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The prevalence of human immunodeficiency virus
(HIV)-associated neurocognitive disorders (HAND)
that result from HIV infection of the central nervous
system is increasing. Macrophages, the primary tar-
get for HIV within the central nervous system, play a
central role in HIV-induced neuropathogenesis. Drug
abuse exacerbates HAND, but the mechanism(s) by
which this increased neuropathology results in more
severe forms of HAND in HIV-infected drug abusers is
unclear. The addictive and reinforcing effects of many
drugs of abuse, such as cocaine and methamphet-
amine, are mediated by increased extracellular dopa-
mine in the brain. We propose a novel mechanism by
which drugs of abuse intensify HIV neuropathogen-
esis through direct effects of the neurotransmitter
dopamine on HIV infection of macrophages. We
found that macrophages express dopamine receptors
1 and 2, and dopamine activates macrophages by
increasing ERK 1 phosphorylation. Our results dem-
onstrate for the first time that dopamine increases
HIV replication in human macrophages and that the
mechanism by which dopamine mediates this change
is by increasing the total number of HIV-infected mac-
rophages. This increase in HIV replication is mediated
by activation of dopamine receptor 2. These findings
suggest a common mechanism by which drugs of
abuse enhance HIV replication in macrophages and
indicate that the drug abuse-heightened levels of
central nervous system dopamine could increase
viral replication, thereby accelerating the develop-

ment of HAND. (Am J Pathol 2009, 175:1148–1159; DOI:

10.2353/ajpath.2009.081067)

Human immunodeficiency virus (HIV) enters the central
nervous system (CNS) soon after initial infection,1 result-
ing in ongoing inflammation and neurological damage
that leads to the development of HIV-associated neuro-
cognitive disorders (HAND) in as many as 50% of in-
fected individuals.2,3 The prevalence of these complica-
tions is increasing despite the advent of antiretroviral
therapy, due to the longer lifespan of infected individuals on
antiretroviral therapies4 and the poor ability of most antiret-
roviral drugs to penetrate the blood-brain barrier.5,6 HIV is
thought to enter the brain through the transmigration of
infected monocytes across the blood-brain barrier.7–10

Within the CNS, macrophages are the primary source of HIV
and the virus spreads primarily through infection of brain
macrophages and microglia.11,12 Infected macrophages
produce numerous factors that are neurotoxic and contrib-
ute to the neurological damage that occurs in HIV-infected
individuals.13–15 Thus, HIV infection and replication within
CNS macrophages plays a central role in the development
of HANDs.
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The incidence and severity of HAND are exacerbated
by drugs of abuse, such as the psychostimulants cocaine
and methamphetamine,16–19 which have been shown to
increase both HIV neuropathogenesis and viral replica-
tion.20–24 However, the mechanism(s) by which drugs of
abuse enhance HIV-related neuropathologies are not
well understood. Dopamine (DA), a neurotransmitter in-
volved in the control of locomotion, cognition, positive
reinforcement, and neuroendocrine secretion,25 is cen-
tral to the action of drugs of abuse. Psychostimulants
such as cocaine and methamphetamine exert addic-
tive and reinforcing effects through elevation of extra-
cellular DA levels in the CNS.26 –30 The use of both
cocaine and methamphetamine generates extracellu-
lar CNS dopamine levels far higher than those found in
the brains of non-drug-abusers.26,31–36

Dopamine acts through dopamine receptors, which
are members of the G-protein coupled seven transmem-
brane domain family of receptors. Dopamine receptors
(DRs) are divided into two subtypes designated D1-like
DRs, comprised of dopamine receptor 1 (D1R) and D5R,
and D2-like DRs, comprised of D2R, D3R, and D4R.25

Classically, DRs have been studied on neurons, but DR
expression has also been reported in several types of
peripheral blood leukocytes, including T lymphocytes
and monocytes.37–39 Dopamine receptors have been
shown to modulate the immune function of T lympho-
cytes.25,40,41 A recent study showed D1R on human mac-
rophages,24 but the expression of other DRs and the
functions of DRs in this cell type have not been well
characterized.

In studies with simian immunodeficiency virus-in-
fected macaques, injection with or oral administration of
L-DOPA, a DA precursor that crosses the blood-brain
barrier, or selegiline, a blocker of DA breakdown by
monoamine oxidase, resulted in increased levels of sim-
ian immunodeficiency virus in the CNS.42,43 In addition,
infected macaques exhibited an increased incidence of
simian immunodeficiency virus encephalitis and induc-
tion of a spongiform polioencephalopathy in dopaminer-
gic regions of the CNS.42,43 These studies suggest that
the enhanced extracellular DA elicited by use of drugs
like cocaine and methamphetamine could be sufficient to
increase HIV replication in the CNS and exacerbate HIV
neuropathogenesis. Macrophages play a central role in
the development of HIV-induced neuropathology. Thus,
examination of DA modulation of HIV infection of macro-
phages, as well as the characterization of intracellular
signaling pathways that are involved in the DA-mediated
increase in HIV infectivity, are important to the identifica-
tion of mechanisms by which drugs of abuse enhance the
development of HAND.

This report demonstrates that primary human mono-
cyte-derived macrophages (MDMs) inoculated with HIV
in the presence of DA exhibit increased levels of viral
replication when compared with MDMs inoculated with
HIV in the absence of DA. The DA-induced increase in
viral replication correlated with an increase in the per-
centage of MDMs infected with HIV. HIV infection in the
presence of the D2R agonist, quinpirole, increased viral
replication similarly to DA, while infection in the presence

of the D1R agonist, SKF 82958, did not alter HIV replica-
tion, suggesting that D2R is involved in the DA-mediated
increase in HIV replication. The data also confirm that
uninfected MDMs expressed both D1R and D2R on the
cell surface and show that endogenous macrophage
D2R was active by demonstrating that DA induced extra-
cellular signal regulated kinase 1 (ERK 1) phosphoryla-
tion in macrophages through D2R. These results suggest
that dopamine-induced increases in HIV replication in
macrophages may be an important mechanism by which
specific drugs of abuse, characterized by their ability to
increase extracellular DA levels in the CNS, exacerbate
the neuropathogenesis of HIV infection.

Materials and Methods

Reagents

Dopamine hydrochloride, ascorbic acid [(�)-sodium
L-ascorbate], SKF 82958, quinpirole, HEPES, fish gelatin,
Ig-free bovine serum albumin, and horse serum were
from Sigma (St. Louis, MO). RPMI 1640 and penicillin/
streptomycin (P/S) were from Invitrogen (Carlsbad, CA).
Fetal calf serum and human AB serum were from Lonza
(Basel, Switzerland). Macrophage colony-stimulating fac-
tor was from Peprotech (Rocky Hill, NJ). CEM-SS cells
were obtained from the National Institutes of Health (NIH)
AIDS and Reference Reagent Program (Germantown,
MD). Antibodies used were: rabbit polyclonal anti-do-
pamine receptor 1 (D1R, Sigma); rabbit polyclonal anti-
dopamine receptor 2 (D2R, Chemicon, Billerica, MA);
mouse monoclonal anti-phospho-ERK1/2 (Thr202/
Tyr204) and rabbit polyclonal anti-ERK1/2 (Cell Signaling
Technology, Danvers, MA); purified mouse IgG1 my-
eloma protein (Cappel Pharmaceuticals, Solon, OH);
mouse anti-HIV-1 p24Gag ([39/6.14], Abcam, Cam-
bridge, MA); and mouse anti �-tubulin, fluorescein iso-
thiocyanate (FITC)-conjugated anti-mouse secondary
and FITC-conjugated anti-rabbit secondary antibodies
(Sigma). Other reagents used were antifade with DAPI
and phalloidin conjugate to Texas red (Molecular Probes-
Invitrogen, Carlsbad, CA).

Viral Stocks

Human peripheral blood mononuclear cells or CEM-SS
cells were infected with HIVADA, an R5 molecular clone
derived from blood, or with HIVYU2, an R5 molecular
clone derived from the brain (NIH AIDS and Reference
Reagent Program). Cell-free supernatants were col-
lected daily for 2 to 30 days from infected cultures and
stored at �80°C for use as viral stocks. Stock concen-
tration of p24/ml was quantified by HIV p24 enzyme-linked
immunosorbent assay (Perkin-Elmer, Waltham, MA).

Culture and HIV Infection of Primary Human
Macrophages

Human peripheral blood mononuclear cells were sepa-
rated from human blood obtained from uninfected donors
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(New York Blood Center, LIC, New York) by Ficoll-Paque
(GE Health Care, Piscataway, NJ) gradient centrifuga-
tion. MDMs were isolated from peripheral blood mononu-
clear cells using CD14 magnetic beads (MidiMACS sep-
aration system, Miltenyi Biotec, Auburn, CA). The CD14�

cells were cultured in RPMI 1640 with 10% fetal calf
serum, 5% human AB serum, 10 mmol/L HEPES, 1% P/S,
and macrophage colony-stimulating factor (10 ng/ml) for
3 days, washed, and cultured for another 3 days, after
which the cells are considered MDMs.

MDMs cultured in 48-well tissue culture plates (BD,
Franklin Lakes, NJ, 1 � 105 cells/well) or eight-well cham-
ber slides (Lab-Tek, Nunc, Rochester, NY, 1.07 � 105

cells/well) were inoculated for 24 hours at 37°C with
different concentrations of either HIVADA or HIVYU2. HIV
infections in 48-well plates were performed in six repli-
cate wells, except experiments infecting MDMs with 20
ng/ml HIVADA, which were performed in three replicate
wells. Infections in eight-well chamber slides were per-
formed in four replicate chambers. Concurrent with HIV
inoculation, some MDMs were treated with DA (20 �mol/
L), the D2R agonist quinpirole (1 or 10 �mol/L) or the D1R
agonist SKF 82958 (1 or 10 �mol/L). Agonist concentra-
tions were based on previous studies.44,45 All MDMs
(both infected and control cells) were treated with 200
�mol/L ascorbic acid to prevent the formation of reactive
oxygen species.46

After 24 hours, MDMs were washed to remove viral
inoculum, as well as DA, any agonists and ascorbic acid,
and fed with fresh macrophage media. Infections were
maintained in culture for 6 days. MDMs were given fresh
media and supernatants were collected from each well
every 24 hours starting 2 days postinoculation. Viral rep-
lication was determined by measuring the concentration
of HIV capsid protein p24Gag (p24) in the supernatant by
enzyme-linked immunosorbent assay (Perkin-Elmer), as
the p24 in the supernatant directly corresponds to pro-
duction of HIV virions. Results were pooled to determine
the mean p24 concentration at each time point. In the
analysis of all infections with six replicate wells, the wells
with the highest and lowest concentrations of p24 were
removed from final analysis.

Immunofluorescence

MDMs cultured on chamber slides or 35-mm dishes with
embedded glass slides (MatTek, Ashland, MA) were
fixed and permeabilized in cold 70% ethanol (EtOH) for
30 minutes at 4°C. Cells were washed in phosphate-
buffered saline (PBS), incubated in block (0.5 mol/L
EDTA, 1% human AB serum, 2% fish gelatin, 1% Ig-free
bovine serum albumin, 1% horse serum in H2O) for 30
minutes at room temperature and then in primary anti-
bodies (anti-p24, D1R, D2R, or isotype-matched controls,
all 1:50) overnight at 4°C. Cells were washed with PBS
and incubated for 1 hour at room temperature with the
appropriate secondary antibody conjugated to FITC (1:
250) as well as phalloidin-conjugated Texas Red (1:200).
Chamber slides and dishes were mounted using Prolong
Gold Antifade reagent with DAPI (Molecular Probes-In-

vitrogen) and stored at 4°C. MDMs on 35-mm dishes
were examined by confocal microscopy using a Leica
microscope (Wetzlar, Germany) to determine surface ex-
pression of DRs.

To examine the change in the number of MDMs in-
fected with HIV as a result of inoculation in the presence
of DA, MDMs cultured in eight-well chamber slides were
infected with 20 ng/ml HIVADA in the presence (four
chambers per slide) or absence (four chambers per
slide) of 20 �mol/L DA. A single chamber slide was fixed
on days 3, 4, 5, and 6 postinoculation, stained for p24,
actin, and cell nuclei. Two chambers on each slide were
stained with an isotype-matched negative control anti-
body to determine background immunofluorescence.
Day 2 postinoculation was not examined because viral
replication levels were generally not high enough to de-
tect infection by immunofluorescence. Immunofluores-
cence of p24 was examined using a semimotorized Zeiss
Axio.D1 Observer microscope (Carl Zeiss IMT Corpora-
tion, Germany). Fluorescent images of six randomly cho-
sen fields from each chamber were analyzed using Ax-
iovision (Zeiss) and Adobe Photoshop. The number of
total and infected MDMs were quantified and used to
determine the percentage of infected MDMs in chambers
infected in the presence of DA relative to chambers in-
fected in the absence of DA.

Western Blot Analyses

Human MDMs were lysed with mammalian protein ex-
traction reagent (M-PER, Pierce, Rockford, IL) containing
protease (Halt protease inhibitor cocktail, Pierce) and
phosphatase inhibitors (Halt phosphatase inhibitor cock-
tail, Pierce). Lysates were prepared using two methods.
For cell signaling analyses, lysates were sonicated, cen-
trifuged at 14,000 � g, and denatured by boiling. For
detection of DA receptors, lysates were incubated in
M-PER for 1 hour at 4°C with rocking, centrifuged for 30
minutes at 14,000 � g at 4°C, and denatured for 30
minutes by incubation in loading buffer at room temper-
ature. These conditions allowed for correct electro-
phoretic mobility of DA receptors.47 Western blot analy-
ses were performed using 10% Nupage polyacrylamide
gels (Invitrogen). Proteins were transferred to 0.45-�m
Invitrolon membranes (Invitrogen) and blots were
blocked in TBS-T (TBS with 1.2% Tween 20, Sigma)
containing 5% bovine serum albumin (ERK 1/2 blots) or
3% bovine serum albumin/5% powdered milk (DR blots).
Blots were incubated overnight in antibodies to D1R
(1:250), D2R (1:200), or phospho-ERK1/2 (Thr202/
Tyr204, 1:400). Specificity of antibodies to D1R and D2R
was confirmed by Western blot analyses of lysates from
HEK 293 cells stably expressing human D1R or D2R.
Anti-total ERK1/2 (1:1000) and anti �-tubulin (1:10,000)
were used as loading controls. Antibody complexes were
developed using Western Lightning chemiluminescence
reagent (Perkin-Elmer). Densitometric analyses were per-
formed using UN-SCAN-IT gel digitizing software (Silk
Scientific, Utah).
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Biotinylation

MDMs grown in 100-mm dishes were placed at 4°C for 15
minutes, washed with cold PBS (pH 8.0), and incubated
in biotin-PBS (1 mg/ml EZ-Link Sulfo-NHS Biotin, Pierce)
for 30 minutes at 4°C. Cells were washed three times with
100 mmol/L glycine in cold PBS and lysed by incubation
in M-PER at 4°C for 1 hour. Lysate supernatant, obtained
after centrifugation for 20 minutes at 4°C, was incubated
overnight at 4°C with streptavidin-agarose beads. After
centrifugation, supernatant was saved as the nonbiotiny-
lated fraction. Immunoprecipitated biotinylated proteins
were washed several times in M-PER, dried, and resus-
pended in loading buffer. Biotinylated proteins were an-
alyzed by Western blot as described, using �-tubulin to
confirm the absence of non-surface proteins in the bio-
tinylated fraction.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

Total RNA was isolated from MDMs using RNeasy kit (Qia-
gen, Valencia, CA). Purity and concentration were deter-
mined using a Nanodrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE). Gene-specific primers for a
373-bp fragment of human D1R (D1RFor2 3�-TTGGAG-
GAGCGAGAAGACAT-5� and D1RRev2 3�-AGCAGGGA-
ATAGGGGTCAGT-5�) and a 670-bp fragment of human
D2R (D2RFor 3�-TCAGGGGCAGCTCATAGAGT-5� and
D2RRev 3�-AAGGGAAGGGAAACAGGAGA-5�) were syn-
thesized by Invitrogen Custom Oligonucleotides service.
SuperScript III RT system (Invitrogen) was used to generate
cDNA, which was amplified by nested PCR using the
Platinum TaqDNA polymerase high fidelity (Invitrogen).
Samples were electrophoresed on 1.5% agarose gel
and visualized on a Flurochem 8800 camera system (�
Innotech Corporation, San Leandro, CA).

Cell Signaling Analysis to Demonstrate
Macrophage DRs Are Functional

MDMs were cultured in six-well tissue culture plates or
60-mm tissue culture dishes for 6 days, and then placed
in macrophage media containing no serum for 6 hours.
MDMs were treated with either 20 �mol/L DA or 10
�mol/L D2R agonist quinpirole. All cells were also treated
with 200 �mol/L ascorbic acid. After 10 minutes of treat-
ment with DA or quinpirole, cells were washed with PBS
and lysed for analysis by Western blotting for ERK 1/2 as
described.

Statistics

Student’s one-tailed, paired t-test was used to determine
significance with P � 0.05 considered significant. Anal-
yses were performed using Microsoft Excel (Microsoft,
Redmond, WA) and GraphPad Prism 4.0 (GraphPad Soft-
ware, La Jolla, CA).

Results

Dopamine Increases HIV Replication in Human
Macrophages

To examine DA modulation of HIV infection in MDMs,
macrophages were infected with HIV in the presence and
absence of DA. HIV replication was evaluated by mea-
suring the concentration of the HIV capsid protein
p24Gag (p24) in the supernatant every 24 hours for 6
days postinfection, starting on day 2 postinoculation, as
described in Materials and Methods. Starting 2 days after
inoculation with HIV, all infected MDM cultures exhibited
significant levels of HIV replication each day through day
6 postinoculation. The amount of viral replication varied
somewhat between experiments, but most commonly HIV
replication increased on days 2, 3, and 4 postinoculation
and either remained constant or decreased slightly on
days 5 and 6 postinoculation. MDMs in all experiments
were treated with 200 �mol/L ascorbic acid to prevent the
formation of reactive oxygen species through DA oxida-
tion.47 Treatment with ascorbic acid alone had no effect
on HIV replication in MDMs, as viral replication was sim-
ilar in the presence or absence of ascorbic acid (data not
shown).

To determine the optimal concentration of DA for this
model, HIV inoculations were performed in the presence
of 5, 20, and 80 �mol/L DA. These concentrations of DA
were chosen to approximate the large amount of DA that
can be produced in a brain exposed to psychostimulants
such as cocaine or methamphetamine.26,31–36 Inocula-
tion with HIV in the presence of 5 �mol/L DA induced a
significant increase in HIV replication, but at lower levels
of replication than did inoculation in the presence of 20
and 80 �mol/L DA, which both induced similar, signifi-
cant increases in HIV replication (data for 20 �mol/L DA
in Figure 1, data for 5 �mol/L and 80 �mol/L not shown).
Thus, 20 �mol/L DA was chosen as the concentration to
be used in further experiments.

MDMs obtained from three separate donors were each
inoculated with 20 ng/ml HIVADA, an R5 strain of HIV, in
the presence or absence of 20 �mol/L DA as described
in Materials and Methods. HIV replication in MDMs from
one donor inoculated with HIV in the presence of DA was
significantly increased on days 3 through 6 postinocula-
tion when compared with MDMs inoculated with HIVADA

in the absence of DA (Figure 1A). Infections of MDMs
isolated from the two additional donors using 20 ng/ml
HIVADA showed similar significant increases at days 3, 5,
and 6 postinfection (data not shown). To examine the
effects of DA on viral replication in cultures infected with
a lower concentration of HIV, MDMs obtained from three
separate donors were each inoculated with 1 ng/ml
HIVADA in the presence or absence of 20 �mol/L DA. A
representative experiment showing infection of MDMs
from a single donor with this lower concentration of
HIVADA demonstrated a significant DA-induced increase
in HIV replication on days 2 through 6 postinfection (Fig-
ure 1B). These data indicate that HIV replication was
significantly increased by inoculation in the presence of
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DA and that the effect of DA was independent of the
concentration of the inoculating virus.

To demonstrate that the effect of DA on HIV replication
in MDMs was not dependent on the strain of HIV used for
inoculation, MDMs obtained from eight separate donors
were each inoculated with 2 ng/ml HIVYU2, another R5
strain of HIV, in the presence or absence of 20 �mol/L DA
as described in Materials and Methods. Analysis of p24 in
culture supernatant by enzyme-linked immunosorbent
assay demonstrated similar results to those seen with
HIVADA infection, that DA treatment of HIVYU2 infected
MDMs induced significant increases in viral replication
on days 3 through 6 postinfection (Figure 1, C and D) as
compared with MDMs inoculated with HIV in the absence
of DA. Figure 1C shows a representative infection of
MDMs obtained from a single donor with HIVYU2 in the
presence or absence of DA. Figure 1D shows the com-
bined fold increase in HIV replication induced by infec-
tion in the presence of 20 �mol/L DA pooled from HIVYU2

infection of MDMs from eight separate donors. Each col-
umn represents the mean of the pooled fold increase in
HIV replication in the presence of DA, as compared with
the fold increase in HIV replication resulting from infection
in the absence of DA, which has been set to 1. These
data indicate that HIVYU2 infection of MDMs in the pres-
ence of DA significantly (*P � 0.05) increased HIV repli-
cation by approximately twofold on days 3 through 6
postinoculation. Thus, inoculation of primary human
MDMs in the presence of DA significantly increased HIV
replication and this effect was independent of donor, HIV
strain, or the concentration of the inoculating virus.

Dopamine Increases the Number of
HIV-Infected Macrophages

To examine the mechanism(s) by which DA increased
HIV replication in MDMs, experiments were performed to
examine whether DA was increasing the total number of
HIV infected macrophages or modulating the level of viral

replication in individual infected cells. MDMs obtained
from four separate donors were each cultured in eight-
chamber slides and infected with 20 ng/ml HIVADA in the
presence or absence of 20 �mol/L DA. The number of
HIV infected and total MDMs was quantified by immuno-
fluorescence at days 3, 4, 5, and 6 postinfection and
used to calculate the percentage of MDMs infected with
HIV. In Figure 2, A–D, p24 is green (FITC), actin is red
(Texas Red), and cell nuclei are blue (DAPI), with insets
showing only DAPI and p24 staining. On day 4 (24.9%
infection in MDMs inoculated with HIV alone versus 30%
infection in MDMs inoculated with HIV � DA, *P � 0.05,
Figure 2, A and B), day 5 (28.8% HIV alone versus 37.4%
HIV � DA, *P � 0.05), and day 6 (33.5% HIV alone versus
42.3% HIV � DA, *P � 0.05, Figure 2, C and D) postin-
fection, there was a significant increase in the percent-
age of HIV infected MDMs in cultures inoculated with HIV
in the presence of DA relative to MDM cultures inoculated
in the absence of DA (Figure 2F). Nonspecific staining
was not observed in HIV-infected MDMs treated with an
isotype-matched negative control antibody (Figure 2E).
Similar results were seen in infections of MDMs from the
three additional donors, as HIV inoculation in the pres-
ence of DA increased the percentage of HIV infected
cells in each experiment (data not shown), although the
percentage of infected cells varied between donors.
These data show that HIV inoculation in the presence of
DA leads to infection of a larger number of MDMs, sug-
gesting that a DA mediated increase in the number of
HIV-infected macrophages is one mechanism by which
DA enhances HIV replication.

Dopamine Receptor 2 Agonist Increases HIV
Replication

To identify the DRs that mediate DA-enhanced HIV rep-
lication in human macrophages, MDMs were infected
with HIVYU2 in the presence and absence of the D2R
agonist, quinpirole, or the D1R agonist SKF 82958. MDMs

Figure 1. HIV replication is significantly in-
creased in macrophages exposed to DA during
infection. The presence of DA during HIV inoc-
ulation significantly increased viral replication in
MDMs infected with 20 ng/ml HIVADA (A, *P �
0.05 vs. 20 ng/mL HIVADA; ***P � 0.001 vs. 20
ng/mL HIVADA), 1 ng/ml HIVADA (B), and 2
ng/ml HIVYU2 (C). D shows the fold increase in
HIV replication in infections of MDMs from eight
different donors with 2 ng/ml HIVYU2 � DA.
MDMs were inoculated with HIV in three (A) or
six (B, *P � 0.05 vs. 1 ng/mL HIVADA; **P � 0.01
vs. 1 ng/mL HIVADA; C, *P � 0.05 vs. 2 ng/mL
HIVYU2; ***P � 0.001 vs. 2 ng/mL HIVYU2; D)
replicate wells for 24 hours. DA (20 �mol/L) was
added to designated cultures concurrently with
HIV. Supernatants were collected every 24 hours
and assayed for HIV p24 protein by enzyme-
linked immunosorbent assay. In A–C, each data
point represents the mean p24 concentration on
each day from a single experiment. D shows
the mean pooled fold change in p24 due to
HIV infection in the presence of DA relative to
HIV replication induced by infection with HIV
alone, which was set to 1 (D, *P � 0.05 vs. 2
ng/mL HIVYU2; **P � 0.01 vs. 2 ng/mL HIVYU2,
n � 8 independent donors).
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obtained from three separate donors were each inocu-
lated with 2 ng/ml HIVYU2 in the presence of 1 or 10
�mol/L quinpirole. MDMs obtained from two additional
donors were also inoculated with HIVYU2 in the presence
of 10 �mol/L quinpirole, for a total of five donors inocu-
lated in the presence of 10 �mol/L quinpirole. In a rep-
resentative experiment (Figure 3A), MDMs inoculated
with HIVYU2 in the presence of 10 �mol/L quinpirole dem-
onstrated significantly increased HIV replication on days
2 through 6 postinfection relative to MDMs inoculated in
the absence of quinpirole. The presence of 1 �mol/L
quinpirole during inoculation had no significant effect on
viral replication. Pooled data of MDMs from five donors
inoculated with HIVYU2 in the presence of 10 �mol/L
quinpirole show a threefold increase (*P � 0.05) in HIV
replication on days 3 through 6 postinfection relative to
MDMs inoculated with HIV alone (Figure 3B, 10 �mol/L
quinpirole, n � 5). The pooled fold increase in HIV repli-
cation in the presence of 1 �mol/L quinpirole only
showed a significant increase in replication on day 5 post
infection (Figure 3B, 1 �mol/L quinpirole, n � 3). Each
column represents the mean of the pooled fold increase
in HIV replication in the presence of either 1 �mol/L or 10
�mol/L quinpirole, as compared with the fold increase in

viral replication resulting from infection with HIV alone,
which has been set to 1.

In contrast, MDMs inoculated with HIV in the presence
of the D1R agonist SKF 82958 did not show increased
HIV replication at any point up to 6 days postinoculation
when compared with MDMs inoculated with HIV alone.
MDMs from three separate donors were each inoculated
with 2 ng/ml HIVYU2 in the presence of 1 �mol/L or 10
�mol/L of SKF 82958. Figure 3C shows a representative
infection of MDMs from a single donor inoculated with
HIVYU2 in the presence of 1 and 10 �mol/L SKF 82958.
The fold increase in HIV replication pooled from infection
of MDMs from three separate donors also demonstrated
that neither 1 �mol/L nor 10 �mol/L SKF 82958 increased
HIV replication (Figure 3D). Each column represents the
mean of the pooled fold increase in HIV replication in the
presence of either 1 or 10 �mol/L SKF 82958, as com-
pared with the fold increase in viral replication resulting
from HIV infection alone, which has been set to 1. Thus,
HIV inoculation of macrophages in the presence of a D2R
agonist, but not a D1R agonist, induced a significant
increase in HIV replication similar to that caused by HIV
inoculation in the presence of DA. These data indicate
that the DA-induced increase in HIV replication is medi-
ated, at least in part, through D2R.

Human Macrophages Express Functional DRs
on the Cell Surface

The above data indicate that treatment of MDMs with DA
or a D2R agonist, but not a D1R agonist, increased HIV
replication. Although a number of studies demonstrated
DRs in rodent macrophages,48–51 and there is some
evidence for the expression of DRs on human mono-
cytes,37 very few studies examined the presence of DRs
on primary human macrophages,24 and none specifically
determined the activity of D2R on this cell type. To con-
firm that MDMs express the DRs involved in the DA-
induced enhancement in HIV replication, uninfected
macrophages were examined using confocal micros-
copy, Western blot analyses of biotinylated surface pro-
teins, and RT-PCR. The specificity of the antibodies used
to detect D2R and D1R was confirmed by Western blot
analyses of lysates derived from HEK 293 cells stably
transfected with human D1R or D2R or untransfected
HEK293 expressing no DA receptors (data not shown).

Immunofluorescence and subsequent confocal mi-
croscopy demonstrated that MDMs express both D2R
and D1R. Figure 4, A–C, shows D2R immunofluores-
cence in MDMs, both on the surface and in the cyto-
plasm, with cell nuclei labeled blue (4A, DAPI), actin red
(4B, Texas Red) and D2R labeled green (4C, FITC). D1R
is shown in Figure 4, D–F, showing cell nuclei (4D, DAPI),
actin (4E, Texas Red) and D1R labeled green (4F, FITC).
Isotype-matched control antibodies had minimal reactiv-
ity, demonstrated in Figure 4, G–I, showing cell nuclei (G,
DAPI), actin (B, Texas Red) and an isotype-matched
control antibody (I, FITC). Surface expression of both
D2R and D1R on MDMs was confirmed by Western blot
analyses of biotinylated MDM membrane proteins immu-

Figure 2. DA increases the number of macrophages infected by HIV. The
presence of DA during HIV inoculation significantly increased the number of
MDMs infected with HIV at days 4, 5, and 6 postinfection. MDMs were
inoculated for 24 hours with 20 ng/ml HIVADA � 20 �mol/L DA. On days 3,
4, 5, and 6 postinfection, a single slide was stained for p24 (FITC, green),
actin (Texas Red) and cell nuclei (DAPI, blue). A–D show MDMs infected
with HIV � DA at days 4 (A, HIV only, B, HIV � DA) and 6 postinfection (C,
HIV only, D, HIV � DA). E shows MDMs stained with an isotype matched
control antibody (HIV � DA, day 6 control). A–E, magnification �20. Insets
show DAPI and p24 staining without actin staining. The number of total and
infected MDMs on each day is quantified and expressed as percentage of
macrophages infected (F). *P � 0.05 vs. 20 ng/mL HIVADA.
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noprecipitated using streptavidin beads. Both D2R (Fig-
ure 4J, lane 1, �55-kd band) and D1R (Figure 4J, lane 3,
�80-kd band) were detected in the biotinylated mem-
brane fraction. These Western blots were stripped and

reprobed for the cytoplasmic protein �-tubulin (�-Tub),
which was only detected in the non-membrane fractions
(Figure 4J, lanes 2 and 4), confirming the specificity of
the biotinylated membrane protein isolation. D1R and

Figure 3. HIV Infection of macrophages in the
presence of D2R agonist increases HIV replica-
tion. The presence of the D2R agonist quinpirole
significantly increased HIV replication in MDMs
while the D1R agonist SKF 82958 has no effect.
MDMs were inoculated in sextuplet with 2 ng/ml
HIVYU2 for 24 hours in the presence of 1 or 10
�mol/L quinpirole (A, B) or SKF 82958 at 1 or 10
�mol/L (C, D). Agonists were added concur-
rently with HIV. Supernatant was collected every
24 hours and assayed for HIV p24 protein by
enzyme-linked immunosorbent assay. In A and
C, each data point represents the mean p24
concentration on each day in a single experi-
ment. B and D show the mean of the pooled fold
change in p24 due to HIV infection in the pres-
ence of agonists relative to HIV replication in-
duced by infection with HIV alone, which was
set to 1 (B, n � 3 independent donors with 1
�mol/L quinpirole or n � 5 independent donors
with 10 �mol/L quinpirole and D, n � 3 indepen-
dent donors with 1 �mol/L and 10 �mol/L SKF
82958). *P � 0.05 vs. 2 ng/mL HIVYU2; ***P � 0.001
vs. 2 ng/mL HIVYU2.

Figure 4. Human macrophages express DRs. MDMs express D2R and D1R on the cell surface. Surface expression of both D2R and D1R was shown in MDMs
stained for D2R (A–C), D1R (D–F), or with an isotype-matched control antibody (G–I). Cell nuclei are blue, actin is red, and D2R, D1R, and the isotype control
antibodies are green. Scale bars represent 10 �m (A–C), 25 �m (D–F), 50 �m (G–I). Western blot analysis of biotinylated MDM surface proteins (J) confirmed
surface expression of both D2R (lane 1, �55 kd) and D1R (lane 3, �80 kd). Nonbiotinylated proteins were run in lanes 2 and 4 (J). Specificity of membrane protein
isolation was shown by lack of �-tubulin (�-Tub) reactivity in the biotinylated fraction (lanes 1 and 3). RT-PCR (K) detected mRNA for D1R (lanes 4 and 5, 370
bp) and D2R (lanes 7 and 8, 670 bp) in MDMs from two different donors. Positive controls for D1R (lane 3) and D2R (lane 6) and positive (lane 1) and negative
(lane 2) PCR controls were also shown.
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D2R mRNAs were also expressed in MDMs as detected
by RT-PCR (Figure 4K). Primers specific for human D1R
and D2R were used to generate amplicons of 373 bp
corresponding to D1R (K, lanes 4 and 5) and amplicons
of 670 bp corresponding to D2R (K, lanes 7 and 8) in
MDM mRNA derived from two separate donors. Similar
results were seen in MDM mRNA derived from six addi-
tional donors (data not shown). As positive controls,
these primers were used to generate specific amplicons
of D1R (K, lane 3) and D2R (K, lane 6) from HEK 293 cells
stably expressing human D1R or D2R. Positive (K, lane 1)
and negative (K, lane 2) PCR controls are also shown.
Taken together, these data demonstrate that human
MDMs express DRs, and that they are present on the cell
surface.

The functions of DRs on primary human macrophages
are not well defined. Our data demonstrate MDMs treated
with quinpirole, a D2R agonist, during HIV infection
showed increased levels of viral replication, while MDMs
treated with SKF 82958, a D1R agonist, did not. To dem-
onstrate that D2R is active on human macrophages, DA
and quinpirole mediated phosphorylation of the signaling
protein ERK1/2 were examined. ERK 1/2 were examined
because D2-like DR activation of these proteins has been
shown in other non-neuronal cell types.44,52

MDMs were treated with either 20 �mol/L DA or 10
�mol/L quinpirole for 10 minutes, lysed, and examined for
changes in ERK 1/2 phosphorylation by Western blot
analyses. As with all experiments, MDMs were treated
with 200 �mol/L ascorbic acid to prevent DA oxidation.
MDMs treated with 20 �mol/L DA for 10 minutes exhibited
increased ERK 1 phosphorylation (Figure 5A). Densito-
metric analysis of the DA-induced fold increase in ERK 1

phosphorylation pooled from experiments with MDMs
isolated from five different donors showed a significant
increase in ERK 1 phosphorylation (Figure 5B, *P � 0.05).
Similar to DA, treatment of MDMs with 10 �mol/L of the
D2R agonist quinpirole for 10 minutes (Figure 5C) also
caused a significant increase in ERK 1 phosphorylation.
Densitometric analysis of the quinpirole-induced fold in-
crease in ERK 1 phosphorylation from pooled experi-
ments shows a significant increase in ERK 1 phosphory-
lation (Figure 5D, *P � 0.05). Experiments treating MDMs
with 10 �mol/L of the D1R agonist SKF 82958 for 10
minutes showed no significant difference in ERK 1 phos-
phorylation when compared with untreated MDMs (n � 3,
data not shown), suggesting that DA-induced phosphor-
ylation of ERK 1 is specifically mediated through D2R.
The quinpirole mediated activation of ERK 1 demon-
strates that the D2R expressed on the surface of MDMs
are active.

Discussion

HIV-infected individuals are living longer as a result of
antiretroviral therapy, and the prevalence of HAND is
increasing. The use of psychostimulants like cocaine
and methamphetamine is a major comorbidity in the
development of HAND. These drugs act in concert with
HIV to accelerate neuropathogenesis by disrupting the
blood-brain barrier, promoting neuroinflammation and al-
tering proliferation and cytokine production in CNS
cells.17,18,53–55 The mechanism(s) by which drugs of
abuse mediate these effects are not well understood, but
one major commonality among psychostimulants is that
their use increases the concentration of extracellular of
DA within the CNS.27,28,56

Dopamine is a major catecholamine neurotransmitter
in the CNS and is involved in diverse functions including
control of locomotion, cognition, neuroendocrine secre-
tion, and positive reinforcement.25 The molecular actions
of DA are mediated by five subtypes of receptors. DRs
are seven transmembrane domain G-protein coupled
receptors and are divided into two subgroups, D1-like
(D1R and D5R) and D2-like (D2R, D3R, and D4R). DRs
are differentially expressed on dopaminergic neurons
throughout the brain and can also be found on a num-
ber of other cell types, including immune cells and
glia.25,37,38,57 DA plays an important role in many neuro-
logical disorders such as Parkinson’s disease but has not
been well examined in the context of HIV-induced neu-
ropathology. In simian immunodeficiency virus-infected
macaques, a model for neuroAIDS, administration of the
DA-enhancing substances L-DOPA and selegiline in-
creased CNS viral load and accelerated the development
of neuropathology.42,43 These studies suggest that in-
creased extracellular DA may also contribute to the de-
velopment of HIV-induced neurological disease, but the
mechanism by which DA modulates these alterations
remains unclear.

Studies have demonstrated that DA-rich areas of the
brain, such as the basal ganglia and substantia nigra, are
particularly susceptible to neurological damage during

Figure 5. DA modulates ERK 1 phosphorylation in human MDMs demon-
strating that D2R is functional. Treatment of macrophages with DA or a D2R
agonist significantly increased the phosphorylation of ERK 1 after 10 minutes.
MDMs were exposed to DA (A) or the D2R agonist quinpirole (C) for 10
minutes, then lysed and examined by Western blot analysis. Densitometric
analysis of the pooled mean fold change in ERK 1 phosphorylation in
response to treatment with 20 �mol/L DA (B, n � 5 independent donors) or
10 �mol/L quinpirole (D, n � 3 independent donors) showed that treatment
with both DA and quinpirole significantly increased ERK 1 phosphorylation.
*P � 0.05.
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HIV infection.58–60 In the CNS of HIV-infected individuals,
the basal ganglia had elevated viral loads61 and higher
concentrations of HIV-infected macrophages/microglia
as compared with other areas of the brain.62 Macro-
phages and other cells of the monocytic lineage are
the major targets for HIV infection in the CNS.11,12 Both
infected and uninfected macrophages contribute to
HIV-induced neuropathogenesis through elaboration of
neurotoxic factors such as tumor necrosis factor-�, inter-
leukin-1�, chemokines, quinolinic acid, nitric oxide, and
through production of viral proteins such as Tat.14,15,63–65

Tat has also been shown to synergize with drugs of
abuse such as methamphetamine to increase further
neuroinflammation and neuronal damage.66–68 The high
numbers of infected macrophages in DA-rich areas of the
CNS, in conjunction with the demonstrated vulnerability
of those areas to HIV-related neurological damage, sug-
gest that increases in CNS DA levels play an important
role in macrophage-mediated neuropathology resulting
from HIV infection.

Our findings support an important role for DA in HIV
infection of macrophages, demonstrating that MDMs in-
oculated with HIV in the presence of DA generate in-
creased levels of viral replication relative to MDMs inoc-
ulated in the absence of DA. In our infection model,
MDMs were exposed to 20 �mol/L DA during the initial
24-hour inoculation with HIV and the significant increase
in HIV replication induced by DA was seen on days 3, 4,
5, and 6 after the initial infection. These DA-induced
increases in HIV replication were shown in infections of
MDMs derived from different donors with different con-
centrations of two isolates of HIV, indicating that the
effects of DA are independent of donor, viral strain, and
the concentration of the inoculating virus.

There are a number of possible mechanisms by which
DA could mediate this increase in HIV replication. DA
treatment could increase the number of macrophages
initially infected by HIV, resulting in higher levels of viral
replication due to virion production from a greater num-
ber of infected cells. Our results demonstrate that on
days 4, 5, and 6 postinoculation, there is a significant
increase in the number of HIV infected MDMs when HIV
inoculation is performed in the presence of DA. These
data suggest that the increase in viral replication is due,
at least in part, to an increase in the number of macro-
phages infected by HIV in the presence of DA. Addition-
ally, DA could modulate production of HIV particles, en-
abling cells treated with DA to produce more virions per
cell. The mechanisms mediating the DA-induced in-
crease in HIV replication in MDMs are likely multifactorial
and are the subject of ongoing research.

While the effect of DA on HIV infection of MDMs, as
well as on other macrophage functions, is a new area of
study, research has shown that dopamine modulates HIV
infection in other cell types. DA treatment was found to
increase HIV replication in both peripheral blood mono-
nuclear cells and Jurkat T cells transfected with a proviral
HIV genome through activation of NF-�B sites in the
HIV-1 long terminal repeat.69 Exposure to DA was also
shown to enhance HIV replication in chronically infected
ACH-2 T lymphoblasts, although this effect was abro-

gated in the presence of the antioxidant glutathione, sug-
gesting that the enhancement was a product of oxidative
stress.70 Recent studies also demonstrated that treat-
ment of MDMs with cocaine23 or methamphetamine in-
creased HIV replication and that D1R antagonists were
able to abrogate the effects of methamphetamine treat-
ment.24 Neither study addressed the direct role of dopa-
mine on HIV infection of macrophages.

Dopamine mediates its effects through activation of
DRs, so the role of each DR subtype, D1-like DR or
D2-like DR, in the modulation of HIV replication was ex-
amined by infecting MDMs with HIV in the presence of
either a D1R or a D2R agonist. Infection of MDMs with HIV
in the presence of 10 �mol/L of the D2R agonist quinpi-
role induced significantly increased levels of HIV replica-
tion, as compared with MDMs infected with HIV alone or
in the presence of the D1R agonist SKF 82958. This effect
was dose-dependent, as 1 �mol/L quinpirole had no
significant effect on viral replication. These data suggest
that the DR through which DA is mediating the increase in
HIV replication is D2R.

It is important to note that because of the similarities
between some DR subtypes, DR agonists often lack a
high degree of specificity for distinguishing between DRs
of the same subtype; however, they do distinguish very
well between the D1-like and D2-like classes of DRs.
Quinpirole is widely used as a specific D2R agonist,71

and has a higher affinity for D2R than other D2-like DRs,72

but studies have shown it to have activity against other
D2-like DRs.44 Similarly, SKF 82958 acts on D1-like re-
ceptors, primarily against D1R, but there are no agonists
that distinguish well between D1R and D5R.73 Another
caveat is that despite the D2-like specificity of the ago-
nists involved in the increased HIV replication, the po-
tency of both quinpirole and DA is lower than expected.
Given the apparently relatively low levels of D2R in mac-
rophages, it is possible the majority of D2R on the cell
surface might be present as heterodimers with another
receptor that allosterically modulates the potency of sig-
naling by D2R agonists. There is an increasing amount of
data showing that DRs can participate in G protein-cou-
pled receptor heterodimers, resulting in modulation of
their pharmacological properties (Han Y, Moreira I, Urizar
E, Weinstein H, and Javitch JA, Nature Chemical Biology, in
press).74,75 Therefore, it is possible that the lower potency of
both DA and quinpirole as agonists is due to modulation of
D2R by heterodimer partners. This is an ongoing area of
study.

These data have significant implications for HIV and
drug abuse. We hypothesize that a common mechanism
by which drugs of abuse, such as methamphetamine and
cocaine, could intensify HIV infection in the brain is
through the ability of these drugs to increase extracellular
DA levels in the CNS. Our data suggest that increased
extracellular DA could induce increased HIV infection of
CNS monocytes/macrophages. This hypothesis is sup-
ported by the enhancement of HIV replication in MDMs
by selective activation of a D2-like DR by the agonist
quinpirole and by the presence of active D2R on the
surface of MDMs. The D2-like DR-mediated increase in
macrophage infection would then lead to higher viral
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loads and greater production of neurotoxic factors,
thereby accelerating and increasing the severity of HIV-
mediated neurological damage. The enhanced neuropa-
thology would be particularly pronounced in DA-rich re-
gions of the brain, such as the basal ganglia, providing
an explanation for the higher levels of neurological dam-
age seen in these regions during HIV infection.18,59 The
high levels of extracellular DA produced by drug abuse
could also potentiate the development of HIV-induced
neurological damage by modulating intracellular signal-
ing and contributing to the functional dysregulation of
both infected and uninfected macrophages.

Our data also pose a concern for HIV-positive individ-
uals using prescribed DA-enhancing substances as
treatment for a variety of other conditions such as de-
pression and Parkinson’s disease. The increased DA
levels induced by drugs designed for treatment of non-
HIV-related conditions could also induce increased viral
replication in the CNS, accelerating the development of
neuropathologies in those infected with HIV. Additionally,
the negative effects of DA enhancing drugs may not be
limited to the CNS, as increases in DA concentration in
peripheral regions such as the kidneys and lungs could
increase viral replication and accelerate the development
of HIV-related pathologies in these organs.

As the growing epidemics of drug abuse and HIV
become even more interconnected, it has become in-
creasingly important to understand the influence of drugs
of abuse in concert with HIV on the development of
HAND. Our results suggest that macrophages, and par-
ticularly macrophage DA receptors, may provide targets
for intervention that might slow the development of neu-
rological disease in HIV positive individuals using DA-
enhancing substances. Overall, these findings provide
new avenues of investigation of macrophage functions as
well as potential therapeutic targets to delay or prevent
the acceleration of HAND and other HIV-related pathol-
ogies enhanced by drug abuse.
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