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Abstract

Astrocytes play a wide variety of roles in the central nervous system (CNS). Various facets of astrocyte-neuron interplay,
investigated for the past few decades, have placed these most abundant and important glial cell types to be of supreme importance
for the maintenance of the healthy CNS. Interestingly, glial dysfunctions have proven to be the major contributor to neuronal loss
in several CNS disorders and pathologies. Specifically, in the field of neuroAIDS, glial dysfunction—mediated neuronal stress is a
major factor contributing to the HIV-1 neuropathogenesis. As there is increasing evidence that astrocytes harbor HIV-1 and serve
as “safe haven” for the dormant virus in the brain, the indirect pathway of neuronal damage has taken over the direct neuronal
damage in its contribution to HIV-1 neuropathogenesis. In this review, we provide a brief insight into the astrocyte functions and
dysfunctions in different CNS conditions with an elaborated insight into neuroAIDS. Detailed understanding of the role of
astrocytes in neuroAIDS will help in the better therapeutic management of the neurological problems associated with HIV-1

patients.
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Introduction

Astrocytes, the star-shaped cells, are the most abundant cell
type of the brain. These glial cells overshadow neurons both in
numbers as well as the diversity of roles they play in the
mammalian brain. Astrocytes gathered due attention of basic
and clinical researchers worldwide, majorly as they play a
variety of roles in maintaining the central nervous system
(CNS) homeostasis. Astrocytes are also implicated in CNS
disorders and pathologies that necessitated in-depth research
to understand their functioning in normal and diseased condi-
tions. Last two decades witnessed immense interest and dili-
gent research efforts to understand the mechanisms of basic
functions of astrocytes. Several anatomical, genetic, and func-
tional investigations on human and other mammalian brains
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designate astrocytes to be crucial in human brain evolution
and critical for the improved cognitive abilities of humans
(Robertson 2014). The neuro-centric view has now shifted
towards astrocytes, with insights into emerging research areas
to understand the intricacies of the dynamic cross talk between
glia and non-glia cell types. These have paved way for studies
into the glia-neuron interactions that further provided new
insights into brain functioning and helped to elevate the hier-
archy of astrocytes among other brain cells, especially in
terms of their functions and relevance for CNS.

As mentioned earlier, astrocytes were studied extensively
in the last 20 years and are now believed to be the most im-
portant cell types of CNS. This review is an attempt to provide
a brief account of astrocyte functions and their relationships
with neurons and list out their most important functions in the
healthy and diseased brain with special emphasis on
neuroAIDS.

Astrocyte-Neuron Interplay in Healthy CNS

Astrocytes play diverse roles ranging from early brain devel-
opment to lifelong trophic and metabolic support to neurons.
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Some of the basic functions of astrocytes are the maintenance
of pH, water and ionic homeostasis, release and uptake of
neurotransmitters, maintenance of blood flow, and maintain-
ing the integrity of blood-brain barrier. Astrocytes also mod-
ulate synaptic transmission, confer neuronal protection, and
help in detoxification and repair of the nervous system.

The neurotransmitters released by the neurons trigger as-
trocytic [Ca®*]; elevations leading to the release of
gliotransmitters such as glutamate, D-serine, and ATP, which
further cause neuronal excitation (Fellin et al. 2004; Lee et al.
2010; Newman 2003; Parpura et al. 1994; Yang et al. 2003).
Such shreds of evidence suggest that astrocytes get influenced
and also can influence the flow of information in the neural
circuitry, strengthening the evidence for interplay between
these two important cells of the brain. The uptake of the excess
of glutamate present at the synapse site through the efficient
glutamate transporters is a key step in the maintenance of
glutamate homeostasis. Glutamate is further converted to glu-
tamine and then transported to the neurons (Bergles and Jahr
1998; Hertz and Zielke 2004).

The astrocytic activity has the potential to affect almost
every aspect of neuronal functioning by influencing blood
flow, energy, and synapses. Investigations for the past two
decades highlight the role of astrocytes in influencing the ce-
rebral blood flow. The neuronal activity—induced dilation of
the arterioles is dependent on the glutamate-mediated intracel-
lular Ca®* oscillations seen in astroglia as the activity-
dependent vasodilation was found to be impaired after
blocking astrocytic calcium responses, both in vitro and
in vivo (Takano et al. 2006; Zonta et al. 2003). Metabolic
support provided by astrocytes to neurons in the form of lac-
tate is crucial for events such as long-term memory formation.
Increase in lactate release as a result of astrocytic glycogen
breakdown during learning is essential for the maintenance of
long-term potentiation (LTP) and memory formation.
Disruption of astrocytic lactate transporters, monocarboxylate
transporter 4 (MCT4) which exports the lactate out of the cell,
causes amnesia, which can be rescued by L-lactate (Suzuki
etal. 2011).

Astrocytes play an important extrinsic role in controlling
spine formation, their density, and maturation of adult-born
hippocampal neurons. Sultan et al. demonstrated vesicular
release from astrocytes, especially the release of D-serine,
which plays a critical role in local dendritic spine maturation,
critical for functional integration of newborn neurons to the
circuitry (Sultan et al. 2015). Further, astrocytes also control
and support synaptogenesis in the CNS through the release of
soluble signals. Christopherson et al. observed that members
of the thrombospondin family play a significant role in syn-
aptogenesis. Thrombospondins released by the immature as-
trocytes of the developing brain is necessary and sufficient for
inducing synaptogenesis, although post-synaptically silent, in
rat retinal ganglion cells (RGCs) (Christopherson et al. 2005).

A study focusing on the mechanism of thrombospondin-
mediated synaptogenesis revealed that this synaptogenic ac-
tivity of thrombospondins is mediated through the neuronal
thrombospondin receptor a2S-1 (Eroglu et al. 2009). In order
to delineate the signal molecules that regulate functional syn-
apse formation, experiments performed on RGCs cultured on
astrocytic feeder layer revealed that astrocyte-derived signals
enhance the levels and clustering of pre-existing AMPARSs on
the neuronal surface. Detailed biochemical analysis confirmed
that glypicans 4 and 6 are the signal molecules present in the
astrocytic-conditioned media that regulate the formation of
post-synaptically active synapses (Allen et al. 2012). Other
astrocyte-secreted signals, belonging to matricellular proteins,
which modulate synapse formation, are Hevin and SPARC.
Hevin enhances synaptogenesis whereas SPARC specifically
antagonizes the hevin-mediated synaptogenesis both in vitro
and in vivo. The balance between the two determines the
formation and morphology of the synapses (Kucukdereli
et al. 2011). These functions attributed to astrocytes make
them almost indispensable for optimal functioning and surviv-
al of neurons.

Astrocyte-Neuron Interaction in CNS
Disorders and Pathology

Astrocytes undergo various morphological, molecular, and
functional alterations following CNS insult. These alterations
can be beneficial or detrimental to the neurons in vicinity
based on the challenges faced by the astrocytes. Reactive
astrogliosis, characterized by upregulated glial fibrillary acidic
protein (GFAP), increased cell proliferation, morphological
changes, and enhanced release of various cytokines, affects
neurons in both beneficial and detrimental ways (Sofroniew
2009). While astrocytes play several important roles for opti-
mal functioning of neurons, deregulated functioning of astro-
cytes can perturb neuronal functions under diseased condi-
tions and result in irreversible pathologies. A large number
of reports support the idea that astrocyte dysfunction can be
considered to be one of the major factors responsible for neu-
rodegeneration in many neurological diseases. As it is difficult
to discuss all the neurological disorders in this review, authors
have limited the discussion to some of the major disorders, in
brief.

CNS Trauma

CNS injury leads to tissue damage and often results in barriers
to axonal regeneration. One such barrier is the glial scar com-
prised of reactive astrocytes and proteoglycans. Glial scar is a
collective mass of reactive astrocytes beyond which the axons
cannot grow resulting in dystrophic appearance. The reactive
astrocytes in the glial scar produce inhibitory extracellular
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matrix molecules, mainly chondroitin and keratan sulfate pro-
teoglycans which are thought to be playing a role in inhibiting
axonal regeneration (Silver and Miller 2004).

Apart from acting as a barrier to axonal regeneration,
reactive astrocytes also play protective roles in CNS
trauma. Ablation of reactive astrocytes adjacent to the
forebrain stab injury leads to neuronal degeneration, an
increased outgrowth of the nerve fibers in the injured
tissue, leukocyte infiltration, and failure of blood-brain
barrier repair (Bush et al. 1999). Astrocytes protect tis-
sue and preserve function after mild or moderate spinal
cord injury (SCI). Ablation of reactive astrocytes in the
close vicinity of the injury causes failure in blood-brain
repair, leukocyte infiltration, local tissue disruption, se-
vere demyelination, neuronal and oligodendrocyte death,
failure of wound contraction, and motor deficits. Thus,
preserving reactive astrocytes and its functions can help
to reduce the secondary tissue degeneration in SCI
(Faulkner et al. 2004).

Stroke and Cerebrovascular Disease

Astrocytes convert their glycogen to lactate and transport it to
the neighboring neurons thus supporting their normal energy
requirements in stressful conditions such as ischemia. This
process delays the ATP loss and preserves energy status in
both astrocytes and neurons during ischemia. In contrast, stud-
ies of hyperglycemia during stroke have shown that glycolysis
occurring in the absence of oxygen can add to the ischemic
damage because of the enhanced lactic acidosis (Lindsberg
and Roine 2004).

In general, ischemia promotes the metabolism of astrocytic
glycogen which induces astrocytic calcium overload.
Increasing calcium overload in astrocytes causes increased
ATP release which leads to glutamate release from astrocytes
through the opening of P2X receptors culminating into gluta-
mate excitotoxicity (Duan et al. 2003). Astrocytic glutamate
vesicle release can also be induced by increased calcium re-
lease from the intracellular stores (Hua et al. 2004); this glu-
tamate can cause neuronal excitation through mGluR.
Perturbed glutamate transmission is a key contributor to ische-
mic brain damage. Astrocyte-neuron communication is sub-
stantially affected by ischemia as astrocyte is the major con-
tributor to glutamatergic transmission.

A mitochondrial mechanism of neuroglial cross talk
can be observed in conditions such as ischemic stroke
where astrocytes release functional mitochondria that get
transferred to neurons. A study using the rat model sys-
tem proves that the release of extracellular mitochondri-
al particles is occurring through a Ca®*-dependent
mechanism which involves CD38 and cyclic ADP ri-
bose signaling (Hayakawa et al. 2016).
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Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder and a leading cause of dementia across
the globe. It is characterized by (3-amyloid deposition,
the formation of neuritic plaque and neurofibrillary tan-
gles in the brain.

The disease progression is accompanied by alterations in
astrocyte morphology and activities that make astrocytes re-
active (Fu et al. 2015). Various signaling pathways related to
astrocyte-neuron interaction, primarily the pathways involv-
ing calcium, proteoglycans, transforming growth factor (3
(TGF-f3), nuclear factor-kappa B (NF-kB), and complement,
have been reviewed in detail by Lian and Zheng (2016).
Astrocyte migration and accumulation occurring at the site
of A3 deposition is a consequence of augmentation of a che-
mokine, monocyte chemoattractant protein-1 (MCP-1). The
migration stops upon interaction with Af3; 4,. Astrocytes as-
sociate with A3 deposits and carry out its degradation. The
astroglial clearance of Af3 is impaired in AD, thus contribut-
ing to the disease progression (Wyss-Coray et al. 2003).
Apolipoprotein E plays an important role in the astroglial
clearance of AP deposits, as Apoe '~ astrocytes from adult
mouse astrocytes are unable to degrade A3 deposits in brain
sections with A plaque (Koistinaho et al. 2004).

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegener-
ative disorder characterized by the death of motor neu-
rons in cortex, brain stem, and spinal cord that causes
weakening of skeletal muscles. Rodent astrocytes ex-
pressing mutated SODI1 cause the death of motor neu-
rons by releasing toxic factors through a Bax-dependent
mechanism. Interestingly, these SODI1-mutated astro-
cytes are not harmful to other neurons such as spinal
GABAergic or dorsal root ganglion or interneurons
(Nagai et al. 2007).

Major loss of motor neurons is attributed to the neurotoxic
levels of extracellular glutamate, linked to the impaired gluta-
mate transport system in the brain and spinal cord of ALS
patients (Rothstein et al. 1992). Spinal motor neurons show
reduced expression of major histocompatibility complex class
I (MHCI) in ALS. MHCI level in motor neurons determines
the susceptibility to ALS astrocyte-induced toxicity (Song
et al. 2016). Co-culturing of motor neurons with ALS astro-
cytes results in reduced expression of MHCI on motor neu-
rons, thereby confirming the implication of astrocytes in ALS.
The astroglial population may also respond to the neuronal
loss, adding more to the neurodegeneration by influencing
the disease progression. miRNA released extracellularly from
the dying neurons affect the glial cells present in the arena.
miRNA-218, for instance, released from the motor neuron are
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taken up by the astrocytes, modulates EAAT?2 expression, and
thus causes astrocyte dysfunction, which further adds to the
neurodegenerative environment (Hoye et al. 2018).

Huntington’s Disease

Huntington’s disease (HD) is a disorder caused by the neuro-
degeneration of the striatal neurons. It is an autosomal domi-
nant disorder, arising due to the expansion of CAG repeats in
the gene called Huntingtin (Htt). The cognitive decline and the
movement disorders seen in HD occur due to the neuronal loss
in cortex and striatum (Kim et al. 2014; Nana et al. 2014).

Neuronal death in HD is caused by increased astrocytic
activity seen in the form of enhanced release of proinflamma-
tory cytokines, caused by prolonged NF-kB pathway activa-
tion (Hsiao et al. 2013). Using genetically encoded Ca®* and
glutamate indicators to track the astrocyte involvement in the
corticostriatal circuit of adult WT and HD model mice, it has
been demonstrated that WT striatal astrocytes show prominent
spontaneous Ca”* signals but did not show evoked Ca** re-
sponse upon cortical stimulation. Whereas in HD mice model,
the striatal astrocytes show reduced spontaneous Ca”* signals
but enhanced evoked Ca”* signals upon cortical stimulation.
The altered calcium and glutamate signaling are major results
of Glt-1 dysfunction. Furthermore, K™ homeostasis is compro-
mised in HD model mice. Restoring Kir4.1 can rescue the
dysfunctional Ca** and glutamate signaling significantly
(Jiang et al. 2016).

CNS Infections

Astrocyte-neuron communications are severely affected by
the challenge with infectious agents. Reactive and scar-
forming astrocytes play a crucial role in protecting neurons
during some of the CNS infections. For example, GFAP+
astrocytes get activated, increase in number, and restrict the
spread of invading pathogens such as Toxoplasma gondii into
the CNS parenchyma (Drogemuller et al. 2008). Viral infec-
tions in the CNS pose a bigger health issue and have gained
the attention of researchers worldwide. The vast arena of neu-
rotropic viruses possessing their unique tropism makes the
situation even more complex. Different viruses and the type
of inflammation caused by them are nicely reviewed
(Swanson and McGavern 2015).

HIV-1 Infection in CNS

Once the virus enters the systemic circulation, it seeds itself
into the CNS during initial multiplication in the host and at the
first peak of viremia. During acute HIV infection in humans,
the viral DNA can be detected as early as 8 days post-expo-
sure. Cerebrospinal fluid (CSF) analysis and magnetic reso-
nance spectroscopy (MRS) further confirm the presence of the

virus in the CNS. Infected immune cells of the blood such as T
cells and monocytes cross the BBB and carry the virus to the
brain, following the Trojan horse hypothesis. In the brain,
perivascular macrophages and microglia are most susceptible
to viral infection as they have both the CD4 receptor and
chemokine co-receptors (Gonzalez-Scarano and Martin-
Garcia 2005). Increase in microglial cell activity, multinucle-
ated giant cell formation, the formation of myelin pallor, BBB
breaching, astrocytic dysfunction, and neurotoxicity are the
key outcomes of HIV-1 infection in the CNS (Elbirt et al.
2015).

Extensive investigations exploring the effects of HIV-1
show that the virus and the viral proteins can directly affect
the neuronal population and thus causing the cognitive decline
in AIDS patients. For instance, human primary neurons when
exposed to viral proteins HIV-glycoprotein120 (gp120) and
transactivator of transcription (Tat) show significant mito-
chondrial fragmentation and decreased mitochondrial mem-
brane potential which further leads to deregulated mitochon-
drial dynamics, hence compromising the neuronal health
(Teodorof-Diedrich and Spector 2018). HIV-1-associated neu-
roinflammation and cognitive decline are also observed in
mouse model where the hippocampus is directly infused with
viral proteins gp120 or Tat for 14 days. Microglial activation,
upregulation of inflammatory mediators, and decrease in sur-
vival and proliferation of neural stem cells (NSCs) altogether
lead to the cognitive dysfunction observed in the animal. HIV-
1 proteins also affect the differentiation ability of the NSCs in
the subgranular zone, as observed in the HIV-1 Tg26 trans-
genic mouse model. Increase in astrocytic differentiation and
reduced neuronal differentiation marks the deficits in the
early- and late-stage differentiation potential of the NSCs
(Hill et al. 2019; Putatunda et al. 2018). Importantly, the time
of the infection plays a role in disease progression and the
development of cognitive deficits. In rats, exposure to HIV-1
viral proteins, Tat;_gs and gp120, on postnatal day 1 (P1) has
severe effects on hippocampus anatomy and cognitive devel-
opment. In contrast, exposure to P10 results in deficits in
spatial learning specifically, without affecting the somatic
growth (Fitting et al. 2018). HIV-1 gp120 also affects the
striatal neurons by upregulating oc7-nicotinic acetylcholine
receptor («7-nAChR) in the gp120z-transgenic mouse
(gp120-tgm) model. By mediating calcium overload in the
cells, nAChR plays a key role in the gp120-induced neurotox-
icity. Moreover, the use of «7-nAChR antagonists ameliorates
the deficits observed in the striatum-dependent behavior in the
mice (Capo-Velez et al. 2018).

With the advent of highly active antiretroviral therapy
(HAART), AIDS patients are living longer, but it is estimated
that nearly 50% of AIDS patients experience some degree of
HIV-associated neurocognitive disorder (HAND) (Heaton
etal. 2010). These motor and cognitive deficits are collective-
ly termed as HAND and studied as a field of neuroAIDS.
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Although combinatorial antiretroviral therapy (cART) is suc-
cessful, in most cases, in rapidly reducing HIV RNA copies to
<50 copies/ml, the virus typically rebounds back quickly,
sometimes as early as within 2 weeks of cessation of therapy
(Davey et al. 1999). To achieve successful treatment of AIDS,
it is important to purge the viral reservoirs thoroughly. Hence,
a detailed understanding of the neuroAIDS field and the niche
areas that harbor the virus will surely help in better manage-
ment of the disease as well as in improving therapeutic
approaches.

Macrophages and microglia exhibit productive infection and
are the major reservoirs of HIV in the brain. Microglia being
long-lived cells can harbor the virus for a long period of time.
They can also be activated by cytokines and viral proteins re-
leased by infected cells. Activated microglia may further cause
neuronal damage by releasing excitatory amino acids (EAAs)
and EAA-like substances such as quinolinate, glutamate, and
cysteine, which induce neuronal apoptosis by causing
excitotoxicity. Also, microglia-derived inflammatory cytokines,
such as IL-1 and TNF-«, arachidonate, and its metabolites
and viral proteins, cause indirect neurotoxicity (Kaul et al.
2001). In contrast, HIV infection in astrocytes is of very low
level (Takahashi et al. 1996), and it is non-productive, reviewed
in Churchill and Nath (2013). The restricted HIV-1 replication
in astrocytes is because of insufficient translation of the struc-
tural proteins of the virus, such as Gag, Nev, and Nef. However,
there occurs an efficient translation of Tat and Rev mRNA
(Gorry et al. 1999). An RNA binding protein kinase (PKR)
plays a role in restricting this translation. This PKR response
is favored by the low levels of its antagonist transactivation
response element (TAR) RNA binding protein (TRBP) (Ong
et al. 2005). AIDS could have been a devastating CNS disorder
if astrocytes were sites for productive infections for HIV-1.
Despite the non-productive infection, the latently infected as-
trocytes produce some of the HIV-1 proteins, which are neuro-
toxic. HIV-1 Tat is detected even in patients, successfully treat-
ed with cART, with low to undetectable viral load in their
systemic circulation, which indicates that Tat is sourced through
HIV-1 residing in glial cells (Chauhan et al. 2003).

Both microglia and astrocytes may work synergistically
and contribute to the indirect neuronal loss observed in HIV-
1 neuropathogenesis. But the link between HIV-1 and astro-
cytes is little underexplored and awaits better exploration. The
next section highlights some of the key findings which justify
their link and also pave the way to focus on the astrocyte-
mediated neuronal loss which may further amplify the neuro-
toxic effects of activated or infected microglia.

HIV-1 and Astrocytes
Although HIV-1 infection in astrocytes is considered rare, up to

19% of GFAP+ cells, of subjects with HIV-associated demen-
tia, have HIV DNA. The frequency of infection increases when

@ Springer

astrocytes are in close proximity to macrophage, especially at
the perivascular regions. Also, the extent of infection is corre-
lated with the severity of neuropathological changes observed
in such patients (Churchill et al. 2009). Further several recent
reviews have emphasized the role of astrocytes in HIV
neuropathogenesis (Al-Harti et al. 2018; Barat et al. 2018;
Churchill and Nath 2013; Gorry et al. 2003; Gray et al. 2014;
Li et al. 2016). Studies focusing on pediatric HIV-1-associated
neuropathology describe the presence of viral particles in some
astrocytes. Particularly, the astrocytes in the subcortical white
matter possess a detectable level of HIV-1 nucleic acid and thus
can be considered as a reservoir (Tornatore et al. 1994). An
interesting study focusing on the mode of transmission of
HIV-1 to astrocytes shows that an efficient cell-to-cell contact
and transmission of the virus occurs between T lymphocytes
and astrocytes. Co-cultures of astrocytes and HIV-infected lym-
phocytes reveal that a CXCR4-dependent fusion process occurs
between the two cells which result in budding of immature viral
particles from lymphocytes to directly on the astrocyte mem-
brane (Li et al. 2015).

Various CD4/CXCR4-independent pathways may also be
involved in the entry of the virus into the cell. HIV virions
have been observed in clathrin-coated pits suggesting the in-
volvement of receptor-mediated endocytosis in viral entry. A
65-kDa surface protein acts as a receptor and facilitates spe-
cific binding to HIV-gp120 protein paving the way for the
endocytic pathway. HIV infection decreases in Rab-depleted
primary astrocytes, suggesting a CXCR4-independent viral
entry by endocytosis. Also, in non-human RS simian-human
immunodeficiency virus (SHIV)-induced encephalitis pri-
mate model, experimental studies reveal that the virus can
enter the brain in CD4-independent mechanisms and infect
microglia and CD4 negative astrocytes as well (Chauhan
et al. 2014; Hao and Lyman 1999; Zhuang et al. 2014).

Based on these findings, HIV-1 infection of astrocytes is no
longer a matter of debate; however, there is an urgent need to
gain an in-depth understanding of cellular and molecular
mechanisms for astrocyte-mediated neuronal damage. In fact,
the past decade has witnessed significant improvement in our
understanding of the indirect pathways of HIV-1-induced
astrocyte-mediated neuronal damage. It is hoped that this will
help in the better therapeutic management of neuroAIDS
patients.

Astrocytes Contribute to Neuronal Damage
in NeuroAIDS

Glial dysfunction is an important contributing factor in HIV-1
neuropathogenesis. Apart from the direct neuronal death
caused by HIV-1 and its proteins, a significant amount of
neurotoxicity is mediated by astrocytes, in addition to the
toxicity caused by activated or infected microglia, that further
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culminate into the indirect death of neurons. In the post-
HAART era, indirect neuronal death is prevalent over direct
death pathway, as most of the neuronal damage is through
glia, the cell type that safely harbors the HIV-1 virions.
There are several pathways that contribute to astrocyte-
mediated neuronal damage; some of the important ones are
discussed under this section (also see Fig. 1).

Astrocyte Gene Dysfunctions

HIV and its proteins cause astrogliosis by inducing several
modulations in the astrocyte genetic machinery which further
leads to astrocyte dysfunctions, most of which happen to be
detrimental for the neurons in the vicinity. Simian
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immunodeficiency virus (SIV)—infected macaques possess
decreased expression of aquaporin 4 (AQP4) and excitatory
amino acid transporter-2 (EAAT2) in the frontal cortex.
Moreover, swelling and vacuolar changes of astrocytic pro-
cesses are observed especially in the perivascular area in the
frontal cortex. Interestingly, areas of frontal cortex with re-
duced AQP4 tend to show intense gliosis (Xing et al. 2017).
HIV-1 protein Tat expression in mouse primary astrocytes
results in GFAP upregulation, aggregate formation, and inter-
mediate filament alterations. These events activate ER stress
which is further involved in astrocyte-mediated Tat neurotox-
icity. In addition to the ER stress, tat also promotes lysosomal
exocytosis in astrocytes, thus aggravating the neurotoxicity
(Fan and He 20164, b). Also, HIV-1 gp120 induces apoptosis

Postsynaptic neuron

== NMDAR
== AMPAR
% glutamate
®  vesicular glutamate (VGLUT)
@, glutamate release
=» glutamate transporter (EAAT)

A tripartite synapse showing astrocyte-neuron communication

Astrocytes in healthy state
¢ Cells in resting state
* Release and uptake neurotransmitters
* Maintain glutamate homeostasis
* Trophic and metabolic support to neurons
* Removal of wastes and toxins from CNS
¢ Intercellular communication via gap junction
* BBB maintenance
¢ Play role in neural protection and repair

* Help in CNS development

* Maintenance of pH and water homeostasis
* Maintenance of ion homeostasis

* Blood flow regulation

Fig. 1 A tripartite synapse showing astrocyte-neuron communication

Astrocytes in neuroAIDS
* Astrocytosis/astrocyte activation
¢ Release proinflammatory cytokines and chemokines
e Compromised glutamate uptake
¢ Reduced release of neurotrophic factors
* Release viral proteins and neurotoxins
* Spread toxic molecules via gap junctions
e Compromised BBB integrity
¢ Contribute to indirect neuronal death

¢ Non-productive HIV-1 infection
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through ER stress. These ER-mediated effects are IREla,
INK, and AP-1 pathway dependent (Shah et al. 2016).

A transgenic (tg) mouse model, GFAP-gp120 tg, express-
ing gp120 under the control of the promoter of GFAP in as-
trocytes, manifests several features similar to those observed
in brains of AIDS patients. This further provides a tool to
study the effects of viral protein on astrocyte functions. The
viral proteins also affect the signal transduction pathways and
thus contribute to pathogenesis. HIV-1 gp120 exposure to
both C6 astrocytoma cells and transgenic mouse astrocytes
leads to upregulation of protein kinase C (PKC). Also, the
brain tissue of HIV-1 encephalitis patients shows enhanced
PKC immunoreactivity which further contributes to
astrogliosis observed in HIV-1 neuropathogenesis (Thaney
et al. 2018; Wyss-Coray et al. 1996).

Altered transcriptional regulation of several inflammatory
molecules in astrocytes in the presence of the virus or viral
proteins is a major factor in HIV-1 neuropathogenesis. Histone
deacetylase 6 (HDAC6), a member of class ITb HDACs, plays
key roles in such regulations. Importantly, HIV-1 Tat induces
HDAC6 expression in primary mouse astrocytes. HDAC6
activates mitogen-activated protein kinases which further reg-
ulate NF-kB/AP-1 pathways, thereby inducing the expression
of neurotoxic chemokines and adhesion molecules (Soo Youn
et al. 2015). A correlation study focusing on the cross talk
between HDAC6 and NADPH oxidase has shown that
knocking down one out of the two reduces the HIV-Tat in-
duced expression of the other and reduces the generation of
ROS and proinflammatory chemokines such as CCL2, C-X-C
motif chemokine ligand 8 (CXCL8), and CXCL10 (Youn
et al. 2017). Few pieces of evidence point towards the fact
that deregulation of the complement system may be a contrib-
uting factor in disease pathogenesis. Complement compo-
nents may contribute to astrocyte dysfunction in the CNS as
well. A recent study reported the higher expression of com-
plement components in brain tissue of HAND patients.
Specifically, HIV indirectly induces C3 expression through
NF-kB—driven IL-6 induction that further activates C3 pro-
moter (Nitkiewicz et al. 2017).

Surface receptors or transmembrane proteins may also play
a role in mediating the molecular mechanisms which further
may contribute astrocyte dysfunction seen in HIV-1
neuropathogenesis. CD38, a type II single-chain transmem-
brane glycoprotein expression has been reported to be upreg-
ulated in primary human fetal astrocytes co-stimulated with
HIV-1 and IL-13 when compared with untreated or HIV-1
alone—treated group. Altered CD38 activity and signaling then
contribute to the astrocyte reactivity. Increased CD38 expres-
sion has also been validated on brain tissue specimens from
HIVE patients. Also, HIV-1 gp120 enhances CD38 expres-
sion, in a dose-dependent manner, and upregulates the enzyme
activity (Banerjee et al. 2008; Kou et al. 2009).
Immunohistochemical assessment of tissues from HAD cases
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also reveals the accumulation of nuclear p53 protein in glial
cells. A subpopulation of both astrocytes and microglia shows
p53 immunoreactivity in the HIV-infected brain. This p53
activation promotes upregulation of proapoptotic genes such
as Bax and also cyclin-dependent kinase inhibitor, p21™AF!
which promotes cell cycle arrest (Jayadev et al. 2007).

Energy metabolism of glial cells in the neuroAIDS is an
area which has not received due attention by the researchers of
the field. However, there are few reports that discuss the al-
tered levels of the brain metabolites observed in neuroAIDS.
Using "H MRS on macaque models of neuroAIDS, decrease
in N-acetyl aspartate (NAA) and increase in creatine concen-
tration have been reported. Neuronal loss, as indicated by
increased NAA, has been further validated by an experiment
which shows downregulated expression of synaptophysin,
microtubule-associated protein-2, as well as the reduced den-
sity of the neuronal population. This study also attributes the
high levels of creatine to the enhanced metabolism of the
activated glial cell types in neuroAIDS conditions (Ratai
etal. 2011).

Studying the spatial relationship between astrocytes and
neurons in inflammatory conditions may provide us with even
more information about their interactions. Alterations, if any,
in spatial relationships may affect the brain function. In an
investigation done on superior frontal gyrus from 29 patients
who died of AIDS, it was observed that a unique spatial pat-
tern exists between astrocytes and neurons. As dementia pro-
gresses, astrocytes showed a clustered pattern. Moreover, bi-
variate spatial pattern analysis reveals that as dementia pro-
gresses, astrocytes and neurons tend to stay away from each
other whereas astrocytes and interneurons showed evidence of
staying in close proximity to each other (Roberts et al. 2013).
Detailed investigations are needed in support of such obser-
vations and also to investigate the mechanisms responsible for
such spatial relationships in HAND pathogenesis.

Glutamate Excitotoxicity

The excess of glutamate at the synapse leads to sustained open-
ing and thus heavy inflow of ions across the channels which
further activate Ca®* signaling and also Ca**-dependent down-
stream effectors, leading to neuronal damage. One of the major
contributions of astrocyte in the maintenance of neuronal phys-
iology is the uptake of an excess of glutamate that occurs through
glutamate transporters EAAT1 and EAAT2. HIV-1 infection or
the viral proteins (gp120 and Tat) reduce the expression of these
glutamate transporters present on the astrocyte membrane (Wang
et al. 2003; Zhou et al. 2004). This results in poor clearance and
ultimately the excess of glutamate concentrations, which causes
excitotoxicity to the neurons and hence the very cells that were
supposed to be friends of neurons, turn foe.

A study, which directly links HIV-1 Tat to astrocytosis and
subsequent neuronal death, shows Tat significantly increases
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GFAP, a marker of astrocytic activity. Moreover, Tat disturbs
the glutamate uptake functioning of astrocytes. Further, cell
supernatants from these deregulated astrocytes cause significant
neuronal death (Zhou et al. 2004). Glutamate disbalance and
neurotoxicity are also associated with reduced levels of heme
oxygenase-1 (HO-1), a phase II detoxifying enzyme, in brains
of HAND patients. A major portion of HO-1 in the brain is
contributed by the astrocytes. In prolonged HIV infection,
IFNy downregulates the protein levels of HO-1 without reduc-
ing its RNA levels. The reduced expression of HO-1 is linked to
the enhanced immunoproteasome subunits (Kovacsics et al.
2017). The impaired glutamate uptake by astrocytes can also
be a secondary outcome of the effects of HIV protein gp120 on
macrophages. Under the effect of gp120, macrophages release
arachidonic acid which further inhibits the glutamate uptake by
astrocytes (Dreyer and Lipton 1995).

Release of Proinflammatory and Neurotoxic
Substances

The cytokines released by the infected and/or activated microg-
lia and macrophages further activate the astroglial cells which
lead to enhanced release of proinflammatory cytokines from the
astroglial cells which culminate to neurotoxicity. Some of the
signaling molecules released by astrocytes along with pathways
mediating their release are discussed in this section.
Extracellular signaling molecule such as adenosine-5'-tri-
phosphate (ATP) is released by both astrocytes and neurons;
its levels are found to be high in several pathological condi-
tions including neuroAIDS. Experiments performed on pri-
mary progenitor-derived astrocytes and neurons suggest that
voltage-dependent anion channel 1 (VDACI1) expression in-
creases in response to HIV-1 Tat leading to the enhanced re-
lease of ATP. VDACI expression was further found to be
regulated by miR-320a. Enhanced ATP release mediated by
miR320a-VDACI axis is an important contributing factor in
astrocyte-mediated neuronal loss seen in neuroAIDS (Fatima
et al. 2017). ATP also serves as a ligand for a family of recep-
tors known as purinergic receptors. It has been demonstrated
that P2X7 receptors (a type of purinergic receptor) play a
significant role in HIV-1 Tat-induced astrocyte-mediated neu-
rotoxicity. By enhancing P2X7R expression, HIV-1 Tat medi-
ates enhanced release of chemokine (C-C motif) ligand 2
(CCL2) in Ca**- and extracellular signal-regulated kinase
(ERK)1/2-dependent manner, thereby augmenting infected
monocyte infiltration into the brain (Tewari et al. 2015).
Also, HIV-1 protein Nef-expressing human astrocytic
U251MG cells show upregulated expression of CCL2/MCP-
1 which is a chemoattractant for monocytes/macrophages and
T cells. This study also showed that calmodulin mediates the
process of Nef-induced CCL2/MCP-1 expression in astro-
cytes (Lehmann et al. 2006). Other chemokines such as che-
mokine (C-C motif) ligand 5 (CCL5) production in astrocytes

is induced by HIV-1 viral proteins such as Tat, viral protein R
(Vpr), Nef, and gp120. In astrocytes, these HIV-1 proteins
activate PI3K-Akt and p38 MAPK pathways which further
activate downstream transcription factors such as NF-kB,
C/EBP«, C/EBPy, and AP-1 to regulate the expression of
CCL5 (Gangwani et al. 2013; Liu et al. 2014; Nookala et al.
2013; Shah et al. 2011). Co-stimulation of primary human
astrocytes with HIV-1 Tat, IFN-y, and TNF-x shows in-
creased induction of neurotoxic chemokine CXCL10. This
increase is regulated by p38, Jnk, and Akt signaling pathways
and the transcription factors downstream to these pathways
(Williams et al. 2009).

The deleterious effects of reactive astrocytes can also be
conferred upon the neuronal population by nitric oxide (NO)
production by the astroglial cells infected with HIV-1. HIV-1
Tat gene expressing human astrocytes show enhanced expres-
sion of inducible nitric oxide synthase (iNOS) and also NO
production. These processes occur under the effect of NF-kB
and C/EBPf3 activation. Also, HIV-1 gp120 exposure to as-
trocytes induces iNOS and further causes astrogliosis.
Ascorbate incubation attenuates the astrocyte hyperactivity
and prevents neuronal injury, thus confirming the NO-
mediated toxicity seen in neuroAIDS (Liu et al. 2002; Walsh
et al. 2004). By modulating the levels of arachidonic acid as
well, HIV-1 gp120 inhibits neuronal NOS with subsequent
activation of IL-1b and iNOS transcription in astrocytes, ulti-
mately contributing to neuronal stress (Persichini et al. 2014).

Astrocytes once infected with HIV-1 not only release an
excess of signaling molecules but also can release viral pro-
teins encapsulated in vesicles which bring about their effects
after entering neurons. HIV-1 Nef is released in such extracel-
lular vesicles from primary human fetal astrocytes expressing
HIV-1 Nef. These vesicles carrying Nef cause neuronal toxic-
ity that is manifested in the form of axonal and neurite degen-
eration, and they also alter the neuronal action potential, con-
tributing to neurotoxicity seen in HAND patients (Sami
Saribas et al. 2017).

WNT/B-Catenin Signaling Deregulation

A significant number of studies show that Wnt, a glycopro-
tein, acting independently or via (3-catenin, plays important
roles in regulating CNS activities. Experiments performed on
astrocytic cell lines US7MG, U251MG, and primary
progenitor-derived astrocytes reveal that both endogenously
expressed and exogenously added HIV-Tat downregulate (3-
catenin/Wnt signaling that was dependent on the intact core
and cysteine-rich domains of Tat. The downregulation of the
[3-catenin signaling by Tat is mediated through miRNAs
(Henderson et al. 2012; Sardo et al. 2016). Tat binding to a
subset of miRNAs may alter the cellular miRNA profile and
thereby affect the CNS.
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In the context of studying the interaction between periph-
eral blood mononuclear cells (PBMCs) and astrocytes, it has
been observed that human progenitor-derived astrocytes have
a distinct profile of released Wnt ligands. Out of all the re-
leased ligands, Wnt 2b and Wnt 10b expressions increase
post-HIV infection. Using astrocytic-conditioned media over
PBMC:s, it has been observed that Wnts inhibit HIV replica-
tion in PBMCs with Wnt 1 and Wnt 2b having the highest
inhibitory effect. In contrast, conditioned media from the ac-
tivated CD8+ T cells enhance HLA-DR and IFNvy in astro-
cytes. Also, it enhances the HIV infection in astrocytes in an
IFNvy/Stat-3—dependent manner (Richards et al. 2015).

Hemichannel or Gap Junction-Mediated Toxicity

Junction proteins form hemichannels and/or gap junctions.
These contribute to the signal transmission and intercellular
trafficking in astrocytes and modulate cell activity affecting
neuronal physiology. The gap junction communication am-
plifies the adverse effects of even a very small fraction of
astrocytes infected with HIV-1. For instance, a study has dem-
onstrated that the expression of a gap junction protein
connexin 43 (Cx43) gets upregulated under the effect of
HIV-1 Tat. This leads to an active communication among
astrocytes including the transfer of toxic signals from infected
to uninfected astrocytes, causing bystander killing (Berman
et al. 2016). The gap junctions mediate the adverse effects of
HIV-1-infected astrocytes on the blood-brain barrier (BBB)
integrity (Eugenin et al. 2011). Alterations in these proteins
in astrocytes also affect the neuronal population. HIV infec-
tion of human astrocytes leads to an increased opening of
Cx43 hemichannels which mediates an increase in expression
and secretion of a soluble Wnt signaling inhibitor Dickkopf-1
(DKK1). HIV-mediated upregulation of DKK1 and exoge-
nous addition of DKK1 both lead to the collapse of neuronal
processes (Orellana et al. 2014).

Conclusion

Recent research works on astrocyte biology have proved the
importance of this cell type in maintaining the health of the
brain. The dynamic interaction of astroglia with the other cell
types in contexts such as astrocyte-neuron communication,
synaptic transmission, plasticity, neural protection, and repair
have made these cells indispensable for the maintenance of
healthy CNS. In fact, the cross talk is dynamic and bidirec-
tional; recently, few studies have also suggested that neurons
modulate astrocytic functions (Hasel et al. 2017), which has
opened a new avenue of research. Discoveries of new roles for
astrocytes are continuing even today, while this review was
being compiled; a study performed in rats suggests that astro-
cytes help the brain to tune breathing rhythms (Sheikhbahaei
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et al. 2018). Astrocyte deregulations have emerged to be one
of the important contributing factors of the several CNS dis-
orders and pathology. Specifically, in neuroAIDS, despite the
low productive infections, astrocytes amplify the neurotoxic
effects of microglia to contribute to neuronal damage through
different mechanisms. Although dissecting out those mecha-
nisms demand much more exploration, some of them include
the release of proinflammatory or neurotoxic substances, glu-
tamate misbalance, wnt/[3-catenin signaling deregulations, the
spread of toxicants via hemichannels, and gap junctions.
Adding new observations to the existing pool of information
will lead to a better understanding of astrocyte physiology and
its altered behavior in neuroAIDS and other CNS disorders
and pathology.
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