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Methamphetamine and HIV Infection, Role in Neurocognitive Dysfunction
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Abstract: The use of methamphetamine is steadily increasing worldwide. Its use is associated with high-risk sexual be-
havior and subsequent infection with HIV. Methamphetamine has profound effects on the brain both as an acute intoxi-
cant and following chronic exposure. The combined effects of HIV and methamphetamine appear to result in widespread
neuronal and white matter injury. These changes are most prominent in the basal ganglia and frontal lobe, and are not re-
stricted to dopaminergic neurons. Additionally, methamphetamine and HIV proteins disrupt the blood brain barrier, cause
glial cell activation and impair the function of neural progenitor cells. Methamphetamine also results in increased HIV
replication via activation of chemokine receptors involved in HIV entry. Common pathways in several of these effects
seem to involve induction of oxidative stress. Characterization of these subcellular pathways and identification of com-
mon targets is essential for development of therapeutic strategies for HIVV-infected methamphetamine abusers.
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EPIDEMIOLOGY

Methamphetamine is used by over 35 million people
worldwide, and is often referred to by several popular terms
such as speed, meth, crystal, crank, tweak, go-fast, ice, glass,
uppers or black beauties. In the United States methampheta-
mine abuse has reached epidemic proportions. According to
the National Survey on Drug Use and Health, approximately
11.7 million people, representing 5% of all U.S. residents
aged 12 and over, reported trying methamphetamine at least
once during their lifetimes resulting in an annual prevalence
of 1.4% [1]. In some areas of the United States up to 40% of
arrestees tested positive for methamphetamine and the ma-
jority of substance abuse treatment admissions excluding
alcohol were for methamphetamine. Methamphetamine use
is associated with increased HIV risk behavior [2, 3] and
increased suicide attempts [4]. Methamphetamine can affect
multiple organs and deaths from methamphetamine use often
occur from cardiac arrest. However, the drug has profound
effects on the brain causing anxiety, euphoria, paranoia, and
depression in the short term [5]. Through mechanisms that
are not yet well understood, long term use results in a variety
of neurocognitive deficits, including behavioral changes,
executive dysfunction, deficits in perceptual speed and in-
formation manipulation, and impairment of verbal and spa-
tial memory. Neurocognitive deficits may persist after cessa-
tion of methamphetamine abuse, are slow to improve, and
may not completely reverse [6, 7]. Methamphetamine can
also adversely impact development, as evidenced by smaller
brain volumes in infants exposed during the prenatal period
(8l.

The condition of many methamphetamine abusers in the
United States is complicated by the co-occurrence of human
immunodeficiency virus (HIV) infection. On its own, HIV
infection leads to cognitive impairment in 30% of indi
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viduals, and frank dementia in 5 to 15%. Although the use of
highly active antiretroviral therapy (HAART) over the past
several years has significantly reduced the incidence of se-
vere HIV dementia, in most studies this has been counterbal-
anced by an increase in prevalence due to improved survival
rates (reviewed in [9]). HIV-related cognitive deficits are
reminiscent of those incurred by methamphetamine; HIV
infected individuals demonstrate impairment in attention,
executive function, psychomotor speed, and motor and learn-
ing skills (reviewed in [7, 10]. Mounting evidence suggests
that HIV infected patients who abuse methamphetamine
have accelerated and more severe neurocognitive dysfunc-
tion compared with non-methamphetamine-abusing patients
[11-13].

CLINICO-PATHOLOGICAL EFFECTS OF METHA-
MPHETAMINE USE IN HIV-INFECTED PATIENTS

Methamphetamine use has been associated with abnor-
malities in both the gray and white matter of the brain, some
of which can persist long after abstinence from metham-
phetamine. This is supported by studies of animal models,
pathological specimens, and magnetic resonance spectros-
copy brain imaging [14-16]. Autopsy studies confirm injury
to dopaminergic neurons [14, 15]. Based on evidence from a
rat model, interaction between the HIV Tat protein and
methamphetamine, as well as other drugs of abuse, may con-
tribute to the damage in the dopaminergic system of the ba-
sal ganglia in patients with HIV dementia [17]. Metham-
phetamine users with HIV encephalitis (HIVE) also demon-
strated more pronounced loss of synaptophysin and calbindin
immunoreactivity, suggesting greater damage to non-
pyramidal neurons. However, the methamphetamine-using
patients also had less gp41 staining, suggesting the presence
of fewer HIV infected macrophages/microglia, and, clini-
cally, they had less severe dementia, but a higher frequency
of ischemic events [18]. In addition, HIV-infected metham-
phetamine users had more severe loss of interneurons that
was associated with cognitive impairment. Overall, com-
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pared with other markers, loss of calbindin and parvalbumin
interneurons in the frontal cortex was the most significant
correlate to memory deficits, suggesting a role in neurobe-
havioral alterations of HIV-infected methamphetamine users
[19]. One study suggested a complex interaction and even
opposing effects on cerebral volume with methamphetamine
and HIV infection. Neurocognitive impairment was associ-
ated with decreased cortical volumes in HIV-positive par-
ticipants, but with increased cortical volumes in metham-
phetamine-dependent participants [20]. The authors sug-
gested that methamphetamine-induced increases in brain
volumes may result from aberrant neuritic sprouting or glial
cell activation. Indeed, a severe microglial reaction has been
found in methamphetamine abusing patients with HIVE
compared to patients with HIVE who did not use metham-
phetamine.

SYNERGISTIC NEUROTOXICITY WITH METHA-
MPHETAMINE AND HIV PROTEINS

It is clear that both HIV and methamphetamine inde-
pendently cause neuronal damage, thus when individuals are
exposed to both several theoretical possibilities exist. They
may negate the effects of one another or enhance the neuro-
toxicity. This enhancement may either be additive, less than
additive or be synergistic where by the effects of the two
together may be greater than additive. A magnetic resonance
spectroscopy study evaluating subjects with and without HIV
infection and with and with methamphetamine use history
found additive, not synergistic, effects on brain metabolites
indicative of neuronal injury and glial activation [21]. In
another study of HIV-infected methamphetamine abusers
concentrations of cerebral metabolites are deranged if plasma
viral loads are poorly controlled. These changes, consistent
with neuronal disruption, are most prominent in the frontal
lobe and far greater than that seen with methamphetamine or
HIV infection alone, suggesting a synergistic effect [22].

Several experimental studies support these clinical obser-
vations. Methamphetamine synergizes with Tat and gp120 to
cause increased neurotoxicity [23, 24]. An in vivo study has
also demonstrated the synergism between methamphetamine
and Tat [25]. Animals treated with methamphetamine alone
showed only a 7% reduction in striatal dopamine levels and
Tat-treated animals showed only an 8% decline, but animals
treated with both methamphetamine and Tat demonstrated a
65% reduction in striatal dopamine. This study might be par-
ticularly relevant, because the doses of methamphetamine
and Tat used were equivalent to what might be seen in hu-
man disease. Subsequent microdialysis studies in this same
animal model showed that the synergistic reduction in stri-
atal dopamine is accompanied by significant decrease in do-
pamine release from the striatum [17] and a decrease in do-
pamine transporter due to loss of dopamine terminals [26,
27].

Another possible mechanism for HIV-metham-phetamine
interaction is via oxidative stress. In one study [28], admini-
stration of either Tat or methamphetamine to mice increased
markers of oxidative stress, including redox-regulated tran-
scription factors, in cortical, striatal, and hippocampal brain
regions. Furthermore, the DNA-binding activities of these
transcription factors were greater in mice injected with both
Tat and methamphetamine, than with either Tat or metham-
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phetamine alone. This same study also suggested Tat and
methamphetamine may interact through changes in cell sig-
naling and cytokine/chemokine expression. Mice treated
with both agents had synergistic upregulation of intercellular
adhesion molecule-1 (ICAM-1), tumor necrosis factor-alpha,
and interleukin-lbeta gene expression compared to mice
treated with either agent alone. Interestingly, tumor necrosis
factor receptor knock out animals had no effect on dopamine
levels when treated with Tat, suggesting that the Tat-
mediated increase in tumor necrosis factor may contribute to
the loss of dopaminergic terminals [29]. Another study
showed that Tat and methamphetamine interact to cause
damage to calbindin-immunoreactive nonpyramidal neurons
by dysregulating mitochondrial calcium metabolism, associ-
ated with increased levels of oxidative stress [30].

METHAMPHETAMINE AND OXIDATIVE/NITRO-
SATIVE STRESS

Although methamphetamine was initially thought to only
damage monoaminergic nerve terminals, subsequent studies
have consistently shown that widespread neuronal cell death
results (reviewed in [31]). Cell death involves not only the
striatum and cortex, but the hippocampus and olfactory
pathways as well [32, 33]. Methamphetamine can enter cells
directly through cationic lipophilicity or through the dopa-
mine transporter [34]. Although the molecular mechanisms
underlying methamphetamine neurotoxicity are likely multi-
factorial, several key findings support a significant role for
both oxidative and nitrosative stress. Mice overexpressing
superoxide dismutase, an antioxidant, show markedly de-
creased methamphetamine-induced apoptosis. Suppression
of nitric oxide (NO) production, through both pharmacologic
and genetic means, also protects against methamphetamine-
mediated neurotoxicity [35]. In addition, methamphetamine
causes increased levels of 3-nitrotyrosine adduct formation,
reflective of oxidative and nitrosative stress [36, 37]. These
studies, among many others, demonstrate the important role
of oxidative and nitrosative stress in the pathogenesis of
methamphetamine-induced neurotoxicity.

HIV-TAT PROTEIN AND METHAMPHETAMINE
POTENTIATE NEUROTOXICITY VIA OXIDATIVE/
NITROSATIVE STRESS

Although HIV does not productively infect neurons, ex-
tensive neuronal loss in many brain areas has been widely
demonstrated in HIV dementia [38-40]. Perivascular macro-
phages and microglia are a major target of HIV infection
within the brain, leading to the hypothesis that the observed
neurotoxicity is an indirect effect of HIV-infected cells [41].
Inflammatory mediators and viral proteins have been hy-
pothesized to play a major role in HIV neurotoxicity. Of the
latter, HIV proteins gp120 and Tat have emerged as likely
mediators of the neurotoxic effects of the virus [42]. Tat
plays a critical role in regulating transcription from the long
terminal repeat (LTR) promoter region of HIV [43]. Several
lines of evidence suggest that Tat is involved in HIV-
mediated neurotoxicity. Tat has been demonstrated in both
HIV infected cells and in extracellular matrix of brains of
infected patients with HIV encephalopathy [44, 45], and Tat
derived from patients with HIV dementia is more neurotoxic
than Tat derived from infected patients without dementia
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[46]. When applied to neurons, Tat causes neuronal death
through multiple molecular mechanisms including induction
of changes in neuronal calcium flux, sensitization of neurons
to glutamate excitotoxicity and direct interactions with the
NMDA receptor [47-50], and upregulation of neurotoxic
inflammatory cytokines from monocytes/macrophages and
astrocytes [51-55]. Importantly, Tat is released extracellu-
larly from HIV infected cells [50, 56, 57].

Tat-induced neurotoxicity is relevant even in HIV-
infected individuals treated with highly active antiretroviral
therapy (HAART). It is clear that HAART can control viral
replication in the peripheral blood and can result in some
improvement in cognitive and psychomotor function [58,
59]. However, once cells in the brain are infected and viral
integration has occurred, currently available antiretroviral
drugs have no effect on the production of nonstructural
proteins such as Tat, which may still be released unchecked
from infected microglia/macrophages and astrocytes, thereby
causing neurotoxicity [60].

One common pathway by which Tat induces neurotoxic-
ity is by increasing the production of reactive oxygen species
in neurons. Parallel changes are observed in cultured neurons
exposed to Tat, suggesting that Tat induces oxidative stress
(reviewed in [61]). In addition, protein carbonyl moieties,
which can arise from direct oxidation of several amino acids,
are increased in rat striatum upon injection of Tat [62]. Tat
also affects the glutathione system, one of the major endoge-
nous anti-oxidant pathways, by downregulating activity of
glutathione synthetase resulting in decreased glutathione
mRNA levels [63]. Mounting evidence suggests that Tat
primarily exerts oxidative and nitrosative stress through in-
teractions with astrocytes, microglia, and brain endothelial
cells to increase expression of inducible nitric oxide synthase
(iINOS) and oxidative-stress inducing cytokines, with con-
comitant neurotoxic effects (reviewed in [61]). Importantly,
iNOS levels and nitrosylated proteins in the CSF correlate
with severity of HIV-associated dementia [64, 65]. Thus, the
emerging paradigm is that excessive nitric oxide and upregu-
lated cytokines released from macrophages, microglia, and
astrocytes contribute to oxidative and nitrosative stress-
mediated neuronal toxicity in HIV dementia. Tat likely plays
an important role in neurotoxicity by inducing oxidative and
nitrosative stress both directly in neurons and indirectly
through effects on astrocytes and other glial cells.

It has become increasingly clear that the HIV Tat protein
and methamphetamine can potentiate each other’s neurotox-
icity. Several investigators have demonstrated that the neuro-
toxic effects of Tat and methamphetamine together are more
severe than either one alone [23, 25]. Methamphetamine and
Tat synergize to destroy dopaminergic terminals in the rat
striatum [26] and cause mitochondrial dysregulation in neu-
rons [18]. Importantly, the mechanism of synergy appears to
be explained, at least in part, by potentiation of oxidative
stress by methamphetamine and Tat together [28, 30].

POTENTIAL ROLES FOR HIV AND METHA-
MPHETAMINE IN MODULATION OF ADULT
HIPPOCAMPAL NEUROGENESIS

Much of the effort to understand how HIV and metham-
phetamine affect the central nervous system has focused on
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the deleterious effects on mature neurons. However, the ex-
tent to which neuronal precursor cells (NPC) are affected by
these processes, and whether alterations of NPC function and
survival may contribute to HIV- and methamphetamine-
associated neurologic changes, remains largely unknown.
Several lines of evidence suggest that HIV can interact with
NPCs. The HIV envelope protein gpl120 interacts with the
chemokine receptor CXCR4 on the surface of NPCs, and can
block chemokine-mediated signaling in these cells [66]. HIV
can also cause a transient productive infection of NPCs, fol-
lowed by the establishment of viral latency [67]. A recent
study investigated adult hippocampal neurogenesis in HIV-
infected humans; immunohistochemistry of autopsy tissue
suggested a reduction in proliferation of hippocampal NPCs
in patients with HIV-associated dementia as compared to
non-demented HIV-infected patients and controls [68].
These findings, coupled with evidence that CNS inflamma-
tory mediators such as interleukin-6 can decrease neurogene-
sis [69, 70], suggest that impairment of neurogenesis may
occur during HIV infection, contributing to the course of
HIV-dementia.

Although several drugs of abuse have been shown to in-
fluence neurogenesis, limited data are available with respect
to the effects of methamphetamine. However, an intriguing
link between methamphetamine and neurogenesis was dem-
onstrated in a model of acute methamphetamine toxicity in
adult gerbils, in which acute methamphetamine exposure
resulted in a significant decrease in proliferating NPCs
within the hippocampal dentate gyrus [71]. Similarly in a
chronic self administration model impaired neurogenesis was
also noted [72]. it is likely that HIVV and methamphetamine
will interact to affect NPC survival and function.

Several recent studies have begun to address the effects
of oxidative stress and NO on function and survival of
NPCs. Increasing evidence suggests that NO and NO donors
also modulate NPC function. Though the effects of NO on
hippocampal dentate NPCs remain controversial [73], sev-
eral studies suggest that NO donors decrease NPC prolifera-
tion and drive differentiation toward the neuronal lineage,
while inhibitors of NOS increase proliferation and decrease
differentiation [74]. Because oxidative stress and NO can
have multiple effects on NPCs, including impairment of sur-
vival, reduced proliferation, and modulation of differentia-
tion, it is reasonable to speculate that the combined effects of
HIV and methamphetamine would be detrimental to NPC
function via these pathways.

EFFECT OF METHAMPHETAMINE AND HIV ON
THE BLOOD BRAIN BARRIER

Methamphetamine and HIV envelope protein, gpl120,
individually and in combination, modulate tight junction
expression in brain endothelial cells leading to decreased
transendothelial resistance across the blood brain barrier and
enhanced transendothelial migration of immunocompetent
cells [75]. Acute intoxication with methamphetamine is as-
sociated with breakdown of the blood brain barrier with cere-
bral edema and massive ion shifts. While most of these acute
structural and functional abnormalities appear to be
reversible, they could trigger subsequent cellular alterations
in the brain and accelerate neurodegeneration [76]. Metham-
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phetamine also induces disturbances in cellular redox status
and activation of transcription factors AP-1 and NF-kappaB
which play critical roles in the signaling pathways leading to
upregulation of inflammatory genes in human brain endothe-
lial cells [77]. These alterations in the blood brain barrier
could potentially enhance HIV entry into the brain as well as
viral proteins and other inflammatory mediators. This could
in turn lead to glial cell activation and neurodegeneration.

EFFECT OF HIV INFECTION AND METHAM-
PHETAMINE ABUSE ON MATRIX METALLO-
PROTEINASES

Matrix metalloproteinases (MMPs) are zinc dependent
endopeptidases that were named for their ability to act on
proteins of the extracellular matrix. MMPs have been well
studied for their ability to degrade matrix proteins of the
blood brain barrier and thus facilitate the CNS ingress of
inflammatory molecules and/or serum derived toxins. How-
ever, while MMPs were named for their ability to process
matrix, it is becoming ever more apparent that they play a
critical role in the processing of non-matrix proteins includ-
ing chemokines and a variety of cell surface receptors [78]
widely expressed on neurons, astrocytes and blood brain
barrier endothelial cells. In addition, by means of effects that
include the processing of binding proteins, MMPs can also
influence the bioavailability of proteins such as IGF-1 and
EGF receptor ligands [78, 79].

MMPs are expressed in the CNS by a variety of cell
types. It has been shown, for example, that astrocytes can
release MMP-1, -2 and -3, and that microglia can release
MMP-7,-9 and -12 [79-81]. Neurons may also release MMPs
in an activity dependent manner, and release may be in-
creased in the setting of an excitotoxic injury [82, 83]. Of
interest, MMPs are also released from activated monocytes
and T cells, with monocytes releasing MMP-1,-7,-9 and -12.
[84].

Transcription factors including AP-1 and NF-kB are im-
portant to the expression of a variety of MMPs. Not surpris-
ingly, HIV proteins and inflammatory cytokines that are
known to increase the DNA binding activity of these tran-
scription factors have been shown to increase MMP expres-
sion and/or release in leukocytes and neural cells. That a
substantial increase in MMP expression may be affected is in
turn supported by studies which have shown increased MMP
levels in cerebrospinal fluid samples from HIV infected in-
dividuals [80]. Of interest, the levels of select MMPs are
further increased in that subset of HIV infected individuals
who show cognitive impairment [80].

Methamphetamine has also been associated with in-
creased MMP expression, release, and/or activation [85].
Thought to increase extracellular dopamine through mecha-
nisms that include a redistribution of the catecholamine from
synaptic vesicles to the cytoplasm and reverse flux through
cell surface dopamine transporters, methamphetamine may
increase MMP expression via dopamine receptor mediated
signaling [86, 87]. Catecholamine receptor activation on
neurons and glia has been shown to increase the DNA bind-
ing activity of AP-1. It is also possible that methampheta-
mine associated changes in dopamine might stimulate release
of proteinases from preformed stores.
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Methamphetamine can also increase glutamate levels
[86]. This is thought to occur via D;-associated striatonigral
GABA release [86]. Given that glutaminergic transmission
potently upregulates MMP release [82, 88], methampheta-
mine might also increase neuronal MMP release via this less
direct dopaminergic mechanism. Finally, in a variety of stud-
ies, methamphetamine as been linked to the generation of
reactive oxygen intermediates. Increased MMP expression,
and activation, is known to occur in association with in-
creased levels of such species.

In previously published work, we have shown that both
the HIV protein Tat and methamphetamine increased the
release of MMP-1 from cultures of neurons and glia [89].
This is consistent with results from rodent studies in which
methamphetamine stimulates increased binding of AP-1, a
transcription factor critical to the expression of MMPs in-
cluding MMP-1 [90, 91].

It has been shown that methamphetamine increases levels
of MMP-2 and -9 and that increases in the level of these pro-
teinases may contribute to behavioral effects of the drug
[92]. This is significant in that behavioral effects and toxicity
are often linked. Of interest, MMPs might influence dopa-
mine release [92]. It is tempting to speculate that dopamine
stimulates MMP release and vice versa, thus establishing a
cycle of potentiation.

We and others have also observed that methamphetamine
can stimulate the release of the MMP activator urokinase
plasminogen activator (UPA) [89]. Of additional interest, it
was shown by a variety of techniques that methamphetamine
could increase dendritic cell expression of pro-inflammatory
cytokines known to stimulate MMP expression [93]. In-
creased MMP expression may contribute to synaptic damage
and neuronal damage through a variety of mechanisms that
includes processing of integrin binding extracellular matrix
components and stimulation of cell death via interactions
with select cell surface integrins [94]. In addition, soluble
molecules such as SDF-1alpha may be processed by MMPs
into neurotoxic fragments [95]. And while it has not been
shown, MMPs might increase thrombin receptor mediated
signaling on neurons so that GSK-3 beta dependent cell
death ensues. MMP-1 can activate the thrombin receptor
PAR-1 which can mediate neuronal death in select circum-
stances [96].

EFFECT OF METHAMPHETAMINE ON HIV REPLI-
CATION

Methamphetamine induces increased HIV-1 infection in
association with an increase in the HIV-1 coreceptors,
CXCR4 and CCR5, and infection is mediated by downregu-
lation of extracellular-regulated kinase and the upregulation
of p38 mitogen-activated protein kinase demonstrating that
the methamphetamine-induced effect is mediated via the
dopamine receptors and the dopamine receptor antagonists
can reverse methamphetamine-induced upregulation of
CCR5 [97, 98]. In a feline immunodeficiency virus model,
methamphetamine markedly increased viral replication in
feline astrocytes for cell-associated infection [99]. Thus
methamphetamine use leads to poor viral control and pro-
motes resistance to antiretroviral drugs [100]. In the brain of
HIV infected methamphetamine users, there is induction of
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interferon inducible genes, suggesting a dysregulation of the
innate immune responses [101].

CONCLUSION

In conjunction with HIV infection, methamphetamine has
multiple effects on the brain, which includes neuronal and
glial cell dysfunction as well as disruption of the blood brain
barrier. Its ability to enhance HIV replication and induce
chemokine production leads to the establishment of positive
feedback loops. These pathways are largely driven by induc-
tion of oxidative stress, hence targeting these pathways may
have therapeutic potential.

ACKNOWLEDGEMENTS

Supported in part by grants from the National Institute of
Drug Abuse, National Institutes of Health, USA.

LIST OF ABBREVIATIONS

HIV = Human Immunodeficiency Virus
HAART = Highly Active anti-retroviral Treatment
AIDS = Acquired Immunodeficiency Syndrome
HIVE = HIV Encephalitis

ICAM = 1-Intercellular Adhesion Molecule-1
NO = Nitric Oxide

LTR = Long Terminal Repeat

NMDA = n-Methyl-D-Aspartate

iNOS = Inducible Nitric Oxide Synthase
mRNA = Messenger Ribonucleic Acid

NPC = Neuronal Precursor Cell

CXCR4 = CXC Type Chemokine Receptor 4
MMP = Matrix Metalloproteinase

AP-1 - Activator Protein 1

NF=kB = Nuclear Factor Kappa B (B cells)

IGF = Insulin Like Growth Factor

EGF = Epidermal Growth Factor

DNA = Deoxyribonucleic Acid

uPA = Urokinase Plasminogen Activator

GSK = Glycogen Synthase Kinase

PAR = Protease Activated Receptor

CCR5 = CC Type Chemokine Receptor 5
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