional tat treatments did not further reduce 
activity but did promote non-synchronous random firing. 
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Neuronal activity was partially restored by removal of tat 
or in cultures with astrocytes, and in line with the previ-
ous studies suggesting tat promotes GABAergic inhibitory 
neurotransmission in the hippocampus, GABA receptor 
antagonists increased neuronal activity in tat-exposed cul-
tures [127]. These results suggest that the full-length and 
truncated tat affect neuronal activity similarly and provide 
a new and important perspective on how tat modulates 
neuronal network activity over time. One other study used 
multielectrode arrays to assess the effect of HIV nef protein 
on rat hippocampal neurons. Neurons exposed to nef from 
astrocyte-derived extracellular vesicles showed a progres-
sive reduction of neuronal activity over time with almost 
no network activity after 48–96 h of exposure [128]. How-
ever, the neurons in these cultures were somewhat young at 
14 days in vitro, so effects on neuronal activity may not be 
comparable to the previous study that examined neurons at 
25 days in vitro.

To date, most studies that examined the relationship 
between dendritic spines and behavior have been corre-
lational. However, new techniques could surpass correla-
tions and examine the downstream effects of structural and 

functional plasticity on the formation of new behavior. One 
example is activated synapse targeting photoactivatable 
Rac1, which allows erasure of recently activated synapses 
[129]. The first study using this technique suggested that 
learning a new motor skill relies on the formation of dense 
synaptic ensembles [129]. More recently, this technique 
helped to demonstrate that the acute anti-depressive effects 
of ketamine rely on neuronal activity in the prefrontal cor-
tex. However, ketamine’s effects were only sustained upon 
formation of dendritic spines [130]. Several groups have 
found correlational relationships between dendritic spine 
density and neurocognitive functions in multiple animal 
models of HAND. These researchers attenuated dendritic 
spine and memory deficits by pharmacologically target-
ing NR2B-containing NMDA receptors [98], chemokine 
receptors [84], or estrogen receptors [131, 132]. While 
each of these studies explored different pharmacological 
mechanisms (Fig. 1), the downstream effects were simi-
lar—increased spine density, a shift toward more mature 
spine phenotype, and improved behavior. Although these 
experiments did not examine the network-level electro-
physiology underlying recovery of spines and behavior, 
the structural arrangement of dendritic spines is tied to 

Fig. 1  Dendritic spine loss in HAND models can be reversed by dif-
ferent approaches. Recent studies have reported possible approaches 
to reverse dendritic spine deficits in animal models of HAND, which 
also improved their cognitive function. These approaches involved 
inhibiting excess  Ca2+ influx into neurons (left panel) and promot-
ing neuronal actin stabilization (right panel). In the left panel, HIV 
neurotoxin activation of Src causes excessive  Ca2+ influx through 
NR2B-containing NMDA receptors (NMDAR) in the retrosplenial 
cortex, but inhibiting these receptors prevents excessive  Ca2+ influx 

and spine retraction in the same region. In the right panel, CXCL12 
binding to CXCR4 on cortical neurons activates a Rac1-mediated 
pathway that stabilizes actin, a critical structural component of den-
dritic spines, which protects existing spines. Interestingly, CXCL12 
is also able to downregulate NR2B-containing NMDARs. Moreover, 
various estrogen and phytoestrogen molecules can increase dendritic 
spine density via estrogen receptor (ERα/β) signaling, which may 
also involve actin stabilization via Rac1 signaling. The mechanisms 
presented in this figure are explained in detail in the next section
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neuronal activity and, thus, altered neuronal network activ-
ity likely plays a role in each process.

Mechanisms that affect synaptodendritic 
damage and network dysfunction in HAND

In vitro and in vivo models allow for probing the molecu-
lar mechanisms that underlie synaptodendritic damage and 
re-organization of neuronal networks in HAND. So far, a 
few major factors have been identified, including dysregu-
lation of synaptic and extrasynaptic ion channels, inflam-
matory signaling pathways, altered synaptic actin remod-
eling, dysfunction of non-neuronal cells, and comorbid 
drug abuse. In this section, we will review recent studies 
on these players and pathways associated with HAND and 
how they are dysregulated by distinct stimuli.

Overactivation of ionotropic glutamate receptors

NMDA receptors are ionotropic glutamate receptors that 
play crucial roles in neuronal function and neurotransmis-
sion [133], and they can be activated and dysregulated by 
HIV proteins like gp120 and tat.  Gp120IIIB can activate 
these receptors through an indirect pathway, where it first 
promotes secretion of the cytokine IL-1β from CNS glial 
cells, and IL-1β binding to interleukin-1 (IL-1) recep-
tors on hippocampal neurons leads to phosphorylation 
of the NR2B subunit and activation of NR2B-containing 
NMDA receptors [134]. Though this early study reported 
cell death in their assays, which is not a key component 
of modern HAND, this pathway may still be relevant to 
synaptic function as it directly regulates NMDA receptors. 
Another group reported that  gp120IIIB directly promoted 
surface expression of NMDA receptors in hippocampal 
neurons through a protein kinase A and C-dependent 
phosphorylation of NR1 C-terminal residues, and these 
receptors were transported to gp120-stabilized lipid struc-
tures that prevented internalization and enhanced abnor-
mal calcium bursts [135]. As all NMDA receptors have 
NR1 subunits, this study suggests that gp120 can activate 
NMDA receptors with different subunit compositions. A 
more recent study examined this possibility and showed 
that  gp120IIIB increased excitatory post-synaptic currents 
(EPSCs) from both NR2A and NR2B-containing NMDA 
receptors in male rat hippocampal slices, but gp120 had 
a more pronounced effect on NR2B-containing receptors 
[136]. Importantly, these recordings were taken shortly 
after gp120 treatments, providing further evidence that 
gp120 (or IL-1β)-induced NMDA receptor activation 
occurs prior to the homeostatic synaptic scaling adapta-
tions discussed above. Gp120 may affect NR2B-containing 

NMDA receptors in particular by promoting a signaling 
pathway by which the pro-form of brain-derived neuro-
trophic factor (proBDNF) activates neuronal p75 neu-
rotrophin receptors. The proBDNF-p75 signaling path-
way contributes to long-term depression by modulating 
NR2B-containing NMDA receptors [137]. Gp120 may 
promote this signaling pathway in several ways, includ-
ing by decreasing levels of the furin protease that cleaves 
proBDNF to its mature, neuroprotective form [138], and 
by increasing expression of the p75 neurotrophin recep-
tor in the striatum [104]. In addition to its effects on 
long-term depression, proBDNF accumulation can also 
reduce hippocampal dendrite complexity and spine density 
through p75 neurotrophin receptor signaling [139], and 
these effects are mitigated in gp120-transgenic mice with a 
p75 knockdown [140]. Thus, gp120 can modulate NMDA 
receptor signaling in different types of neurons through a 
variety of pathways.

Adding to this complexity, evidence suggests that tat also 
regulates NMDA receptor functions, and tat from HIV-1 
clade B may cause neurotoxicity by directly interacting 
with the NR1 subunit [141]. Earlier studies of tat neurotox-
icity in human mixed cortical cultures reported an enhanced 
phosphorylation of the NR2A subunit, which led to neu-
ronal dysfunction [142]. However, tat can also target other 
subunits of the NMDA receptor, as the NR2B antagonist 
ifenprodil prevented tat-induced synaptodendritic damage 
in layer I retrosplenial cortex neurons of male mice, which 
was associated with improved learning in a fear condition-
ing model [98]. In addition to these studies, a review arti-
cle has documented how tat dysregulates calcium signaling 
through NMDA receptors as well as other calcium channels 
in relevant brain regions including the prefrontal cortex, 
hippocampus, and striatum [143]. Together, these studies 
suggest that NMDA receptor activation may be a point of 
convergence of neurotoxic signaling pathways in HAND, 
including for HIV proteins and inflammatory mediators.

Though brain inflammation is no longer considered 
a driver of cell death and apoptosis in patients on ART, 
chronic sub-threshold inflammation still appears to contrib-
ute to the more subtle pathology of modern HAND. For 
example, several studies suggest that inflammatory and syn-
aptic systems are dysregulated in HAND models, includ-
ing HIV-transgenic rats. These rats show higher markers of 
astrogliosis and microgliosis, dysregulation of genes associ-
ated with neurodegenerative disorders and synaptic plastic-
ity in the hippocampus [144], and dysregulation of inflam-
matory genes in the prefrontal cortex, nucleus accumbens, 
and ventral tegmental area [145]. This chronic but subtle 
brain inflammation may also regulate NMDA and AMPA 
receptors, as previous reports show that tumor necrosis fac-
tor α (TNFα) signaling modulates these receptors functions 
and trafficking. Specifically, TNFα was shown to increase 
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surface expression and activity of NMDA receptors in cul-
tured rat hippocampal neurons [146] and AMPA receptor-
mediated calcium flux [147]. Under the same treatment con-
ditions, TNFα increased both GluR1 and GluR2-containing 
AMPA receptors in rat hippocampal neurons [148]. Almost 
in parallel, TNFα binding to TNF receptor 1 in mixed hip-
pocampal cultures decreased GABAergic neurotransmission, 
which preceded changes of inhibitory synaptic proteins such 
as gephyrin and glutamate decarboxylase 65 [149]. Though 
these studies are older, they highlight important mechanisms 
that may underlie later synaptic remodeling and ongoing 
dysfunction in neuronal networks of patients with HAND.

Synaptic scaling mechanisms

In response to the dysregulation of calcium channels and 
heightened vulnerability to excitotoxicity, neurons can initi-
ate a homeostatic adaptation called synaptic scaling, which 
attempts to restore a balance between excitatory and inhibi-
tory synaptic transmission. This often leads to a reduction 
or de-potentiation of excitatory synapses and increased 
inhibitory transmission in models of HAND, and several 
recent studies have explored the mechanisms underlying 

these adaptations [117] (Fig. 2). One study identified a 
pathway downstream of tat activation of NMDA receptors, 
where Akt activates the E3 ubiquitin ligase Mdm2, which 
then reduces the amount of NMDA receptor punctate stain-
ing in hippocampal neurons [150]. Additionally,  gp120IIIB 
upregulates Mdm2 in cortical neurons, suggesting that both 
HIV proteins regulate Mdm2 [151]. Mdm2 ubiquitinates 
and helps to degrade PSD95, a synaptic protein that pro-
vides scaffolding support for NMDA and AMPA receptors 
[152]. Loss of PSD95 can destabilize dendritic spines and 
ultimately reduce the number of excitatory synapses [153, 
154]. Therefore, tat likely affects dendritic spines through 
this pathway, as previous evidence shows that tat promotes 
the degradation of PSD-95 and excitatory synapse loss but 
spares pro-death signaling in hippocampal neurons [155]. 
Gp120 and its related signaling pathways may produce simi-
lar results, as gp120 also decreases PSD-95 puncta number 
in cultured hippocampal neurons [134, 156], and gp120-
transgenic mice showed decreased levels of NR2B and 
NR2A NMDA receptor subunits in synaptosome fractions 
from hippocampal neurons [140].

The loss of dendritic spines and excitatory poten-
tial during synaptic scaling often occurs in concert with 

Fig. 2  Mechanisms underlying synaptic scaling in hippocampal neu-
rons. Synaptic scaling can serve as a feedback mechanism to prevent 
excitotoxicity by scaling down excitatory synapses (left panel) and 
increasing inhibitory synapses and transmission (right panel). Ini-
tially, HIV tat may increase NMDA receptor (NMDAR) activity by 
either directly interacting with the receptor or by promoting phospho-
rylation or membrane trafficking of intracellular NMDA receptors. 
Ion flux through NMDA receptors then activates the serine–threo-
nine kinase Akt, which phosphorylates the E3 ubiquitin (Ub) ligase 
Mdm2. Mdm2 then ubiquitinates PSD95, an important structural 
component of dendritic spines, which promotes PSD95 degradation 

and corresponding de-potentiation of the synapse. Increased inhi-
bition is mediated by both the initial ion influx via NMDA recep-
tors and by gp120-mediated secretion of IL-1β from glial cells. 
First, IL-1β binds to neuronal IL-1 receptors (IL1R), which acti-
vates a P38-mediated pathway that leads to membrane insertion of 
α5-containing GABAa receptors (GABAaR) and enhanced inhibitory 
transmission. Additionally, IL1 receptor and NMDA receptor sign-
aling activate the non-receptor tyrosine kinase Src, which at a later 
point leads to the synthesis of gephyrin, an important structural com-
ponent of inhibitory synapses, its translocation to the membrane, and 
an increased number of inhibitory synapses
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mechanisms that enhance inhibitory neurotransmission. 
Two recent studies have identified mechanistic insights on 
how this occurs in gp120-treated hippocampal neurons. In 
the first, a 4-h treatment with  gp120IIIB increased inhibitory 
currents by enhancing the surface expression of neuronal α5 
subunit-containing  GABAA receptors, and these outcomes 
were mediated by gp120-induced secretion of IL-1β from 
microglia and activation of neuronal p38 mitogen-activated 
protein kinase [115]. In the second study, a 24-h treatment 
with  gp120IIIB increased the number of gephyrin-labeled 
inhibitory synapses, which also involved IL-1β activation of 
p38 in addition to NMDA receptor and Src kinase-mediated 
protein synthesis [114]. Tat exposure can also affect hip-
pocampal inhibitory neurotransmission, as another study 
shows that 24-h tat treatment increases gephyrin-labeled 
inhibitory synapses and down-regulates PSD-95, which 
first involved neuronal uptake of tat and subsequent acti-
vation of NR2A-containing NMDA receptors and  Ca2+/
calmodulin-dependent protein kinase II, and later required 
NR2B-containing NMDA receptors [157]. Importantly, 
these adaptations do not occur the same way in different 
neuronal networks, as tat attenuated GABA exocytosis from 
neocortical synaptosomes [158], dysregulated GABAergic 
transmission in human differentiated neuronal cultures by 
reducing potassium/chloride cotransporter 2 (KCC2) levels 
[110], and decreased miniature inhibitory post-synaptic cur-
rents in mouse prefrontal cortex neurons by impairing CB1 
receptor signaling [159]. Notably, tat treatment in combina-
tion with morphine further reduced both the spontaneous 
and miniature inhibitory post-synaptic currents in mouse 
striatal slices, and this combined effect was blocked by the 
opioid antagonist naloxone [111]. The studies in this sec-
tion provide valuable insights on why different brain areas 
are more vulnerable to HIV neurotoxins and lend additional 
support to the hypothesis that HAND is driven by synapto-
dendritic damage and network dysfunction in specific brain 
regions.

Rearrangement of actin filaments

Dendritic spines are rich in actin. A balance between syn-
aptic actin polymerization and depolymerization regulates 
their morphology and maintenance [160]. These processes 
are often disrupted in neurologic disorders, including HAND 
[37, 161]. Recent studies in animal models have shown that 
spine alterations in the prefrontal cortex of male HIV-trans-
genic rats involve an actin depolymerization pathway regu-
lated by the small GTPase Ras-related C3 botulinum toxin 
substrate 1 (Rac1) [84]. Normally, Rac1 activation leads 
to phosphorylation and activation of p21-activated kinase 
1 (PAK1), which phosphorylates LIM kinase 1 (LIMK1), 
an inhibitor of the actin severing protein cofilin [162, 163]. 
However, activation of Rac1 and PAK1 is reduced in frontal 

cortex of HIV-transgenic rats [84], suggesting an increase 
of cofilin-mediated actin severing that could drive loss of 
dendritic spines in this region. Intriguingly, this Rac1 path-
way is activated by the CXCL12/CXCR4 chemokine axis, 
and CXCL12 injection into the lateral ventricle of HIV-
transgenic rats reversed dendritic spine deficits in layer II/III 
prefrontal cortex neurons and improved performance in an 
operant set-shifting task [84]. Both effects depend on Rac1 
signaling, suggesting that targeting synaptic actin modula-
tors may restore neuronal network functions and improve 
cognitive performance in HAND. A re-organization of actin 
filaments may also participate to synaptic scaling adaptations 
of hippocampal neurons exposed to tat. One study showed 
that tat-mediated activation of NMDA receptors stimulates 
Ras homolog family member A (RhoA) and Rho-associated 
protein kinase (ROCK), which scale down calcium influx 
from NMDA receptors by altering actin dynamics [164]. 
Interestingly, RhoA and ROCK signaling were also previ-
ously reported to inactivate cofilin through phosphorylation 
by LIMK1 [165], suggesting that inhibiting actin turnover 
in hippocampal neurons suppresses calcium influx from 
NMDA receptors. However, this is likely an oversimplifica-
tion as studies in CXCL12-treated rats show that Rac1-medi-
ated spine stabilization in the prefrontal cortex is a critical 
contributor to improved cognitive performance [84], indicat-
ing that these stabilized spines effectively integrate into the 
local neuronal network. Incidentally, CXCL12 has additional 
neuroprotective effects both in vivo and in vitro [166–168]. 
It is difficult to make direct comparisons between the tat and 
CXCL12 studies, since they examine different types of neu-
rons in different conditions. Future studies should illuminate 
how pathways that promote cofilin phosphorylation produce 
different outcomes in relevant brain regions. Furthermore, it 
should also be noted that past studies have reported neuro-
toxic effects of this chemokine under specific culture condi-
tions [169]. These effects are likely due to glial involvement 
and cleavage of CXCL12, which result in a product unable to 
stimulate CXCR4 and signals via CXCR3 instead [62, 170].

Dysfunction of astrocytes

Astrocytes regulate synaptic glutamate levels by taking 
up excess glutamate through synaptically localized gluta-
mate transporters, and this process can be dysregulated by 
both inflammatory mediators and HIV proteins [171, 172]. 
Indeed, reduced expression of excitatory amino acid trans-
porter 2 (EAAT2) has been reported in the striatum of male 
gp120-transgenic mice—an event associated with decreased 
glial and synaptic uptake of glutamate in the striatum but not 
in the hippocampus, suggesting that striatal astrocytes are 
vulnerable to gp120 [173]. Studies in other HAND models 
have identified additional mechanisms that could interfere 
with glutamate transport both in vitro and in vivo. These 
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include the cytokine oncostatin M, which is secreted by 
microglia in primary cortical cultures exposed to ecoHIV 
[174] and the astrocyte elevated gene-1 (AEG-1), which is 
induced by IL-1β and TNFα and upregulated in the brains of 
HAND patients and tat-transgenic mice [175]. Both oncosta-
tin M and AEG-1 lower EAATs expression via a JAK/STAT 
and NF-κB pathway, respectively [174, 175]. Interestingly, 
AEG-1 is implicated in several neurologic disorders and is 
increased in aged individuals [176].

Some ART medications may also disrupt astrocyte clear-
ance of glutamate at therapeutic concentrations, as studies 
show that the protease inhibitors amprenavir and lopinavir 
reduce EAAT2 levels and function in primary human astro-
cytes [177]. Thus, the loss of neuronal support described 
above may be compounded by ART [178] as well as changes 
in glial cell metabolism [179]. Astrocytes exposed to HIV 
tat and cocaine shift their metabolic status from glucose 
oxidation to fatty acid oxidation, which is associated with a 
reduced production of lactate [180, 181]. Neurons use lac-
tate as a major metabolic substrate, so this metabolic shift 
limits neuronal bioenergetic potential. Subtle inflammation 
may also regulate astrocyte bioenergetics, as IL-1β increases 
astrocyte metabolic activity and expression of genes related 
to mitochondria and inflammation, and these changes are 
associated with secretion of additional proinflammatory 

molecules [182]. Furthermore, HIV as well as select antiret-
roviral drugs promote endoplasmic reticulum stress and 
mitochondrial dysfunction [183], which highlights addi-
tional pathways that can contribute to metabolic dysfunc-
tion. Thus, the loss of support from astrocytes on multiple 
fronts is an important component of modern HAND, spe-
cifically considering that some antiretrovirals may promote 
these outcomes.

Opioids and other drugs of abuse

Comorbid drug abuse is common in patients with HAND, 
and recent studies have uncovered some of the mecha-
nisms by which drugs of abuse contribute to synaptoden-
dritic damage in HAND models. For example, our studies 
in cortical neurons showed that morphine activation of 
µ-opioid receptors inhibits signaling of the dendritic spine 
promoting chemokine receptor CXCR4 through a mecha-
nism that required upregulation of ferritin heavy chain pro-
tein [184] (Fig. 3). Although ferritin heavy chain is well 
known as a subunit of the iron storage protein ferritin, it 
also interacts with and inhibits CXCR4 and possibly other 
chemokine receptors [185]. Follow-up studies produced 
similar findings in clinical samples from human HAND 
patients and opioid/poly drug users and demonstrated that 

Fig. 3  Opioid and inflammatory regulation of ferritin heavy chain 
and corresponding effects on CXCR4 signaling and dendritic spines. 
Our studies indicate that µ-opioid agonists and inflammatory signal-
ing pathways in cortical neurons converge to upregulate ferritin heavy 
chain (FHC), an iron storage protein that also inhibits CXCR4 sign-
aling and produces corresponding dendritic spine deficits. Morphine 
activation of µ-opioid receptors (µOR) promotes de-acidification of 
endolysosomes and release of endolysosomal iron. This increases free 
labile iron in the cytosol, to which neurons respond by post-transcrip-
tionally upregulating FHC protein levels. In the same system, FHC 
is also upregulated by inflammatory signaling pathways, including 

downstream of IL-1β/IL1 receptor (IL1R) and TNFα/TNF receptor 
(TNFR) signaling. In each case, FHC inhibits activation of CXCR4 
via its natural ligand CXCL12, which prevents CXCR4-induced sta-
bilization of dendritic spines. Normally, CXCL12/CXCR4 signaling 
enhances dendritic spine density by increasing the amount of acti-
vated, GTP-bound Rac1, which promotes a cascading phosphoryla-
tion of PAK1, LIMK, and the actin severing protein cofilin. Phos-
phorylation of cofilin blocks its ability to break down synaptic actin, 
which stabilizes dendritic spines and also reverses spine deficits in 
HIV-transgenic rats
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morphine-mediated dendritic spine deficits in cultured rat 
cortical neurons required upregulation of ferritin heavy 
chain in these cells [122]. Ferritin heavy chain was also 
upregulated by the inflammatory mediators TNFα and 
IL-1β [90]. Interestingly, morphine-mediated ferritin 
heavy chain upregulation and subsequent dendritic spine 
deficits occurred via a pathway that modulates endolysoso-
mal iron stores [186]. These studies indicate that morphine 
and potentially other µ-opioid agonists produce synapto-
dendritic damage by dysregulating neuronal iron metabo-
lism. Interestingly, another group reported that NMDA 
receptor activation in mouse hippocampal neurons also 
promoted lysosomal iron efflux into the cytoplasm, which 
stimulated a PKC and Src kinase-mediated pathway that 
downregulated the NR2A NMDA receptor subunit and 
reduced neuronal excitability [187]. Additional studies 
have shown that morphine in combination with HIV neu-
rotoxins produces synaptodendritic damage in the mouse 
striatum, which also involves µ-opioid receptor signaling, 
activation of NMDA and AMPA receptors, and release 
of calcium from intracellular stores [121, 188]. A review 
that catalogues opioids effects on dendritic spines and syn-
aptodendritic damage in greater detail has recently been 
published [37].

Comorbid use of stimulant drugs may also contrib-
ute to synaptodendritic injury and altered excitability 
of neurons in specific brain regions. One group showed 
that cocaine treatment enhanced excitability and calcium 
spikes of layer V and VI rat medial prefrontal cortex 
neurons exposed to tat, and tat’s effects were blocked by 
the L-type calcium channel antagonist diltiazem [189]. 
A follow-up study in male HIV-transgenic rats reported 
increased expression of the L-type channel Cav1.2-α1c in 
the same layers of the medial prefrontal cortex, and forced 
abstinence after cocaine self-administration resulted in 
increased excitability of these neurons that was again 
mitigated by diltiazem [190]. There is also evidence that 
methamphetamine contributes to synaptodendritic injury 
in animal models of HAND, as studies examining male 
and female tat-transgenic mice [113] and male HIV-trans-
genic rats [112] report region-specific changes of synaptic 
and neuroplasticity markers in methamphetamine-treated 
animals. Furthermore, gene expression changes were 
reported in the mPFC of HIV-transgenic rats that self-
administered METH indicative of neuroinflammation and 
neuronal injury [191]. Gene expression studies also show 
that gp120-transgenic mice with and without metham-
phetamine treatment had significant alterations of genes 
involved in glutamatergic and GABAergic neurotransmis-
sion (including subunits of GABA, AMPA, and NMDA 
receptors) in treated animals [192]. These findings are in 
line with data from human subjects [39, 40, 58]. Although 
each of the drugs discussed in this section can activate 

different pathways and produce different outcomes, evi-
dence suggests that they all promote synaptodendritic 
injury or dysregulate neuronal excitability, which can help 
to explain why they are associated with cognitive impair-
ment in HAND.

Conclusions and future challenges

The drivers of HAND pathology in treated patients appear 
to be both complex and subtle. A few underlying themes 
promoted by both host and viral factors, such as cytokines, 
inflammatory mediators, and HIV toxins, fuel the pathology 
leading to CNS, vascular, and metabolic dysfunction. These 
insults are often exacerbated by comorbidities like substance 
abuse and aging as well as select ART regimens. Neurons 
in some brain regions can adapt to the continued presence 
of sub-threshold insults, but others seem more vulnerable 
to synaptodendritic damage and network alterations. Thus, 
this warrants continued exploration of the mechanisms that 
produce the subtle synaptodendritic damage underlying cog-
nitive impairment in HAND.

As published neuropathology studies that examined syn-
aptic damage used brain tissue from patients with uncon-
trolled infections or with AIDS, we lack a complete pic-
ture of how synaptodendritic damage presents in today’s 
treated patients. Obtaining enough tissue for these studies 
to be meaningful will be challenging, as treated patients live 
much longer than the patients examined in older studies. 
In the absence of updated neuropathology studies, much 
of the knowledge on modern-day HAND will have to rely 
on advanced neuroimaging techniques. Though these tech-
niques cannot directly measure synaptic damage in the brain 
and have produced conflicting results depending on the spe-
cific imaging approach, they can provide insights on macro-
level brain alterations that can complement other powerful 
approaches like gene array studies (currently limited by 
brain tissue availability), and/or investigations in animal 
models. Moreover, investigations on neuronal network alter-
ations in HAND can identify changes in neuronal functions 
in the absence of structural deficits. Thus, functional con-
nectivity studies in HAND patients and animal models can 
inform examinations of how HIV infection alters brain func-
tion even when the infection is controlled. This is impor-
tant, because HIV-induced changes in synaptic function 
may precede structural damage or adaptations in the same 
network. Targeting these upstream pathways could provide 
new approaches to reverse synaptodendritic damage and 
cognitive impairment in treated patients. Lending further 
support to this approach, several studies demonstrate that 
dendritic spine deficits and cognitive impairment are revers-
ible in animal models of HAND. However, one of the major 
challenges in this line of study is to determine how factors 
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that contribute to HAND work together to disrupt neuronal 
circuits. Another challenge will be teasing apart HIV-related 
alterations of network activity and the resulting neuronal 
adaptations at a structural and functional level. As certain 
brain regions appear more adaptive than others, a third chal-
lenge will be to determine what makes a brain region or 
neuronal network vulnerable to HIV-specific insults. Future 
studies that address these points will provide critical infor-
mation about why HAND persists in treated patients.

Finally, the known approaches to reverse dendritic 
spine deficits in animal models are a proof of concept, but 
additional research is required to translate this informa-
tion into safe and effective treatments for humans. This is 
especially true considering previous clinical trial failures 
of compounds designed to target NMDA receptors [193]. 
Recent studies have demonstrated several paths forward, 
but thorough mechanistic examinations will be required to 
identify targets that can be therapeutically modulated with-
out detrimental off-target effects. These studies will benefit 
from experimental approaches that integrate examination 
of molecular mechanisms and transcriptomic profiles with 
changes in neuronal structure and function and behavioral 
modifications in animal models. An integrated experimental 
framework will increase scientific rigor and may be more 
likely to produce insights that translate to the clinic. As 
new approaches and experimental tools enhance our abil-
ity to more precisely examine specific brain circuits [194], 
future research has the potential to study HAND in a way 
that respects its current presentation as a complex disorder.

Acknowledgements The authors acknowledge generous funding from 
the National Institute on Drug Abuse and the National Institute of Men-
tal Health.

Author contributions OM: had the idea for the article; all authors per-
formed the literature search and drafted the work; BN and OM: criti-
cally revised the final manuscript.

Funding The authors are funded by the National Institute on Drug 
Abuse (grants DA015014, DA032444 to OM); JL is a trainee of the T32 
grant “Interdisciplinary and Translational Research Training in neu-
roAIDS” from the National Institute of Mental Health (MH079785).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Plet-
nikov M, Mankowski JL, Brown A, Volsky DJ, McArthur JC 
(2016) HIV-associated neurocognitive disorder - pathogenesis 
and prospects for treatment. Nat Rev Neurol 12(5):309. https ://
doi.org/10.1038/nrneu rol.2016.53

 2. Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, Cherner 
M, Clifford DB, Cinque P, Epstein LG, Goodkin K, Gisslen M, 
Grant I, Heaton RK, Joseph J, Marder K, Marra CM, McAr-
thur JC, Nunn M, Price RW, Pulliam L, Robertson KR, Sack-
tor N, Valcour V, Wojna VE (2007) Updated research nosol-
ogy for HIV-associated neurocognitive disorders. Neurology 
69(18):1789–1799. https ://doi.org/10.1212/01.WNL.00002 
87431 .88658 .8b

 3. Ellis R, Langford D, Masliah E (2007) HIV and antiretroviral 
therapy in the brain: neuronal injury and repair. Nat Rev Neu-
rosci 8(1):33–44. https ://doi.org/10.1038/nrn20 40

 4. Sacktor N, McDermott MP, Marder K, Schifitto G, Selnes 
OA, McArthur JC, Stern Y, Albert S, Palumbo D, Kieburtz 
K, De Marcaida JA, Cohen B, Epstein L (2002) HIV-asso-
ciated cognitive impairment before and after the advent of 
combination therapy. J Neurovirol 8(2):136–142. https ://doi.
org/10.1080/13550 28029 00496 15

 5. Heaton RK, Franklin DR, Ellis RJ, McCutchan JA, Letendre 
SL, LeBlanc S, Corkran SH, Duarte NA, Clifford DB, Woods 
SP, Collier AC (2011) HIV-associated neurocognitive disor-
ders before and during the era of combination antiretroviral 
therapy: differences in rates, nature, and predictors. J Neuro-
virol 17(1):3–16. https ://doi.org/10.1007/s1336 5-010-0006-1

 6. Heaton RK, Clifford DB, Franklin DR, Woods SP, Ake C, 
Vaida F, Ellis RJ, Letendre SL, Marcotte TD, Atkinson JH, 
Rivera-Mindt M (2010) HIV-associated neurocognitive 
disorders persist in the era of potent antiretroviral therapy: 
CHARTER Study. Neurology 75(23):2087–2096. https ://doi.
org/10.1212/WNL.0b013 e3182 00d72 7

 7. Nasi M, De Biasi S, Gibellini L, Bianchini E, Pecorini S, Bacca 
V, Guaraldi G, Mussini C, Pinti M, Cossarizza A (2017) Age-
ing and inflammation in patients with HIV infection. Clin Exp 
Immunol 187(1):44–52. https ://doi.org/10.1111/cei.12814 

 8. Chilunda V, Calderon TM, Martinez-Aguado P, Berman JW 
(2019) The impact of substance abuse on HIV-mediated neu-
ropathogenesis in the current ART era. Brain Res 1724:146426. 
https ://doi.org/10.1016/j.brain res.2019.14642 6

 9. Adle-Biassette H, Chretien F, Wingertsmann L, Hery C, Ereau 
T, Scaravilli F, Tardieu M, Gray F (1999) Neuronal apopto-
sis does not correlate with dementia in HIV infection but is 
related to microglial activation and axonal damage. Neuro-
pathol Appl Neurobiol 25(2):123–133. https ://doi.org/10.104
6/j.1365-2990.1999.00167 .x

 10. Gelman BB (2015) Neuropathology of HAND with suppres-
sive antiretroviral therapy: encephalitis and neurodegeneration 
reconsidered. Curr HIV/AIDS Rep 12(2):272–279. https ://doi.
org/10.1007/s1190 4-015-0266-8

 11. Ru W, Tang SJ (2017) HIV-associated synaptic degenera-
tion. Mol. Brain 10(1):40. https ://doi.org/10.1186/s1304 
1-017-0321-z

 12. Ances BM, Hammoud DA (2014) Neuroimaging of HIV-asso-
ciated neurocognitive disorders (HAND). Curr Opin HIV AIDS 
9(6):545–551. https ://doi.org/10.1097/COH.00000 00000 00011 2

 13. Vera JH, Ridha B, Gilleece Y, Amlani A, Thorburn P, Dizdarevic 
S (2017) PET brain imaging in HIV-associated neurocognitive 
disorders (HAND) in the era of combination antiretroviral ther-
apy. Eur J Nucl Med Mol Imaging 44(5):895–902. https ://doi.
org/10.1007/s0025 9-016-3602-3

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrneurol.2016.53
https://doi.org/10.1038/nrneurol.2016.53
https://doi.org/10.1212/01.WNL.0000287431.88658.8b
https://doi.org/10.1212/01.WNL.0000287431.88658.8b
https://doi.org/10.1038/nrn2040
https://doi.org/10.1080/13550280290049615
https://doi.org/10.1080/13550280290049615
https://doi.org/10.1007/s13365-010-0006-1
https://doi.org/10.1212/WNL.0b013e318200d727
https://doi.org/10.1212/WNL.0b013e318200d727
https://doi.org/10.1111/cei.12814
https://doi.org/10.1016/j.brainres.2019.146426
https://doi.org/10.1046/j.1365-2990.1999.00167.x
https://doi.org/10.1046/j.1365-2990.1999.00167.x
https://doi.org/10.1007/s11904-015-0266-8
https://doi.org/10.1007/s11904-015-0266-8
https://doi.org/10.1186/s13041-017-0321-z
https://doi.org/10.1186/s13041-017-0321-z
https://doi.org/10.1097/COH.0000000000000112
https://doi.org/10.1007/s00259-016-3602-3
https://doi.org/10.1007/s00259-016-3602-3


4297Mechanisms of neuronal dysfunction in HIV-associated neurocognitive disorders  

1 3

 14. Chang L, Shukla DK (2018) Imaging studies of the HIV-infected 
brain. Handb Clin Neurol 152:229–264. https ://doi.org/10.1016/
B978-0-444-63849 -6.00018 -9

 15. Haziot MEJ, Barbosa Junior SP, Vidal JE, de Oliveira FTM, de 
Oliveira ACP (2015) Neuroimaging of HIV-associated neuro-
cognitive disorders. Dement Neuropsychol 9(4):380–384. https 
://doi.org/10.1590/1980-57642 015DN 94000 380

 16. Sui J, Li X, Bell RP, Towe SL, Gadde S, Chen NK, Meade CS 
(2020) Structural and functional brain abnormalities in HIV 
disease revealed by multimodal MRI fusion: association with 
cognitive function. Clin Infect Dis. https ://doi.org/10.1093/cid/
ciaa1 415

 17. Popov M, Molsberry SA, Lecci F, Junker B, Kingsley LA, Levine 
A, Martin E, Miller E, Munro CA, Ragin A, Seaberg E, Sacktor 
N, Becker JT (2020) Brain structural correlates of trajectories 
to cognitive impairment in men with and without HIV disease. 
Brain Imaging Behav 14(3):821–829. https ://doi.org/10.1007/
s1168 2-018-0026-7

 18. Sanford R, Fellows LK, Ances BM, Collins DL (2018) Asso-
ciation of brain structure changes and cognitive function with 
combination antiretroviral therapy in hiv-positive individuals. 
JAMA Neurol 75(1):72–79. https ://doi.org/10.1001/jaman eurol 
.2017.3036

 19. Hassanzadeh-Behbahani S, Shattuck KF, Bronshteyn M, Dawson 
M, Diaz M, Kumar P, Moore DJ, Ellis RJ, Jiang X (2020) Low 
CD4 nadir linked to widespread cortical thinning in adults living 
with HIV. Neuroimage Clin 25:102155. https ://doi.org/10.1016/j.
nicl.2019.10215 5

 20. Kato T, Yoshihara Y, Watanabe D, Fukumoto M, Wada K, 
Nakakura T, Kuriyama K, Shirasaka T, Murai T (2020) Neu-
rocognitive impairment and gray matter volume reduction in 
HIV-infected patients. J Neurovirol 26(4):590–601. https ://doi.
org/10.1007/s1336 5-020-00865 -w

 21. Cysique LA, Soares JR, Geng G, Scarpetta M, Moffat K, Green 
M, Brew BJ, Henry RG, Rae C (2017) White matter measures 
are near normal in controlled HIV infection except in those with 
cognitive impairment and longer HIV duration. J Neurovirol 
23(4):539–547. https ://doi.org/10.1007/s1336 5-017-0524-1

 22. Kuhn T, Jin Y, Huang C, Kim Y, Nir TM, Gullett JM, Jones JD, 
Sayegh P, Chung C, Dang BH, Singer EJ, Shattuck DW, Jahan-
shad N, Bookheimer SY, Hinkin CH, Zhu H, Thompson PM, 
Thames AD (2019) The joint effect of aging and HIV infection 
on microstructure of white matter bundles. Hum Brain Mapp 
40(15):4370–4380. https ://doi.org/10.1002/hbm.24708 

 23. Davies O, Haynes BI, Casey SJ, Gerbase S, Barker GJ, Pitkanen 
M, Kulasegaram R, Kopelman MD (2019) Clinical and neuro-
imaging correlates of cognition in HIV. J Neurovirol 25(6):754–
764. https ://doi.org/10.1007/s1336 5-019-00763 -w

 24. Gruenewald AL, Garcia-Mesa Y, Gill AJ, Garza R, Gelman BB, 
Kolson DL (2020) Neuroinflammation associates with antioxi-
dant heme oxygenase-1 response throughout the brain in per-
sons living with HIV. J Neurovirol. https ://doi.org/10.1007/s1336 
5-020-00902 -8

 25. Abidin AZ, AM DS, Schifitto G, Wismuller A, (2020) Detecting 
cognitive impairment in HIV-infected individuals using mutual 
connectivity analysis of resting state functional MRI. J Neurovi-
rol 26(2):188–200. https ://doi.org/10.1007/s1336 5-019-00823 -1

 26. Chaganti JR, Heinecke A, Gates TM, Moffat KJ, Brew BJ (2017) 
Functional connectivity in virally suppressed patients with HIV-
associated neurocognitive disorder: a resting-state analysis. Am 
J Neuroradiol 38(8):1623–1629. https ://doi.org/10.3174/ajnr.
A5246 

 27. Philippi CL, Reyna L, Nedderman L, Chan P, Samboju V, Chang 
K, Phanuphak N, Ratnaratorn N, Hellmuth J, Benjapornpong 
K, Dumrongpisutikul N, Pothisri M, Robb ML, Ananworanich 
J, Spudich S, Valcour V, Paul R, Search RV, teams RSs (2020) 

Resting-state neural signatures of depressive symptoms in acute 
HIV. J Neurovirol 26 (2):226-240. https ://doi.org/10.1007/s1336 
5-020-00826 -3. https ://pubme d.ncbi.nlm.nih.gov/31989 446/

 28. Toniolo S, Cercignani M, Mora-Peris B, Underwood J, Alaga-
ratnam J, Bozzali M, Boffito M, Nelson M, Winston A, Vera 
JH (2020) Changes in functional connectivity in people with 
HIV switching antiretroviral therapy. J Neurovirol. https ://doi.
org/10.1007/s1336 5-020-00853 -0

 29. Coughlin JM, Wang Y, Ma S, Yue C, Kim PK, Adams AV, Roosa 
HV, Gage KL, Stathis M, Rais R, Rojas C, McGlothan JL, Wat-
kins CC, Sacktor N, Guilarte TR, Zhou Y, Sawa A, Slusher BS, 
Caffo B, Kassiou M, Endres CJ, Pomper MG (2014) Regional 
brain distribution of translocator protein using [(11)C]DPA-713 
PET in individuals infected with HIV. J Neurovirol 20(3):219–
232. https ://doi.org/10.1007/s1336 5-014-0239-5

 30. Vera JH, Guo Q, Cole JH, Boasso A, Greathead L, Kelleher 
P, Rabiner EA, Kalk N, Bishop C, Gunn RN, Matthews PM, 
Winston A (2016) Neuroinflammation in treated HIV-positive 
individuals: A TSPO PET study. Neurology 86(15):1425–1432. 
https ://doi.org/10.1212/WNL.00000 00000 00248 5

 31. Rubin LH, Sacktor N, Creighton J, Du Y, Endres CJ, Pomper 
MG, Coughlin JM (2018) Microglial activation is inversely asso-
ciated with cognition in individuals living with HIV on effec-
tive antiretroviral therapy. AIDS 32(12):1661–1667. https ://doi.
org/10.1097/QAD.00000 00000 00185 8

 32. Kim EJ, Yu SW (2015) Translocator protein 18 kDa (TSPO): 
old dogma, new mice, new structure, and new questions for 
neuroprotection. Neural Regen Res 10(6):878–880. https ://doi.
org/10.4103/1673-5374.15833 8

 33. Lee Y, Park Y, Nam H, Lee JW, Yu SW (2020) Translocator 
protein (TSPO): the new story of the old protein in neuroinflam-
mation. BMB Rep 53(1):20–27

 34. Boerwinkle A, Ances BM (2019) Molecular Imaging of Neuro-
inflammation in HIV. J Neuroimmune Pharmacol 14(1):9–15. 
https ://doi.org/10.1007/s1148 1-018-9823-4

 35. Wang Y, Sun P, Wang Q, Trinkaus K, Schmidt RE, Naismith RT, 
Cross AH, Song SK (2015) Differentiation and quantification of 
inflammation, demyelination and axon injury or loss in multiple 
sclerosis. Brain 138(Pt 5):1223–1238. https ://doi.org/10.1093/
brain /awv04 6

 36. Strain JF, Burdo TH, Song SK, Sun P, El-Ghazzawy O, Nelson 
B, Westerhaus E, Baker L, Vaida F, Ances BM (2017) Diffusion 
basis spectral imaging detects ongoing brain inflammation in 
virologically well-controlled HIV+ patients. J Acquir Immune 
Defic Syndr 76(4):423–430. https ://doi.org/10.1097/QAI.00000 
00000 00151 3

 37. Nash B, Festa L, Lin C, Meucci O (2019) Opioid and chemokine 
regulation of cortical synaptodendritic damage in HIV-associated 
neurocognitive disorders. Brain Res 1723:146409. https ://doi.
org/10.1016/j.brain res.2019.14640 9

 38. Borjabad A, Volsky DJ (2012) Common transcriptional signa-
tures in brain tissue from patients with HIV-associated neurocog-
nitive disorders, Alzheimer’s disease, and Multiple Sclerosis. J 
Neuroimmune Pharmacol 7(4):914–926. https ://doi.org/10.1007/
s1148 1-012-9409-5

 39. Gelman BB, Chen T, Lisinicchia JG, Soukup VM, Carmical JR, 
Starkey JM, Masliah E, Commins DL, Brandt D, Grant I, Singer 
EJ, Levine AJ, Miller J, Winkler JM, Fox HS, Luxon BA, Morg-
ello S, National Neuro ATC (2012) The National NeuroAIDS 
Tissue Consortium brain gene array: two types of HIV-associated 
neurocognitive impairment. PLoS ONE 7(9):e46178. https ://doi.
org/10.1371/journ al.pone.00461 78

 40. Sanna PP, Repunte-Canonigo V, Masliah E, Lefebvre C (2017) 
Gene expression patterns associated with neurological disease in 
human HIV infection. PLoS ONE 12(4):e0175316. https ://doi.
org/10.1371/journ al.pone.01753 16

https://doi.org/10.1016/B978-0-444-63849-6.00018-9
https://doi.org/10.1016/B978-0-444-63849-6.00018-9
https://doi.org/10.1590/1980-57642015DN94000380
https://doi.org/10.1590/1980-57642015DN94000380
https://doi.org/10.1093/cid/ciaa1415
https://doi.org/10.1093/cid/ciaa1415
https://doi.org/10.1007/s11682-018-0026-7
https://doi.org/10.1007/s11682-018-0026-7
https://doi.org/10.1001/jamaneurol.2017.3036
https://doi.org/10.1001/jamaneurol.2017.3036
https://doi.org/10.1016/j.nicl.2019.102155
https://doi.org/10.1016/j.nicl.2019.102155
https://doi.org/10.1007/s13365-020-00865-w
https://doi.org/10.1007/s13365-020-00865-w
https://doi.org/10.1007/s13365-017-0524-1
https://doi.org/10.1002/hbm.24708
https://doi.org/10.1007/s13365-019-00763-w
https://doi.org/10.1007/s13365-020-00902-8
https://doi.org/10.1007/s13365-020-00902-8
https://doi.org/10.1007/s13365-019-00823-1
https://doi.org/10.3174/ajnr.A5246
https://doi.org/10.3174/ajnr.A5246
https://doi.org/10.1007/s13365-020-00826-3
https://doi.org/10.1007/s13365-020-00826-3
https://pubmed.ncbi.nlm.nih.gov/31989446/
https://doi.org/10.1007/s13365-020-00853-0
https://doi.org/10.1007/s13365-020-00853-0
https://doi.org/10.1007/s13365-014-0239-5
https://doi.org/10.1212/WNL.0000000000002485
https://doi.org/10.1097/QAD.0000000000001858
https://doi.org/10.1097/QAD.0000000000001858
https://doi.org/10.4103/1673-5374.158338
https://doi.org/10.4103/1673-5374.158338
https://doi.org/10.1007/s11481-018-9823-4
https://doi.org/10.1093/brain/awv046
https://doi.org/10.1093/brain/awv046
https://doi.org/10.1097/QAI.0000000000001513
https://doi.org/10.1097/QAI.0000000000001513
https://doi.org/10.1016/j.brainres.2019.146409
https://doi.org/10.1016/j.brainres.2019.146409
https://doi.org/10.1007/s11481-012-9409-5
https://doi.org/10.1007/s11481-012-9409-5
https://doi.org/10.1371/journal.pone.0046178
https://doi.org/10.1371/journal.pone.0046178
https://doi.org/10.1371/journal.pone.0175316
https://doi.org/10.1371/journal.pone.0175316


4298 E. Irollo et al.

1 3

 41. Solomon IH, Chettimada S, Misra V, Lorenz DR, Gorelick RJ, 
Gelman BB, Morgello S, Gabuzda D (2020) White matter abnor-
malities linked to interferon, stress response, and energy metabo-
lism gene expression changes in older HIV-positive patients on 
antiretroviral therapy. Mol Neurobiol 57(2):1115–1130. https ://
doi.org/10.1007/s1203 5-019-01795 -3

 42. Masliah E, Ellis RJ, Mallory M, Heaton RK, Marcotte TD, Nel-
son JA, Grant I, Atkinson JH, Wiley CA, Achim CL, McCutchan 
JA (1997) Dendritic injury is a pathological substrate for human 
immunodeficiency virus–related cognitive disorders. Ann Neurol 
42(6):963–972. https ://doi.org/10.1002/ana.41042 0618

 43. Sa MJ, Madeira MD, Ruela C, Volk B, Mota-Miranda A, Paula-
Barbosa MM (2004) Dendritic changes in the hippocampal 
formation of AIDS patients: a quantitative Golgi study. Acta 
Neuropathol 107(2):97–110. https ://doi.org/10.1007/s0040 
1-003-0781-3

 44. Moore DJ, Masliah E, Rippeth JD, Gonzalez R, Carey CL, 
Cherner M, Ellis RJ, Achim CL, Marcotte TD, Heaton RK, 
Grant I (2006) Cortical and subcortical neurodegeneration 
is associated with HIV neurocognitive impairment. Aids 
20(6):879–887. https ://doi.org/10.1097/01.aids.00002 18552 
.69834 .00

 45. Everall IP Heaton RK Marcotte TD Ellis RJ McCutchan JA 
Atkinson JH Grant I Mallory M Masliah E. and HNRC Group 
(1999) Cortical synaptic density is reduced in mild to moderate 
human immunodeficiency virus neurocognitive disorder. Brain 
Pathol 9(2):209–217. https ://doi.org/10.1111/j.1750-3639.1999.
tb002 19.x

 46. Green DA, Masliah E, Vinters HV, Beizai P, Moore DJ, Achim 
CL (2005) Brain deposition of beta-amyloid is a common path-
ologic feature in HIV positive patients. AIDS 19(4):407–411. 
https ://doi.org/10.1097/01.aids.00001 61770 .06158 .5c

 47. Gelman BB, Schuenke K (2004) Brain aging in acquired immu-
nodeficiency syndrome: increased ubiquitin-protein conjugate 
is correlated with decreased synaptic protein but not amyloid 
plaque accumulation. J Neurovirol 10(2):98–108. https ://doi.
org/10.1080/13550 28049 02798 16

 48. Achim CL, Adame A, Dumaop W, Everall IP, Masliah E, Neu-
robehavioral Research C (2009) Increased accumulation of 
intraneuronal amyloid beta in HIV-infected patients. J Neuroim-
mune Pharmacol 4(2):190–199. https ://doi.org/10.1007/s1148 
1-009-9152-8

 49. Stern AL, Ghura S, Gannon PJ, Akay-Espinoza C, Phan JM, 
Yee AC, Vassar R, Gelman BB, Kolson DL, Jordan-Sciutto 
KL (2018) BACE1 mediates HIV-associated and excitotoxic 
neuronal damage through an APP-dependent mechanism. J 
Neurosci 38(18):4288–4300. https ://doi.org/10.1523/JNEUR 
OSCI.1280-17.2018

 50. Brew BJ, Letendre SL (2008) Biomarkers of HIV related central 
nervous system disease. Int Rev Psychiatry 20(1):73–88. https ://
doi.org/10.1080/09540 26070 18780 82

 51. Brew BJ, Crowe SM, Landay A, Cysique LA, Guillemin G 
(2009) Neurodegeneration and ageing in the HAART era. J 
Neuroimmune Pharmacol 4(2):163–174. https ://doi.org/10.1007/
s1148 1-008-9143-1

 52. Ances BM, Christensen JJ, Teshome M, Taylor J, Xiong C, Aldea 
P, Fagan AM, Holtzman DM, Morris JC, Mintun MA, Clifford 
DB (2010) Cognitively unimpaired HIV-positive subjects do 
not have increased 11C-PiB: a case–control study. Neurology 
75(2):111–115. https ://doi.org/10.1212/WNL.0b013 e3181 e7b66 
e

 53. Ances BM, Ortega M, Vaida F, Heaps J, Paul R (2012) Inde-
pendent effects of HIV, aging, and HAART on brain volumetric 
measures. J Acquir Immune Defic Syndr 59(5):469–477. https 
://doi.org/10.1097/QAI.0b013 e3182 49db1 7

 54. Ortega M, Ances BM (2014) Role of HIV in amyloid metabo-
lism. J Neuroimmune Pharmacol 9(4):483–491. https ://doi.
org/10.1007/s1148 1-014-9546-0

 55. Ances BM, Benzinger TL, Christensen JJ, Thomas J, Venkat R, 
Teshome M, Aldea P, Fagan AM, Holtzman DM, Morris JC, 
Clifford DB (2012) 11C-PiB imaging of human immunodefi-
ciency virus-associated neurocognitive disorder. Arch Neurol 
69(1):72–77. https ://doi.org/10.1001/archn eurol .2011.761

 56. Howdle GC, Quide Y, Kassem MS, Johnson K, Rae CD, Brew 
BJ, Cysique LA (2020) Brain amyloid in virally suppressed HIV-
associated neurocognitive disorder. Neurol Neuroimmunol Neu-
roinflamm. https ://doi.org/10.1212/NXI.00000 00000 00073 9

 57. Soontornniyomkij V, Moore DJ, Gouaux B, Soontornniyomkij B, 
Tatro ET, Umlauf A, Masliah E, Levine AJ, Singer EJ, Vinters 
HV, Gelman BB, Morgello S, Cherner M, Grant I, Achim CL 
(2012) Cerebral beta-amyloid deposition predicts HIV-associ-
ated neurocognitive disorders in APOE epsilon4 carriers. AIDS 
26(18):2327–2335. https ://doi.org/10.1097/QAD.0b013 e3283 
5a117 c

 58. Buzhdygan T, Lisinicchia J, Patel V, Johnson K, Neugebauer 
V, Paessler S, Jennings K, Gelman B (2016) Neuropsychologi-
cal, neurovirological and neuroimmune aspects of abnormal 
GABAergic transmission in HIV infection. J Neuroimmune 
Pharmacol 11(2):279–293. https ://doi.org/10.1007/s1148 
1-016-9652-2

 59. Gelman BB, Lisinicchia JG, Chen T, Johnson KM, Jennings 
K, Freeman DH Jr, Soukup VM (2012) Prefrontal dopamin-
ergic and enkephalinergic synaptic accommodation in HIV-
associated neurocognitive disorders and encephalitis. J Neu-
roimmune Pharmacol 7(3):686–700. https ://doi.org/10.1007/
s1148 1-012-9345-4

 60. Testa D, Prochiantz A, Di Nardo AA (2019) Perineuronal nets in 
brain physiology and disease. Semin Cell Dev Biol 89:125–135. 
https ://doi.org/10.1016/j.semcd b.2018.09.011

 61. Bozzelli PL, Caccavano A, Avdoshina V, Mocchetti I, Wu 
JY, Conant K (2020) Increased matrix metalloproteinase lev-
els and perineuronal net proteolysis in the HIV-infected brain; 
relevance to altered neuronal population dynamics. Exp Neurol 
323:113077. https ://doi.org/10.1016/j.expne urol.2019.11307 7

 62. Zhang K, McQuibban GA, Silva C, Butler GS, Johnston JB, 
Holden J, Clark-Lewis I, Overall CM, Power C (2003) HIV-
induced metalloproteinase processing of the chemokine stromal 
cell derived factor-1 causes neurodegeneration. Nat Neurosci 
6(10):1064–1071. https ://doi.org/10.1038/nn112 7

 63. Conant K, McArthur JC, Griffin DE, Sjulson L, Wahl LM, Irani 
DN (1999) Cerebrospinal fluid levels of MMP-2, 7, and 9 are ele-
vated in association with human immunodeficiency virus demen-
tia. Ann Neurol 46(3):391–398. https ://doi.org/10.1002/1531-
8249(19990 9)46:3%3c391 ::aid-ana15 %3e3.0.co;2-0

 64. Gorska AM, Eugenin EA (2020) The Glutamate system as a 
crucial regulator of CNS toxicity and survival of HIV reservoirs. 
Front Cell Infect Microbiol 10:261. https ://doi.org/10.3389/fcimb 
.2020.00261 

 65. Young AC, Yiannoutsos CT, Hegde M, Lee E, Peterson J, 
Walter R, Price RW, Meyerhoff DJ, Spudich S (2014) Cerebral 
metabolite changes prior to and after antiretroviral therapy in 
primary HIV infection. Neurology 83(18):1592–1600. https ://
doi.org/10.1212/WNL.00000 00000 00093 2

 66. Marino J, Maubert ME, Mele AR, Spector C, Wigdahl B, Non-
nemacher MR (2020) Functional impact of HIV-1 Tat on cells 
of the CNS and its role in HAND. Cell Mol Life Sci. https ://doi.
org/10.1007/s0001 8-020-03561 -4

 67. Potter MC, Figuera-Losada M, Rojas C, Slusher BS (2013) 
Targeting the glutamatergic system for the treatment of HIV-
associated neurocognitive disorders. J Neuroimmune Pharmacol 
8(3):594–607. https ://doi.org/10.1007/s1148 1-013-9442-z

https://doi.org/10.1007/s12035-019-01795-3
https://doi.org/10.1007/s12035-019-01795-3
https://doi.org/10.1002/ana.410420618
https://doi.org/10.1007/s00401-003-0781-3
https://doi.org/10.1007/s00401-003-0781-3
https://doi.org/10.1097/01.aids.0000218552.69834.00
https://doi.org/10.1097/01.aids.0000218552.69834.00
https://doi.org/10.1111/j.1750-3639.1999.tb00219.x
https://doi.org/10.1111/j.1750-3639.1999.tb00219.x
https://doi.org/10.1097/01.aids.0000161770.06158.5c
https://doi.org/10.1080/13550280490279816
https://doi.org/10.1080/13550280490279816
https://doi.org/10.1007/s11481-009-9152-8
https://doi.org/10.1007/s11481-009-9152-8
https://doi.org/10.1523/JNEUROSCI.1280-17.2018
https://doi.org/10.1523/JNEUROSCI.1280-17.2018
https://doi.org/10.1080/09540260701878082
https://doi.org/10.1080/09540260701878082
https://doi.org/10.1007/s11481-008-9143-1
https://doi.org/10.1007/s11481-008-9143-1
https://doi.org/10.1212/WNL.0b013e3181e7b66e
https://doi.org/10.1212/WNL.0b013e3181e7b66e
https://doi.org/10.1097/QAI.0b013e318249db17
https://doi.org/10.1097/QAI.0b013e318249db17
https://doi.org/10.1007/s11481-014-9546-0
https://doi.org/10.1007/s11481-014-9546-0
https://doi.org/10.1001/archneurol.2011.761
https://doi.org/10.1212/NXI.0000000000000739
https://doi.org/10.1097/QAD.0b013e32835a117c
https://doi.org/10.1097/QAD.0b013e32835a117c
https://doi.org/10.1007/s11481-016-9652-2
https://doi.org/10.1007/s11481-016-9652-2
https://doi.org/10.1007/s11481-012-9345-4
https://doi.org/10.1007/s11481-012-9345-4
https://doi.org/10.1016/j.semcdb.2018.09.011
https://doi.org/10.1016/j.expneurol.2019.113077
https://doi.org/10.1038/nn1127
https://doi.org/10.1002/1531-8249(199909)46:3%3c391::aid-ana15%3e3.0.co;2-0
https://doi.org/10.1002/1531-8249(199909)46:3%3c391::aid-ana15%3e3.0.co;2-0
https://doi.org/10.3389/fcimb.2020.00261
https://doi.org/10.3389/fcimb.2020.00261
https://doi.org/10.1212/WNL.0000000000000932
https://doi.org/10.1212/WNL.0000000000000932
https://doi.org/10.1007/s00018-020-03561-4
https://doi.org/10.1007/s00018-020-03561-4
https://doi.org/10.1007/s11481-013-9442-z


4299Mechanisms of neuronal dysfunction in HIV-associated neurocognitive disorders  

1 3

 68. Gaskill PJ, Miller DR, Gamble-George J, Yano H, Khoshbouei 
H (2017) HIV, Tat and dopamine transmission. Neurobiol Dis 
105:51–73. https ://doi.org/10.1016/j.nbd.2017.04.015

 69. Illenberger JM, Harrod SB, Mactutus CF, McLaurin KA, Kalli-
anpur A, Booze RM (2020) HIV infection and neurocognitive 
disorders in the context of chronic drug abuse: evidence for 
divergent findings dependent upon prior drug history. J Neuro-
immune Pharmacol. https ://doi.org/10.1007/s1148 1-020-09928 
-5

 70. Nickoloff-Bybel EA, Calderon TM, Gaskill PJ, Berman JW 
(2020) HIV neuropathogenesis in the presence of a disrupted 
dopamine system. J Neuroimmune Pharmacol. https ://doi.
org/10.1007/s1148 1-020-09927 -6

 71. Nimchinsky EA, Sabatini BL, Svoboda K (2002) Structure and 
function of dendritic spines. Annu Rev Physiol 64:313–353. https 
://doi.org/10.1146/annur ev.physi ol.64.08150 1.16000 8

 72. DeFelipe J (2015) The dendritic spine story: an intriguing pro-
cess of discovery. Front Neuroanat 9:14. https ://doi.org/10.3389/
fnana .2015.00014 

 73. Berry KP, Nedivi E (2017) Spine dynamics: are they all the 
same? Neuron 96(1):43–55. https ://doi.org/10.1016/j.neuro 
n.2017.08.008

 74. Nakahata Y, Yasuda R (2018) Plasticity of spine structure: local 
signaling, translation and cytoskeletal reorganization. Front Syn-
aptic Neurosci 10:29. https ://doi.org/10.3389/fnsyn .2018.00029 

 75. Segal M (2017) Dendritic spines: morphological building 
blocks of memory. Neurobiol Learn Mem 138:3–9. https ://doi.
org/10.1016/j.nlm.2016.06.007

 76. Zuo Y, Lin A, Chang P, Gan WB (2005) Development of long-
term dendritic spine stability in diverse regions of cerebral 
cortex. Neuron 46(2):181–189. https ://doi.org/10.1016/j.neuro 
n.2005.04.001

 77. Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, Iino M, 
Kasai H (2001) Dendritic spine geometry is critical for AMPA 
receptor expression in hippocampal CA1 pyramidal neurons. Nat 
Neurosci 4(11):1086–1092. https ://doi.org/10.1038/nn736 

 78. Holtmaat AJ, Trachtenberg JT, Wilbrecht L, Shepherd GM, 
Zhang X, Knott GW, Svoboda K (2005) Transient and persistent 
dendritic spines in the neocortex in vivo. Neuron 45(2):279–291. 
https ://doi.org/10.1016/j.neuro n.2005.01.003

 79. Ganeshina O, Berry RW, Petralia RS, Nicholson DA, Geinisman 
Y (2004) Synapses with a segmented, completely partitioned 
postsynaptic density express more AMPA receptors than other 
axospinous synaptic junctions. Neuroscience 125(3):615–623. 
https ://doi.org/10.1016/j.neuro scien ce.2004.02.025

 80. Harris KM, Jensen FE, Tsao B (1992) Three-dimensional struc-
ture of dendritic spines and synapses in rat hippocampus (CA1) 
at postnatal day 15 and adult ages: implications for the matura-
tion of synaptic physiology and long-term potentiation. J Neu-
rosci 12(7):2685–2705

 81. Dillon C, Goda Y (2005) The actin cytoskeleton: integrating form 
and function at the synapse. Annu Rev Neurosci 28:25–55. https 
://doi.org/10.1146/annur ev.neuro .28.06160 4.13575 7

 82. Adrian M, Kusters R, Wierenga CJ, Storm C, Hoogenraad CC, 
Kapitein LC (2014) Barriers in the brain: resolving dendritic 
spine morphology and compartmentalization. Front Neuroanat 
8:142. https ://doi.org/10.3389/fnana .2014.00142 

 83. Reid W, Sadowska M, Denaro F, Rao S, Foulke J Jr, Hayes N, 
Jones O, Doodnauth D, Davis H, Sill A, O’Driscoll P, Huso D, 
Fouts T, Lewis G, Hill M, Kamin-Lewis R, Wei C, Ray P, Gallo 
RC, Reitz M, Bryant J (2001) An HIV-1 transgenic rat that devel-
ops HIV-related pathology and immunologic dysfunction. Proc 
Natl Acad Sci USA 98(16):9271–9276. https ://doi.org/10.1073/
pnas.16129 0298

 84. Festa LK, Irollo E, Platt BJ, Tian Y, Floresco S, Meucci O (2020) 
CXCL12-induced rescue of cortical dendritic spines and cogni-
tive flexibility. Elife. https ://doi.org/10.7554/eLife .49717 

 85. Moran LM, Booze RM, Mactutus CF (2014) Modeling deficits 
in attention, inhibition, and flexibility in HAND. J Neuroim-
mune Pharmacol 9(4):508–521. https ://doi.org/10.1007/s1148 
1-014-9539-z

 86. McLaurin KA, Booze RM, Mactutus CF (2018) Evolution of the 
HIV-1 transgenic rat: utility in assessing the progression of HIV-
1-associated neurocognitive disorders. J Neurovirol 24(2):229–
245. https ://doi.org/10.1007/s1336 5-017-0544-x

 87. Vigorito M, LaShomb AL, Chang SL (2007) Spatial learning and 
memory in HIV-1 transgenic rats. J Neuroimmune Pharmacol 
2(4):319–328. https ://doi.org/10.1007/s1148 1-007-9078-y

 88. Lashomb AL, Vigorito M, Chang SL (2009) Further characteri-
zation of the spatial learning deficit in the human immunodefi-
ciency virus-1 transgenic rat. J Neurovirol 15(1):14–24. https ://
doi.org/10.1080/13550 28080 22329 96

 89. Floresco SB, Block AE, Tse MT (2008) Inactivation of the 
medial prefrontal cortex of the rat impairs strategy set-shifting, 
but not reversal learning, using a novel, automated procedure. 
Behav Brain Res 190(1):85–96. https ://doi.org/10.1016/j.
bbr.2008.02.008

 90. Festa L, Gutoskey CJ, Graziano A, Waterhouse BD, Meucci 
O (2015) Induction of interleukin-1beta by human immuno-
deficiency virus-1 viral proteins leads to increased levels of 
neuronal ferritin heavy chain, synaptic injury, and deficits in 
flexible attention. J Neurosci 35(29):10550–10561. https ://doi.
org/10.1523/JNEUR OSCI.4403-14.2015

 91. McLaurin KA, Li H, Booze RM, Mactutus CF (2019) Disrup-
tion of timing: neuroHIV progression in the post-cART era. Sci 
Rep 9(1):827. https ://doi.org/10.1038/s4159 8-018-36822 -1

 92. McLaurin KA, Li H, Booze RM, Fairchild AJ, Mactutus CF 
(2018) unraveling individual differences in the HIV-1 trans-
genic rat: therapeutic efficacy of methylphenidate. Sci Rep 
8(1):136. https ://doi.org/10.1038/s4159 8-017-18300 -2

 93. Royal W 3rd, Zhang L, Guo M, Jones O, Davis H, Bryant 
JL (2012) Immune activation, viral gene product expres-
sion and neurotoxicity in the HIV-1 transgenic rat. J Neu-
roimmunol 247(1–2):16–24. https ://doi.org/10.1016/j.jneur 
oim.2012.03.015

 94. Rowson SA, Harrell CS, Bekhbat M, Gangavelli A, Wu MJ, Kelly 
SD, Reddy R, Neigh GN (2016) Neuroinflammation and behav-
ior in HIV-1 transgenic rats exposed to chronic adolescent stress. 
Front Psychiatry 7:102. https ://doi.org/10.3389/fpsyt .2016.00102 

 95. Royal W 3rd, Wang H, Jones O, Tran H, Bryant JL (2007) A 
vitamin A deficient diet enhances proinflammatory cytokine, Mu 
opioid receptor, and HIV-1 expression in the HIV-1 transgenic 
rat. J Neuroimmunol 185(1–2):29–36. https ://doi.org/10.1016/j.
jneur oim.2007.01.001

 96. Henderson LJ, Johnson TP, Smith BR, Reoma LB, Santamaria 
UA, Bachani M, Demarino C, Barclay RA, Snow J, Sacktor N, 
McArthur J, Letendre S, Steiner J, Kashanchi F, Nath A (2019) 
Presence of Tat and transactivation response element in spinal 
fluid despite antiretroviral therapy. AIDS 33(Suppl 2):S145–
S157. https ://doi.org/10.1097/QAD.00000 00000 00226 8

 97. Mele AR, Marino J, Dampier W, Wigdahl B, Nonnemacher MR 
(2020) HIV-1 Tat length: comparative and functional consid-
erations. Front Microbiol 11:444. https ://doi.org/10.3389/fmicb 
.2020.00444 

 98. Raybuck JD, Hargus NJ, Thayer SA (2017) A GluN2B-selective 
nmdar antagonist reverses synapse loss and cognitive impairment 
produced by the HIV-1 protein Tat. J Neurosci 37(33):7837–
7847. https ://doi.org/10.1523/JNEUR OSCI.0226-17.2017

 99. Fitting S, Ignatowska-Jankowska BM, Bull C, Skoff RP, Licht-
man AH, Wise LE, Fox MA, Su J, Medina AE, Krahe TE, 

https://doi.org/10.1016/j.nbd.2017.04.015
https://doi.org/10.1007/s11481-020-09928-5
https://doi.org/10.1007/s11481-020-09928-5
https://doi.org/10.1007/s11481-020-09927-6
https://doi.org/10.1007/s11481-020-09927-6
https://doi.org/10.1146/annurev.physiol.64.081501.160008
https://doi.org/10.1146/annurev.physiol.64.081501.160008
https://doi.org/10.3389/fnana.2015.00014
https://doi.org/10.3389/fnana.2015.00014
https://doi.org/10.1016/j.neuron.2017.08.008
https://doi.org/10.1016/j.neuron.2017.08.008
https://doi.org/10.3389/fnsyn.2018.00029
https://doi.org/10.1016/j.nlm.2016.06.007
https://doi.org/10.1016/j.nlm.2016.06.007
https://doi.org/10.1016/j.neuron.2005.04.001
https://doi.org/10.1016/j.neuron.2005.04.001
https://doi.org/10.1038/nn736
https://doi.org/10.1016/j.neuron.2005.01.003
https://doi.org/10.1016/j.neuroscience.2004.02.025
https://doi.org/10.1146/annurev.neuro.28.061604.135757
https://doi.org/10.1146/annurev.neuro.28.061604.135757
https://doi.org/10.3389/fnana.2014.00142
https://doi.org/10.1073/pnas.161290298
https://doi.org/10.1073/pnas.161290298
https://doi.org/10.7554/eLife.49717
https://doi.org/10.1007/s11481-014-9539-z
https://doi.org/10.1007/s11481-014-9539-z
https://doi.org/10.1007/s13365-017-0544-x
https://doi.org/10.1007/s11481-007-9078-y
https://doi.org/10.1080/13550280802232996
https://doi.org/10.1080/13550280802232996
https://doi.org/10.1016/j.bbr.2008.02.008
https://doi.org/10.1016/j.bbr.2008.02.008
https://doi.org/10.1523/JNEUROSCI.4403-14.2015
https://doi.org/10.1523/JNEUROSCI.4403-14.2015
https://doi.org/10.1038/s41598-018-36822-1
https://doi.org/10.1038/s41598-017-18300-2
https://doi.org/10.1016/j.jneuroim.2012.03.015
https://doi.org/10.1016/j.jneuroim.2012.03.015
https://doi.org/10.3389/fpsyt.2016.00102
https://doi.org/10.1016/j.jneuroim.2007.01.001
https://doi.org/10.1016/j.jneuroim.2007.01.001
https://doi.org/10.1097/QAD.0000000000002268
https://doi.org/10.3389/fmicb.2020.00444
https://doi.org/10.3389/fmicb.2020.00444
https://doi.org/10.1523/JNEUROSCI.0226-17.2017


4300 E. Irollo et al.

1 3

Knapp PE, Guido W, Hauser KF (2013) Synaptic dysfunction 
in the hippocampus accompanies learning and memory deficits 
in human immunodeficiency virus type-1 Tat transgenic mice. 
Biol Psychiatry 73(5):443–453. https ://doi.org/10.1016/j.biops 
ych.2012.09.026

 100. Schier CJ, Marks WD, Paris JJ, Barbour AJ, McLane VD, Mara-
gos WF, McQuiston AR, Knapp PE, Hauser KF (2017) Selec-
tive vulnerability of striatal D2 versus D1 dopamine receptor-
expressing medium spiny neurons in HIV-1 Tat transgenic male 
mice. J Neurosci 37(23):5758–5769. https ://doi.org/10.1523/
JNEUR OSCI.0622-17.2017

 101. Hahn YK, Podhaizer EM, Farris SP, Miles MF, Hauser KF, 
Knapp PE (2015) Effects of chronic HIV-1 Tat exposure in 
the CNS: heightened vulnerability of males versus females to 
changes in cell numbers, synaptic integrity, and behavior. Brain 
Struct Funct 220(2):605–623. https ://doi.org/10.1007/s0042 
9-013-0676-6

 102. Kraft-Terry SD, Buch SJ, Fox HS, Gendelman HE (2009) A 
coat of many colors: neuroimmune crosstalk in human immuno-
deficiency virus infection. Neuron 64(1):133–145. https ://doi.
org/10.1016/j.neuro n.2009.09.042

 103. Bachis A, Wenzel E, Boelk A, Becker J, Mocchetti I (2016) The 
neurotrophin receptor p75 mediates gp120-induced loss of syn-
aptic spines in aging mice. Neurobiol Aging 46:160–168. https 
://doi.org/10.1016/j.neuro biola ging.2016.07.001

 104. Speidell A, Asuni GP, Wakulski R, Mocchetti I (2020) Up-reg-
ulation of the p75 neurotrophin receptor is an essential mecha-
nism for HIV-gp120 mediated synaptic loss in the striatum. Brain 
Behav Immun. https ://doi.org/10.1016/j.bbi.2020.07.023

 105. Sokolova IV, Szucs A, Sanna PP (2019) Reduced intrinsic excit-
ability of CA1 pyramidal neurons in human immunodeficiency 
virus (HIV) transgenic rats. Brain Res 1724:146431. https ://doi.
org/10.1016/j.brain res.2019.14643 1

 106. Khodr CE, Chen L, Dave S, Al-Harthi L, Hu XT (2016) Com-
bined chronic blockade of hyper-active L-type calcium channels 
and NMDA receptors ameliorates HIV-1 associated hyper-excit-
ability of mPFC pyramidal neurons. Neurobiol Dis 94:85–94. 
https ://doi.org/10.1016/j.nbd.2016.06.008

 107. Cirino TJ, Harden SW, McLaughlin JP, Frazier CJ (2020) 
Region-specific effects of HIV-1 Tat on intrinsic electrophysi-
ological properties of pyramidal neurons in mouse prefrontal 
cortex and hippocampus. J Neurophysiol 123(4):1332–1341. 
https ://doi.org/10.1152/jn.00029 .2020

 108. Zucchini S, Pittaluga A, Brocca-Cofano E, Summa M, Fabris 
M, De Michele R, Bonaccorsi A, Busatto G, Barbanti-Brodano 
G, Altavilla G, Verlengia G, Cifelli P, Corallini A, Caputo A, 
Simonato M (2013) Increased excitability in tat-transgenic mice: 
role of tat in HIV-related neurological disorders. Neurobiol Dis 
55:110–119. https ://doi.org/10.1016/j.nbd.2013.02.004

 109. Wayman WN, Chen L, Hu XT, Napier TC (2016) HIV-1 
transgenic rat prefrontal cortex hyper-excitability is enhanced 
by cocaine self-administration. Neuropsychopharmacology 
41(8):1965–1973. https ://doi.org/10.1038/npp.2015.366

 110. Barbour AJ, Hauser KF, McQuiston AR, Knapp PE (2020) HIV 
and opiates dysregulate K(+)- Cl(-) cotransporter 2 (KCC2) to 
cause GABAergic dysfunction in primary human neurons and 
Tat-transgenic mice. Neurobiol Dis 141:104878. https ://doi.
org/10.1016/j.nbd.2020.10487 8

 111. Xu C, Fitting S (2016) Inhibition of GABAergic neurotrans-
mission by HIV-1 Tat and opioid treatment in the striatum 
involves mu-opioid receptors. Front Neurosci 10:497. https ://
doi.org/10.3389/fnins .2016.00497 

 112. Ohene-Nyako M, Persons AL, Napier TC (2018) Region-specific 
changes in markers of neuroplasticity revealed in HIV-1 trans-
genic rats by low-dose methamphetamine. Brain Struct Funct 
223(7):3503–3513. https ://doi.org/10.1007/s0042 9-018-1701-6

 113. Nookala AR, Schwartz DC, Chaudhari NS, Glazyrin A, Stephens 
EB, Berman NEJ, Kumar A (2018) Methamphetamine augment 
HIV-1 Tat mediated memory deficits by altering the expres-
sion of synaptic proteins and neurotrophic factors. Brain Behav 
Immun 71:37–51. https ://doi.org/10.1016/j.bbi.2018.04.018

 114. Zhang X, Green MV, Thayer SA (2019) HIV gp120-induced neu-
roinflammation potentiates NMDA receptors to overcome basal 
suppression of inhibitory synapses by p38 MAPK. J Neurochem 
148(4):499–515. https ://doi.org/10.1111/jnc.14640 

 115. Green MV, Thayer SA (2019) HIV gp120 upregulates tonic 
inhibition through alpha5-containing GABAARs. Neurophar-
macology 149:161–168. https ://doi.org/10.1016/j.neuro pharm 
.2019.02.024

 116. Turrigiano GG (2008) The self-tuning neuron: synaptic scal-
ing of excitatory synapses. Cell 135(3):422–435. https ://doi.
org/10.1016/j.cell.2008.10.008

 117. Green MV, Raybuck JD, Zhang X, Wu MM, Thayer SA (2019) 
Scaling synapses in the presence of HIV. Neurochem Res 
44(1):234–246. https ://doi.org/10.1007/s1106 4-018-2502-2

 118. Xu C, Hermes DJ, Nwanguma B, Jacobs IR, Mackie K, Muk-
hopadhyay S, Lichtman AH, Ignatowska-Jankowska B, Fitting 
S (2017) Endocannabinoids exert CB1 receptor-mediated neu-
roprotective effects in models of neuronal damage induced by 
HIV-1 Tat protein. Mol Cell Neurosci 83:92–102. https ://doi.
org/10.1016/j.mcn.2017.07.003

 119. Jacobs IR, Xu C, Hermes DJ, League AF, Xu C, Nath B, 
Jiang W, Niphakis MJ, Cravatt BF, Mackie K, Mukhopad-
hyay S, Lichtman AH, Ignatowska-Jankowska BM, Fitting S 
(2019) Inhibitory control deficits associated with upregula-
tion of CB1R in the HIV-1 Tat transgenic mouse model of 
hand. J Neuroimmune Pharmacol 14(4):661–678. https ://doi.
org/10.1007/s1148 1-019-09867 -w

 120. Wu MM, Thayer SA (2020) HIV Tat protein selectively impairs 
cb1 receptor-mediated presynaptic inhibition at excitatory but 
not inhibitory synapses. Eneuro. https ://doi.org/10.1523/ENEUR 
O.0119-20.2020

 121. Fitting S, Knapp PE, Zou S, Marks WD, Bowers MS, Akbarali 
HI, Hauser KF (2014) Interactive HIV-1 Tat and morphine-
induced synaptodendritic injury is triggered through focal dis-
ruptions in Na(+) influx, mitochondrial instability, and Ca(2)
(+) overload. J Neurosci 34(38):12850–12864. https ://doi.
org/10.1523/JNEUR OSCI.5351-13.2014

 122. Pitcher J, Abt A, Myers J, Han R, Snyder M, Graziano A, Festa 
L, Kutzler M, Garcia F, Gao W-J, Fischer-Smith T, Rappaport J, 
Meucci O (2014) Neuronal ferritin heavy chain and drug abuse 
affect HIV-associated cognitive dysfunction. Journal of Clinical 
Investigation 124(2):656–669. https ://doi.org/10.1172/JCI70 090

 123. Miller EC, Zhang L, Dummer BW, Cariveau DR, Loh H, Law 
PY, Liao D (2012) Differential modulation of drug-induced 
structural and functional plasticity of dendritic spines. Mol Phar-
macol 82(2):333–343. https ://doi.org/10.1124/mol.112.07816 2

 124. Sanchez AB, Varano GP, de Rozieres CM, Maung R, Catalan IC, 
Dowling CC, Sejbuk NE, Hoefer MM, Kaul M (2016) Antiret-
rovirals, methamphetamine, and HIV-1 envelope protein gp120 
compromise neuronal energy homeostasis in association with 
various degrees of synaptic and neuritic damage. Antimicrob 
Agents Chemother 60(1):168–179. https ://doi.org/10.1128/
AAC.01632 -15

 125. Akay C, Cooper M, Odeleye A, Jensen BK, White MG, Vassoler 
F, Gannon PJ, Mankowski J, Dorsey JL, Buch AM, Cross SA, 
Cook DR, Pena MM, Andersen ES, Christofidou-Solomidou M, 
Lindl KA, Zink MC, Clements J, Pierce RC, Kolson DL, Jordan-
Sciutto KL (2014) Antiretroviral drugs induce oxidative stress 
and neuronal damage in the central nervous system. J Neurovirol 
20(1):39–53. https ://doi.org/10.1007/s1336 5-013-0227-1

https://doi.org/10.1016/j.biopsych.2012.09.026
https://doi.org/10.1016/j.biopsych.2012.09.026
https://doi.org/10.1523/JNEUROSCI.0622-17.2017
https://doi.org/10.1523/JNEUROSCI.0622-17.2017
https://doi.org/10.1007/s00429-013-0676-6
https://doi.org/10.1007/s00429-013-0676-6
https://doi.org/10.1016/j.neuron.2009.09.042
https://doi.org/10.1016/j.neuron.2009.09.042
https://doi.org/10.1016/j.neurobiolaging.2016.07.001
https://doi.org/10.1016/j.neurobiolaging.2016.07.001
https://doi.org/10.1016/j.bbi.2020.07.023
https://doi.org/10.1016/j.brainres.2019.146431
https://doi.org/10.1016/j.brainres.2019.146431
https://doi.org/10.1016/j.nbd.2016.06.008
https://doi.org/10.1152/jn.00029.2020
https://doi.org/10.1016/j.nbd.2013.02.004
https://doi.org/10.1038/npp.2015.366
https://doi.org/10.1016/j.nbd.2020.104878
https://doi.org/10.1016/j.nbd.2020.104878
https://doi.org/10.3389/fnins.2016.00497
https://doi.org/10.3389/fnins.2016.00497
https://doi.org/10.1007/s00429-018-1701-6
https://doi.org/10.1016/j.bbi.2018.04.018
https://doi.org/10.1111/jnc.14640
https://doi.org/10.1016/j.neuropharm.2019.02.024
https://doi.org/10.1016/j.neuropharm.2019.02.024
https://doi.org/10.1016/j.cell.2008.10.008
https://doi.org/10.1016/j.cell.2008.10.008
https://doi.org/10.1007/s11064-018-2502-2
https://doi.org/10.1016/j.mcn.2017.07.003
https://doi.org/10.1016/j.mcn.2017.07.003
https://doi.org/10.1007/s11481-019-09867-w
https://doi.org/10.1007/s11481-019-09867-w
https://doi.org/10.1523/ENEURO.0119-20.2020
https://doi.org/10.1523/ENEURO.0119-20.2020
https://doi.org/10.1523/JNEUROSCI.5351-13.2014
https://doi.org/10.1523/JNEUROSCI.5351-13.2014
https://doi.org/10.1172/JCI70090
https://doi.org/10.1124/mol.112.078162
https://doi.org/10.1128/AAC.01632-15
https://doi.org/10.1128/AAC.01632-15
https://doi.org/10.1007/s13365-013-0227-1


4301Mechanisms of neuronal dysfunction in HIV-associated neurocognitive disorders  

1 3

 126. Jensen BK, Monnerie H, Mannell MV, Gannon PJ, Espinoza CA, 
Erickson MA, Bruce-Keller AJ, Gelman BB, Briand LA, Pierce 
RC, Jordan-Sciutto KL, Grinspan JB (2015) Altered oligoden-
drocyte maturation and myelin maintenance: the role of antiret-
rovirals in HIV-associated neurocognitive disorders. J Neuro-
pathol Exp Neurol 74(11):1093–1118. https ://doi.org/10.1097/
NEN.00000 00000 00025 5

 127. Mohseni Ahooyi T, Shekarabi M, Decoppet EA, Langford D, 
Khalili K, Gordon J (2018) Network analysis of hippocampal 
neurons by microelectrode array in the presence of HIV-1 Tat 
and cocaine. J Cell Physiol 233(12):9299–9311. https ://doi.
org/10.1002/jcp.26322 

 128. Sami Saribas A, Cicalese S, Ahooyi TM, Khalili K, Amini S, 
Sariyer IK (2017) HIV-1 Nef is released in extracellular vesicles 
derived from astrocytes: evidence for Nef-mediated neurotox-
icity. Cell Death Dis 8(1):e2542. https ://doi.org/10.1038/cddis 
.2016.467

 129. Hayashi-Takagi A, Yagishita S, Nakamura M, Shirai F, Wu YI, 
Loshbaugh AL, Kuhlman B, Hahn KM, Kasai H (2015) Label-
ling and optical erasure of synaptic memory traces in the motor 
cortex. Nature 525(7569):333–338. https ://doi.org/10.1038/natur 
e1525 7

 130. Moda-Sava RN, Murdock MH, Parekh PK, Fetcho RN, Huang 
BS, Huynh TN, Witztum J, Shaver DC, Rosenthal DL, Alway EJ, 
Lopez K, Meng Y, Nellissen L, Grosenick L, Milner TA, Deis-
seroth K, Bito H, Kasai H, Liston C (2019) Sustained rescue of 
prefrontal circuit dysfunction by antidepressant-induced spine 
formation. Science. https ://doi.org/10.1126/scien ce.aat80 78

 131. Bertrand SJ, Mactutus CF, Aksenova MV, Espensen-Sturges TD, 
Booze RM (2014) Synaptodendritic recovery following HIV 
Tat exposure: neurorestoration by phytoestrogens. J Neurochem 
128(1):140–151. https ://doi.org/10.1111/jnc.12375 

 132. McLaurin KA, Moran LM, Booze RM, Mactutus CF (2020) 
Selective estrogen receptor beta agonists: a therapeutic approach 
for HIV-1 associated neurocognitive disorders. J Neuroimmune 
Pharmacol 15(2):264–279. https ://doi.org/10.1007/s1148 1-019-
09900 -y

 133. Iacobucci GJ, Popescu GK (2017) NMDA receptors: linking 
physiological output to biophysical operation. Nat Rev Neurosci 
18(4):236–249. https ://doi.org/10.1038/nrn.2017.24

 134. Viviani B, Gardoni F, Bartesaghi S, Corsini E, Facchi A, Galli 
CL, Di Luca M, Marinovich M (2006) Interleukin-1 beta released 
by gp120 drives neural death through tyrosine phosphorylation 
and trafficking of NMDA receptors. J Biol Chem 281(40):30212–
30222. https ://doi.org/10.1074/jbc.M6021 56200 

 135. Xu H, Bae M, Tovar-y-Romo LB, Patel N, Bandaru VV, Pomer-
antz D, Steiner JP, Haughey NJ (2011) The human immunodefi-
ciency virus coat protein gp120 promotes forward trafficking and 
surface clustering of NMDA receptors in membrane microdo-
mains. J Neurosci 31(47):17074–17090. https ://doi.org/10.1523/
JNEUR OSCI.4072-11.2011

 136. Zhou Y, Liu J, Xiong H (2017) HIV-1 glycoprotein 120 enhance-
ment of N-methyl-D-aspartate nmda receptor-mediated excita-
tory post-synaptic currents: implications for HIV-1-associated 
neural injury. J Neuroimmune Pharmacol 12(2):314–326. https 
://doi.org/10.1007/s1148 1-016-9719-0

 137. Woo NH, Teng HK, Siao CJ, Chiaruttini C, Pang PT, Milner TA, 
Hempstead BL, Lu B (2005) Activation of p75NTR by proBDNF 
facilitates hippocampal long-term depression. Nat Neurosci 
8(8):1069–1077. https ://doi.org/10.1038/nn151 0

 138. Bachis A, Avdoshina V, Zecca L, Parsadanian M, Mocchetti 
I (2012) Human immunodeficiency virus type 1 alters brain-
derived neurotrophic factor processing in neurons. J Neu-
rosci 32(28):9477–9484. https ://doi.org/10.1523/JNEUR 
OSCI.0865-12.2012

 139. Yang J, Harte-Hargrove LC, Siao CJ, Marinic T, Clarke R, Ma 
Q, Jing D, Lafrancois JJ, Bath KG, Mark W, Ballon D, Lee FS, 
Scharfman HE, Hempstead BL (2014) proBDNF negatively reg-
ulates neuronal remodeling, synaptic transmission, and synaptic 
plasticity in hippocampus. Cell Rep 7(3):796–806. https ://doi.
org/10.1016/j.celre p.2014.03.040

 140. Speidell A, Asuni GP, Avdoshina V, Scognamiglio S, Forcelli P, 
Mocchetti I (2019) Reversal of cognitive impairment in gp120 
transgenic mice by the removal of the p75 neurotrophin recep-
tor. Front Cell Neurosci 13:398. https ://doi.org/10.3389/fncel 
.2019.00398 

 141. Li W, Huang Y, Reid R, Steiner J, Malpica-Llanos T, Darden 
TA, Shankar SK, Mahadevan A, Satishchandra P, Nath A (2008) 
NMDA receptor activation by HIV-Tat protein is clade depend-
ent. J Neurosci 28(47):12190–12198. https ://doi.org/10.1523/
JNEUR OSCI.3019-08.2008

 142. King JE, Eugenin EA, Hazleton JE, Morgello S, Berman JW 
(2010) Mechanisms of HIV-tat-induced phosphorylation of 
N-methyl-D-aspartate receptor subunit 2A in human primary 
neurons: implications for neuroAIDS pathogenesis. Am J Pathol 
176(6):2819–2830. https ://doi.org/10.2353/ajpat h.2010.09064 2

 143. Hu XT (2016) HIV-1 Tat-Mediated Calcium Dysregulation and 
Neuronal Dysfunction in Vulnerable Brain Regions. Curr Drug 
Targets 17(1):4–14. https ://doi.org/10.2174/13894 50116 66615 
05311 62212 

 144. Repunte-Canonigo V, Lefebvre C, George O, Kawamura T, 
Morales M, Koob GF, Califano A, Masliah E, Sanna PP (2014) 
Gene expression changes consistent with neuroAIDS and 
impaired working memory in HIV-1 transgenic rats. Mol Neu-
rodegener 9:26. https ://doi.org/10.1186/1750-1326-9-26

 145. Yang Z, Nesil T, Connaghan KP, Li MD, Chang SL (2016) Mod-
ulation effect of HIV-1 viral proteins and nicotine on expression 
of the immune-related genes in brain of the HIV-1 transgenic 
rats. J Neuroimmune Pharmacol 11(3):562–571. https ://doi.
org/10.1007/s1148 1-016-9679-4

 146. Wheeler D, Knapp E, Bandaru VV, Wang Y, Knorr D, Poirier 
C, Mattson MP, Geiger JD, Haughey NJ (2009) Tumor necrosis 
factor-alpha-induced neutral sphingomyelinase-2 modulates syn-
aptic plasticity by controlling the membrane insertion of NMDA 
receptors. J Neurochem 109(5):1237–1249. https ://doi.org/10.11
11/j.1471-4159.2009.06038 .x

 147. Liu SJ, Zukin RS (2007)  Ca2+-permeable AMPA receptors 
in synaptic plasticity and neuronal death. Trends Neurosci 
30(3):126–134. https ://doi.org/10.1016/j.tins.2007.01.006

 148. Ogoshi F, Yin HZ, Kuppumbatti Y, Song B, Amindari S, Weiss 
JH (2005) Tumor necrosis-factor-alpha (TNF-alpha) induces 
rapid insertion of  Ca2+-permeable alpha-amino-3-hydroxyl-
5-methyl-4-isoxazole-propionate (AMPA)/kainate (Ca-A/K) 
channels in a subset of hippocampal pyramidal neurons. Exp 
Neurol 193(2):384–393. https ://doi.org/10.1016/j.expne 
urol.2004.12.026

 149. Pribiag H, Stellwagen D (2013) TNF-alpha downregulates inhibi-
tory neurotransmission through protein phosphatase 1-dependent 
trafficking of GABA(A) receptors. J Neurosci 33(40):15879–
15893. https ://doi.org/10.1523/JNEUR OSCI.0530-13.2013

 150. Green MV, Thayer SA (2016) NMDARs adapt to neurotoxic 
HIV protein Tat downstream of a GluN2A-Ubiquitin ligase 
signaling pathway. J Neurosci 36(50):12640–12649. https ://doi.
org/10.1523/JNEUR OSCI.2980-16.2016

 151. Khan MZ, Shimizu S, Patel JP, Nelson A, Le MT, Mullen-Prze-
worski A, Brandimarti R, Fatatis A, Meucci O (2005) Regula-
tion of neuronal P53 activity by CXCR 4. Mol Cell Neurosci 
30(1):58–66. https ://doi.org/10.1016/j.mcn.2005.05.007

 152. Colledge M, Snyder EM, Crozier RA, Soderling JA, Jin Y, 
Langeberg LK, Lu H, Bear MF, Scott JD (2003) Ubiquitina-
tion regulates PSD-95 degradation and AMPA receptor surface 

https://doi.org/10.1097/NEN.0000000000000255
https://doi.org/10.1097/NEN.0000000000000255
https://doi.org/10.1002/jcp.26322
https://doi.org/10.1002/jcp.26322
https://doi.org/10.1038/cddis.2016.467
https://doi.org/10.1038/cddis.2016.467
https://doi.org/10.1038/nature15257
https://doi.org/10.1038/nature15257
https://doi.org/10.1126/science.aat8078
https://doi.org/10.1111/jnc.12375
https://doi.org/10.1007/s11481-019-09900-y
https://doi.org/10.1007/s11481-019-09900-y
https://doi.org/10.1038/nrn.2017.24
https://doi.org/10.1074/jbc.M602156200
https://doi.org/10.1523/JNEUROSCI.4072-11.2011
https://doi.org/10.1523/JNEUROSCI.4072-11.2011
https://doi.org/10.1007/s11481-016-9719-0
https://doi.org/10.1007/s11481-016-9719-0
https://doi.org/10.1038/nn1510
https://doi.org/10.1523/JNEUROSCI.0865-12.2012
https://doi.org/10.1523/JNEUROSCI.0865-12.2012
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.3389/fncel.2019.00398
https://doi.org/10.3389/fncel.2019.00398
https://doi.org/10.1523/JNEUROSCI.3019-08.2008
https://doi.org/10.1523/JNEUROSCI.3019-08.2008
https://doi.org/10.2353/ajpath.2010.090642
https://doi.org/10.2174/1389450116666150531162212
https://doi.org/10.2174/1389450116666150531162212
https://doi.org/10.1186/1750-1326-9-26
https://doi.org/10.1007/s11481-016-9679-4
https://doi.org/10.1007/s11481-016-9679-4
https://doi.org/10.1111/j.1471-4159.2009.06038.x
https://doi.org/10.1111/j.1471-4159.2009.06038.x
https://doi.org/10.1016/j.tins.2007.01.006
https://doi.org/10.1016/j.expneurol.2004.12.026
https://doi.org/10.1016/j.expneurol.2004.12.026
https://doi.org/10.1523/JNEUROSCI.0530-13.2013
https://doi.org/10.1523/JNEUROSCI.2980-16.2016
https://doi.org/10.1523/JNEUROSCI.2980-16.2016
https://doi.org/10.1016/j.mcn.2005.05.007


4302 E. Irollo et al.

1 3

expression. Neuron 40(3):595–607. https ://doi.org/10.1016/
s0896 -6273(03)00687 -1

 153. Chen X, Nelson CD, Li X, Winters CA, Azzam R, Sousa AA, 
Leapman RD, Gainer H, Sheng M, Reese TS (2011) PSD-95 is 
required to sustain the molecular organization of the postsynaptic 
density. J Neurosci 31(17):6329–6338. https ://doi.org/10.1523/
JNEUR OSCI.5968-10.2011

 154. Cane M, Maco B, Knott G, Holtmaat A (2014) The relation-
ship between PSD-95 clustering and spine stability in vivo. J 
Neurosci 34(6):2075–2086. https ://doi.org/10.1523/JNEUR 
OSCI.3353-13.2014

 155. Kim HJ, Martemyanov KA, Thayer SA (2008) Human immuno-
deficiency virus protein Tat induces synapse loss via a reversible 
process that is distinct from cell death. J Neurosci 28(48):12604–
12613. https ://doi.org/10.1523/JNEUR OSCI.2958-08.2008

 156. Zhang X, Thayer SA (2018) Monoacylglycerol lipase inhibitor 
JZL184 prevents HIV-1 gp120-induced synapse loss by altering 
endocannabinoid signaling. Neuropharmacology 128:269–281. 
https ://doi.org/10.1016/j.neuro pharm .2017.10.023

 157. Hargus NJ, Thayer SA (2013) Human immunodeficiency virus-1 
Tat protein increases the number of inhibitory synapses between 
hippocampal neurons in culture. J Neurosci 33(45):17908–
17920. https ://doi.org/10.1523/JNEUR OSCI.1312-13.2013

 158. Musante V, Summa M, Neri E, Puliti A, Godowicz TT, Severi 
P, Battaglia G, Raiteri M, Pittaluga A (2010) The HIV-1 viral 
protein Tat increases glutamate and decreases GABA exocy-
tosis from human and mouse neocortical nerve endings. Cereb 
Cortex 20(8):1974–1984. https ://doi.org/10.1093/cerco r/bhp27 
4

 159. Xu C, Hermes DJ, Mackie K, Lichtman AH, Ignatowska-
Jankowska BM, Fitting S (2016) Cannabinoids occlude the 
HIV-1 Tat-induced decrease in GABAergic neurotransmission in 
prefrontal cortex slices. J Neuroimmune Pharmacol 11(2):316–
331. https ://doi.org/10.1007/s1148 1-016-9664-y

 160. Okabe S (2020) Regulation of actin dynamics in dendritic spines: 
Nanostructure, molecular mobility, and signaling mechanisms. 
Mol Cell Neurosci 109:103564. https ://doi.org/10.1016/j.
mcn.2020.10356 4

 161. Yan Z, Kim E, Datta D, Lewis DA, Soderling SH (2016) Synaptic 
actin dysregulation, a convergent mechanism of mental disor-
ders? J Neurosci 36(45):11411–11417. https ://doi.org/10.1523/
JNEUR OSCI.2360-16.2016

 162. Mizuno K (2013) Signaling mechanisms and functional roles 
of cofilin phosphorylation and dephosphorylation. Cell Signal 
25(2):457–469. https ://doi.org/10.1016/j.cells ig.2012.11.001

 163. Costa JF, Dines M, Lamprecht R (2020) The Role of Rac GTPase 
in dendritic spine morphogenesis and memory. Front Synaptic 
Neurosci 12:12. https ://doi.org/10.3389/fnsyn .2020.00012 

 164. Krogh KA, Lyddon E, Thayer SA (2015) HIV-1 Tat activates 
a RhoA signaling pathway to reduce NMDA-evoked calcium 
responses in hippocampal neurons via an actin-dependent mech-
anism. J Neurochem 132(3):354–366. https ://doi.org/10.1111/
jnc.12936 

 165. Maekawa M, Ishizaki T, Boku S, Watanabe N, Fujita A, Iwa-
matsu A, Obinata T, Ohashi K, Mizuno K, Narumiya S (1999) 
Signaling from Rho to the actin cytoskeleton through protein 
kinases ROCK and LIM-kinase. Science 285(5429):895–898. 
https ://doi.org/10.1126/scien ce.285.5429.895

 166. Nicolai J, Burbassi S, Rubin J, Meucci O (2010) CXCL12 inhib-
its expression of the NMDA receptor’s NR2B subunit through a 
histone deacetylase-dependent pathway contributing to neuronal 
survival. Cell Death Dis 1:e33. https ://doi.org/10.1038/cddis 
.2010.10

 167. Nash B, Meucci O (2014) Functions of the chemokine recep-
tor CXCR4 in the central nervous system and its regulation by 

mu-opioid receptors. Int Rev Neurobiol 118:105–128. https ://
doi.org/10.1016/B978-0-12-80128 4-0.00005 -1

 168. Guyon A (2014) CXCL12 chemokine and its receptors as major 
players in the interactions between immune and nervous sys-
tems. Front Cell Neurosci 8:65. https ://doi.org/10.3389/fncel 
.2014.00065 

 169. Sanchez AB, Medders KE, Maung R, Sanchez-Pavon P, Ojeda-
Juarez D, Kaul M (2016) CXCL12-induced neurotoxicity criti-
cally depends on NMDA receptor-gated and L-type Ca(2+) chan-
nels upstream of p38 MAPK. J Neuroinflammation 13(1):252. 
https ://doi.org/10.1186/s1297 4-016-0724-2

 170. Vergote D, Butler GS, Ooms M, Cox JH, Silva C, Hollenberg 
MD, Jhamandas JH, Overall CM, Power C (2006) Proteolytic 
processing of SDF-1alpha reveals a change in receptor speci-
ficity mediating HIV-associated neurodegeneration. Proc Natl 
Acad Sci USA 103(50):19182–19187. https ://doi.org/10.1073/
pnas.06046 78103 

 171. Ye X, Zhang Y, Xu Q, Zheng H, Wu X, Qiu J, Zhang Z, Wang 
W, Shao Y, Xing HQ (2017) HIV-1 Tat inhibits EAAT-2 through 
AEG-1 upregulation in models of HIV-associated neurocog-
nitive disorder. Oncotarget 8(24):39922–39934. https ://doi.
org/10.18632 /oncot arget .16485 

 172. Cisneros IE, Ghorpade A (2012) HIV-1, methamphetamine and 
astrocyte glutamate regulation: combined excitotoxic implica-
tions for neuro-AIDS. Curr HIV Res 10(5):392–406. https ://doi.
org/10.2174/15701 62128 02138 832

 173. Melendez RI, Roman C, Capo-Velez CM, Lasalde-Dominicci 
JA (2016) Decreased glial and synaptic glutamate uptake in 
the striatum of HIV-1 gp120 transgenic mice. J Neurovirol 
22(3):358–365. https ://doi.org/10.1007/s1336 5-015-0403-6

 174. Moidunny S, Matos M, Wesseling E, Banerjee S, Volsky DJ, 
Cunha RA, Agostinho P, Boddeke HW, Roy S (2016) Oncos-
tatin M promotes excitotoxicity by inhibiting glutamate uptake 
in astrocytes: implications in HIV-associated neurotoxicity. J 
Neuroinflammation 13(1):144. https ://doi.org/10.1186/s1297 
4-016-0613-8

 175. Vartak-Sharma N, Gelman BB, Joshi C, Borgamann K, Ghor-
pade A (2014) Astrocyte elevated gene-1 is a novel modulator 
of HIV-1-associated neuroinflammation via regulation of nuclear 
factor-kappaB signaling and excitatory amino acid transporter-2 
repression. J Biol Chem 289(28):19599–19612. https ://doi.
org/10.1074/jbc.M114.56764 4

 176. Vartak-Sharma N, Nooka S, Ghorpade A (2017) Astrocyte 
elevated gene-1 (AEG-1) and the A(E)Ging HIV/AIDS-HAND. 
Prog Neurobiol 157:133–157. https ://doi.org/10.1016/j.pneur 
obio.2016.03.006

 177. Vivithanaporn P, Asahchop EL, Acharjee S, Baker GB, Power 
C (2016) HIV protease inhibitors disrupt astrocytic glutamate 
transporter function and neurobehavioral performance. AIDS 
30(4):543–552. https ://doi.org/10.1097/QAD.00000 00000 00095 
5

 178. Gonzalez H, Podany A, Al-Harthi L, Wallace J (2020) The far-
reaching HAND of cART: cART effects on astrocytes. J Neuro-
immune Pharmacol. https ://doi.org/10.1007/s1148 1-020-09907 
-w

 179. Cotto B, Natarajanseenivasan K, Langford D (2019) HIV-1 infec-
tion alters energy metabolism in the brain: Contributions to HIV-
associated neurocognitive disorders. Prog Neurobiol 181:101616. 
https ://doi.org/10.1016/j.pneur obio.2019.10161 6

 180. Natarajaseenivasan K, Cotto B, Shanmughapriya S, Lombardi 
AA, Datta PK, Madesh M, Elrod JW, Khalili K, Langford D 
(2018) Astrocytic metabolic switch is a novel etiology for 
Cocaine and HIV-1 Tat-mediated neurotoxicity. Cell Death Dis 
9(4):415. https ://doi.org/10.1038/s4141 9-018-0422-3

 181. Sivalingam K, Cirino TJ, McLaughlin JP, Samikkannu T (2020) 
HIV-Tat and cocaine impact brain energy metabolism: redox 

https://doi.org/10.1016/s0896-6273(03)00687-1
https://doi.org/10.1016/s0896-6273(03)00687-1
https://doi.org/10.1523/JNEUROSCI.5968-10.2011
https://doi.org/10.1523/JNEUROSCI.5968-10.2011
https://doi.org/10.1523/JNEUROSCI.3353-13.2014
https://doi.org/10.1523/JNEUROSCI.3353-13.2014
https://doi.org/10.1523/JNEUROSCI.2958-08.2008
https://doi.org/10.1016/j.neuropharm.2017.10.023
https://doi.org/10.1523/JNEUROSCI.1312-13.2013
https://doi.org/10.1093/cercor/bhp274
https://doi.org/10.1093/cercor/bhp274
https://doi.org/10.1007/s11481-016-9664-y
https://doi.org/10.1016/j.mcn.2020.103564
https://doi.org/10.1016/j.mcn.2020.103564
https://doi.org/10.1523/JNEUROSCI.2360-16.2016
https://doi.org/10.1523/JNEUROSCI.2360-16.2016
https://doi.org/10.1016/j.cellsig.2012.11.001
https://doi.org/10.3389/fnsyn.2020.00012
https://doi.org/10.1111/jnc.12936
https://doi.org/10.1111/jnc.12936
https://doi.org/10.1126/science.285.5429.895
https://doi.org/10.1038/cddis.2010.10
https://doi.org/10.1038/cddis.2010.10
https://doi.org/10.1016/B978-0-12-801284-0.00005-1
https://doi.org/10.1016/B978-0-12-801284-0.00005-1
https://doi.org/10.3389/fncel.2014.00065
https://doi.org/10.3389/fncel.2014.00065
https://doi.org/10.1186/s12974-016-0724-2
https://doi.org/10.1073/pnas.0604678103
https://doi.org/10.1073/pnas.0604678103
https://doi.org/10.18632/oncotarget.16485
https://doi.org/10.18632/oncotarget.16485
https://doi.org/10.2174/157016212802138832
https://doi.org/10.2174/157016212802138832
https://doi.org/10.1007/s13365-015-0403-6
https://doi.org/10.1186/s12974-016-0613-8
https://doi.org/10.1186/s12974-016-0613-8
https://doi.org/10.1074/jbc.M114.567644
https://doi.org/10.1074/jbc.M114.567644
https://doi.org/10.1016/j.pneurobio.2016.03.006
https://doi.org/10.1016/j.pneurobio.2016.03.006
https://doi.org/10.1097/QAD.0000000000000955
https://doi.org/10.1097/QAD.0000000000000955
https://doi.org/10.1007/s11481-020-09907-w
https://doi.org/10.1007/s11481-020-09907-w
https://doi.org/10.1016/j.pneurobio.2019.101616
https://doi.org/10.1038/s41419-018-0422-3


4303Mechanisms of neuronal dysfunction in HIV-associated neurocognitive disorders  

1 3

modification and mitochondrial biogenesis influence NRF tran-
scription-mediated neurodegeneration. Mol Neurobiol. https ://
doi.org/10.1007/s1203 5-020-02131 -w

 182. Swinton MK, Carson A, Telese F, Sanchez AB, Soontornniyom-
kij B, Rad L, Batki I, Quintanilla B, Perez-Santiago J, Achim 
CL, Letendre S, Ellis RJ, Grant I, Murphy AN, Fields JA (2019) 
Mitochondrial biogenesis is altered in HIV+ brains exposed to 
ART: Implications for therapeutic targeting of astroglia. Neuro-
biol Dis 130:104502. https ://doi.org/10.1016/j.nbd.2019.10450 2

 183. Nooka S, Ghorpade A (2017) HIV-1-associated inflammation 
and antiretroviral therapy regulate astrocyte endoplasmic reticu-
lum stress responses. Cell Death Discov 3:17061. https ://doi.
org/10.1038/cddis cover y.2017.61

 184. Sengupta R, Burbassi S, Shimizu S, Cappello S, Vallee RB, 
Rubin JB, Meucci O (2009) Morphine increases brain levels of 
ferritin heavy chain leading to inhibition of CXCR4-mediated 
survival signaling in neurons. J Neurosci 29(8):2534–2544. https 
://doi.org/10.1523/JNEUR OSCI.5865-08.2009

 185. Li R, Luo C, Mines M, Zhang J, Fan GH (2006) Chemokine 
CXCL12 induces binding of ferritin heavy chain to the 
chemokine receptor CXCR4, alters CXCR4 signaling, and 
induces phosphorylation and nuclear translocation of ferritin 
heavy chain. J Biol Chem 281(49):37616–37627. https ://doi.
org/10.1074/jbc.M6072 66200 

 186. Nash B, Tarn K, Irollo E, Luchetta J, Festa L, Halcrow P, Datta 
G, Geiger JD, Meucci O (2019) Morphine-induced modulation of 
endolysosomal iron mediates upregulation of ferritin heavy chain 
in cortical neurons. Eneuro. https ://doi.org/10.1523/ENEUR 
O.0237-19.2019

 187. White RS, Bhattacharya AK, Chen Y, Byrd M, McMullen MF, 
Siegel SJ, Carlson GC, Kim SF (2016) Lysosomal iron modulates 
NMDA receptor-mediated excitation via small GTPase, Dexras1. 
Mol Brain 9:38. https ://doi.org/10.1186/s1304 1-016-0220-8

 188. Fitting S, Xu R, Bull C, Buch SK, El-Hage N, Nath A, Knapp PE, 
Hauser KF (2010) Interactive comorbidity between opioid drug 
abuse and HIV-1 Tat: chronic exposure augments spine loss and 
sublethal dendritic pathology in striatal neurons. Am J Pathol 
177(3):1397–1410. https ://doi.org/10.2353/ajpat h.2010.09094 5

 189. Napier TC, Chen L, Kashanchi F, Hu XT (2014) Repeated 
cocaine treatment enhances HIV-1 Tat-induced cortical 

excitability via over-activation of L-type calcium channels. J 
Neuroimmune Pharmacol 9(3):354–368. https ://doi.org/10.1007/
s1148 1-014-9524-6

 190. Wayman WN, Chen L, Napier TC, Hu XT (2015) Cocaine self-
administration enhances excitatory responses of pyramidal neu-
rons in the rat medial prefrontal cortex to human immunodefi-
ciency virus-1 Tat. Eur J Neurosci 41(9):1195–1206. https ://doi.
org/10.1111/ejn.12853 

 191. de Guglielmo G, Fu Y, Chen J, Larrosa E, Hoang I, Kawamura 
T, Lorrai I, Zorman B, Bryant J, George O, Sumazin P, Lefebvre 
C, Repunte-Canonigo V, Sanna PP (2020) Increases in compul-
sivity, inflammation, and neural injury in HIV transgenic rats 
with escalated methamphetamine self-administration under 
extended-access conditions. Brain Res 1726:146502. https ://
doi.org/10.1016/j.brain res.2019.14650 2

 192. Hoefer MM, Sanchez AB, Maung R, de Rozieres CM, Catalan 
IC, Dowling CC, Thaney VE, Pina-Crespo J, Zhang D, Roberts 
AJ, Kaul M (2015) Combination of methamphetamine and HIV-1 
gp120 causes distinct long-term alterations of behavior, gene 
expression, and injury in the central nervous system. Exp Neurol 
263:221–234. https ://doi.org/10.1016/j.expne urol.2014.09.010

 193. McGuire JL, Barrett JS, Vezina HE, Spitsin S, Douglas SD 
(2014) Adjuvant therapies for HIV-associated neurocognitive 
disorders. Ann Clin Transl Neurol 1(11):938–952. https ://doi.
org/10.1002/acn3.131

 194. Obermayer J, Luchicchi A, Heistek TS, de Kloet SF, Terra H, 
Bruinsma B, Mnie-Filali O, Kortleven C, Galakhova AA, Khalil 
AJ, Kroon T, Jonker AJ, de Haan R, van de Berg WDJ, Goriou-
nova NA, de Kock CPJ, Pattij T, Mansvelder HD (2019) Pre-
frontal cortical ChAT-VIP interneurons provide local excitation 
by cholinergic synaptic transmission and control attention. Nat 
Commun 10(1):5280. https ://doi.org/10.1038/s4146 7-019-13244 
-9

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s12035-020-02131-w
https://doi.org/10.1007/s12035-020-02131-w
https://doi.org/10.1016/j.nbd.2019.104502
https://doi.org/10.1038/cddiscovery.2017.61
https://doi.org/10.1038/cddiscovery.2017.61
https://doi.org/10.1523/JNEUROSCI.5865-08.2009
https://doi.org/10.1523/JNEUROSCI.5865-08.2009
https://doi.org/10.1074/jbc.M607266200
https://doi.org/10.1074/jbc.M607266200
https://doi.org/10.1523/ENEURO.0237-19.2019
https://doi.org/10.1523/ENEURO.0237-19.2019
https://doi.org/10.1186/s13041-016-0220-8
https://doi.org/10.2353/ajpath.2010.090945
https://doi.org/10.1007/s11481-014-9524-6
https://doi.org/10.1007/s11481-014-9524-6
https://doi.org/10.1111/ejn.12853
https://doi.org/10.1111/ejn.12853
https://doi.org/10.1016/j.brainres.2019.146502
https://doi.org/10.1016/j.brainres.2019.146502
https://doi.org/10.1016/j.expneurol.2014.09.010
https://doi.org/10.1002/acn3.131
https://doi.org/10.1002/acn3.131
https://doi.org/10.1038/s41467-019-13244-9
https://doi.org/10.1038/s41467-019-13244-9

	Mechanisms of neuronal dysfunction in HIV-associated neurocognitive disorders
	Abstract
	Introduction
	Neuroimaging and neuropathological studies in HAND patients
	Synapodendritic damage and neuronal activity changes in HAND experimental models
	Mechanisms that affect synaptodendritic damage and network dysfunction in HAND
	Overactivation of ionotropic glutamate receptors
	Synaptic scaling mechanisms
	Rearrangement of actin filaments
	Dysfunction of astrocytes
	Opioids and other drugs of abuse

	Conclusions and future challenges
	Acknowledgements 
	References




