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Abstract: Injection drug use has been recognized as a major risk factor for AIDS from the outset of 
the epidemic. Cocaine, one of the most widely abused drugs in the United States can both impair the 
functions of macrophages & CD4+ lymphocytes and also activate HIV-1 expression in these cells. 
Cocaine is a multifactorial agent that acts globally to impair the functioning of brain resident cells 
through multiple pathways. The drug not only promotes virus replication in macrophages, microglia 
and astrocytes, but can also upregulate CCR5 coreceptor, and reciprocally inhibit its ligands, thereby 
increasing virus infectivity. Cocaine is known to modulate astroglial function and activation. Cocaine 
causes a myriad of toxic responses in the neurons: a) it synergizes with viral proteins, Tat and gp120 
resulting in exacerbated neuronal apoptosis, b) it causes calcium mobilization and, c) generation of 
reactive oxygen species. Additionally, cocaine also exerts potent effects on microvascular 
permeability, thereby impacting the influx of virus-infected inflammatory cells in brain parenchyma. 
By amplifying the various arms of the toxic responses that characterize HIV-associated dementia 
(HAD), cocaine skews the balance in favor of the virus leading to accelerated progression and severity 
of dementia.  
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INTRODUCTION 

Intravenous drug use (IVDU) and HIV infections 
are two linked global health crises. HIV-1 infection is 
one of the leading causes of death among Americans 
25-44 years of age, and injection drug use accounts for 
one-third of all new cases of AIDS in the United States.  
According to the National Household Survey on Drug 
Abuse it is estimated that in 2004 at least 34.9 million 
Americans (aged 12 or older) had tried cocaine at least 
once during their life (SAMSHA, 2004). It has been 
demonstrated earlier that use of crack cocaine is a risk 
factor for acquisition of HIV-infection and is also 
independently associated with progression to AIDS [1, 2, 

3]. In recent years emergence of a new cohort of HIV-
infected individuals that are cocaine-abusers has 
become evident. It is thus likely that HIV-1 and cocaine 
interplay in the host might be involved in progression 
of clinical AIDS. 

The CNS is a major target for HIV-1 infection. 
Within days following infection, HIV-1 enters the CNS 
where various brain resident cells can serve as 
reservoirs for HIV-1 [4, 5, 6]. HIV-associated dementia 
(HAD) is a clinical dementia syndrome characterized 
by: a) replication of virus particles in the brain in cells 
of the macrophage lineage and b) neuronal 
degeneration.  In this syndrome, virus-infected and/or 
activated macrophages release a barrage of cytokines or 
inflammatory mediators with neurotoxic properties that 
ultimately leads to neuronal dysfunction and death [7, 8, 9, 

10]. The brain is also a target organ for cocaine. Cocaine 
impairs the functions of macrophages and CD4+ 
lymphocytes [11, 12, 13, 14, 15] and enhances HIV-1 
expression in these cells [16, 17, 18, 19, 20]. It has been 
postulated that cocaine may serve as a co-factor in the 
susceptibility and progression of  HIV-1 infections 
including HAD [1, 2, 3]. Epidemiological studies on drug 
abusers with AIDS link abuse of cocaine (by different 
routes), even more than other drugs, to increased 
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incidence of HIV seroprevalence and progression to 
AIDS [21, 22, 23, 24, 25].  Cell culture and murine animal 
models have provided valuable tools to explore the 
synergistic interactions of HIV-1 and cocaine in the 
pathogenesis of HAD.  The current review summarizes 
these studies and the current understanding of these 
processes.  

Cocaine-mediated Potentiation of HIV-1 Replication 
in vitro and in vivo: Despite the advent of antiretroviral 
therapy to combat AIDS, cocaine abusers with HIV-1 
infection are becoming a newly emerging cohort of 
HIV-positive individuals. It is therefore critical to 
understand how the two agents interact to increase the 
disease severity. Various studies have focused on 
exploring how cocaine can enhance virus replication in 
the in vitro cell culture systems.   Peterson et al 
addressed this question very elegantly using the 
peripheral blood mononuclear cell (PBMC) coculture 
system [26, 27]. Briefly, the system comprised of PBMCs 
from healthy donors incubated in the absence or 
presence of cocaine prior to activation with a plant 
lectin, phytohemagglutinin (PHA), and, subsequently 
these cells were reconstituted with PBMCs that had 
been infected with a clinical isolate of HIV-1. The 
authors found that HIV replication, measured by the 
release of HIV p24 antigen in cell culture fluids was 
significantly enhanced in activated cells that had been 
exposed to cocaine [26]. The authors further 
demonstrated that this effect of cocaine was mediated 
via the multifunctional cytokine, TGF-�. Since immune 
activation is considered critical for pathogenesis of HIV 
infection [28, 29, 30], these in vitro studies by Peterson et 
al suggest a clinical relevance of cocaine in disease 
pathogenesis.   

Based on the premise that cocaine upregulated 
virus replication in activated PBMCs, the authors 
subsequently extended their earlier studies by asking 
the question whether cocaine could also enhance virus 
replication in PBMCs that had been activated with 
CMV, a known enhancer of HIV replication in certain  
lymphocyte lines [31, 32]. Using the same coculture 
system as described earlier, PBMCs from CMV 
positive or CMV-negative donors were pre-treated with 
cocaine followed by culturing in the presence of HIV-
infected PBMCs [27].  These studies demonstrated that 
while cocaine by itself was not able to trigger HIV-1 
replication, in the  presence of other activation signals 
of clinical relevance, such as CMV [31, 33, 34, 35], cocaine 
was able to synergistically enhance virus  replication. 
Furthermore, similar to the mitogen-stimulated PBMCs, 

the mechanism of cocaine-mediated upregulation of 
virus replication in CMV-stimulated PBMCs occurred 
via TGF-� with a possible involvement of another 
cytokine, TNF-�. [26, 27, 36].  

Additional studies aimed at unraveling the role of 
cocaine were carried out by Bagasra et al, wherein 
instead of using the coculture system described earlier, 
which the authors argue may have inherent potential 
allogenic effects that could confound the data, PBMCs 
without any stimulation were used to assess the effects 
of cocaine on modulation of HIV-1 replication.  It was 
found that cocaine-treated unstimulated PBMCs when 
infected with HIV-1 were also capable of responding 
with enhanced virus replication as observed by 
increased HIV-1 p24 antigen levels, syncytium 
formation and increased viral RNA  compared to cells 
not treated with  cocaine [16]. 

The above findings were focused on mixed cells 
populations using the PBMC system. Further extension 
of these studies was carried out in a more relevant cell 
type, the microglia, which are the resident macrophages 
of the brain and are the target cells for virus replication 
in HAD [37].  Microglias play a critical role in defense 
as well in the neuropathogenic effects of HIV-1. 
Similar to the effects of cocaine seen in HIV-infected 
PBMCs, cocaine also enhanced virus replication in 
microglial cells [16, 18, 19, 27].  Assessment of p24 antigen 
levels in culture supernatants from the HIV-infected 
human microglial cells treated with cocaine showed a 
concentration-dependent increase in viral expression.  
Extension of these studies using �-opioid receptor 
ligands further demonstrated suppression of cocaine-
induced potentiation of HIV-1 replication in microglial 
cells.  This effect was mediated by a down-modulation 
of CCR5, a coreceptor of HIV-1, involving the 
extracellular signal-regulated kinase1/2 [38].  More 
recently, it has been found that cocaine-induced HIV-1 
expression in these cells also involved the sigma-1 
receptors and TGF-�1.  This conclusion was arrived at 
by using the inhibitors specific for sigma-1 receptor and 
TGF-�1, both of which effectively blocked the cocaine-
mediated enhancement of virus replication [39].    

Although macrophages and microglial cells are the 
primary sources of HIV-1 replication in CNS [40, 41], 
astrocytes are also susceptible to HIV-1 infection, albeit 
at lower levels [5, 6, 42]. Astrocytes are integral 
components of the CNS since they maintain a 
homeostatic environment and actively participate in bi-
directional communication with neurons [5, 43, 44]. 
Following initial infection with HIV-1, astrocytes 
exhibit a transient surge of viral replication that 
diminishes to low levels and often persists [5, 6, 42]. It has 
been estimated that up to twenty percent of astrocytes 
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can be infected with the virus in HIV-infected patients 
and remain as reservoirs for latent virus [6].  Effect of 
cocaine on astrocytes in the context of HIV-1 infection 
has are recently been reported by Nair et al [37]. Since 
astrocytes make a large proportion of cells in brain and 
since significant numbers of astrocytes can be infected 
with HIV-1, and cocaine is known to act as a cofactor 
in HIV encephalitis (HIV-E), these authors 
hypothesized that cocaine-induced increases in HIV-1 
susceptibility and progression to HIV-E are mediated 
via the dysregulation of specific proteins in these cells 
that foster the neuroimmunopathogenesis of HIV-1 
infection. The effect of cocaine on HIV-1 infectivity in 
normal human astrocytes was investigated and it was 
demonstrated that pre-treatment of astrocytes with 
cocaine prior to HIV-1 infection significantly 
upregulated the viral replication as monitored by a 
significant increase in LTR-R/U5 gene expression [37] 
which represents early stages of reverse transcription of 
HIV-1.  Using the p24 antigen assay, it was 
demonstrated that culture supernatants from astrocytes 
treated with cocaine exhibited increased virus 
replication at day fifteen post-infection. Proteomic 
analysis by difference gel electrophoresis (DIGE) 
combined with protein identification through HPLC-
MS/MS identified twenty-two proteins in normal 
human astrocytes that were differentially regulated by 
cocaine as compared to astrocytes that were not treated 
with cocaine. Specifically, these proteins comprised the 
intracellular signaling molecules, translation elongation 
factor and molecular chaperones [37]. These proteins 
were found to be critical in the neuropathogenesis of 
HIV-1 infection.  These findings have clinical 
implications for HIV-E since astrocytes make up a 
significant population of cells in the brain, and their 
responsiveness to cocaine and/or HIV-1 can lead to 
increased viral load and subsequent toxicity in the CNS.   

Interaction of cocaine and HIV-1 has also been 
evaluated in vivo under more physiologic conditions 
using a hybrid-mouse model (huPBL SCID mouse) 
infected with HIV-1 in the presence and absence of 
cocaine. In this model, systemic cocaine administration 
led to accelerated HIV-1 infection of human peripheral 
blood leukocytes (PBL), a decrease in CD4+ cells and a 
dramatic rise in circulating virus load [19].  HIV 
infection is known to depress the hypothalamic-
pituitary-adrenal axis [45].   Cocaine exposure to 
uninfected huPBL-SCID mice resulted in increased 
corticosterone production but in concert  with HIV-1 
infection depressed corticosterone production compared 
to hu-PBL-SCID mice infected with HIV-1 alone [46].  
These authors also showed that cocaine induced an 
upregulation of CCR5 expression on peritoneal cells 

from the HIV-infected, cocaine- treated huPBL-SCID 
mice, which preceded the increase in number of virally 
infected cells. Using the �-1 receptor antagonist Roth et 
al demonstrated that cocaine acts via the �-1 receptor 
since blocking this receptor abolished the effects of 
cocaine on HIV-1 replication [46].  

In addition to enhancing virus replication in 
astroglial cells in vitro, in vivo studies suggested that 
cocaine administration in mice results in increased 
proliferation and expression of glial fibrillar acidic 
protein (GFAP) in the dentate gyrus [47].   

 
Immunomodulatory Effects of Cocaine in 

Peripheral Blood Leukocytes: Cocaine has multiple 
immunomodulatory effects including the ability to 
influence cytokine and chemokine release in 
immunoeffector cells [22]. In vitro studies using both 
mouse and human cells have consistently demonstrated 
that cocaine at physiological concentrations suppresses 
cytokine release from splenocytes, PBLs and 
endothelial cells [12, 48, 49, 50]. Cocaine has been found to 
inhibit the IL-2-induced production of IFN-� and IL-8 
by PBLs in a dose-responsive manner [48]. Cocaine was 
also shown to decrease IFN-� mRNA expression in 
PBLs as determined by Northern and slot blot analyses, 
without affecting the stability of the mRNA. Nuclear 
run-on assays further demonstrated that cocaine down-
regulated the rate of IFN-� transcription [12]. Cocaine is 
also known to modulate the expression of IL-10 a Th2 
cytokine that has been shown to promote HIV-1 
replication [51, 52]. 

The response of cocaine on mixed cultures such as 
PBMCs [53, 54, 55] is very different than its response in 
purified T cells [11]. Using purified T cells, Klein et al 
demonstrated that mitogen-stimulated proliferation of 
these cells was suppressed by cocaine via its down-
modulation of calcium mobilization and IL-2 release 
[11]. Interestingly, however, conflicting studies on 
cocaine-mediated release of IL-2 and calcium release 
were reported by Matsui et al [56, 57] when T cells were 
activated with anti-CD3 antibody. Cocaine can 
therefore have variable affect on lymphocyte responses 
depending upon the type of cells and the manner of 
activation of these cells.   

Not only does cocaine have the ability to modulate 
cytokine expression, it has also been shown to affect the 
expression of chemokines, which are cytokines with 
chemoattactant properties. CCLs or �-chemokines play 
a significant role in resistance to HIV-1 infection and 
its clinical progression to AIDS. Cocaine has been 
reported to down-modulate expression of MIP-1� and 
the �-chemokine receptor, CCR5, a major HIV-1 
coreceptor in normal PBMCs [18]. Additionally, cocaine 
also selectively inhibited LPS-induced MIP-1� 
production by PBMCs isolated from HIV-infected 
patients [18].  Cocaine-mediated decrease in the 
protective, anti-HIV chemokine, may therefore be one 
of the mechanisms by which cocaine can accelerate the 
progression of HIV-1 disease.  
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Effects of Cocaine on Tat- and Gp120-Induced 
Neurotoxicity: It is widely accepted that while 
neurodegeneration is one of the hallmark features of 
HAD, neurons themselves do not get infected by the 
virus. Thus it is not the virus, but the viral protein 
products, Tat and gp120, that can exert neurotoxicity, 
both in vitro and in vivo [58, 59, 60, 61, 62, 63, 64]. Furthermore, 
emerging new in vitro data demonstrates that cocaine 
can amplify the neurotoxic responses of HIV-1 
proteins, Tat and gp-120 [60, 65, 66, 67].  Evidence for the 
interactions of HIV-1 and cocaine in modulating 
neurotoxicity has been demonstrated in cell culture 
studies showing enhanced damage and oxidative stress 
in neurons exposed to Tat and gp120 in the presence of 
cocaine [68, 69].  Acute exposure of neurons to these viral 
proteins and cocaine was shown to result in synergistic 
neurotoxicity mediated, in part, via mitochondrial 
damage [65].  

Using primary rat hippocampal cultures, it has 
recently been reported that physiologically relevant 
doses of cocaine can augment Tat-mediated 
mitochondrial depolarization and intracellular 
production of reactive oxygen species (ROS) [70].  This 
subsequently leads to enhanced oxidative stress and 
neurotoxicity.  Additionally, treatment of hippocampal 
cells with a specific D1 dopamine receptor antagonist 
blocked the potentiation of Tat toxicity by cocaine [70].  
These findings led to the speculation that cocaine 
enhances Tat-mediated neurotoxicity via modulation of 
the D1 dopamine receptor-controlled signaling cascades 

[70]. 
In vivo study by Bagetta et al demonstrated that 

subchronic intraperitoneal administration of cocaine to 
wild-type Wistar rats in combination with intracerebro- 
ventrical injection of recombinant HIV-1 gp-120, 
results in the enhancement of iNOS expression and 
apoptosis in neurons in the necocortex region. Cocaine 
when administered alone was not able to cause neuronal 
apoptosis. The addition of iNOS inhibitors minimized 
the neurotoxicity associated with gp120 and cocaine 
thus suggesting that iNOS plays a critical role in gp120 
and cocaine induced neuronal apoptosis. 

  
Modulation of Transcription Factors by Cocaine: It 
is now widely recognized that oxidative stress can not 
only induce direct cytotoxic effects [71], but can also 
activate specific transcription factors that can further 
upregulate various inflammatory target genes [72]. 
Redox-regulated transcription factor, AP-1 is 
considered to be one of the most important oxidative 
stress-responsive transcription factors involved in 
cocaine-induced injury in both astroglia and neurons [71, 

73]. For example, it has been shown that a single 
administration of cocaine in the rat brain induces AP-1 
DNA-binding activity within the striatum and 
cerebellum [74].  AP-1 is constituted by a combination of 
Fos and Jun-related proteins [75]. Several studies have 
shown that acute administration of cocaine produces a 
rapid and transient induction in rat brain of c-fos and 
egr-1 [76, 77, 78] proteins that belong to the family of 
immediate early genes (IEG). Induction of the 

expression of these IEGs by cocaine involves 
stimulation of dopaminergic [79, 80] and serotonergic 
receptors  in response to cocaine. Since many of the 
IEGs are known to encode transcription factors, their 
activation is likely to play a role in the transduction of 
short-lived environmental signals into long lasting 
changes in cell function. Thiriet et al have further 
reported that the sodium nitroprusside, a nitrooxide 
releasing agent and a C-type natriuretic peptide, a 
neuropeptide, inhibit cocaine-induced IEG expression 
in rat brain  by activating the cGMP signal transduction 
pathway [81].  
        Induction of other key transcription factors, NF-
KB (key player in HIV-1 replication) [82]and egr-1 
(unpublished data) has also shown to be activated by 
cocaine in HIV-infected monocyte-derived 
macrophages.  
 
Cocaine and the Blood Brain Barrier (BBB): BBB 
normally functions as an interface between the blood 
and brain parenchyma, acting as a watchguard to inhibit 
the entry of ions, molecules and infiltrating cells into 
the CNS. During progressive HIV-1 infection, however, 
there is a breach in this barrier [83, 84, 85, 86] leading to 
influx of inflammatory cells into the brain resulting in 
clinical and pathological abnormalities, ranging from 
mild cognitive impairment to frank dementia.  Cocaine, 
through its direct effect on brain microvascular 
endothelial cells (BMVECs) and its paracrine effects on 
BBB via release of pro-inflammatory cytokines, 
augments HIV-1 neuroinvasion in HAD.  Cocaine 
effects on the enhancement of viral neuroinvasion 
through the BBB have been studied in great detail [1, 71, 

87, 88, 89].  Exposure of brain endothelial cells to cocaine 
has been demonstrated to up-regulate the expression of 
endothelial adhesion molecules like intracellular 
adhesion molecule-1 (ICAM-1), vascular cell adhesion 
molecule -1 (VCAM-1) and E-selectin and thus 
increase leukocyte migration across endothelial 
monolayers [88]. Furthermore, cocaine has been shown 
to upregulate dendritic cell-specific C type ICAM-3 
grabbing nonintegrin (DC-SIGN) and matrix 
metalloproteinases (MMP) in BMVECs, thereby 
suggesting that cocaine causes membrane permeability 
and endothelial transmigration of  HIV-infected 
dendritic cells, which are the first line of defense 
against HIV-infection [90]. Chronic cocaine treatment 
has been reported to potentiate chemotactic agent-
induced leukocyte-endothelial cell adhesion (LEA) in 
rats [89]. In addition, cocaine has been reported to 
decrease cellular glutathione levels, enhance DNA-
binding activity of redox-regulated transcription factors 
(NF-kB and AP-1) and increase expression of TNF-α in 
human brain endothelial cells, thereby contributing to 
BBB dysfunction and enhanced leukocyte migration 
across the cerebral vessel [71]. More recently cocaine has 
also been shown to remodel BMVEC by up-regulating 
transcription of genes critical in cytoskeleton 
organization, signal transduction, cell swelling and 
vesicular trafficking [91]. 
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Fig 1:  Overall interactive effects of cocaine and HIV-1 in the CNS. Cocaine exposure of macrophages, microglia and astrocytes 
leads to enhanced virus replication and immunomodulation. Cocaine can also activate astrocyte function and proliferation. 
Cocaine by its interaction with viral proteins, Tat and gp120, augments neurotoxicity. Additionally, cocaine also exerts 
potent effects on microvascular permeability, thereby impacting the influx of virus-infected inflammatory cells in brain 
parenchyma. Thus, cocaine by virtue of its multifactorial properties aids in the progression and severity of HAD. 

 
In summary, cocaine is a multifactorial agent that 

mediates its effects on several pathways in cells 
infected with HIV-1 (Figure 1). The drug not only 
promotes virus replication in PBMCs, macrophages, 
microglia and astrocytes, but it can also shift the 
cytokine balance towards a Th2 response via its 
modulation of IL-10 [51, 52, 92]. Such a  shift has been 
shown to promote enhancement of CXCR4-utilizing 
viruses [93, 94, 95]. CNS infection with these X4 viruses is 
becoming increasingly more recognized [96, 97]. 
Additionally, cocaine can upregulate CCR5 coreceptor, 
and reciprocally inhibit its ligands, thereby increasing 
virus infectivity.   Cocaine is known to modulate 
astroglial function and activation. Cocaine causes 
interactive neurotoxicity with viral proteins, Tat and 
gp120, thereby exacerbating neuronal apoptosis. 
Additionally, cocaine also exerts potent effects on 
microvascular permeability, thereby impacting the 
influx of virus-infected inflammatory cells in brain 
parenchyma. By amplifying the toxic responses that 
characterize HAD, cocaine skews the balance in favor 

of the virus leading to accelerated progression and 
severity of disease.   
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