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HIV Associated Neurodegenerative Disorders: A New Perspective on the
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Abstract: The implementation of combination antiretroviral therapy (cART) as the primary means
of treatment for HIV infection has achieved a dramatic decline in deaths attributed to AIDS and the
reduced incidence of severe forms of HIV-associated neurocognitive disorders (HAND) in infected
individuals. Despite these advances, milder forms of HAND persist and prevalence of these forms of
neurocognitive impairment are rising with the aging population of HIV infected individuals. HIV
enters the CNS early in the pathophysiology establishing persistent infection in resident macro-
phages and glial cells. These infected cells, in turn, secrete neurotoxic viral proteins, inflammatory
cytokines, and small metabolites thought to contribute to neurodegenerative processes. The viral en-
velope protein gp120 has been identified as a potent neurotoxin affecting neurodegeneration via in-
direct and direct mechanisms involving interactions with chemokine co-receptors CCR5 and
CXCRA4. This short review focuses on gp120 neurotropism and associated mechanisms of neurotox-
icity linked to chemokine receptors CCRS and CXCR4 with a new perspective on plasma membrane
lipid rafts as an active participant in gpl20-mediated neurodegeneration underlying HIV induced
CNS pathology.
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1. INTRODUCTION

Human immunodeficiency virus (HIV), a member of the
lentivirus genus of the Retroviridae family of RNA viruses,
is the etiologic agent responsible for acquired immune defi-
ciency syndrome (AIDS) and its associated complications,
which has been responsible for 35 million deaths and more
than 70 million infections worldwide since first emerging in
the early 1980s [1]. As with other lentiviruses, HIV causes
chronic disease in infected individuals with a characteristic
period of clinical latency and persistent viral replication.
Advances in understanding the virus and improvements in
diagnosis, treatment, and outcomes of the disease have led to
a substantial reduction in HIV-related mortality. However, as
the epidemiology of HIV/AIDS shifts from an acute infec-
tion to chronic disease, new challenges emerge in terms of
management of long-term infection and associated comor-
bidities that can have profound impacts on quality of life for
infected individuals. HIV isolates are grouped into two types
of which HIV-type 1 (HIV-1) is the strain responsible for the
present worldwide epidemic of AIDS and is the principal
subject of this review.
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1.1. HIV-associated Neurodegenerative Disorder

While the primary pathophysiology of HIV is typically
associated with immune dysfunction and dysregulation, cog-
nitive impairments have been a long recognized consequence
of infection. The spectrum of progressive neurological com-
plications of infection is characterized into three groups,
ranging from asymptomatic neurocognitive impairments
(ANI) to mild neurocognitive disorders (MND) and the more
severe HIV-associated dementia (HAD) [2]. These cognitive
dysfunctions referred to under the umbrella term HIV-
associated neurological disorders (HAND) are diagnosed via
neuropsychological testing and functional status assess-
ments, and have been reported to affect 20-50% of HIV-
infected individuals [3, 4]. Since the implementation of
combined antiretroviral therapy (cART) as the primary
treatment regimen for HIV/AIDS in the mid-1990’s there has
been a significant reduction in the incidence of the severest
form of HAND, now rarely seen in developed countries in
the post-cART era. However, the prevalence of milder forms
of HAND remains stable and is expected to rise with the
aging population of HIV-infected individuals [5]. In the
United States, of the 1.2 million people living with HIV, an
estimated 50% are older than 50 years of age, with an ex-
pected increase to 70% of the population of infected indi-
viduals by the year 2030 [6]. Complications from HIV infec-
tion may overlap with other age-associated neurodegenera-
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tive diseases such as Alzheimer’s disease. Several groups
have reported an increased accumulation of amyloid-f3 pre-
cursor protein (APP) in the brains of HIV infected patients
[7-9]. It is hypothesized that neuroinflammation resulting
from the activity of proinflammatory HIV proteins, including
Tat and gp120, as well as prolonged cART and aging all,
contribute to the overall increase in amyloid deposition.
Thus, long-term infection with HIV might contribute to the
worsening of age-related neuronal damage with evidence
increasingly suggests that HIV infection exacerbates age-
associated cognitive decline [10, 11]. With the shift of HIV
infection to a chronic disease in the post-cART era, so too
does the potential for significant effects on cognitive decline
in the aging population of infected individuals.

HIV invades the central nervous system (CNS) during
early infection and viral RNA has been detected in samples
of cerebral spinal fluid (CSF) and in the brain within weeks
of initial viral exposure with compartmentalized HIV repli-
cation detected in the CNS within four months of infection
[12]. The early infiltration of independently replicating virus
within the CNS may represent a mechanism by which the
virus establishes a pharmacological and immunological sanc-
tuary site, owing to the inability of most antiretroviral drugs
to cross the blood-brain barrier and the restricted entry of
lymphocyte populations into the brain [13-17]. Assessment
of cognitive impairment in a population of long-standing
aviremic patients yielded an estimated prevalence of HAND
in individuals adherent to cART regimens at 69% [18]. In-
deed, numerous studies support the occurrence of cognitive
impairment in HIV-infected individuals despite cART-
mediated suppression of HIV viral load in plasma [19-21].
HIV RNA viral load in the CSF has been reported to be sig-
nificantly correlated with neurological dysfunction inde-
pendent of plasma viral load [22]. Thus, evidence increas-
ingly supports the CNS as a site of persistent low-level HIV
infection.

HIV infects the CNS via a “Trojan Horse” model of
blood-brain barrier (BBB) crossing that is characteristic of
lentiviral spread in the bloodstream and CSF [23]. HIV infil-
trates the brain via infected CD4+ macrophages and lympho-
cytes, allowing for transmigration of virus to perivascular
spaces of the CNS while evading immune detection. Here,
the infection is propagated in populations of perivascular
macrophages and microglia [24]. Infected cells secrete neu-
rotoxic viral proteins, inflammatory cytokines, and small
metabolites that may contribute to further disruption of the
BBB and promote continued influx of the virus [25, 26].

HIV infection of the CNS is associated with activation of
microglia and astrocytes, as well as the induction of inflam-
matory and neurotoxic insults which contribute to the neu-
rodegeneration and cognitive decline characteristic of
HAND. Despite the prevalence of HIV-associated cognitive
dysfunctions, the molecular and cellular mechanisms under-
lying HAND are poorly understood and are thought to con-
sist of a combination of direct viral infection of cells of the
CNS and indirect mechanisms involving host factors and
neurotoxic effects of HIV-associated proteins.

Notably, HIV viral proteins Tat and gpl20 have been
implicated in affecting BBB integrity and promoting viral
entry into the CNS. Tat (HIV fransactivator of franscription),
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a viral regulatory protein responsible for activating viral
transcription, is one of the first HIV proteins to be expressed
following infection [27]. Tat has been recognized for its neu-
rotoxic role in HAND and similarly to gp120 is found in
extracellular spaces in a soluble form [28]. In the CNS, Tat
has demonstrated neurotoxicity, including induction of neu-
ronal oxidative stress via secretion of cytokines and
chemokines and neuronal apoptosis via a pathway of NMDA
receptor-mediated glutamate excitotoxicity [29, 30]. Tat has
been detected in postmortem brains and CSF of HIV infected
subjects, and numerous studies support Tat-mediated perme-
abilization of the BBB [31-33]. A recent study utilizing a
Tat-expressing transgenic murine model to examine the in-
fluence of Tat expression on BBB integrity found Tat expo-
sure is sufficient to destabilize BBB integrity and increase
the presence of activated perivascular macrophages and mi-
croglia in an in vivo model of HAND [34]. These results
support previous evidence that Tat-dependent disruption to
the BBB may also contribute to glial activation and inflam-
mation that underlie indirect neuronal injury observed in
HAND [35]. While a role for Tat in HAND is clearly sup-
ported, Tat's contribution is beyond the scope of this review
and is discussed elsewhere in greater detail [36].

Viral surface protein gp120 has also been linked to func-
tional impairment of the BBB. As well as documented gp120
activation of proinflammatory genes and increased migration
of monocytes across the BBB, a significant increase in per-
meability of brain endothelial cells in the presence of circulat-
ing gp120 has been reported [37, 38]. In both reports, removal
of gpl120 restored integrity of the BBB. The remainder of this
review will focus on gp120-mediated neurotoxicity.

2. HIV GP-120

The entry of HIV to host cells is mediated by envelope
glycoproteins gpl120 and gp4l. The non-covalently linked
gp120 and gp41 interact to form a trimer of gp120/gp41 het-
erodimers where gp120 serves as a viral surface protein rec-
ognizing host CD4 and chemokine co-receptors and the
transmembrane gp41 functions as a fusion peptide to assist in
viral-host membrane fusion [39]. Given the relatively weak
association between the two subunits, gp120 shed from the
trimer is well documented [40, 41]. Indeed, high levels of
monomeric soluble gp120 have been detected in secondary
lymphoid organs of chronically infected individuals, while
high levels of anti-gp120 antibodies have been detected in
cerebral spinal fluid (CSF) of patients with HAD [42-44].

2.1. Gp120 Interaction with Membrane Lipid Raft Do-
mains

Binding of viral surface glycoprotein gp120 to receptors is
restricted to host-cell lipid raft domains (Fig. 1) [45]. Lipid
rafts are small (10-200nm), dynamic cholesterol and sphingo-
lipid-enriched microdomains in the plasma membrane that
serve to compartmentalize cellular processes, facilitating pro-
tein-lipid and protein-protein interactions and signal transduc-
tion events [46-48]. Membrane rafts have been implicated as
critical signaling nodes of several neurological pathologies
including Alzheimer’s and Parkinson’s diseases where they
appear to play a role in mediating pathologic signal transduc-
tion characteristic of these neurodegenerative diseases
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Fig. (1). Schematic representation of HIV-1 surface protein gp120 binding to host cell receptors in lipid raft domains. A. Viral mem-
brane bound gp41/gp120 trimer. B. Binding to cellular CD4 receptor facilitates a conformational change in gp120 variable loop 3, allowing
for further interaction with chemokine co-receptors CCRS or CXCR4 (C).

[49, 50]. It has been demonstrated that many pathogens in
addition to HIV exploit the lipid raft environment, including
influenza and Ebola, at various stages of the viral lifecycle
(viral entry, assembly, and budding) [51]. The life cycle of
HIV is intricately tied to raft domains and requires interac-
tion with raft-localized receptors for initial binding, viral-
host membrane fusion, virion assembly, and subsequent re-
lease of viral progeny [52-55].

Several studies support the crucial role of rafts for HIV
target receptor function. Fluorescence resonance energy
transfer imaging has revealed a requirement for lipid rafts in
the interaction between CD4 and co-receptors, thus suggest-
ing receptor localization to lipid raft domains [56]. CD4 is
enriched in lipid raft domains where it serves to facilitate
coalescence of these domains and mediates the attachment
and entry of HIV into host cells [54, 56, 57]. Site-directed
mutagenesis has been used to identify a short sequence of
positively charged amino acid residues in the cytoplasmic
domain of CD4 controlling its targeted partitioning into raft
domains [58]. In addition to CD4, HIV co-receptors CCR5
and CXCR4 are also found in detergent-resistant membrane
fractions following exposure to HIV gp120. Host membrane
cholesterol is but one particular lipid that is required for HIV
infection, as evidenced by the blocking of viral entry follow-
ing treatment with the cholesterol chelator methyl-f3-
cyclodextrin. Interestingly, the specific lipid environment of
raft domains appears to be necessary for the conformational
stability and function of these receptors and putative choles-
terol binding sites in both chemokine receptors that appear to
support their localization to raft domains have been identi-
fied [59]. These results support previous studies identifying a
requirement for cholesterol in conformational integrity and
function of both CCRS5 and CXCR4 receptors [53, 60].

2.2. Gp120 Co-receptor Tropism

In most cases, gp120 binding to CD4 alone is not enough
to induce membrane fusion, and interaction with a secondary
co-receptor is required [61]. Gp120/CD4 interaction initiates
a series of successive conformational changes in gpl20
structure, ultimately exposing the third variable region (V3)
loop which greatly enhances the affinity of gpl20 to
chemokine co-receptors CCRS5 or CXCR4. Viral tropism is

determined by V3-loop recognition of these co-receptors [62,
63]. Notably, viral transmission independent of co-receptor
use has been demonstrated on rare occasions, and the estab-
lishment of an acute in vivo infection by a virus with a muta-
tion in the gpl120 V3 loop that prevented its binding with
CCRS and/or CXCR4 has been described [64]. Evidence of
cell-to-cell HIV transmission activated by contact of infected
and uninfected primary CD4" T cells in the absence of an
appropriate co-receptor also has been reported [65]. Con-
versely, in the CNS, gpl120 binding to both CCRS5 and
CXCR4 co-receptors independent of CD4 binding has been
documented [66, 67]. While these represent instances of
CD4/co-receptor-independent mechanisms of HIV transmis-
sion, it remains that most productive HIV infections are me-
diated by gp120 binding to both CD4 and co-receptors. In-
deed, a “low-CD4” entry phenotype, characterized by gp120
capable of infecting cells expressing low densities of CD4,
have been preferentially detected in the CSF of people with
HIV-associated dementia. This may be suggestive of viral
adaptation to the local cellular environment of the CNS al-
lowing the virus to infect a population of cells expressing
lower densities of CD4 [68].

Distinct strains of HIV can be categorized on the basis of
cellular tropism tied to co-receptor preferences. Macrophage-
tropic (R5) strains bind CCRS receptors and preferentially
infect peripheral blood mononuclear cells (PBMC), mono-
cytes, macrophages, and T-lymphocytes, but not T-cell lines.
T-cell tropic (X4) strains bind CXCR4 receptors of T-
lymphocytes and T-cell lines, and dual-tropic (R5X4) strains
bind both CCRS5 and CXCR4 receptors [69]. Whereas RS
strains are detected throughout all stages of infection and
disease, the population of viral strains in an individual often
evolves during the course of infection, and an initial pre-
dominance of RS strains gives way to the emergence of
R5X4 and X4 strains in an estimated 50% of individuals as
infection progresses [70].

The selective pressures driving the switch from CCRS to
CXCR4 receptor usage by HIV are not well understood,
though there is evidence to support different hypotheses
which may explain the underlying mechanisms. One hy-
pothesis posits that the emergence of CXCR4-binding virus
results from a depletion of susceptible CCR5-positive target
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cells as infection proceeds. This hypothesis is supported by
data indicating infected individuals heterozygous for a 32
base-pair deletion in the CCR5 gene, which results in lower
expression of CCRS5, have a higher incidence of X4 viruses
when compared to infected individuals with normal CCRS5
expression levels [71, 72]. Alternatively, a 2016 study pro-
vides evidence for host humoral immune pressure selecting
against CCRS5 variants facilitating the emergence of CXCR4
utilizing virus [73]. Although the mechanisms of tropism
switch may not be clear, the switch in receptor usage has
demonstrable clinical implications and the emergence of X4
strains have been linked to more severe illness and a more
rapid progression to AIDS [74].

Feline immunodeficiency virus (FIV) represents an ani-
mal model of immunodeficiency with similarities in patho-
genesis to HIV infection in humans, including subsequent
FIV infection of the CNS in domestic cats that results in neu-
rological symptoms comparable to those observed in HAND
[76]. A recently published study investigating the role of FIV
envelope glycoprotein gp95-mediated synaptic dysfunction
found gp95 signaling through neuronal CXCR4 facilitates an
elevation in intracellular Ca*" and subsequent increase in
synaptic activity [75]. Notably, the use of HIV antiretroviral
drugs on FIV infected cats has been demonstrated to signifi-
cantly reduce viral load, which may be suggestive of a simi-
lar mechanism for neuropathogenesis between the two lenti-
viruses, lending further support to a role for CXCR4 signal-
ing in HIV neurotoxicity [77, 78].

2.3. Gp120 Neurotropism

Most cell types in the CNS express HIV target receptors
CD4, CXCR4, and CCRS, suggesting that virus invading the
CNS has the potential to infect many different cell types. CD4
and CXCR4 receptors have been detected on astrocytes, mi-
croglial cells, and neurons. CCRS5 expression has been pre-
dominantly found on astrocytes and microglial cells, with less
consistent evidence to support CCRS5 expression on neurons.

Immunohistochemistry and flow cytometry have been
used to demonstrate expression of CCRS receptors on neu-
rons of macaques and humans and in particular, on hippo-
campal neurons of patients with AIDS [72, 73]. Notably,
neuronal expression of the receptor was decreased in the
brains of AIDS patients with HIV encephalitis as compared
to AIDS patients without HAND [79, 80]. In contrast, im-
munohistochemical analysis of the expression of CCRS,
CXCR4, and several other chemokine receptors in brains of
AIDS-positive and AIDS-negative patients found only
CXCR4 expression on neurons whereas CCRS5 expression
was restricted to glial cells [81]. These results are in accor-
dance with those of several other studies reporting CCRS
expression is restricted to glial cells of the CNS [82-84].
Whether the purported differences in neuronal CCRS expres-
sion are the consequence of differences in experimental ap-
proaches or representative of true physiological differences
in receptor expression has yet to be determined. There is
some indication that the expression of chemokine receptors
in cells of the CNS is dependent on cell culture conditions
and the cytokine environment. Interestingly, a study of
CCRS5 expression in rhesus macaque brains found expression
of receptors on cortical neurons increased with age and dem-
onstrated differential expression in subpopulations of neu-
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ronal cells [85, 86]. Such dynamic receptor expression may
be a factor in the inconsistencies reported above.

Though HIV co-receptors CCRS5 and CXCR4 are widely
expressed on cells of the CNS, productive infection appears
to be restricted to microglia and macrophages, although lim-
ited latent infection of astrocytes has been demonstrated [87-
90]. Productive infection of neurons has been reported but
remains rarely observed [91, 92].

2.4. Mechanisms of CNS Dysfunction

Despite limited evidence supporting direct infection of
neurons, it remains that synaptic dysfunction and neuronal
cell death are prominent features of HAND and likely under-
lie the cognitive and motor dysfunctions exhibited by in-
fected individuals [93-95]. Many studies investigating the
mechanisms by which HIV impedes CNS function focus
largely on neuronal cell death, which is attributed to both
direct neurotoxic effects of soluble HIV proteins shed from
infected cells, as well as bystander damage. The latter is a
consequence of activated macrophages, microglia, and astro-
cytes releasing pro-inflammatory cytokines and chemokines
leading to perturbed neuronal homeostasis [96-100]. While
neuronal loss explains some degree of reported neurological
complications of infection, neuronal death alone does not
account for the cognitive impairments observed in HAND
[101, 102]. HAND has been linked to impaired neuronal
plasticity, characterized by synaptodendritic damage and
decreased synaptic and dendritic density. Given the reduc-
tion of the severity of HAND, and in some instances the par-
tial reversal of HAND symptoms, following initiation of
cART, it is likely that a loss of synaptic plasticity and
synaptodendritic injury account for much of the neuronal
pathology observed in the HIV infected brain [103]. Indeed,
synaptic dysfunction is emerging as an important neuropa-
thologic mechanism underlying early CNS deficits and a role
for several HIV proteins has been implicated in synaptic loss
[75, 104, 105].

As previously described, FIV envelope protein gp95 has
been implicated in CXCR4-mediated synaptic dysregulation.
In this model, the intracellular Ca®" increase is facilitated by
the activation of both endoplasmic reticulum (ER) associated
calcium channels and inositol triphosphate receptors (IP3Rs),
and similarly to gp120, the activation of synaptic NMDARs.
Notably, the neuronal nitric oxide synthase (nNOS)-cGMP
pathway was found to be activated by both FIV gp95 and
HIV gp120 stimulation of NMDARs. Gp95/gp120 interac-
tion with CXCR4 promotes IP3 production and the nNOS
induced activation of c¢cGMP-dependent protein kinase II
(cGKII). Subsequent phosphorylation of IP3Rs and serine
845 of AMPA receptor subunit GluAl by cGKII leads to
elevated intracellular Ca®* levels and the promotion of
AMPA receptor expression at the cell surface resulting in
increased synaptic activity and Ca** hyperexcitation [75].

Gpl120 is among the most potent HIV neurotoxins with
deleterious effects reported in vitro for concentrations rang-
ing from 1 pM to 1 uM [106, 107]. Such potency, in the pi-
comolar and nanomolar range in an in vifro model is gener-
ally indicative of true in vivo biological relevance. There has
been some controversy regarding the physiological relevance
of gpl120 concentrations used in vitro to extrapolate its in
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vivo effects. Early attempts to quantify gp120 concentrations
in vivo relied on capture enzyme-immunoassays which may
be influenced by interfering plasma antibodies or limitations
in the specificity of the detecting antibody [107-109]. While
current understanding of in vivo concentrations of soluble
gpl120, particularly in the CNS, remains unclear, there is
substantial evidence for a pool of soluble gp120 that has bio-
logical activity independent of productive infection [44].
Indeed, in vitro and in vivo studies have demonstrated
gp120-mediated cell death in various neuronal populations
and the resulting neuronal and synaptic loss, axonal retrac-
tion and dendritic simplification are similar to neuropathy
observed in postmortem brains of HAD subjects [110, 111].

2.5. Gp120-mediated Neuronal Apoptosis

Several studies have identified a role for enhanced N-
methyl-d-aspartate receptor (NMDAR) activation in gp120-
mediated neurotoxicity. NMDA receptors are widely ex-
pressed on neurons and enhanced activation of NMDAR by
high concentrations of endogenous glutamate results in the
rapid influx of Ca’" and free radical generation, ultimately
activating pathways leading to neuronal apoptosis [111,
112]. Chronic NMDAR mediated excitotoxicity has been
implicated in several neurodegenerative diseases including
Alzheimer’s disease and Huntington’s disease and excitotox-
icity in HAND has been linked to the gp120-induced release
of excitatory molecules, including glutamate, from activated
microglia and astrocytes in the CNS [90, 113-115]. Interest-
ingly, gp120 has also been shown to act directly on NMDA
receptors via interaction of gp120 V3 loop to the glycine site
of the receptor and may be indicative of direct mechanisms
of neurotoxicity induced by gp120 interaction with NMDA
receptors [116].

In addition to NMDAR mediated neurotoxicity, gp120
has been associated with the generation of reactive oxygen
species (ROS) and nitrosative stress which are potentially
toxic for neurons. Astrocyte exposure to gpl20 led to the
production of ROS and tumor necrosis factor-alpha (TNF-
alpha) in N9 murine microglial cells and stimulated upregu-
lation of inducible nitric oxide synthase (iNOS), an impor-
tant source of nitric oxide (NO) and nitrosative stress [117,
118]. In these indirect models of gpl120 neurotoxicity, the
release of excitotoxic mediators from surrounding macro-
phages and glial cells induces neuronal apoptosis via disrup-
tion of neuronal homeostasis. These results suggest that
mitigating oxidative stress in HAND through the use of anti-
oxidants to protect against neuronal apoptosis arising from
indirect insults mediated by gpl20 might be an effective
therapy, and several studies have investigated this approach
with varying degrees of success [118, 119]. Gp120 may also
act directly on neurons to enhance NMDA-evoked calcium
flux, possibly via modifications in spatial localization and
focal density of NMDA receptors to lipid raft domains [120].
Gpl120 has also been demonstrated to induce activation of
nNOS directly in neurons, representing another potential
source of NO and nitrosative stress, as well as a possible
mediator of calcium hyperactivity and resulting synaptic
dysregulation [75, 121].

Notably, neurotoxic effects of gp120 in the absence of
NMDAR activation or production of inflammatory cytokines
has been demonstrated. In the absence of productive viral
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infection of neurons, soluble gp120 in the CNS can induce
neurotoxicity via direct interaction with chemokine receptors
expressed on neuronal surfaces [122]. Gpl120 induced cell
death in human neuroblastoma cells through direct interac-
tion with both neuronal CXCR4 and CCRS5 chemokine re-
ceptors [123]. Further support for the role of chemokine re-
ceptors in mediating gpl120 neurotoxicity comes from the
discovery that endogenous chemokines are capable of block-
ing gp120-induced apoptosis of hippocampal neurons [124].
Interestingly, while endogenous CCRS5 ligands, including
macrophage inflammatory protein (MIP)lalpha, MIP-1beta,
and ‘regulated-and-normal-T cell-expressed and secreted’
RANTES have been shown to slow progression to AIDS, the
CXCR4 endogenous ligand SDF-lalpha has been demon-
strated to induce neuronal apoptosis in some populations of
cells following binding of the CXCR4 receptor [125, 126]. It
should be noted that the majority of viruses isolated from the
CNS are R5 strains, while R5X4 and X4 binding variants
occur less frequently [127, 128]. Despite this, signaling
through CXCR4 has been identified as an important pathway
in gp120-induced neuronal apoptosis [3, 129].

2.6. Gp120-induced Synaptic and Dendritic Dysfunction

Synaptodendritic damage has emerged as a hallmark of
HIV infection of the CNS, and several groups have reported
arole for gp120 in synaptic dysfunction and dendritic simpli-
fication observed in HAND. An early neuro-histological
assessment of synaptic and dendritic markers identified a
strong correlation between presynaptic and neocortical den-
dritic damage and abundance of gp120 in neocortical gray
and deep white matter [130]. The authors posit that in this
model of neurotoxicity, glutamate signaling through NMDA
receptors on dendritic membranes is a likely contributor to
the observed pathology. Gp120 was similarly found to in-
duce significant loss of synaptic connectivity in hippocampal
neurons in the absence of neuronal apoptosis via an indirect
mechanism involving the activation of NMDA and CXCR4
receptors, and requiring the release of cytokines from non-
neuronal cells [131]. Gp120 was further found to induce gli-
osis and neuronal dendritic injury in a primary mixed human
CNS culture analogous to dendritic injuries observed in post-
mortem brains of HIV infected individuals [132].

Subsequently, there is evidence suggesting that gp120
neurotoxicity is the result of spatially distinct mechanisms.
In an investigation of HIV-associated sensory neuropathy,
gp120-mediated axonal degeneration in rat spinal dorsal root
ganglia (DRG) occurred as a result of two independent
mechanisms [133]. Prominent axonal toxicity in the absence
of apoptosis was observed only when gpl120 was applied
directly to sensory axons, with no effect when applied to cell
bodies. Conversely, gp120 mediated neuronal apoptosis and
subsequent axonal degeneration was found to be dependent
on the activation of Schwann cells. Notably, gp120-induced
direct axonal degeneration was found to be dependent on the
local activation of the caspase pathway and mediated by ac-
tivation of both CXCR4 and CCRS receptors [133]. Block-
ing the CXCR4 receptor by monoclonal antibody prevented
gp120-induced axonal toxicity and partial prevention of tox-
icity occurred by blocking the CCRS receptor. These results
highlight an intriguing mechanism by which axonal
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Fig. (2). Schematic diagram illustrating neurotoxic effects of soluble gp120 interactions with neuronal receptors. Direct interaction of
gp120 with both chemokine co-receptors CCR5 and CXCR4, as well as N-methyl-D-aspartate (NMDA) receptors on neuronal surfaces leads
to increased generation of reactive oxygen species and intracellular calcium influx and the activation of signaling pathways leading to cellular
apoptosis. In the absence of apoptosis, gp120 has been demonstrated to induce dendritic and axonal degeneration leading to a loss of neuronal

connectivity and formation of actin/cofilin rods.

degeneration following direct gp120 exposure occurs inde-
pendently of toxicity in neuronal cell bodies.

3. RAFT-ASSOCIATED SIGNALING

Membrane lipid raft domains have been demonstrated to
be critical sites of interaction between gp120 and chemokine
receptors, mediating both internalization of the viral protein
and activation of pathways contributing to apoptosis (Fig. 2)
[134, 135]. Lipid rafts also appear to be necessary for appro-
priate receptor conformation to support CXCR4-chemokine
binding [136]. Gp120 coupled to CXCR4 in primary neurons
induces neuronal apoptosis via activation of the sphingomye-
lin-catabolizing enzyme neutral sphingomyelinase (NSmase)
[135]. In this pathway, activation of NSmase is regulated by
the NADPH-oxidase (NOX2)-mediated production of super-
oxide radicals in neurons, leading to the increased production
of ceramide, an apoptotic second messenger in a number of
cell types including glia and neurons. SDF-1 was also found
to induce neuronal apoptosis through the same NSmase-
mediated pathway, confirming a role for CXCR4 in this
pathway of pathologic signal transduction [135].

While overproduction of ceramide has previously been
linked to neurotoxicity, ceramide is an important component

of cellular lipid raft domains [137]. Experiments have dem-
onstrated coalescence of lipid raft domains into larger plat-
forms following ceramide generation by sphingomyelinases
[138]. Gp120 binding to cellular receptors has been demon-
strated to similarly induce lipid raft coalescence, leading to
the increased size and stability of raft domains [120]. Raft
coalescence has been proposed as a mechanism for cluster-
ing receptors and components of receptor-activated signaling
cascades, and gp120-induced raft coalescence in hippocam-
pal neurons has been found to promote the forward traffick-
ing and surface clustering of NMDA receptors in rafts in a
CXCR4 dependent manner [120, 139]. Prolonged surface
clustering of NMDA receptors in lipid raft domains of neu-
rons may represent an additional mechanism of gp120 medi-
ated neurotoxicity via perturbation of intracellular Ca®" flux
or associated signaling events.

Notably, profound changes in lipid rafts are observed for
a number of CNS dysfunctions, including Alzheimer’s dis-
ease, mild cognitive impairments (MCI), CNS aging, and
CNS trauma [50, 140-143]. Biophysical properties of lipid
rafts are imperative for their signaling capacities and even
subtle changes in lipid species rapidly affect overall mem-
brane architecture influencing the structure and function of
membrane proteins [144-148]. Presumably, entire signaling
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cascades could be silenced due to imposed constraints on
lipid-protein and/or protein-protein interactions. Emerging
evidence attributes cholesterol a ‘chaperone-like’ allosteric
function in stabilizing structural elements of many mem-
brane proteins through a Cholesterol Recognition/Interaction
Amino Acid Consensus sequence or CRAC motif (-L/V-
X5 Y/F-X(1.5-R/K-) or its reverse sequence (CARC motif)
[149-154]. This sequence establishes interaction with the
isooctyl tail (A, L, and V), the sterol ring structure (Y, F),
and the 3B3-OH group (R,K) of cholesterol. Spatiotemporal
alterations of protein function by cholesterol interactions
were demonstrated for neurotransmitter receptors (nAchR, 5-
HT2B), CXCR4, the B-adrenergic receptor, Na'K'-ATPase,
and the C99 domain of amyloid-precursor protein (APP)
implicated in promoting the amyloidogenic pathway [59,
151, 153]. Aberrations in cholesterol homeostasis are com-
monly associated with degenerative CNS diseases including
AD and MCI.

4. COFILIN-ACTIN RODS: A POTENTIAL MECHA-
NISM FOR GP120-MEDIATED SYNAPTIC DYS-
FUNCTION

Protein association with lipid rafts as a mechanism for
regulating signaling has been seen in a number of neurode-
generative diseases, most notably in Alzheimer’s disease,
where lipid raft-anchored cellular prion protein PrP¢ serves
as a receptor for amyloid-f3 (AP) oligomers [155, 156]. Pre-
vious research has identified a pathway mediated by ROS
generation and NOX leading to the formation of cofilin-actin
bundles (rods) initiated by the binding of diverse extracellu-
lar ligands, including proinflammatory cytokines and Af to
raft localized receptors [155, 157]. Generation of rod-like
inclusions is a cellular response to oxidative stress conditions
and is characterized by the local dephosphorylation (activa-
tion) of cofilin and subsequent assembly of 1:1 cofilin:actin
filaments that bundle into rod-like structures containing in-
termolecular disulfide cross-linked cofilin [158]. Rod forma-
tion may be a transient response to oxidative stress and rods
can dissociate following relief from oxidative stress. Rod
formation might also be responsible for the loss of synaptic
function and decreased network connectivity observed in
many neurodegenerative conditions including HAND [159,
160]. Although actin rod formation has not been identified in
FIV in vitro or in vivo, considerable disruption to the neu-
ronal cytoskeleton has been demonstrated both for filamen-
tous actin structures as well as microtubule structures [161].

Indeed, cofilin sequestration into rods might have a neu-
roprotective effect due to its ability to promote mitochon-
drial-dependent apoptosis through its oxidation to form in-
tramolecular disulfide bonds and its ability to target the tu-
mor suppressor protein p53 to the nucleus and mitochon-
drion [162, 163]. However, persistent rods have been de-
scribed in neurons during the progression of Alzheimer’s and
other neurodegenerative disease [164]. Cofilin-actin rods
have also been observed in brains of AD model mice where
their decreased abundance through inhibition of cofilin
dephosphorylation or reduced cofilin expression results in
normalizing cognitive function and long-term potentiation in
brain slice cultures [165, 166]. In addition to synapse loss
due to interrupted vesicular transport resulting from occlu-
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sion of neurites in which rods form, cofilin-actin rods have
been linked to synaptic dysfunction via sequestration of
cofilin from dendritic spines where it plays an important role
in post-synaptic plasticity associated with learning and
memory [167, 168]. Normalization of cofilin activity in den-
dritic spines through modulation of upstream kinases and
phosphatases by cell-penetrating peptides has proven to be
effective in many different neurological disorders, including
AD [169]. Amyloid B induction of cofilin-actin rods requires
the expression of cellular prion protein PrPC in raft domains
and is mediated by ROS generation by NOX [155].

A number of intriguing commonalities in the neuronal re-
sponse to HIV gpl20 stimulation and that of Alzheimer’s
associated protein AP} have been identified, among them the
enhanced lipid raft coalescence into stable macro domains,
the activation of NMDA receptors localized to lipid rafts,
and the NOX2 mediated generation of ROS [50, 120, 135].
Given these commonalities, it is quite likely that gp120 me-
diated stimulation of NOX2 also leads to the downstream
formation of cofilin rods, thereby inducing synaptic loss and
impaired synaptic function similar to what occurs in other
neurodegenerative diseases such as Alzheimer’s. Interest-
ingly, gpl20-mediated CXCR4 signaling has been demon-
strated to activate cofilin in resting T-cells as a mechanism
of facilitating nuclear localization and replication of the virus
[170]. Rods have also been demonstrated to be induced by
nitric oxide, a source of oxidative stress shown to be gener-
ated by both HIV gp120 and FIV gp95 via CXCR4 mediated
signaling [75]. Further supporting the role of cofilin-actin
rods in HIV-mediated synaptic dysfunction, data generated
in our lab has shown gp120 is capable of inducing rod for-
mation in rat EI8 hippocampal neurons via CXCR4-
associated signaling. Similarly to rod induction by AP, this
pathway appears to be mediated by the presence of PrP¢ in
membrane raft domains (Smith L., Walsh K., Whittington L.,
Shaw A., Minamide L., Cartagena G., ef al. in preparation).

Demonstrating the pivotal role of cholesterol as a “chap-
erone” allosteric modulator of NOX2-dependent superoxide
generation would considerably advance our understanding of
how membrane architecture regulates protein structure and
function, potentially identifying putative interaction surfaces
of NOX2 with cholesterol possibly through CRAC/CARC
motifs and provide detailed insight into structure/function
aspects of NOX2. Exploiting these findings could open new
avenues for drug-discovery approaches to target NOX as
well as novel therapeutic strategies to ameliorate gp120-
induced oxidative stress in the CNS. Entire signaling net-
works could presumably be silenced by interference with
annular lipids, boundary lipids, activating lipids, and/or
“chaperone” lipids [147, 148, 171-173].

CONCLUDING REMARKS

Despite the reduction in incidence of severe forms of
HIV associated neurocognitive deficits, prevalence of milder
forms of HAND is expected to increase with the aging popu-
lation of HIV-infected individuals independent of adherence
to cART and represents a significant public health challenge.
Gpl20-associated receptor binding and activation of NOX2-
mediated redox signaling have identified a potential mecha-
nism linking gpl120-CXCR4 induced ROS formation to
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pathways of early synaptic dysfunction characteristic of
other neurodegenerative diseases. Such pathways may con-
tribute to the cognitive decline associated with HIV infec-
tion. The importance of membrane architecture as a regulator
of protein function and the crucial role it plays in the HIV
lifecycle highlights membrane rafts as a potential target for
preventative/therapeutic approaches to HIV associated neu-
rodegeneration.

LIST OF ABBREVIATIONS

AD = Alzheimer’s diseases

APP = amyloid-f precursor protein

BBB = Blood brain barrier

cART = Combination antiretroviral therapy
CNS = Central nervous system

HAD = HIV-associated dementia

HAND = HIV-associated neurocognitive disorder
NOX2 = NADPH-oxidase 2
nSmase = Neutral sphingomyelinase

PrP© = Cellular prion protein
ROS = Reactive oxygen species
TNF-ao = Tumor necrosis factor o

CONSENT FOR PUBLICATION
Not applicable.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

We would like to thank Dr. Jack Chen for guiding the
development of the manuscript and providing critical input
on the virologic aspects of the manuscript. We are in debt to
Dr. James Bamburg for his critical review of the manuscript
and in particular, his contribution to the implications of ac-
tin-cofilin rods in neurodegenerative processes.

FINANCIAL SUPPORT

This research is supported by the Alzheimer’s Resour-
ches of Alaska (TBK), an Institutional Development Award
(IDeA) from the National Institute of General Medical Sci-
ences of the National Institutes of Health under grant num-
ber P20GM103395 (LKS), and National Institute Of General
Medical Sciences of the National Institutes of Health under
Award Numbers ULIGMI118991, TL4GM118992, or
RL5GM118990 (LKS, TBK) and NIH grant IRO1AG049668
(JRB). The content is solely the responsibility of the authors
and does not necessarily represent the official views of the
National Institutes of Health.

REFERENCES

[1] UNAIDS. Fact Sheet July 2018 [Online]. UNAIDS; 2018 [2017
Global HIV Statistics] Available from: http: //www.unaids.org/
sites/ default/files/media_asset/UNAIDS_FactSheet_en.pdf.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]

Current HIV Research, 2018, Vol. 16, No. 4 265

Kanki PJ, Hopper JR, Essex M. The origins of HIV-1 and HTLV-
4/HIV-2. Ann N'Y Acad Sci 1987; 511: 370-75.

Kaul M, Zheng J, Okamoto S, Gendelman HE, Lipton SA. HIV-1
infection and AIDS: consequences for the central nervous system.
Cell Death Differ 2005; 12 Suppl 1: 878-92.

Antinori A, Arendt G, Becker JT, ef al. Updated research nosology
for HIV-associated neurocognitive disorders. Neurology 2007; 69
(18): 1789-99

Saylor D, Dickens AM, Sacktor N, et al. HIV-associated
neurocognitive disorder — pathogenesis and prospects for
treatment.  Nat Rev Neurol 2016; 12(4): 234-48.

Wing EJ. HIV and aging. Int J Infect Dis 2016; 53: 61-8.

Rempel HC, Pulliam L. HIV-1 Tat inhibits neprilysin and elevates
amyloid beta. Aids 2005; 19(2): 127-35.

Achim CL, Adame A, Dumaop W, Everall IP, Masliah E.
Increased accumulation of intraneuronal amyloid beta in HIV-
infected patients. J Neuroimmune Pharmacol 2009; 4(2): 190-9.
Green DA, Masliah E, Vinters HV, Beizai P, Moore DJ, Achim
CL. Brain deposition of beta-amyloid is a common pathologic
feature in HIV positive patients. Aids 2005; 19(4): 407-11.

Ances BM, Vaida F, Yeh MJ, et al. HIV infection and aging
independently affect brain function as measured by functional
magnetic resonance imaging. J Infect Dis 2010; 201(3): 336-40.
Smith R, de Boer R, Brul S, Budovskaya Y, van der Spek H.
Premature and accelerated aging: HIV or HAART? Frontiers in
Genetics 2013; 3: 328.

Sturdevant CB, Joseph SB, Schnell G, Price RW, Swanstrom R,
Spudich S. Compartmentalized replication of r5 t cell-tropic hiv-1
in the central nervous system early in the course of infection. PLOS
Pathogens 2015; 11(3): €1004720.

Edén A, Price RW, Spudich S, Fuchs D, Hagberg L, Gisslén M.
Immune activation of the central nervous system is still present
after &gt; 4 years of effective highly active antiretroviral therapy. J
Infect Dis 2007; 196(12): 1779-83.

Harezlak J, Buchthal S, Taylor M, et al. Persistence of HIV—
associated cognitive impairment, inflammation and neuronal injury
in era of highly active antiretroviral treatment. AIDS (London,
England) 2011; 25(5): 625-33.

Dahl V, Peterson J, Fuchs D, Gisslen M, Palmer S, Price RW. Low
levels of HIV-1 RNA detected in the cerebrospinal fluid after up to
10 years of suppressive therapy are associated with local immune
activation. AIDS (London, England) 2014; 28(15): 2251-8.

Ene L. How much do antiretroviral drugs penetrate into the central
nervous system? 2011; 4(4): 432-39.

Ellis R, Langford D, Masliah E. HIV and antiretroviral therapy in
the brain: neuronal injury and repair. Nat Rev Neurosci 2007; 8(1):
33-44.

Simioni S, Cavassini M, Annoni JM, et al. Cognitive dysfunction
in HIV patients despite long-standing suppression of viremia. Aids
2010; 24(9): 1243-50.

Cysique LA, Maruff P, Brew BJ. Variable benefit in
neuropsychological function in HIV-infected HAART-treated
patients. Neurology 2006; 66(9): 1447-50.

Robertson KR, Smurzynski M, Parsons TD, ef al. The prevalence
and incidence of neurocognitive impairment in the HAART era.
Aids 2007; 21(14): 1915-21.

Sevigny 1J, Albert SM, McDermott MP, et al. Evaluation of HIV
RNA and markers of immune activation as predictors of HIV-
associated dementia. Neurology 2004; 63(11): 2084-90.

Robertson K, Fiscus S, Kapoor C, et al. CSF, plasma viral load and
HIV associated dementia. J Neurovirol 1998; 4(1): 90-4.

Haase AT. Pathogenesis of lentivirus infections. Nature 1986;
322(6075): 130-6.

Gras G, Kaul M. Molecular mechanisms of neuroinvasion by
monocytes-macrophages in HIV-1 infection. Retrovirology 2010;
7(1): 30.

Bobardt MD, Salmon P, Wang L, et al. Contribution of
proteoglycans to human immunodeficiency virus type 1 brain
invasion. J Virol 2004; 78(12): 6567-84.

Mankowski JL, Spelman JP, Ressetar HG, ef al. Neurovirulent
simian immunodeficiency virus replicates productively in
endothelial cells of the central nervous system in vivo and in vitro.
J Virol 1994; 68(12): 8202-28.

Das AT, Harwig A, Berkhout B. The HIV-1 tat protein has a
versatile role in activating viral transcription. J Virol 2011; 85(18):
9506-16.



266 Current HIV Research, 2018, Vol. 16, No. 4

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
(48]

[49]

[50]

[51]

Rayne F, Debaisieux S, Yezid H, et al. Phosphatidylinositol-(4,5)-
bisphosphate enables efficient secretion of HIV-1 Tat by infected
T-cells. EMBO J 2010; 29(8): 1348-62.

Shi B, Raina J, Lorenzo A, Busciglio J, Gabuzda D. Neuronal
apoptosis induced by HIV-1 Tat protein and TNF-alpha:
potentiation of neurotoxicity mediated by oxidative stress and
implications for HIV-1 dementia. J Neurovirol 1998; 4(3): 281-90.
Haughey NJ, Nath A, Mattson MP, Slevin JT, Geiger JD. HIV-1
Tat through phosphorylation of NMDA receptors potentiates
glutamate excitotoxicity. J Neurochem 2001; 78(3): 457-67.
Hudson L, Liu J, Nath A, et al. Detection of the human
immunodeficiency virus regulatory protein tat in CNS tissues. J
Neurovirol 2000; 6(2): 145-55.

Banks WA, Robinson SM, Nath A. Permeability of the blood-brain
barrier to HIV-1 Tat.  Exp Neurol 2005; 193(1): 218-27.

Del Valle L, Croul S, Morgello S, Amini S, Rappaport J, Khalili K.
Detection of HIV-1 Tat and JCV capsid protein, VPI, in AIDS
brain with progressive multifocal leukoencephalopathy. J
Neurovirol 2000; 6(3): 221-28.

Leibrand CR, Paris JJ, Ghandour MS, et al. HIV-1 Tat disrupts
blood-brain barrier integrity and increases phagocytic perivascular
macrophages and microglia in the dorsal striatum of transgenic
mice. Neurosci Lett 2017; 640: 136-43.

Blanco A, Alvarez S, Fresno M, Mufioz-Fernandez MA.
Extracellular HIV-tat induces cyclooxygenase-2 in glial cells
through activation of nuclear factor of activated t cells. J Immunol
2007; 180(1): 530.

Bagashev A, Sawaya BE. Roles and functions of HIV-1 Tat protein
in the CNS: an overview. Virol J 2013; 10: 358.

Kanmogne GD, Schall K, Leibhart J, Knipe B, Gendelman HE,
Persidsky Y. HIV-1 gpl20 compromises blood-brain barrier
integrity and enhances monocyte migration across blood-brain
barrier: implication for viral neuropathogenesis. J Cereb Blood
Flow Metab 2007; 27.

Cioni C, Annunziata P. Circulating gp120 alters the blood-brain
barrier permeability in HIV-1 gp120 transgenic mice. Neurosci Lett
2002; 330(3): 299-301.

Merk A, Subramaniam S. HIV-1 envelope glycoprotein structure.
Curr Opin Struct Biol 2013; 23(2): 268-76.

Pancera M, Majeed S, Ban YE, ef al. Structure of HIV-1 gp120
with gp41-interactive region reveals layered envelope architecture
and basis of conformational mobility. Proc Natl Acad Sci U S A
2010; 107(3): 1166-71.

Hammonds J, Chen X, Ding L, ef al. Gp120 stability on HIV-1
virions and Gag-Env pseudovirions is enhanced by an uncleaved
Gag core. Virology 2003; 314(2): 636-49.

Moore JP, McKeating JA, Weiss RA, Sattentau QJ. Dissociation of
gp120 from HIV-1 virions induced by soluble CD4. Science 1990;
250(4984): 1139-42.

Trujillo JR, Navia BA, Worth J, ef al. High levels of anti-HIV-1
envelope antibodies in cerebrospinal fluid as compared to serum
from patients with AIDS dementia complex. J Acquir Immune
Defic Syndr Hum Retrovirol 1996; 12(1): 19-25.

Santosuosso M, Righi E, Lindstrom V, Leblanc PR, Poznansky
MC. HIV-1 envelope protein gpl20 is present at high
concentrations in secondary lymphoid organs of individuals with
chronic HIV-1 infection. J Infect Dis 2009; 200(7): 1050-3.

Kozak SL, Heard JM, Kabat D. Segregation of CD4 and CXCR4
into distinct lipid microdomains in T lymphocytes suggests a
mechanism  for membrane  destabilization by  human
immunodeficiency virus. J Virol 2002; 76(4): 1802-15.

Simons K, Ikonen E. Functional rafts in cell membranes. Nature
1997; 387(6633): 569-72.

Brown DA, London E. Functions of lipid rafts in biological
membranes. Annu Rev Cell Dev Biol 1998; 14: 111-36.

Simons K, Toomre D. Lipid rafts and signal transduction. Nat Rev
Mol Cell Biol 2000; 1(1): 31-9.

Sonnino S, Aureli M, Grassi S, Mauri L, Prioni S, Prinetti A. Lipid
rafts in neurodegeneration and neuroprotection. Mol Neurobiol
2014; 50(1): 130-48.

Rushworth JV, Hooper NM. Lipid rafts: linking alzheimer's
amyloid-f production, aggregation, and toxicity at neuronal
membranes. Int J Alzheimers Dis 2011; 2011: 603052.

Takahashi T, Suzuki T. Function of membrane rafts in viral
lifecycles and host cellular response. Biochem Res Int 2011; 2011:
245090.

[52]

[53]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

Smith et al.

Campbell SM, Crowe SM, Mak J. Lipid rafts and HIV-1: from
viral entry to assembly of progeny virions. J Clin Virol 2001; 22:
217-27.

Nguyen DH, Taub D. CXCR4 function requires membrane
cholesterol: implications for hiv infection. J  Immunol 2002;
168: 4121-6.

Liao Z, Cimakasky LM, Hampton R, Nguyen DH, Hildreth JE.
Lipid rafts and HIV pathogenesis: host membrane cholesterol is
required for infection by HIV type 1. AIDS Res Hum Retroviruses.
2001; 17(11): 1009-19.

Molotkovsky RJ, Alexandrova VV, Galimzyanov TR, et al. Lateral
membrane heterogeneity regulates viral-induced membrane fusion
during hiv entry. Int J Mol Sci 2018; 19(5).

YiL, Fang J, Isik N, Chim J, Jin T. HIV gp120-induced interaction
between CD4 and CCRS5  requires  cholesterol-rich
microenvironments revealed by live cell fluorescence resonance
energy transfer imaging. J Biol Chem 2006; 281(46): 35446-53.
Fragoso R, Ren D, Zhang X, Su MW, Burakoff SJ, Jin YJ. Lipid
raft distribution of CD4 depends on its palmitoylation and
association with Lck, and evidence for CD4-induced lipid raft
aggregation as an additional mechanism to enhance CD3 signaling.
J Immunol 2003; 170(2): 913-21.

Popik W, Alce TM. CD4 receptor localized to non-raft membrane
microdomains supports HIV-1 entry. Identification of a novel raft
localization marker in CD4. J Biol Chem 2004; 279(1): 704-12.
Zhukovsky MA, Lee PH, Ott A, Helms V. Putative
cholesterol-binding sites in human immunodeficiency virus (HIV)
coreceptors CXCR4 and CCRS. Proteins: Struct Funct Bioinf 2013;
81(4): 555-67.

Nguyen DH, Taub D. Cholesterol is essential for macrophage
inflammatory protein 1 beta binding and conformational integrity
of CC chemokine receptor 5. Blood 2002; 99(12): 4298-306.
Berger EA, Doms RW, Fenyo EM, ef al. A new classification for
HIV-1. Nature 1998; 391(6664): 240.

Hoffman TL, LaBranche CC, Zhang W, ef al. Stable exposure of
the coreceptor-binding site in a CD4-independent HIV-1 envelope
protein. Proc Natl Acad Sci U S A 1999; 96(11): 6359-64.

Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J,
Hendrickson WA. Structure of an HIV gpl20 envelope
glycoprotein in complex with the CD4 receptor and a neutralizing
human antibody. Nature 1998; 393(6686): 648-59.

Jiang C, Parrish NF, Wilen CB, et al. Primary infection by a human
immunodeficiency virus with atypical coreceptor tropism. J Virol
2011; 85(20): 10669-81.

Blanco J, Bosch B, Fernandez-Figueras MT, Barretina J, Clotet B,
Este JA. High level of coreceptor-independent HIV transfer
induced by contacts between primary CD4 T cells. J Biol Chem
2004; 279(49): 51305-14.

Gorry PR, Taylor J, Holm GH, ef al. Increased CCRS affinity and
reduced CCR5/CD4 dependence of a neurovirulent primary human
immunodeficiency virus type 1 isolate. J Virol 2002; 76.
Hesselgesser J, Halks-Miller M, DelVecchio V, et al. CD4-
independent association between HIV-1 gpl20 and CXCR4:
functional chemokine receptors are expressed in human neurons.
Curr Biol 1997; 7(2): 112-21.

Joseph SB, Swanstrom R. The evolution of HIV-1 entry
phenotypes as a guide to changing target cells. J Leukoc Biol 2018;
103(3): 421-31.

Wilen CB, Tilton JC, Doms RW. HIV: cell binding and entry. Cold
Spring Harb Perspect Med 2012; 2(8).

Verhofstede C, Nijhuis M, Vandekerckhove L. Correlation of
coreceptor usage and disease progression. Curr Opin HIV AIDS
2012;7(5): 432-9.

Shalekoff S, Tiemessen CT. CCRS5 delta32 heterozygosity is
associated with an increase in CXCR4 cell surface expression.
AIDS Res Hum Retroviruses 2003; 19(6): 531-3.

Crudeli CM, Aulicino PC, Rocco CA, Bologna R, Mangano A, Sen
L. Relevance of early detection of HIV type 1 SI/CXCR4-using
viruses in vertically infected children. AIDS Res Hum Retroviruses
2012; 28(7): 685-92.

Lin N, Gonzalez OA, Registre L, et al. Humoral immune pressure
selects for hiv-1 cxc-chemokine receptor 4-using variants.
EBioMedicine 2016; 8: 237-47.

Connor RI, Sheridan KE, Ceradini D, Choe S, Landau NR. Change
in coreceptor use correlates with disease progression in HIV-1--
infected individuals. J Exp Med 1997; 185(4): 621-8.



HIV Associated Neurodegenerative Disorders

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

(83]

[84]

(85]

(86]
(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Podell M, March PA, Buck WR, Mathes LE. The feline model of
neuroAIDS: understanding the progression towards AIDS
dementia. J Psychopharmacol 2000; 14(3): 205-13.
Sztukowski K, Nip K, Ostwald PN, et a/. HIV induces synaptic
hyperexcitation via cGMP-dependent protein kinase II activation in
the FIV infection model. PLoS biology 2018; 16(7): €2005315.
Gomez NV, Fontanals A, Castillo V, et al. Evaluation of different
antiretroviral drug protocols on naturally infected feline
immunodeficiency virus (FIV) cats in the late phase of the
asymptomatic stage of infection. Viruses 2012; 4(6): 924-39.
Power C. Neurologic disease in feline immunodeficiency virus
infection: disease mechanisms and therapeutic interventions for
NeuroAIDS. J Neurovirol 2018; 24(2): 220-8.
Rottman JB, Ganley KP, Williams K, Wu L, Mackay CR, Ringler
DJ. Cellular localization of the chemokine receptor CCRS.
Correlation to cellular targets of HIV-1 infection. Am J Pathol
1997; 151(5): 1341-51.
Petito CK, Roberts B, Cantando JD, Rabinstein A, Duncan R.
Hippocampal injury and alterations in neuronal chemokine co-
receptor expression in patients with AIDS. J Neuropathol Exp
Neurol 2001; 60(4): 377-85.
van der Meer P, Ulrich AM, Gonzalez-Scarano F, Lavi E.
Immunohistochemical analysis of CCR2, CCR3, CCRS, and
CXCR4 in the human brain: potential mechanisms for HIV
dementia. Exp Mol Pathol 2000; 69(3): 192-201.
Albright AV, Shieh JT, Itoh T, et al. Microglia express CCRS,
CXCR4, and CCR3, but of these, CCRS is the principal coreceptor
for human immunodeficiency virus type 1 dementia isolates. J
Virol 1999; 73(1): 205-13.
Zhang L, He T, Talal A, Wang G, Frankel SS, Ho DD. In Vivo
distribution of the human immunodeficiency virus/simian
immunodeficiency virus coreceptors: CXCR4, CCR3, and CCRS. J
Virol 1998; 72(6): 5035-45.
Vallat AV, De Girolami U, He J, Mhashilkar A, Marasco W, Shi B,
et al. Localization of HIV-1 co-receptors CCRS and CXCR4 in the
brain of children with AIDS. Am J Pathol 1998; 152(1): 167-78.
Gabuzda D, Wang J. Chemokine receptors and mechanisms of cell
death in HIV neuropathogenesis. J Neurovirol 2000; 6 Suppl 1:
S24-32.
Sorce S, Myburgh R, Krause K-H. The chemokine receptor CCRS
in the central nervous system. Prog Neurobio 2011; 93(2): 297-311.
Garden GA. Microglia in human immunodeficiency virus-
associated neurodegeneration. Glia 2002; 40(2): 240-51.
Jordan CA, Watkins BA, Kufta C, Dubois-Dalcq M. Infection of
brain microglial cells by human immunodeficiency virus type 1 is
CD4 dependent. J. Virol 1991; 65(2): 736-42.
Gerngross L, Fischer T. Evidence for cFMS signaling in HIV
production by brain macrophages and microglia. J Virol 2015;
21(3): 249-56.
Bell JE. The neuropathology of adult HIV infection. Rev Neurol
1998; 154(12): 816-29.
Canto-Nogues C, Sanchez-Ramon S, Alvarez S, Lacruz C, Munoz-
Fernandez MA. HIV-1 infection of neurons might account for
progressive HIV-1l-associated encephalopathy in children.
J Mol Neurosci 2005; 27(1): 79-89.
Alvarez Losada S, Canto-Nogués C, Mufioz-Fernandez MA. A new
possible mechanism of human immunodeficiency virus type 1
infection of neural cells. Neurobiol Dis 2002; 11(3): 469-78.
Power C, McArthur JC, Nath A, et al. Neuronal death induced by
brain-derived human immunodeficiency virus type 1 envelope
genes differs between demented and nondemented AIDS patients. J
Virol 1998; 72(11): 9045-53.
Fields JA, Dumaop W, Crews L, et al. Mechanisms of HIV-1 Tat
neurotoxicity via CDKS5 translocation and hyper-activation: role in
HIV-associated neurocognitive disorders. Curr HIV Res 2015;
13(1): 43-54.
Tauber SC, Staszewski O, Prinz M, et al. HIV encephalopathy:
glial activation and hippocampal neuronal apoptosis, but limited
neural repair. HIV medicine 2016; 17(2): 143-51.
Ma R, Yang L, Niu F, Buch S. HIV tat-mediated induction of
human brain microvascular endothelial cell apoptosis involves
endoplasmic reticulum stress and mitochondrial dysfunction. Mol
Neurobiol 2016; 53(1): 132-42.
Sami Saribas A, Cicalese S, Ahooyi TM, Khalili K, Amini S,
Sariyer IK. HIV-1 Nef is released in extracellular vesicles derived

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Current HIV Research, 2018, Vol. 16, No. 4 267

from astrocytes: evidence for Nef-mediated neurotoxicity. Cell
Death Dis 2017; 8(1): €2542.

Eugenin EA, Berman JW. Gap junctions mediate human
immunodeficiency virus-bystander killing in astrocytes. J Neurosci
2007;27(47): 12844-50.

Abassi M, Morawski BM, Nakigozi G, et al. Cerebrospinal fluid
biomarkers and HIV-associated neurocognitive disorders in HIV-
infected individuals in Rakai, Uganda. J Neurovirol 2017; 23(3):
369-75.

Shah A, Kumar A. HIV-1 gpl20-mediated mitochondrial
dysfunction and hiv-associated neurological disorders. Neurotox
Res 2016; 30(2): 135-37.

Adle-Biassette H, Chretien F, Wingertsmann L, et al. Neuronal
apoptosis does not correlate with dementia in HIV infection but is
related to microglial activation and axonal damage. Neuropathol
Appl Neurobiol 1999; 25(2): 123-33.

Weis S, Haug H, Budka H. Neuronal damage in the cerebral cortex
of AIDS brains: a morphometric study. Acta Neuropathol 1993;
85(2): 185-89.

Ellis RJ, Deutsch R, Heaton RK, ef al. Neurocognitive impairment
is an independent risk factor for death in HIV infection. san diego
hiv neurobehavioral research center group. Arch Neurol 1997; 54.
Avdoshina V, Bachis A, Mocchetti I. Synaptic dysfunction in
human immunodeficiency virus type-1-positive  subjects:
inflammation or impaired neuronal plasticity? J Intern Med 2013;
273(5): 454-65.

Bachis A, Wenzel E, Boelk A, Becker J, Mocchetti I. The
neurotrophin receptor p75 mediates gp120-induced loss of synaptic
spines in aging mice. Neurobiol Aging 2016; 46: 160-8.

Mocchetti I, Bachis A, Avdoshina V. Neurotoxicity of human
immunodeficiency virus-1: viral proteins and axonal transport.
Neurotox Res 2012; 21(1): 79-89.

Klasse PJ, Moore JP. Is there enough gp120 in the body fluids of
HIV-1-infected individuals to have biologically significant effects?
Virology 2004; 323(1): 1-8.

Gilbert M, Kirihara J, Mills J. Enzyme-linked immunoassay for
human immunodeficiency virus type 1 envelope glycoprotein 120.
J Clin Microbiol 1991; 29(1): 142-7.

Oh SK, Cruikshank WW, Raina J, et al. Identification of HIV-1
envelope glycoprotein in the serum of AIDS and ARC patients. J
Acquir Immune Defic Syndr Hum Retrovirol 1992; 5(3): 251-6.
Toggas SM, Masliah E, Rockenstein EM, Rall GF, Abraham CR,
Mucke L. Central nervous system damage produced by expression
of the HIV-1 coat protein gp120 in transgenic mice. Nature 1994;
367(6459): 188-93.

Kaul M, Garden GA, Lipton SA. Pathways to neuronal injury and
apoptosis in HIV-associated dementia. Nature 2001; 410.

Chen W, Sulcove J, Frank I, Jaffer S, Ozdener H, Kolson DL.
Development of a human neuronal cell model for human
immunodeficiency virus (HIV)-infected macrophage-induced
neurotoxicity: apoptosis induced by HIV type 1 primary isolates
and evidence for involvement of the Bcl-2/Bcl-xL-sensitive
intrinsic apoptosis pathway. J Virol 2002; 76(18): 9407-19.
Lewerenz J, Maher P. Chronic glutamate toxicity in
neurodegenerative diseases—what is the evidence? Front Neurosci
2015;9: 469.

Lipton SA, Sucher NJ, Kaiser PK, Dreyer EB. Synergistic effects
of HIV coat protein and NMDA receptor-mediated neurotoxicity.
Neuron 1991; 7(1): 111-8.

Wang Z, Pekarskaya O, Bencheikh M, et al. Reduced expression of
glutamate transporter EAAT2 and impaired glutamate transport in
human primary astrocytes exposed to HIV-1 or gp120. Virology
2003; 312(1): 60-73.

Pattarini R, Pittaluga A, Raiteri M. The human immunodeficiency
virus-1 envelope protein gpl20 binds through its V3 sequence to
the glycine site of N-methyl-d-aspartate receptors mediating
noradrenaline release in the hippocampus. Neuroscience 1998;
87(1): 147-57.

Guo L, Xing Y, Pan R, et al. Curcumin protects microglia and
primary rat cortical neurons against HIV-1 gpl20-mediated
inflammation and apoptosis. PLoS One 2013; 8(8): ¢70565.

Walsh KA, Megyesi JF, Wilson JX, Crukley J, Laubach VE,
Hammond RR. Antioxidant protection from HIV-1 gp120-induced
neuroglial toxicity. J Neuroinflammation 2004; 1(1): 8.



268 Current HIV Research, 2018, Vol. 16, No. 4

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Louboutin J-P, Strayer D. Role of oxidative stress in hiv-1-
associated neurocognitive disorder and protection by gene delivery
of antioxidant enzymes. Antioxidants 2014; 3(4): 770-97.

Xu H, Bae M, Tovar-y-Romo LB, et al. The human
immunodeficiency virus coat protein gpl20 promotes forward
trafficking and surface clustering of NMDA receptors in membrane
microdomains. J Neurosci 2011; 31(47): 17074-90.

Popa-Wagner A, Mitran S, Sivanesan S, Chang E, Buga A-M. ROS
and brain diseases: the good, the bad, and the ugly. Oxid Med Cell
Longev 2013;2013: 14.

Bachis A, Biggio F, Major EO, Mocchetti I. M- and T-tropic HIVs
promote apoptosis in rat neurons. J Neuroimmune Pharmacol 2009;
4(1): 150-60.

Catani MV, Corasaniti MT, Navarra M, Nistico G, Finazzi-Agro A,
Melino G. gp120 induces cell death in human neuroblastoma cells
through the CXCR4 and CCRS5 chemokine receptors. J Neurochem
2000; 74(6): 2373-9.

Meucci O, Fatatis A, Simen AA, Bushell TJ, Gray PW, Miller RJ.
Chemokines regulate hippocampal neuronal signaling and gp120
neurotoxicity. Proc Natl Acad Sci U S A 1998; 95(24): 14500-5.
Cocchi F, DeVico AL, Garzino-Demo A, Arya SK, Gallo RC,
Lusso P. Identification of RANTES, MIP-1 alpha, and MIP-1 beta
as the major HIV-suppressive factors produced by CD8+ T cells.
Science 1995; 270(5243): 1811-5.

Hesselgesser J, Taub D, Baskar P, ef al. Neuronal apotosis induced
by HIV-1 gp120 and the chemokine SDF-1alpha is mediated by the
chemokine receptor CXCR4. Curr Biol 1998; 8: 595-8.

Chan SY, Speck RF, Power C, Gaffen SL, Chesebro B, Goldsmith
MA. V3 recombinants indicate a central role for CCR5 as a
coreceptor in tissue infection by human immunodeficiency virus
type 1. J Virol 1999; 73(3): 2350-8.

Ohagen A, Devitt A, Kunstman KJ, Gorry PR, Rose PP, Korber B,
et al. Genetic and functional analysis of full-length human
immunodeficiency virus type 1 env genes derived from brain and
blood of patients with AIDS. J Virol 2003; 77(22): 12336-45.

Bardi G, Sengupta R, Khan MZ, Patel JP, Meucci O. Human
immunodeficiency virus gpl20-induced apoptosis of human
neuroblastoma cells in the absence of CXCR4 internalization. J
Neurovirol 2006; 12(3): 211-8.

Masliah E, Achim CL, Ge N, DeTeresa R, Terry RD, Wiley CA.
Spectrum  of human immunodeficiency  virus—associated
neocortical damage. Ann. Neurol 1992; 32(3): 321-9.

Kim HJ, Shin AH, Thayer SA. Activation of cannabinoid type 2
receptors inhibits HIV-1 envelope glycoprotein gpl20-induced
synapse loss. Mol Pharmacol 2011; 80(3): 357-66.

Iskander S, Walsh KA, Hammond RR. Human CNS cultures
exposed to HIV-1 gpl20 reproduce dendritic injuries of HIV-1-
associated dementia. J Neuroinflammation 2004; 1(1): 7.

Melli G, Keswani SC, Fischer A, Chen W, Hoke A. Spatially
distinct and functionally independent mechanisms of axonal
degeneration in a model of HIV-associated sensory neuropathy.
Brain 2006; 129(Pt 5): 1330-8.

Berth S, Caicedo HH, Sarma T, Morfini G, Brady ST.
Internalization and axonal transport of the HIV glycoprotein gp120.
ASN Neuro 2015; 7(1).

Jana A, Pahan K. Human immunodeficiency virus type 1 gpl120
induces apoptosis in human primary neurons through redox-
regulated activation of neutral sphingomyelinase. J Neurosci 2004;
24(43): 9531-40.

Nguyen DH, Taub D. CXCR4 function requires membrane
cholesterol: implications for hiv infection. J  Immunol 2002;
168(8): 4121-6.

Zhang Y, Li X, Becker KA, Gulbins E. Ceramide-enriched
membrane domains--structure and function. Biochimica et
biophysica acta 2009; 1788(1): 178-83.

Holopainen JM, Subramanian M, Kinnunen PK. Sphingomyelinase
induces  lipid  microdomain  formation in a  fluid
phosphatidylcholine/sphingomyelin =~ membrane.  Biochemistry
1998; 37(50): 17562-70.

Waheed AA, Freed EO. Lipids and membrane microdomains in
hiv-1 replication. Virus research 2009; 143(2): 162-76.

Fabelo N, Martin V, Santpere G, et al. Severe alterations in lipid
composition of frontal cortex lipid rafts from Parkinson's disease
and incidental Parkinson's disease. Mol Med 2011; 17(9-10): 1107-
18.

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Smith et al.

Wood WG, Schroeder F, Igbavboa U, Avdulov NA, Chochina SV.
Brain membrane cholesterol domains, aging and amyloid beta-
peptides. Neurobiol Aging 2002; 23(5): 685-94.

Sebastiao AM, Colino-Oliveira M, Assaife-Lopes N, Dias RB,
Ribeiro JA. Lipid rafts, synaptic transmission and plasticity: impact
in age-related neurodegenerative diseases. Neuropharmacology
2013; 64:97-107.

Lotocki G, Alonso OF, Dietrich WD, Keane RW. Tumor necrosis
factor receptor 1 and its signaling intermediates are recruited to
lipid rafts in the traumatized brain. J Neurosci 2004; 24(49):
11010-6.

Bruses JL, Chauvet N, Rutishauser U. Membrane lipid rafts are
necessary for the maintenance of the (alpha)7 nicotinic
acetylcholine receptor in somatic spines of ciliary neurons. J
Neurosci 2001; 21(2): 504-12.

Eyster KM. The membrane and lipids as integral participants in
signal transduction: lipid signal transduction for the non-lipid
biochemist. Adv Physiol Educ 2007; 31(1): 5-16.

Leitinger B, Hogg N. The involvement of lipid rafts in the
regulation of integrin function. J Cell Sci 2002; 115(Pt 5): 963-72.
Phillips R, Ursell T, Wiggins P, Sens P. Emerging roles for lipids
in shaping membrane-protein function. Nature 2009; 459(7245):
379-85.

White SH, Ladokhin AS, Jayasinghe S, Hristova K. How
membranes shape protein structure. J Biol Chem 2001; 276(35):
32395-8.

Fantini J, Barrantes FJ. How cholesterol interacts with membrane
proteins: an exploration of cholesterol-binding sites including
CRAC, CARC, and tilted domains.Front Physiol 2013; 4: 31.

Liu J-P. New functions of cholesterol binding proteins. Mol Cell
Endocrinol 2009; 303(1): 1-6.

Song Y, Kenworthy AK, Sanders CR. Cholesterol as a co-solvent
and a ligand for membrane proteins. Protein Science : Protein Sci
2014;23(1): 1-22.

Fantini J, Di Scala C, Baier CJ, Barrantes FJ. Molecular
mechanisms of protein-cholesterol interactions in plasma
membranes: Functional distinction between topological (tilted) and
consensus (CARC/CRAC) domains. Chem Phys Lipids 2016; 199:
52-60.

Fantini J, Yahi N, Garmy N. Cholesterol accelerates the binding of
Alzheimer's beta-amyloid peptide to ganglioside GM1 through a
universal hydrogen-bond-dependent sterol tuning of glycolipid
conformation. Front Physiol 2013; 4: 120.

Baier CJ, Fantini J, Barrantes FJ. Disclosure of cholesterol
recognition motifs in transmembrane domains of the human
nicotinic acetylcholine receptor. Sci Rep 2011; 1: 69.

Walsh KP, Minamide LS, Kane SJ, et al. Amyloid-f and
proinflammatory cytokines utilize a prion protein-dependent
pathway to activate nadph oxidase and induce cofilin-actin rods in
hippocampal neurons. PLoS ONE 2014; 9(4): €95995.

Lauren J, Gimbel DA, Nygaard HB, Gilbert JW, Strittmatter SM.
Cellular prion protein mediates impairment of synaptic plasticity by
amyloid-beta oligomers. Nature 2009; 457(7233): 1128-32.
Bamburg JR, Bernstein BW, Davis RC, Flynn KC, Goldsbury C,
Jensen JR, er al. ADF/cofilin-actin rods in neurodegenerative
diseases. Curr Alzheimer Res 2010; 7(3): 241-50.

Goyal P, Pandey D, Briinnert D, Hammer E, Zygmunt M, Siess W.
Cofilin oligomer formation occurs in vivo and is regulated by
cofilin phosphorylation. PLoS ONE 2013; 8(8): €71769.
Schonhofen P, de Medeiros LM, Chatain CP, Bristot 1J, Klamt F.
Cofilin/actin rod formation by dysregulation of cofilin-1 activity as
a central initial step in neurodegeneration. Mini Rev Med Chem
2014; 14(5): 393-400.

Green MV, Raybuck JD, Zhang X, Wu MM, Thayer SA. Scaling
synapses in the presence of HIV. Neurochem Res 2018.

Meeker RB, Hudson L. Feline immunodeficiency virus neuropa-
thogenesis: a model for HIV-induced CNS inflammation and neu-
rodegeneration. Vet Sci 2017; 4(14)

Klamt F, Zdanov S, Levine RL, et al. Oxidant-induced apoptosis is
mediated by oxidation of the actin-regulatory protein cofilin. Nat
Cell Biol 2009; 11(10): 1241-6.

Liu T, Wang F, LePochat P, et al. Cofilin-mediated neuronal
apoptosis via p53 translocation and pldl regulation. Sci Rep 2017,
7(1): 11532.



HIV Associated Neurodegenerative Disorders

[164]

[165]

[166]

[167]

[168]

Bamburg JR, Bernstein BW. Actin dynamics and cofilin-actin rods
in Alzheimer disease. Cytoskeleton (Hoboken, NJ) 2016; 73(9):
477-97.

Woo JA, Zhao X, Khan H, et al. Slingshot-cofilin activation
mediates mitochondrial and synaptic dysfunction via Abeta ligation
to betal-integrin conformers. Cell Death Differ 2015; 22(6): 921-
34.

Woo JA, Boggess T, Uhlar C, ef al. RanBP9 at the intersection
between cofilin and AP pathologies: rescue of neurodegenerative
changes by RanBP9 reduction. Cell Death Dis 2015; 6(3): 1676.
Gu J, Lee CW, Fan Y, et al. ADF/cofilin-mediated actin dynamics
regulate AMPA receptor trafficking during synaptic plasticity. Nat
Neurosci 2010; 13(10): 1208-15.

Minamide LS, Striegl AM, Boyle JA, Meberg PJ, Bamburg JR.
Neurodegenerative stimuli induce persistent ADF/cofilin-actin rods
that disrupt distal neurite function. Nat Cell Biol 2000; 2(9): 628-
36.

[169]

[170]

[171]

[172]

[173]

Current HIV Research, 2018, Vol. 16, No. 4 269

Shaw AE, Bamburg JR. Peptide regulation of cofilin activity in the
CNS: A novel therapeutic approach for treatment of multiple
neurological disorders. Pharmacol Ther 2017; 175: 17-27.

Yoder A, Yu D, Dong L, et al. HIV envelope-cxcr4 signaling
activates cofilin to overcome cortical actin restriction in resting cd4
tcells. Cell 2008; 134(5): 782-92.

GP E. Manipulation of lipid rafts in neuronal cells. Open Biol
2010; 3: 32-8.

Pontier SM, Percherancier Y, Galandrin S, Breit A, Gales C,
Bouvier M. Cholesterol-dependent separation of the beta2-
adrenergic receptor from its partners determines signaling efficacy:
insight into nanoscale organization of signal transduction. J Biol
Chem 2008; 283(36): 24659-72.

Marin R, Rojo JA, Fabelo N, Fernandez CE, Diaz M. Lipid raft
disarrangement as a result of neuropathological progresses: a novel
strategy for early diagnosis? Neuroscience 2013; 245: 26-39.



	HIV Associated Neurodegenerative Disorders: A New Perspective on theRole of Lipid Rafts in Gp120-Mediated Neurotoxicity
	Abstract:
	Keywords:
	1. INTRODUCTION
	2. HIV GP-120
	Fig. (1).
	Fig. (2).
	3. RAFT-ASSOCIATED SIGNALING
	4. COFILIN-ACTIN RODS: A POTENTIAL MECHANISMFOR GP120-MEDIATED SYNAPTIC DYSFUNCTION
	CONCLUDING REMARKS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	FINANCIAL SUPPORT
	REFERENCES



