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Abstract Although the incidence of HIV-associated demen-
tia (HAD) has declined, HIV-associated neurocognitive
disorders (HAND) remain a significant health problem
despite use of highly active antiretroviral therapy. In addition,
the incidence and/or severity of HAND/HAD are increased
with concomitant use of drugs of abuse, such as cocaine,
marijuana, and methamphetamine. Furthermore, exposure to
most drugs of abuse increases brain levels of dopamine, which
has been implicated in the pathogenesis of HIV. This review
evaluates the potential role of dopamine in the potentiation of
HAND/HAD by drugs of abuse. In the brain, multiplication of
HIV in infected macrophages/microglia could result in the
release of HIV proteins such as gp120 and Tat, which can
bind to and impair dopamine transporter (DAT) functions,
leading to elevated levels of dopamine in the dopaminergic
synapses in the early asymptomatic stage of HIV infection.
Exposure of HIV-infected patients to drugs of abuse,
especially cocaine and methamphetamine, can further in-
crease synaptic levels of dopamine via binding to and
subsequently impairing the function of DAT. This accumu-
lated synaptic dopamine can diffuse out and activate
adjacent microglia through binding to dopamine recep-
tors. The activation of microglia may result in increased
HIV replication as well as increased production of
inflammatory mediators such as tumor necrosis factor
(TNF)-alpha and chemokines. Increased HIV replication
can lead to increased brain viral load and increased
shedding of HIV proteins, gp120 and Tat. These proteins,

as well as TNF-alpha, can induce cell death of adjacent
dopaminergic neurons via apoptosis. Autoxidation and
metabolism of accumulated synaptic dopamine can lead
to generation of reactive oxygen species (hydrogen
peroxide), quinones, and semiquinones, which can also
induce apoptosis of neurons. Increased cell death of
dopaminergic neurons can eventually lead to dopamine
deficit that may exacerbate the severity and/or accelerate
the progression of HAND/HAD.
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Introduction

In the era of highly active antiretroviral therapy (HAART),
although the incidence of HIV-associated dementia (HAD)
has declined, HIV-associated neurocognitive disorders
(HAND) remain a significant health problem. It is
estimated that about 50% of the HIV-infected individuals
are affected with HAND despite use of HAART [1]. This is
probably due to the fact that HIV-infected individuals on
HAART live longer [2] and the poor ability of most of the
antiretroviral drugs, especially protease inhibitors, to
penetrate blood–brain barrier (BBB) [3, 4]. In addition,
incidence and/or severity of HAD/HAND are increased
with concomitant use of drugs of abuse such as cocaine,
marijuana, and methamphetamine [5–10]. Furthermore,
exposure to most drugs of abuse increases brain levels of
dopamine well beyond basal levels and levels associated
with “natural rewards” (e.g., food, sex) [11–15]. Finally,
dopamine has been implicated in HIVand simian immuno-
deficiency virus (SIV)-induced brain pathology [16, 17],
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and shown to promote HIV replication in macrophages
[18]. The purpose of this review is to evaluate the potential
role of dopamine in the development of HAND/HAD and
in the exacerbation of these conditions by drugs of abuse.

HIV/AIDS and Brain Pathology in Dopamine-Rich Areas

Studies investigating relationship between HIV-I infection
and brain pathology have revealed that this virus can cause
selective damage to dopamine-rich areas of the brain. For
example, using quantitative neuroimaging, selective basal
ganglia atrophy was reported in HAD patients [19]. In
addition, in autopsied patients who died of AIDS,
significant degeneration of neurons was reported in the
substantia nigra [20, 21]. Furthermore, atrophy of the
caudate nucleus (a dopamine-rich part of basal ganglia)
was significantly associated with cognitive impairment in
HIV-infected patients [22–24]. Finally, severe neuronal
degeneration was observed in dopamine-rich areas (substantia
nigra and globus pallidus) of the brain in SIV-infected
monkeys [25]. Neuronal degeneration in dopamine-rich areas
appears to be associated with higher HIV load in these brain
regions. Indeed, HIV-1 proviral DNA load was significantly
higher in the medial temporal lobe (dopamine-rich area) than
in the frontal lobe [26]. HIV-1 gp41-positive microglia were
most numerous in globus pallidus obtained from the brain of
AIDS encephalitis patients [27]. Relatively higher levels of
HIV-1 RNA were found in dopamine-rich parts of human
brain samples (substantia nigra, caudate nucleus, basal
ganglia, and globus pallidus) obtained at autopsy [17, 28].
Overall, these data suggest that while HIV infection can
generally cause brain atrophy, “dopamine-rich” areas can
show proportionally more atrophy, suggesting a propensity
for HIV in targeting these brain areas.

HIV/AIDS and Dopamine Levels

Several researchers have investigated a connection between
HIV infection and dopamine levels measured in postmortem
brain samples and cerebrospinal fluid (CSF). In a study,
dopamine and its metabolite homovanillic acid (HVA)
concentrations were both significantly reduced in caudate
nucleus tissue (dopamine-rich area) taken at postmortem
from patients with AIDS compared to tissues taken from
age-matched controls [29]. This finding was associated with
a loss of nigrostriatal dopaminergic neurons, suggesting a
HIV-induced neuronal damage followed by dopamine deple-
tion. In another postmortem sample study, Kumar et al. [17]
found a significant decrease in dopamine levels in
dopamine-rich brain regions, including caudate nucleus,
putamen, globus pallidus, and substantia nigra obtained

from HIV-1-positive subjects, who actually died of HIV/
AIDS with no opportunistic infection at the time of death,
compared to dopamine levels observed in HIV-negative
cases. In contrast, in HIV-negative cases, the highest
concentration of dopamine was found in dopamine-rich
areas, including putamen, caudate, substantia nigra, and the
basal ganglia. In this study, brain regions having the highest
HIV-1 RNA had the maximum decrease in dopamine levels,
indicating HIV-1-associated damage to dopaminergic neu-
rons. There were no differences in dopamine and HVA
content in the brain regions between HIV-positive cases who
used HAART and HIV-positive cases who did not use
HAART.

These postmortem studies show similarities to those
studies using in vivo brain imaging technology such as
magnetic resonance imaging and positron emission tomog-
raphy, with HIV-1-positive patients. These reports show
reduction in brain volume and metabolic activity in the
basal ganglia, particularly the caudate nucleus [19, 30].
Interestingly, Rottenberg et al. [31] showed dynamic
changes in the metabolic activity of the basal ganglia, over
the course of HIV infection with hyper-metabolism in the
early stages of infection followed by hypo-metabolism in
late, more advanced, stages of the disease.

Researchers have also measured dopamine levels in CSF
as a surrogate marker for dopamine levels in the brain. Both
higher and lower levels of dopamine have been reported in
the CSF of HIV-infected patients. In one study, CSF
dopamine levels were significantly lower in the HIV-1-
seropositive group than in the seronegative group [32].
Importantly, the decreased CSF dopamine levels were
correlated with HIV status and neurological disease. CSF
levels of dopamine in HIV-1-positive individuals without
neurological disease were on average approximately 60%
less than in seronegative controls, and those seropositive
individuals with evidence of neurological disease on
average had 80% less dopamine in CSF. In addition,
decreased levels of HVA have also been reported in the
CSF of HIV-infected patients [33, 34]. Importantly, Larsson
et al. [33] observed the decrease only during the AIDS
stage. Obermann at al [35] went further using transcranial
sonographic (TCS) examination to assess the morphology
of the substantia nigra, a region rich in dopaminergic cell
bodies, and its relationship to dopamine levels in the CSF,
and with neuropsychological performance in different
stages of HIV infection. This group concluded that early
nigrostriatal damage is mediated through HIV neurotoxicity,
which can be detected using TCS and that this change is
correlated with dopamine depletion in the CSF in therapy-naive
asymptomatic HIV-infected patients. These data further suggest
HIV infections can mediate dopaminergic hypofunction.

In contrast to the previous studies, in a recent study,
dopamine levels were significantly increased by twofold,
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along with 3,4-dihydroxyphenylacetic acid (another
metabolite of dopamine) in the CSF (collected from
lumber puncture) of therapy-naive HIV-infected non-
drug-abusing patients during early asymptomatic stage,
when compared to uninfected control [36]. In this study,
the increase in dopamine levels was accompanied by a
decrease in dopamine turnover. In addition, the increase in
dopamine levels was not accompanied by adaptive
changes in dopamine transporter (DAT) or dopamine
receptor 2 availability measured with receptor single-
photon emission tomography imaging. These discrepant
results may be accounted for if it is assumed that initially
HIV infection leads to an increase in extracellular
dopamine levels. These increased levels in turn may exert
toxic effects on dopamine neurons through oxidative
properties of catecholamines. This cytotoxicity may ulti-
mately result in neurodegeneration of dopamine neurons and
lower levels of brain dopamine.

Overall, these studies suggest a connection between HIV-1
infection, dopamine levels, and neuronal degeneration of
dopamine-rich areas of the brain; however, they do not
explain the underlying mechanisms of this correlation
or directly test the interrelationship between changes in
dopamine level and HIV infection and their role in
neuronal degeneration or brain atrophy. To address this
issue directly, researchers have used retroviral infection
models in monkeys and rats.

Dopamine Studies in Simian Immunodeficient
Virus -Infected Monkey Model

In the SIV model of HIV infection, affected Rhesus
macaques show clinical symptoms and neurological
complications that mimic those observed in human
neuro-AIDS. Rhesus macaques inoculated with macrophage-
tropic, neurovirulent SIV (SIVmac R71/17E) exhibit
neuroAIDS-like neuro-pathological changes in brain,
including microglial nodules, extensive perivascular
cuffing, and the presence of multinucleated giant cells
in dopamine-rich areas (globus pallidus and substantia
nigra) of the brain [25]. Researchers have used this model
to determine the interrelationship between dopamine and
HIV-induced brain pathology [16, 37, 38].

Researcher [37–39] have shown that during early
asymptomatic phase of 2–3 months post-SIV infection,
dopamine levels were significantly decreased in dopamine-
rich brain areas such as putamen, frontal cortex, hippocampus,
and nuclear accumbens, and the levels were further decreased
as the infection progressed to the stage of AIDS [38]. In
addition, surface expression of major histocompatibility
complex II (MHC II) (a marker for activated microglia)
was increased on microglia isolated from animals sacrificed

during the asymptomatic phase of SIVand the expression of
this marker was further increased in animals with the
development of AIDS [38].

Administration of selegiline, a monoamine oxidase-B
(MAO-B) inhibitor, or L-3, 4-dihydroxyphenylalanine
(L-DOPA) (a precursor of dopamine that can cross BBB)
increased dopamine levels in the brain [37]. Both selegiline
and L-DOPA increased SIV RNA expression in dopamine-
rich forebrain/midbrain areas (basal ganglia, frontal cortex,
substantia nigra) but not in dopamine-poor hind brain areas
(nuclei of the reticular formation, the raphe nuclei,
cerebellum) [16, 37]. Both substances aggravated SIV
infection-related neuropathology and ultrastructural altera-
tions of dendrites in dopamine-rich areas in asymptomatic
animals [16, 37], and enhanced the expression of TNF-alpha,
a marker of microglia activation [16].

Collectively, these findings suggest that (a) SIV infection-
induced activation of microglia during asymptomatic phase
may decrease brain dopamine levels due to degeneration of
dopaminergic neurons. With the progression of disease,
further activation of microglia may contribute to the advance-
ment of neuronal degeneration, which may result in further
decline in dopamine levels, and (b) selegiline or L-DOPA-
induced elevated dopamine levels may be responsible for
elevated brain SIV load and enhanced brain pathology in
dopamine-rich areas. The enhanced pathology could have
been mediated via activation of microglia as shown by
increased expression of TNF-alpha and MHC II.

Role of Dopamine in a Retroviral Rat Model
of Neurodegeneration Induced by Murine
Leukemia Virus NT40

Murine leukemia virus NT40 is known to induce
degeneration of the central nervous system in neonatal
rats. In this model, administration of selegiline (1.0 mg/kg
body weight at 17 days post-infection) significantly shortened
the incubation period of neurological disease, increased viral
load in CNS, increased number of cells expressing MHC II
molecules, and exhibited inhibition of MAO-B activity in
comparison to untreated but infected (control) animals [40].
These results suggest that selegiline-induced elevated levels
of dopamine activated microglia that presumably resulted in
viral replication and accelerated neurodegeneration.

Dopamine and HIV Replication

A few investigators have used in vitro studies investigating
the role of dopamine in HIV replication using lymphocytes
or macrophages [18, 41, 42]. In an early study, Rohr et al.
[41] showed that dopamine (100 μM) stimulated HIV-1
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transcription and replication (p24 antigen) in Jurkat T cells
(T lymphocytes) and in peripheral blood mononuclear cells
(PBMC). In this study, dopamine stimulated expression
(transcription) of HIV-1 via nuclear factor-kappaB (NF-κB)
activation. In another study, dopamine in 20–100 μM
concentrations dose dependently increased HIV-1 replica-
tion (as measured by HIV-1 p24 antigen) in chronically
HIV-infected T-lymphoblasts ACH-2 cells [42]. Treatment
with antioxidants (glutathione and N-acetylcysteine)
attenuated dopamine-induced-HIV activation indicating
that changes in cellular redox states (oxidative stress)
might have triggered HIV replication. Recently, dopamine
(20 μM) was shown to increase HIV replication in human
monocyte-derived macrophages (MDM) inoculated with
R5 strain of HIV [18]. In this study, increased viral
replication was associated with increased number of HIV-
infected macrophages. In addition to dopamine, the
dopamine receptor-2 agonist quinpirole (but not dopamine
receptor-1 agonist, SKF82958) was also shown to increase
viral replication similar to dopamine. Taken together, these
results show in vitro that dopamine promotes HIV
replication in lymphocytes and macrophages, and in
human macrophages, this effect is mediated, at least in
part through dopamine receptor-2 activation.

It is important to note that dopamine concentrations used
in vitro studies (described above), to promote HIV
replications were in micromolar range. Whether HIV
infection and drugs of abuse combined can elevate
dopamine levels in this range to increase HIV-infected
macrophages in vivo is unknown. Recently, Scheller et al.
[36] reported dopamine concentrations only in the range of
14–28 nM in the CSF (obtained from lumber puncture)
collected from non-drug abusing HIV-infected patients
during early asymptomatic stage of infection. It is likely
that this concentration of dopamine represents only a
fraction of what was actually available in the brain.
However, dopamine concentrations in the lumber region
are likely to be lower than those measured in dopamine-rich
areas of the CNS. Furthermore, dopamine levels could have
been higher if HIV-infected subjects were also exposed to
drugs of abuse, such as cocaine or methamphetamine that
act directly on dopaminergic neurons and increase brain
extracellular dopamine. Alternatively, microglia in the
dopamine-rich areas of brain could be more sensitive to
dopamine activation than MDM used in vitro study referred
above [18]. Thus, it is possible that dopamine concen-
trations, particularly in HIV-infected drug-abusing patients
could reach a level that promotes HIV replication in
microglia. The potential of dopamine to promote HIV
replication is further corroborated in monkey studies
wherein increasing endogenous dopamine levels by adminis-
tering selegiline or L-DOPA promoted SIV replication [16,
37]. Similar results were also reported in a retroviral rat

model of neurodegeneration where administration of
seligiline increased murine leukemia viral replication in
CNS [40].

Dopamine may promote HIV replication through various
mechanisms: (1) Nair et al. [43] showed that in mature
human dendritic cells, the dopamine agonist metham-
phetamine upregulated gene and protein expression of
DC-SIGN, which is known to facilitate the attachment of
HIV to the dendritic cells. This methamphetamine-induced
increase in DC-SIGN was reversed by the dopamine receptor-
1 antagonist (SCH23390) and by siRNA specific to dopamine
receptor-1. Thus, dopamine may be involved in the attach-
ment of HIV to dendritic cells via modulating the expression
of DC-SIGN and thereby indirectly impact viral replication,
although the underlying mechanism is not clear; (2) In human
monocyte-derived dendritic cells, methamphetamine-induced
HIV-1 infectivity was also associated with increased expres-
sion of CCR5, a HIV-1 co-receptor required for viral entry
primarily into monocyte [44]. Methamphetamine-induced
CCR5 upregulation was completely reversed by blocking
the dopamine receptor-1 or dopamine receptor-2. Thus,
dopamine may also facilitate HIV entry into monocytes/
macrophages by modulating CCR5 expression and
thereby indirectly modulating viral replication, although
the underlying mechanism is not clear; (3) Metham-
phetamine increased reverse transcriptase activity (a
marker of HIV replication and infectivity) in MDM
infected with macrophage-tropic R5 HIV strain in a
dose-dependent manner. Methamphetamine-induced reverse
transcriptase activity was completely blocked by dopamine
receptor-1 antagonists (SCH23390 and SKF83566) [45].
Thus, dopamine may regulate HIV replication by modulating
HIV reverse transcriptase activity, although the underlying
mechanism is not clear; (4) Dopamine has been shown to
increase HIV transcription in Jurkat T lymphocytes, PBMC,
and human brain cells [41, 46, 47]. This may be another
mechanism by which dopamine may promote HIV replica-
tion. In summary, dopamine may promote HIV replication by
increasing the expression of DC-SIGN and CCR5,
increasing reverse transcriptase activity, and by increasing
HIV transcription via NF-κB activation.

The data described thus far clearly show that dopamine
can modulate HIV replication and the dopamine-mediated
mechanisms involved in HIV replication may depend on the
stages of HIV life cycle beginning with viral attachment to
dendritic cells, monocytes, and lymphocytes through HIV
reverse transcription to HIV transcription.

HIVand Dopamine Transporter

The DAT located on presynaptic axonal plasma membrane
play an important role in regulating the concentration of
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dopamine in the synapse. Once dopamine is released
from the pre- and post-synaptic receptors into the
synapse, DAT transfer dopamine back into the cytoplasm
of the pre-synaptic terminal [48–50].

It is now well-recognized that within 2 weeks of primary
systemic infection, HIV-1-infected monocytes can cross
BBB and reach to the different brain regions [10]. In the
brain, HIV-1 can further multiply in macrophages and
microglia and release HIV proteins, gp120 and Tat, both of
which can interact with neurons. Tat has been shown to
impair the function of DAT in animal and in vitro studies
[51–53]. Likewise, gp120 has also been shown to impair
the function of DAT in cultured human dopaminergic
neurons [54]. Clinical studies using positron emission
tomography have found that HIV-1-infected patients with
HAD display a significant reduction in DAT density in the
putamen and ventral striatum [55, 56].

Like Tat and gp120, DAT is also a major target for drugs
of abuse, especially cocaine and methamphetamine.
Cocaine binds to DAT with high affinity [57–59],
impairing its function of dopamine reuptake, which leads
to an increase in extracellular levels of dopamine [60].
Methamphetamine impairs dopamine reuptake from synapse
as well [61–63], and can also impair the function of
intracellular vesicular dopamine transporter [64–66],
thereby enhancing DAT-mediated transport of dopamine
from the cytoplasm into the synapse [67]. These properties
of methamphetamine explain, at least in part, why
methamphetamine is more potent than cocaine and other
drugs of abuse in increasing synaptic concentrations of
dopamine [11].

By impairing the function of DAT, HIV proteins and
drugs of abuse alone or together can increase dopamine
levels in the synapse in an additive or synergistic manner.
This dopamine could bind to the neighboring microglia
through dopamine receptors in a paracrine manner and
consequently promote HIV replication in HIV-infected
microglia.

Dopamine, HIV, and Oxidative Stress

Metabolism of dopamine via MAO-B or amine autoxida-
tion can give rise to radical species (hydrogen peroxide,
semiquinones, and quinones), which, in turn, can damage
cellular components such as lipids, proteins, and DNA [68].
Both L-DOPA and dopamine have been shown to induce
neuronal (Neuro-2A cells) cell death, which was
attenuated by antioxidants (ascorbic acid, glutathione,
and N-acetylcysteine), suggesting a role for oxidative
stress in cell toxicity [69]. Dopamine quinone was shown
to cause a time-dependent activation of cultured microglia,
as shown by increased expression of inflammatory genes,

TNF-alpha, and chemokines [70]. These inflammatory
mediators could induce injury to the neighboring dopami-
nergic neurons, leading to their degeneration.

HIV-dementia has been demonstrated to be associated
with oxidative stress as shown by increased protein and
lipid peroxidation in the brain and CSF, compared to HIV
non-demented patients [71, 72]. The HIV protein, Tat, has
been shown to induce oxidative stress in brain endothelial
cells [73, 74] and synaptosomal membrane and neuronal
cell cultures [75]. In addition, HIV protein gp120 has also
been implicated in oxidative stress-induced damage to
dopaminergic neurons. Cultured dopaminergic neurons
were more sensitive than non-dopaminergic neurons
(cholinergic and GABAergic) to HIV gp120-induced
oxidative damage, as shown by reduced function (decreased
dopamine uptake) and increased apoptosis [54, 76]. Increased
sensitivity of dopaminergic neurons could be due to
cumulative oxidative stress generated by HIV proteins
(gp120 and Tat) as well as by dopamine metabolism.
Increased levels of dopamine due to drugs of abuse may
further exacerbate dopaminergic neuronal degeneration by
potentiating oxidative stress via auto oxidation or releasing
oxidative metabolites. Thus, it is plausible that cumulative
oxidative stress generated by HIV proteins and dopamine
metabolism may potentiate severity and accelerate progres-
sion of HAND/HAD. It is interesting to note that dopamine
receptor-1 is involved in Tat-induced neurotoxicity [77]
where oxidative stress may play a contributory role.

Summary

Summary of this report can be divided into two parts:

A. Role of dopamine in the development of HAND/HAD
in the absence of drugs of abuse exposure:

This part of the summary has been illustrated in
Fig. 1. HIV-infected monocytes can cross BBB and
reach different parts of brain within 2 weeks of
infection. HIV can multiply in infected macrophages/
microglia in the brain and release HIV proteins such as
gp120 and Tat, which can bind to and impair DAT
functions, leading to elevated levels of dopamine in the
dopaminergic synapses in the early asymptomatic stage
of HIV infection. Synaptic dopamine can diffuse out
and bind to the adjacent microglia through dopamine
receptors and promote HIV replication probably via
increasing expression of DC-SIGN and CCR5, activa-
tion of reverse transcriptase, and/or increasing the
transcription of HIV via generation of oxidative stress
and activation of NF-κB. Increased HIV replication can
lead to elevated brain viral load that can further
increase shedding of gp120 and Tat. Both of these
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proteins can cause dopamine neuronal cell death via
inducing oxidative stress. Autoxidation and metabo-
lism of accumulated synaptic dopamine can also result
in the generation of reactive oxygen species (ROS)
(hydrogen peroxide), quinones, and semiquinones,
which can also induce neuronal apoptosis. Synaptic
dopamine can also activate microglia, leading to the
production of inflammatory mediators such as cyto-
kines (TNF-alpha) and chemokines. These inflamma-
tory mediators can also cause damage to nearby
dopaminergic neurons in a paracrine manner, ensuing
apoptotic death of these cells. With the advancement of
HIV infection from asymptomatic to symptomatic
stage, increased multiplication of HIV, and develop-
ment of AIDS, significant dopaminergic neurons are
destroyed, which can lead to atrophy of dopamine-rich
regions and dopamine deficiency observed in these
areas in autopsy samples. These changes in dopamine
system can lead to the development of HAND/HAD.

B. Role of dopamine in drugs of abuse-mediated exacerba-
tion of HAND/HAD

This part of the summary has been illustrated in
Fig. 2. Exposure of HIV-infected patients to drugs of
abuse, especially cocaine and methamphetamine, can
further increase synaptic levels of dopamine via binding
to and subsequently impairing the function of DAT. This

accumulated synaptic dopamine can diffuse out and
activate adjacent microglia through binding to
dopamine receptors. The activation of microglia
may result in increased HIV replication as well as
increased production of inflammatory mediators such
as TNF-alpha and chemokines. Increased HIV
replication can lead to increased brain viral load
and increased shedding of HIV proteins, gp120 and
Tat. These proteins, as well as TNF-alpha, can
induce cell death of adjacent dopaminergic neurons
via apoptosis. Autoxidation and metabolism of
accumulated synaptic dopamine can lead to genera-
tion of ROS (hydrogen peroxide), quinones, and
semiquinones, which can also induce apoptosis of
neurons. Increased cell death of dopaminergic neurons
can eventually lead to dopamine deficit that may
exacerbate the severity and/or accelerate the progression
of HAND/HAD.

Conclusions

It is hypothesized that dopamine accumulated in the
synaptic areas of the brain of HIV-infected (asymptomatic
early stage) drug-abusing individuals has potential to
activate adjacent microglia and subsequently promote HIV

Fig. 1 Role of dopamine (DA) in the development of HAND/HAD.
HIV-infected monocytes can cross blood–brain barrier (BBB) and
reach different parts of brain where they are transformed into
macrophages, which can further infect microglia. HIV can multiply
in infected macrophages/microglia in the brain, which results in
increased viral load in the brain and shedding of HIV proteins, gp120
and Tat. These proteins can bind to and impair functions of DAT,
leading to elevated levels of DA in the dopaminergic synapses.
Synaptic dopamine can diffuse out and bind to the adjacent microglia
through dopamine receptors and activates these cells to promote HIV
replication and stimulate production of inflammatory mediators such
as cytokines (TNF-alpha) and chemokines. Increased HIV replication
can lead to elevated brain viral load that can further increase shedding
of gp120 and Tat. Both of these proteins can cause dopamine neuronal
cell death. Inflammatory mediators can also induce apoptosis of
dopaminergic neurons. Increased cell death of these neurons can lead
to significant dopamine deficit and subsequently development of
HAND/HAD

Fig. 2 Role of dopamine (DA) in drugs of abuse-mediated exacerba-
tion of HAND/HAD. Exposure of HIV-infected patients to drugs of
abuse, especially cocaine and methamphetamine, can further increase
synaptic levels of dopamine via binding to and subsequently impairing
the function of DAT. This accumulated synaptic dopamine can diffuse
out and activate adjacent microglia through binding to dopamine
receptors. The activation of microglia may result in increased HIV
replication as well as increased production of inflammatory mediators
such as TNF-alpha and chemokines. Increased HIV replication can
lead to increased brain viral load and increased shedding of HIV
proteins, gp120 and Tat. These proteins, as well as TNF-alpha, can
induce cell death of adjacent dopaminergic neurons via apoptosis.
Autoxidation and metabolism of accumulated synaptic dopamine can
lead to generation of ROS (hydrogen peroxide), quinones, and
semiquinones, which can also induce apoptosis of neurons. Increased
cell death of dopaminergic neurons can eventually lead to dopamine
deficit that may exacerbate the severity and/or accelerate the
progression of HAND/HAD
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replication in these cells. Inflammatory mediators released
from the activated microglia and ROS generated from
dopamine metabolism have potential to cause damage to
dopaminergic neurons, which may exacerbate the severity
and/or accelerate the progression of HAND/HAD.

Future Directions

Determine dopamine levels in the brain and CSF at
different stages of HIV infection, especially in the early
asymptomatic stage in the absence of microglial
activation.
Determine brain dopamine levels in HIV-infected
individuals exposed to drugs of abuse.
Investigate the ability of dopamine to stimulate HIV
replication in a cell line more close to human microglia
located in dopamine-rich areas of the brain.
Evaluate the effect of dopamine and its metabolites in
the generation of ROS in the dopamine synaptic areas.
Evaluate the role of dopamine and its metabolites in
inducing cell death of dopaminergic neurons via
inducing oxidative stress.
Determine the combined effect of HIV proteins (Tat
and gp120) and drugs of abuse on the function of DAT.
Determine the effect of dopamine and its metabolites on
BBB permeability for transmigration of HIV-infected
monocytes.
Develop an in vitro model of dopaminergic neurons and
microglia to understand the interactive effect of HIV
proteins and dopamine on inducing neuronal cell death.
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