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Abstract

In the late stage of human immunodeficiency virus-1 (HIV) infection, a subset of individuals 

develops HIV associated neurocognitive disorders (HAND), which in its severe form, is 

characterized by motor and cognitive dysfunction. Dendritic pruning, synaptic abnormalities and 

neuronal apoptosis are observed in these patients. There are numerous advances in our 

understanding of HIV interactions with cells of the central nervous system. However, the 

underlying causes of neurological symptoms and pathological alterations observed in HIV positive 

subjects are poorly understood. Moreover, little is still known about the molecular mechanisms by 

which HIV induces synaptic dysfunction and degeneration. HAND resembles other common 

neurological diseases such as Alzheimer’s and Huntington’s diseases. These neurodegenerative 

disorders are characterized by accumulation of toxic proteins such as tau and huntingtin, 

respectively, which promote axonal degeneration by impairing axonal transport. Axonal 

degeneration precedes neuronal death. Therefore, a better understanding of the mechanisms 

whereby HIV triggers axonal degeneration has potential implications for developing therapeutic 

compounds to prevent synaptic failure in HAND. This article highlights and reviews evidence 

showing that neuronal accumulation of viral proteins promotes axonal damage.

Keywords

Alzheimer’s disease; axonal degeneration; brain-derived neurotrophic factor; gp120; HAND; HIV; 
microtubules; neurocognitive impairments

*Corresponding author: moccheti@georgetown.edu. 

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

HHS Public Access
Author manuscript
Curr Trends Neurol. Author manuscript; available in PMC 2015 June 09.

Published in final edited form as:
Curr Trends Neurol. 2014 ; 8: 71–85.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

The human immunodeficiency virus type 1 (HIV) promotes a progressive depletion of T 

cells, causing acquired immune deficiency syndrome (AIDS). In addition, during the first 

few weeks after initial systemic infection, HIV invades the central nervous system (CNS) 

through migrating myeloid and lymphoid cells [1–4], and establishes a persistent infection in 

perivascular macrophages and microglia [5]. Infection, which is often associated with glial 

and endothelial activation and is referred to as neuroAIDS, promotes inflammation and 

degenerative insults that lead to cognitive and motor impairments termed HIV-associated 

neurocognitive disorders (HAND). HAND includes three degrees of neurocognitive 

disorders, asymptomatic neurocognitive impairments, mild neurocognitive disorders and 

HIV-associated dementia (HAD) [6].

HIV infection, replication and AIDS are significantly reduced by the combined antiretroviral 

therapy (cART), which includes a cocktail of nucleotide reverse transcriptase inhibitors, 

non-nucleotide reverse transcriptase inhibitors, protease inhibitors, or integrase inhibitors. 

Before the introduction of the cART, a substantial proportion (20–50%) of HIV positive 

subjects exhibited HAD. This severe form of dementia was characterized as a progressive 

disabling disorder that manifested as loss of attention and concentration, notable motor 

slowing, and severe behavioral impairments [7]. cART has shown positive outcome in 

reversing and preventing HAD. In fact, as treatment was initiated, patients showed reliable 

improvement on timed motor tasks and obvious clinical neurological progress, although a 

substantial proportion of them exhibited mild (33%) or moderate (12%) neurocognitive 

impairments [8, 9]. One of the reasons why neurocognitive impairments persist is attributed 

to the fact that these patients have detectable levels of HIV RNA in their cerebrospinal fluid 

even when it is undetectable in blood [10]. Thus, it is plausible to suggest that the brain 

concentration of drugs in cART is not sufficient to remove HIV replication in the brain. 

There is also evidence that the CNS of some individuals acts as an HIV sanctuary site unless 

a highly CNS-penetrating antiretroviral regimen is initiated [11]. Unfortunately the chemical 

characteristics of most antiretroviral drugs prevent them from crossing the blood brain 

barrier. On the other hand, there are other potential pathogenic mechanisms that may explain 

the neurologic symptoms of HAND including the neurotoxicity of antiretroviral drugs and 

the persistent activation of microglia cells [12]. Indirect effects from comorbid conditions 

such as cardiovascular and cerebrovascular diseases [13] as well as hepatitis C co-infection, 

which alone affect cognitive function [14] could also play a role in predisposing HIV 

subjects to cognitive alterations.

In this article we provide experimental data on how HIV may cause neuronal degeneration. 

In particular, we present and discuss new evidence suggesting that HIV infection of the 

brain promotes aggregation of viral proteins, which similar to the inclusion of proteins in 

other chronic neurodegenerative diseases, causes neural injury.

HIV accelerates the aging of the brain

cART has increased the survival of AIDS patients [15]. A comparative analysis assessing 

HIV-positive and -negative patients from the pre-cART and post-cART eras has shown that 

in the HIV-positive cohort impairments in motor skills, cognitive speed, and verbal fluency 
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predominated in the pre-cART era, whereas impairments in memory and learning, and 

executive function predominated in the post-cART era [16]. Subtle cognitive changes in 

HIV patients in the post-cART era are also seen in prospective memory, or the ability to 

‘remember to remember’, which could affect function in the workplace and impair 

adherence to medication. Arterial spin labeling, which measures cerebral blood flow, has 

shown that soon after seroconversion cerebral blood flow in HIV+ individuals is equivalent 

to HIV-seronegative people who are 15–20 years older [17]. Thus, it appears that HIV 

accelerates the neurodegenerative process to a degree similar to what has been observed in 

aging.

CNS volumetric analysis of HAND patients has shown that HIV infection is associated with 

a significant reduction in volume in selected subcortical regions including the amygdala, the 

striatum and the corpus callosum [18, 19]. Basal ganglia are particularly vulnerable in 

severely immunosuppressed subjects [20]. The pathology of the basal ganglia, as assessed 

by a global atrophy of the caudate nucleus and putamen, persists even in the era of cART 

[18] and correlates with cognitive impairment [21]. Moreover, cortical areas such as the 

frontal and superior temporal gyri as well as the cingulate areas also exhibit reduction of 

volume [22]. Neuronal atrophy and hypoactivity in the frontal cortex is also seen in other 

chronic degenerative diseases such as Alzheimer’s disease (AD) [23]. The earliest clinical 

signs of AD include memory impairment as well as deficit in language and executive 

functioning. A similar pattern of cognitive decline is now reported in HAND subjects 

although they are younger than HIV negative patients with AD. Clinical preliminary data 

support a link between HAND and AD. In fact, a sixty-three year-old HAND patient 

receiving cART has lower glucose accumulation, a marker of hypometabolism, measured by 

positron emission tomography (PET) using the glucose analogue [18F]-fluorodeoxyglucose, 

in several cortical areas, including parietal, frontal and temporal lobes. Voxel-based 

statistical analysis comparing this subject with a normal population (Figure 1) has revealed 

pathological features consistent with loss of function and cortical gray matter typical of AD. 

Additional PET scan with biomarkers of AD will further support a diagnosis of AD. The 

same patient exhibited a hypermetabolism in the caudate/putamen (Figure 1), consistent 

with HAND. It is possible, but not proven, that the patient may have both AD and HAND 

diagnoses for his mild clinical dementia. Moreover, functional magnetic resonance imaging 

has shown that HIV promotes a pattern of degradation in brain function similar to aging 

[24]. These data are consistent with the notion that HIV positive individuals demonstrate an 

age-decrease decline in brain activation and that aging has a deleterious effect in HIV 

positive subjects [25], possibly placing older patients who are HIV positive to an increased 

risk for developing cognitive impairment.

Although there is no evidence linking AD to HIV infection, there are clinical and 

pathological similarities between HAND and AD as well as in the mechanisms shared by 

these diseases that can potentially explain the selective loss of neurons. One similarity 

concerns the apoprotein E ε4 allele (APOEε4), which encodes for a protein important for 

shuttling fatty substances throughout the body and regulates cholesterol metabolism. This 

gene is a major risk factor for impaired neurocognitive function in AD and it has been used 

as a major genetic indicator of AD [26]. Younger HIV positive APOEε4 carriers exhibit loss 

of putamen and cerebral white matter volume to a degree similar to older HIV positive non-
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APOEε4 carriers [27]. In addition more disruption of the frontal and motor connections is 

seen in older HIV APOEε4 carriers than non-carriers [28]. Other studies have indicated that 

HIV positive patients exhibit a higher deposition of β-amyloid protein than HIV negative 

patients [29]. This protein is an abundant component of amyloid plaques that are found 

throughout the AD brain and used to diagnose pathological AD. Although the correlation 

between the presence of β-amyloid and APOEε4 and the cause of HAND and AD are still 

under investigation, the similarities between HAND and AD could create challenges in the 

differentiation of these diseases in elderly patients with HIV. Overall, it appears that HIV 

accelerates brain atrophy and alteration of synaptodendritic network typically seen during 

the ageing process even during cART. These clinical data form a rationale of why we need 

to know more about the mechanisms whereby HIV infection leads to cognitive dysfunction 

in order to develop new treatments.

HIV infection and chemokine receptors

HIV belongs to a family of primate lentiviruses (a subgroup of retroviruses). Like other 

retroviruses, HIV contains a viral capsid, the diploid single-stranded RNA genome, and the 

three viral enzymes, protease, reverse transcriptase, and integrase. Reverse transcriptase is 

the hallmark of a retrovirus and this enzyme is capable of transcribing its genomic RNA into 

double-stranded DNA. The virion envelope consists of a lipid bilayer membrane, derived 

from the host cell, and a virally encoded tetrameric envelope protein complex, of which each 

subunit consists of two non-covalently-linked membrane proteins, gp120 and gp41. The 

envelope protein complex facilitates viral entry by binding to the receptor CD4, the main 

cellular receptor for all primate lentiviruses, via the outer envelope protein gp120 [30]. The 

transmembrane protein gp41 is involved in the fusion of viral envelope with cellular 

membrane. In addition to these structural proteins found in all retroviruses, HIV contains a 

series of accessory proteins such as Tat and Nef. The function of the Tat protein is to up-

regulate transcription from the viral promoter whereas Nef is required for efficient 

replication in vivo.

Initial viral binding to cell membrane and subsequent entry into host cells are catalyzed by a 

high affinity interaction between gp120 and the host cellular surface antigen CD4. CD4 is 

found on the surface of immune cells such as T helper, monocytes, macrophages, and 

dendritic cells. The first evidence that implicated CD4 as the primary HIV receptor was the 

ability of anti-CD4 monoclonal antibodies to inhibit virus infection [31]. However, CD4 is 

necessary but not sufficient to support virus entry. Indeed, the interaction between gp120 

and CD4 causes gp120 to undergo a conformational change, exposing the co-receptor 

binding site [32]. The chemokine receptors CCR5 and CXCR4 are the most utilized co-

receptors [33–36]. Different strains of HIV can use either CCR5 or CXCR4 or both to enter 

cells [37, 38]. R5 viruses use CD4 and CCR5 to infect and replicate efficiently in 

macrophages and microglia, whereas X4 viruses use CD4 and CXCR4 to enter and replicate 

in T lymphocytes. X4 virus can also infect astrocytes in a CD4-independent manner [39]. 

Dual tropism viruses that use both co-receptors are designated R5X4. The presence of R5 or 

X4 strains varies during the course of the infection. R5 tropic viruses predominate during the 

initial phase of infection and are transmitted with greater efficiency, whereas the X4 viruses 

emerge later during the disease and are associated with rapid progression to AIDS [40].

Mocchetti et al. Page 4

Curr Trends Neurol. Author manuscript; available in PMC 2015 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIV tropism in the brain

Brain-derived HIV isolates differ from those typically found in systemic circulation [41, 42]. 

Moreover, comparisons between peripheral blood-derived viruses and those derived from 

multiple brain compartments in the same patient have suggested segregated evolution of 

viral strains present within differing brain regions [43]. Comparative molecular and 

biological analyses of HIV isolates derived from both HAD and non-HAD patients have 

suggested that differences in viral tropism can discriminate between patients with and 

without dementia, indicating that neurotropic HIV variants evolve independently within the 

brain and contribute to neuropathogenesis [44]. In addition, brain-derived HIV sequences 

from HAD patients differ from those isolated from non-HAD patients, primarily within the 

V1 and V3 region of gp120. The V3 loop is considered the major viral determinant for co-

receptor usage [45, 46], whereas the V1 loop is crucial for evading antibody-mediated 

neutralization [31], suggesting that specific HIV envelope sequences may be associated with 

clinical onset of dementia [47, 48]. One specific envelop variant N283, which is present in 

the CD4-binding site of gp120, enhances the affinity of gp120 for CD4 by decreasing the 

dissociation rate between these two molecules [49], thus enabling HIV to utilize lower levels 

of CD4 for binding and entry and subsequently enhancing viral replication within 

macrophages and microglia. This variant has been identified at high frequency in brain from 

HAD patients (41%) compared with non-HAD patients (8%), [49] suggesting that R5 HIV 

may participate in causing the neurologic impairment. Nevertheless, data from HIV RNA 

concentration in the cerebral spinal fluid (to measure HIV infection of the CNS) suggest that 

while HIV infection of the CNS indicates neuronal damage, HIV RNA concentration does 

not correlate with impaired cognitive function [50].

Mechanisms of HIV-mediated neuronal injury

Productive HIV infection of the CNS is limited to specific cell types such as perivascular 

macrophages and microglia cells [51]. Very few astrocytes are infected and most of these 

astrocytes constitute the end feet of the blood brain barrier [52]. Thus, the vulnerability of 

synapses in HAND does not result from direct intrinsic viral infection of neurons. These 

data have prompted studies to characterize mechanisms of HIV neurotoxicity that are 

independent from direct viral infection and have led to the discovery of host factors, 

cytotoxins, and viral proteins as major causes of neuronal injury [53]. HIV produces nine 

proteins that play a role in the viral life cycle. At least six of these proteins can damage 

neurons; these include gp120, gp41, Tat, Nef, Vpr, and Rev. The proteins may evoke 

neuronal injury by promoting the release of pro-inflammatory cytokines and chemokines 

from microglia and astrocytes [54–58], thus supporting the notion that HIV neurotoxicity is 

caused by cytotoxins released from non-neuronal cells. In addition, Tat and gp120 promote 

the activation of neurotoxic mechanisms involved in glutamate-mediated excitotoxicity, and 

oxidative stress [59]. Such mechanisms are also been suggested to cause other 

neurodegenerative diseases but so far therapies to block excitotoxicity have failed to 

produce a positive clinical outcome. Therefore, excitotoxicity may not explain all 

pathological features observed in HAND.

Other experimental data have favored the hypothesis of HIV neurotoxicity that occurs by a 

direct interaction of viral proteins with neuronal pathways/stimuli that promote cell death. 
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This notion is mostly inferred from animal studies and should be viewed with caution 

because, as mentioned before, hepatitis C co-infection, antiretroviral drug toxicity and 

cerebrovascular disease may play a role in CNS damage in HAND. Nevertheless, even in 

the absence of hepatitis or other co-morbidities, viral proteins are neurotoxic. Some HIV 

proteins, especially Tat [60] and gp120 [61] can be released from infected cells and 

accumulate inside rodent neurons in vitro and in vivo [61, 62]. Such accumulation occurs 

without a productive infection (Figure 2) and appears to activate intracellular mechanisms 

that are neurotoxic because neurons that are gp120-positive exhibit signs of synaptic 

atrophy. In addition, Tat promotes mitochondrial dysfunction, dendritic loss and cell death 

[63] at concentrations lower than those needed to support viral replication. Remarkably, 

both HIV and gp120 are toxic to rodent neurons, similarly to human CNS cultures [64–66]. 

Moreover, gp120 alone is sufficient to cause neurite pruning, synaptic simplification, and 

apoptosis in primary neuronal cultures, similar to HIV [67]. In vivo models corroborated 

these findings. In fact, gp120 transgenic mice exhibit synaptodendritic injury and loss of 

pyramidal neurons, in several brain areas [68]. In addition, several subtypes of neurons are 

sensitive to the neurotoxic action of gp120. These include hippocampal [69], cortical [70] 

and striatal neurons [71]. Loss of neurons in the striatum is followed by a selective 

degeneration of dopaminergic synapses and neurons in the substantia nigra (SN) [72]. 

Neurodegeneration can occur in the presence [73, 74] or absence [75] of inflammatory 

responses, including activated microglia. The ability of gp120 to promote neuronal loss in 

the hippocampus and the basal ganglia may explain why some HAND subjects experience 

memory deficits while others develop parkinsonian symptoms.

Neurotrophic factors

There are other mechanisms that could explain the profound loss of synaptic connection in 

HAD as these subjects exhibit a decrease in neurotrophic factors, which follow or parallel 

cellular loss and atrophy in brain [76]. Adult neurons rely on the availability of neurotrophic 

factors for their maintenance and support. Neurotrophic factors are also crucial for proper 

development of synapses and to promote survival. Lack of trophic support often leads to 

axonal and dendritic degeneration [77]. One of the most abundant and potent trophic factors 

in the adult CNS is brain-derived neurotrophic factor (BDNF), a member of the 

neurotrophin family of growth factor, which includes nerve growth factor, neurotrophin-3, 

and neurotrophin 4/5.

BDNF possesses a variety of properties that are crucial for cognitive [77], motor [78] and 

endocrine functions [79]. It is important to note that BDNF modulates synaptic activity 

involved in learning and memory [80]. Likewise, the lack of BDNF appears to be a common 

pathological feature in other chronic neurodegenerative diseases. For instance, a deficiency 

in BDNF synthesis has been described in postmortem brains [81] and cerebrospinal fluid 

[82] of patients with AD. BDNF expression is also decreased in nigrostriatal dopamine 

neurons in PD [83, 84], and cortical neurons in schizophrenia [85]. A decrease in BDNF 

gene expression has been linked to the etiology of Huntington’s disease (HD) [86]. A similar 

reduction in BDNF levels has been observed in HIV infected T-lymphocytes [87]. Thus, 

HIV may produce synaptic-dendritic degeneration by altering the endogenous mechanisms 

of neuronal protection. On the other hand, BDNF has been shown to down-regulate the 
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expression and function of the co-receptor CXCR4, suggesting that BDNF may also reduce 

the intrinsic neurotoxic mechanisms of gp120 that depend on the activation of this receptor. 

In fact, experimental data have shown that gp120 is more toxic in BDNF heterozygous (+/−) 

mice, which express 50% less BDNF than wild type [72].

BDNF binds to two distinct classes of receptors, TrkB, which contains a tyrosine kinase 

motif and mediates the neurotrophic activity of BDNF, and p75NTR, a member of the tumor 

necrosis factor family of receptors [88]. The p75NTR contains a death motif [89] and 

promotes cell death when TrkB is not activated. Examples of neurotoxic action of p75NTR 

include the death of oligodendrocytes [90], the axonal degeneration in the peripheral [91] 

and CNS [92], and the mediation of beta-amyloid induced cell death [93]. Cell death 

induced by p75NTR appears to occur through c-Jun N-terminal kinase [94, 95], a pathway 

that is also activated by HIV [96]. BDNF binds to p75NTR with low affinity; however, the 

high molecular weight precursor protein of BDNF (proBDNF) has high affinity for p75NTR 

and when it activates p75NTR causes cell death [97, 98]. Thus, proBDNF is considered a 

negative modulator of synaptic plasticity. This issue is important in HAND because gp120 

inhibits the processing of proBDNF [76], which in turn induces neurotoxicity [76, 99]. 

These experimental data suggest that unless HIV seropositive subjects receive antagonists of 

the p75NTR, their neurons are at high risk to die due to activation of p75NTR by gp120.

There are other growth factors that exhibit neuroprotective properties and may help reduce 

the neurotoxic activity of HIV; these include glial-derived neurotrophic factor (GDNF), 

platelet-derived growth factor [100] and fibroblast growth factors [101]. Each growth factor 

acts on different neuronal populations. However, GDNF appears to have a unique profile of 

activity. GDNF belongs to a family of trophic factors consisting of four members: GDNF, 

Neurturin, Artemin, and Persephin. The most important neurotrophic property of this family 

of growth factor that have a therapeutic importance is the neuroprotection of dopaminergic 

neurons of the nigrostriatal system [102, 103]. This pathway degenerates in PD. The trophic 

property of GDNF could also be of a particular importance for HAND, especially at a stage 

in which HIV seropositive subjects exhibit clinical features that resemble those found in PD, 

such as the postural instability, involuntary movements, bradykinesia, and impairment in 

fine motor skills [20]. In addition, the SN of HAD subjects exhibit lower expression of 

GDNF than HIV subjects without dementia [104]. A similar scenario has been observed in 

experimental animals injected with gp120 in the striatum [105]. These results, while they 

suggest that neurotrophic factors can be a useful therapy for HAND, also introduce a new 

view of the cause of HAND based on the notion that the lack or loss of trophic support could 

lead to neuronal degeneration in these subjects. Thus, in addition to cART, future clinical 

trials should contain a therapy based also on neurotrophic factors. Nevertheless, a 

neurotrophic factor-based therapy should consider that the efficiency of neurotrophic factors 

to cross the blood brain barrier is less than optimal and that the pharmaceutical composition 

of BDNF cannot be contaminated by proBDNF.

Intracellular accumulation of gp120

Loss of selective neuronal population is a common feature of many neurodegenerative 

disorders. However, prominent axonal pathology often precedes neuronal loss in the form of 
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‘dying back’, in which axons from the synaptic regions gradually degenerate toward the cell 

body. These phenomena have been observed in HIV patients [106] as well as in gp120-

treated animals [68, 105]. Thus, mechanisms leading to the pathology of these diseases 

could help in discovering and characterizing the cause of HAND.

AD [107], PD [108] and HD [109] are associated with cytoplasmic inclusion of aggregated 

proteins such as β-amyloid, α-synuclein, and huntingtin, respectively. Misfolded proteins 

can generate from genetic mutations, inappropriate protein assembly, aberrant post-

translational modification, as well as environmental stress that affect their biogenesis. How 

these inclusions lead to neurodegeneration is beyond the scope of this article. More than 

simply being nonfunctional, misfolded proteins are prone to forming aggregates that can 

interfere with normal cellular function and physiological homeostasis [110] by forming 

insoluble plaques that can lead to a progressive synaptic pruning and neuritic injury. Thus, 

misfolded proteins are closely monitored, processed, and degraded to prevent their 

accumulation in cells because aggregated proteins are toxic. The exact mechanisms 

underlying the etiology about how these proteins create the diseases are unclear. However, 

drugs that inhibit aggregation and accumulation of misfolded proteins show promising 

therapeutic effects in animal models of PD, AD [111] and HD [112]. These drugs work 

mostly on the endogenous mechanism of protein clearance. Under non-injury conditions, 

neurons maintain a balance between synthesis, transport and degradation of cellular 

components through the process of autophagy, a regulatory catabolic mechanism that 

degrades proteins and other components in lysosomes. The degradation of proteins is 

recognized and often polyubiquitinated by a complex network of proteins. However, once 

aggregated, misfolded proteins are not polyubiquitinated efficiently and therefore are not 

degraded by proteasome machinery. Thus, when autophagy is impaired, proteins aggregate 

and accumulate in the cytoplasm, leading to cytotoxicity [113].

Aggregation of viral proteins is observed in HIV positive subjects as a result of virus 

replication. However, it is important to distinguish which cells accumulate these viral 

proteins in order to link accumulation of viral proteins to toxic events that may explain 

HAND. In human brain, gp120 is seen in multinucleated giant cells and microglia [114]. 

This is expected because these cells express both CD4 and the co-receptors and are the 

primary cell types in the brain that are infected with HIV and harbor viral particles 

intracellularly, reflecting their potential as a reservoir. Astrocytes can also be infected, 

although their infection occurs primarily by a CD4-independent endocytosis [39, 115]. In 

astrocytes the endosomal system degrades HIV [116]; thus, little accumulation of viral 

proteins occurs in these cells. Neurons are not infected; nevertheless, both gp120 and Tat, 

according to animal models, accumulate inside neurons [61, 62, 117]. Moreover, few and 

isolated gp120 positive neurons can be detected in postmortem brain of HAD subjects 

(Figure 3), suggesting that neurons cannot dispose gp120 or are highly inefficient in 

degrading the viral protein. It is unclear whether neuronal gp120 is misfolded or forms 

insoluble aggregates. However, this aggregation could be toxic. An important question is 

why neurons accumulate gp120 in a manner that could be due to an impairment of 

autophagy. Experimental data have shown that although gp120 activates autophagy [118] 

this activation last only for a few hours [119], suggesting that autophagy remains inefficient 

in gp120-treated neurons. There is no easy answer to the question of why autophagy is 
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impaired by gp120, though, it is important to note the ubiquitin proteasome system, which is 

required to initiate autophagy, is altered in HAD subjects [120]. These considerations would 

be in line with the notion that chronic neurodegenerative diseases may start when autophagy 

becomes impaired. If so, a therapy for HAND should include a way to dispose aggregated 

gp120. However, more experimental data should be obtained to determine the role gp120 

accumulation plays in neuronal degeneration.

Gp120 and microtubules

The accumulation of gp120 may initiate mechanisms of axonal degeneration similar to those 

described for β-amyloid, α-synuclein or other toxic proteins. How aggregates lead to 

neuronal loss is reviewed elsewhere [107]; however we will present examples to illustrate 

the toxic effect of aggregated proteins. For instance, β-amyloid accumulation induces 

hyperphosphorylation of tau [121], which promotes neurotoxicity by depletion of 

mitochondria in synapses. Aggregated mutant huntingtin evokes neurodegeneration by 

inhibiting axonal transport of BDNF as well as increasing mitochondria fragmentation 

[122]. Additional information about mechanisms whereby aggregated proteins induce 

neurodegeneration can be found elsewhere [123, 124]. A major difference between gp120 

and β-amyloid or other proteins is that gp120 is not produced endogenously by neurons but 

HIV carries it into the brain. HIV or infected cells then shed gp120, which in turn, is 

endocytosed in astrocytes and neurons most likely by binding to mannose lectin [125]. 

Nevertheless, the toxic properties of gp120 are only seen in neurons, suggesting that 

accumulation of gp120 in cells per se may not be sufficient to cause neural impairment; 

rather, gp120 must alter intracellular organelles. For instance, aggresome formation and 

pathological inclusions containing misfolded proteins can lead to disruption of the normal 

architecture of the Golgi apparatus. Fragmentation of the Golgi apparatus is observed in 

neurons from AD brains as well as from other neurodegenerative diseases [126]. On the 

other hand, the Golgi apparatus is a dynamic organelle whose organization depends on 

continuous microtubule-based vesicular traffic. One critical experimental result has 

demonstrated that gp120 travels along microtubules (MTs) in neurons [61]. MTs are found 

in both axons and dendrites where they play a role in neurite elongation, intracellular 

transport of mitochondria and vesicles. Thus, binding of gp120 to MTs can have profound 

significance for HIV-mediated neuronal degeneration. However, little is known about how 

gp120 interacts with MTs.

MTs are copolymers assembled from tubulin heterodimers comprised of repeats of α- and β-

tubulin, which are conserved among all eukaryotic species [127]. Both α- and β-tubulin 

consist of numerous isotypes, which differ in amino acid sequence and cellular and tissue 

distribution. The secondary structure of gp120 contains three α-helix motifs that can 

determine associations between different proteins [128]. Neuronal specific tubulin-β3 

(TUBB3) also contains multiple α helix motifs. Analysis of sequence of these α-helices by 

Wenxiang diagram (Figure 4) revealed that the α-helix of gp120 near the V3 loop (Figure 5) 

could form a dimer with the α helix of TUBB3 located in its carboxyl terminal tail (CTT). 

Such binding may alter the stability and function of neuronal MTs. Local changes in the 

integrity and dynamics of MTs are sufficient to alter axon and dendrite specification and 

their normal function, especially the rate of transport. When the normal functions of axons 
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and dendrites are compromised, a distinct neurodegeneration arises. Indeed, impaired MTs 

is a signature for several neurological disorders. As discussed above, in AD, 

hyperphosphorylation of tau, one of the complement of MT-associated protein, disrupts the 

normal function of axons resulting in an inhibition of mitochondrial function and activation 

of inflammatory responses [129]. In HD, mutant huntingtin binds to mitochondrial fission 

GTPase and causes mitochondrial fragmentation [130]. Thus, gp120 by binding to neuronal 

specific tubulin may impair the function of MTs and, consequently, inhibit their ability to 

act as transporters of cargoes.

CONCLUSIONS

Neurological alterations in HIV positive subjects remain a current problem that is not solved 

by current antiretroviral therapy. In addition, some antiretroviral medications also cause 

CNS and peripheral nerve adverse effects, and induce the immune restoration inflammatory 

syndrome [131]. The incomplete understanding of the pathogenic mechanisms of HIV 

neurotoxicity has constituted a major roadblock to the development of new therapies. 

HAND shares some similarities with other chronic neurodegenerative disorders. Among 

others, neurons of HIV-infected patients exhibit inclusion of gp120. This viral protein is 

endocytosed and accumulates inside neurons by inhibiting autophagy. Most importantly, 

gp120 may bind to TUBB3 and may alter the function of MTs as axonal transporters of 

organelles and vesicles, including neurotrophic factors (Figure 5). Thus, accumulated gp120 

could decrease axonal transport similar to other toxic proteins such as α-synuclein, mutated 

huntingtin or β-amyloid, which cause the breakdown of axonal cytoskeleton and the 

progression of neuronal loss seen in PD, HD and AD, respectively. Without intervention, 

gp120 continues to accumulate and predisposes neurons to inflammatory responses, which 

amplify the progression of the clinical pathology.
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Figure 1. 
Statistical analysis of a HAND patient FDG PET/CT compared to a reference normal 

population. A. Tridimensional maps of Voxel-Based analysis. The voxels that show 

significant changes in hypometabolism in the HAND subject compared to normal are shown 

in blue, those showing significant hypermetabolism are shown in red. B. Table of the 

regional analysis showing the corresponding standard deviations from the normal population 

for all the regions showing statistically significant changes in the 3D map. BG = Basal 

ganglia; FL = Frontal lobe; PC = Posterior cingulate; PL = Parietal lobe, TL = Temporal 

lobe.
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Figure 2. HIV sheds gp120
Rat cortical neurons were exposed to (upper panel) heat inactivated HIV or (lower panel) T-

lymphotropic HIV (AIDS Research and Reference Reagent program, NIAID, NIH, 

Bethesda, MD) for 24 h. Neurons were then fixed and stained for gp120, Tat and MAP-2. 

Please note that Tat was undetectable and that neurons exposed to gp120 exhibit shorter 

processes.
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Figure 3. Gp120 immunoreactivity in human brains
Paraffin-embedded sections from the midbrain of HIV positive (no HAD) and HAD subjects 

(National NeuroAIDS Tissue Consortium) were immunostained with an antibody against 

gp120 (AIDS Research and Reference Reagent program, NIAID, NIH, Bethesda, MD). The 

figure is an example (n = 3) of a neuron positive for gp120 immunoreactivity (arrow) in 

HAD. No immunoreactivity was detected in HIV subjects.
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Figure 4. Amino acid sequences of gp120 α-helix and the carboxy terminal tail of TUBB3 plotted 
on a helical wheel
A Wenxiang diagram with the axis direction set from the amino-terminal to the carboxy-

terminal was used to show the properties of gp120 α helix and the carboxy terminal tail 

(CTT) of TUBB3. The hydrophobic sides are in red and hydrophilic sides in blue. The α 

helix motif of gp120 has only two hydrophilic amino acids at approximately 120 degrees 

from each other.
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Figure 5. Synopsis of the proposed mechanisms of HIV-mediated neuronal injury
HIV sheds gp120, which is endocytosed and accumulates inside neurons. The α helix of 

gp120 binds to the CTT of TUBB3 (enlargement) leading to destabilization of MTs, which, 

in turn, become impaired in their ability to transport, both retrogradely and anterogradely, 

mitochondria and other organelles.
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