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Human immunodeficiency virus type 1 (HIV-1) invades the central nervous
system (CNS) shortly after infection and becomes localized in varying
concentrations in different brain regions, the most vulnerable is the basal
ganglia (BG). It is hypothesized that HIV-1�mediated neuropathogenesis
involves degeneration of dopaminergic neurons in the substantia nigra and
the loss of dopaminergic terminals in the BG, leading to deficits in the central
dopaminergic activity, resulting in progressive impairment of neurocognitive
and motor functions. In the era of highly active antiretroviral therapy
(HAART), although the incidence of HIV-associated dementia (HAD) has
decreased, the neurocognitive and neuropsychological deficits continue to
persist after HAART. In this study, We investigated the impact of HIV-1 on
dopaminergic activity with respect to concentrations of dopamine (DA) and
homovanillic acid (HVA) in different regions of postmortem human brains of
HIV-1�negative and HIV-1� individuals and their relationship to neurocog-
nitive impairment. We found that in HIV-1� as well as HIV-negative cases,
dopamine and HVA concentrationsin ranged widely in different brain
regions. In HIV-negative brain regions, the highest concentration of DA was
found in putamen, caudate, substantia nigra, and the basal ganglia. In HIV-1�
cases, there was a significant decrease in DA levels in caudate nucleus,
putamen, globus pallidus, and substantia nigra compared to that in HIV-
negative cases. In HIV-1� cases, a strong correlation was found between DA
levels in substantia nigra and other brain regions. Concentration of HVA in
HIV-negative cases was also highest in the regions containing high dopamine
levels. However, no significant decrease in regional HVA levels was found in
HIV-1� cases. HIV-1 RNA load (nondetectable [ND] to log10 6.9 copies/g
tissue) also ranged widely in the same brain regions of HIV-1� cases.
Interestingly, the brain regions having the highest HIV-1 RNA had the
maximum decrease in DA levels. Age, gender, ethnicity, and postmortem
interval were not correlated with decrease in DA levels. Profile of DA, HVA,
and HIV-1 RNA levels in the brain regions of HIV-1� individuals treated with
HAARTwas similar to those not treated with HAART. A majority of HIV-1�
individuals had variable degrees of neurocognitive impairments, but
no specific relationship was found between the regional DA content and
severity of neurocognitive deficits. These findings suggest widespread deficits
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in dopamine in different brain regions of HIV-1�infected cases, and that
these deficits may be the results of HIV-1�induced neurodegeneration in
the subcortical regions of human brain. Journal of NeuroVirology (2009)
15, 257�274.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) has
affected millions of people worldwide, and despite
multipronged international efforts to contain this
pandemic, the disease continues to spread una-
bated. According to the recent updated reports by
WHO/UNAIDS (AIDS Epidemic Update, 2007), the
current prevalence of HIV-1 infection around the
world remains a major concern, as there are 33.2
million people living with HIV infection, 2.5 million
are newly infected, and 2.1 million died of HIV-1�
related complications. Irrespective of the regional
and demographic diversity of people, mode of
infection and health consequences, including pro-
gressive immune suppression, opportunistic infec-
tions, and neurocognitive deficits, remain common
among all the people who are infected with HIV-1.
In the very early phase of the epidemic, the central

nervous system (CNS) was considered as an impor-
tant target of HIV-1 infection that could lead to
neurodegeneration (Ho et al, 1985). It is now well
recognized that within days of primary systemic
infection, the HIV-1 virus invades the CNS and is
localized in varying concentrations in different
brain regions (Resnick et al, 1988; Masliah et al,
1992; Wiley et al, 1986; Kumar et al, 2007).
Although the mode of entry of HIV-1 into the brain
remains debatable, one of the most favored proposed
models is that the virus enters the CNS through
trafficking of HIV-1�infected monocytes, or possibly
lymphocytes, by using the ‘‘Trojan horse mechan-
ism’’ and penetrating the blood-brain barrier (Nottet
et al, 1996; Persidsky et al, 1997; Persidsky and
Gendelman, 2003). The other models may include
the virus’ entry through the infected vascular en-
dothelium (Maslin et al, 2005), and/or through
direct infiltration of cell free viral particles from
circulation in to the CNS (Banks et al, 2004; Bobardt
et al, 2004). Once in the brain, HIV-1 has the
propensity to become localized in the frontostriatal
pathways and other subcortical regions, particularly
in the basal ganglia, causing progressive neurode-
generative changes, and impairment in neuromotor
and neurocognitive functions regulated by the neu-
ronal activities in these regions (Kure et al, 1990).
Although progression of HIV-1 infection to sympto-
matic acquired immunodeficiency syndrome (AIDS)
occurs after a number of years, studies have demon-
strated that even in the early stage of infection the
basal ganglia (BG) are highly vulnerable to HIV-1
assault. Using quantitative magnetic resonance ima-

ging (MRI), and positron emission tomography
(PET), a number of reports show a selective reduc-
tion in the volume of caudate nucleus and white
matter, as well as the cortical and subcortical gray
matter, and this loss continues to progress over the
course of the infection (Jernigan et al, 1993; Kieburtz
et al, 1996; Aylward et al, 1993). Furthermore, PET
studies with fluorodeoxyglucose (18F-FDG) also
found changes in the metabolic activity of the basal
ganglia, showing hypermetabolism in the early
stages of HIV-1 infection, and hypometabolism in
more advanced stages of the disease (Rottenberg
et al, 1996). These observations of disturbance in
brain metabolic activity are further supported by a
recent study that used voxel based 18F-FDG PET
brain imaging in individuals with HIV-1 infection
who were also injecting drug users (IDUs), and
found that HIV-1 had a synergistic effect with IDU
on hypermetabolic activity in the subcortical deep
white matter, the basal ganglia, the thalami, and the
brain stem, and on the decreased activity in the
cortical structures (Georgiou et al, 2008).
The neuropathology of HIV-1 infection is driven

by many complex processes involving the impact
of neurotoxic virus-related products, as well as
virus-host interaction�related neurotoxic factors
contributing to HIV encephalitis, CNS injury, neu-
rodegeneration, and cognitive impairment (Masliah
et al, 1992; Brew, 1993). Although HIV-1 does not
infect neurons directly because of the absence of
receptors (Broder and Dimitrov, 1996), experimental
studies have found that two HIV-1 proteins, Tat and
gp120, are highly neurotoxic and can cause neuro-
nal injury and ultimately the neuronal cell death
(Nath, 2002). Additionally, a number of neurotoxic
factors are generated by the brain perivascular
macrophages, resident microglia, as well as astro-
cytes in response to entry of M-tropic HIV-1 into
these cells by binding to their CD4 receptors and
CCR5 coreceptors (Choe et al, 1996; Kaul et al,
2007). These infected brain cells produce an array
of neurotoxins, including proinflammatory cyto-
kines such as tumor necrosis factor alpha (TNFa),
and other neurotoxic factors, including b2-micro-
globulins, neopterins, kynurenine, excitotoxins
such as quinolinic acid, and chemokines such as
monocyte chemotactic protein-1 (MCP-1), and pro-
teases (Ranki et al, 1995; Mattson et al, 2005; Heyes
et al, 1992). These neurotoxic factors play an
important role in the degenerating processes of
neurons and their supporting structures. Neuronal
degeneration in different brain regions, specifically
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that of the dopaminergic system in the basal ganglia,
has been found to relate to mild to severe cognitive
impairment and HIV-associated dementia (HAD)
found in 20% to 30% of HIV-1�infected individuals
(Navia and Price, 1987; Berger and Arendt 2000).
The introduction of highly active antiretroviral

therapy (HAART) over the past several years has
resulted in the improvement of the immune status
with increased CD4� cells, and decrease in plasma
viral load, but has changed HIV infection in to a
chronic disease with increasing prevalence and
extended life expectancy (Dore et al, 2003). There
is a large body of evidence suggesting that although
HAART has minimized the incidence of severe form
of HAD, the prevalence rate of neurological pro-
blems, cognitive impairment, and HAD continue to
increase among HIV-1�infected individuals (Sacktor
et al, 2002), because some of the drugs in HAART,
such as protease inhibitors, have poor oral absorp-
tion, variable tissue distribution, and poor penetra-
tion of the blood-brain barrier to reach the brain in
therapeutic levels to be effective (Kim et al, 1998).
Thus, despite intervention with HAART, the brain
continues to remain a sanctuary for HIV-1, causing
persistent neuropathogenesis in different areas of
the brain (Bagasra et al, 1996; Schrager and D’Souza,
1998).
The concept that HIV-1�induced neurodegenera-

tion of the basal ganglia may result in dopaminergic
deficits was based on early clinical observations
that some of the HIV-1�infected patients with AIDS
developed the Parkinson’s disease symptoms of
cognitive and motor disorders when treated with
dopamine receptor�blocking drugs, such as haloper-
idol, chlorpromazine, or metoclopropamide. The
severity of parkinsonian symptoms observed in these
patients was attributed to HIV-1�induced hypersen-
sitivity of dopamine receptors to antipsychotic
agents (Kieburtz et al, 1991; Mirsattari et al, 1998;
Koutsilieri et al, 2002). Further indirect evidence that
HIV-1�induced damage to basal ganglia may involve
dopaminergic system dysfunction came from the
treatment strategies for alleviating parkinsonian
symptomatology by augmenting dopaminergic activ-
ity in HIV-1�infected individuals. These treatment
strategies designed to enhance dopaminergic activity
included substances such as L-DOPA (the precursor
of dopamine synthesis), selegeline (deprenyl), an
inhibitor of monoamine oxidase (MAO) A and B
activities, and methylphenidate (a psychostimulant)
to improve the availability of dopamine. For exam-
ple, a controlled clinical trial of selegiline was found
to improve cognitive functions in patients with HAD
(Danna Consortium, 1998; Sacktor et al, 2000).
Selegeline acts by slowing down the catabolism of
dopamine in the CNS by inhibiting MAO, thus
increasing the availability of dopamine (Magyar,
1993). Similarly, methylphenidate, a dopaminergic
agonist and a psychostimulant, was also found to
have beneficial effects on some of the cognitive

functions in HIV-1�infected patients (Hinkin et al,
2001). So far, the evidence that HIV infection may
lead to deficits in the CNS dopmaminergic activity
has come from a few studies involving cerebrospinal
fluid (CSF) and finding a decrease in the levels of
dopamine and homovanillic acid (HVA) in the CSF of
patients who were at different stages of disease
progression (Berger, et al, 1994; Larsson et al, 1991;
Ellis et al, 2004). However, CSF does not represent
any specific region of the CNS, therefore the levels of
dopamine or HVA in the CSF may not reflect the
actual deficits in the regional dopaminergic activity
in the brains of HIV-1�infected individuals.
The evidence thus far suggests that the basal

ganglia are the main site of HIV-1 assault, and that
the neurodegeneration, as well as metabolic abnorm-
alities in the basal ganglia, and dopaminergic system
dysfunction may be associated with neurocognitive
deficits (Nath et al, 2000; von Gisslen et al, 2001).
Although dopamine levels have been found to
decrease in the CSF of HIV-1�infected individuals,
and dopaminergic activity�enhancing drugs have
been reported to improve cognitive functions, in-
vestigations have remained scarce on the evaluation
of direct impact of HIV-1 on dopamine activity in
the CNS. Because the regional analysis of dopami-
nergic activity could allow identification of the
brain areas most affected by HIV-1 that may be
contributing to neurocognitive deficits in patients
with HIV/AIDS, we investigated tissue samples from
different areas of postmortem human brains to
determine the regional status of dopamine in the
CNS. The samples of tissues were obtained from the
frontal cortex and basal ganglia (BG) of a few cases,
and from the nuclei of BG (caudate nucleus, puta-
men, globus pallidus, and substantia nigra) from the
other cases, as well as the CSF of individuals who
were assessed during life for HIV-associated cogni-
tive deficits, irrespective of HAART treatment, and
died of HIV/AIDS. The tissues from well-character-
ized brain regions were obtained from the National
NeuroAIDS Tissue Consortium (NNTC), and in-
cluded tissues from individuals irrespective of their
HAART during life. The CNS regional dopaminergic
activity in HIV-1�infected cases was compared with
that in the same brain regions of HIV-negative cases.

Results

The demographic characteristics, including age,
gender, ethnicity, as well as years of infection and
postmortem interval (PMI) of HIV-1� (N�38) and
HIV-negative (N�11) cases are presented in Table 1.
The other specific characteristics pertaining to HIV-
1� cases presented in Table 1 include neurocogni-
tive status, MSK rating (0�4) used for the diagnosis
of neurocognitive impairment, presence of opportu-
nistic infections (OIs) at the time of death, and the
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number of individuals (n�33) who used highly
active antiretroviral therapy (HAART) and those
who did not use (n�5).
The concentrations of dopamine (log10 pg/g tis-

sue) and HVA (log10 ng/g tissue) are presented as
mean9SD in different brain regions of HIV-1� and
HIV-negative cases (Table 2). A wide variation was
found in DA concentration in all regions of the
autopsied brains of HIV-1� and HIV-negative in-
dividuals (Figure 1). In HIV-1� cases, there was a
significant decrease in the overall concentration of
DA in the basal ganglia (PB.005), as well as in the
individual nuclei, caudate (PB.005), putamen (PB
.000), and substantia nigra (PB.005), and no sig-
nificant decrease in DA levels was found in FC, FC4,
FC6, and GP of HIV-1� cases compared to that in
the same brain regions of HIV- negative cases. Strong
correlations (rs) were found between concentration
of DA in SN and DA in other brain regions (FC, BG,
CAUD, PUTA, GP), rs�.679�.779, P B0.001 to 0.052
(Table 3), as well as between DA and HVA in
FC4 and GP (rs�.697, PB.025), and FC4 and puta-
men (rs�.867, PB.001). The concentration of HVA
was also found to vary widely among different
brain regions of HIV-1� and HIV-negative cases
(Figure 2). However, HVA levels in different brain
regions of HIV-1� cases did not differ significantly
from those in HIV-negative cases (Table 2). Further-
more, HIV-1 RNA levels (Table 2; mean9SD, log10
copies/g tissue) were higher in the brain regions
having maximum decrease in dopamine concentra-
tion. However, this relationship was not observed
between the regional HVA levels and HIV-1 RNA
load. There was no significant correlation (rs)
between the levels of DA and viral load within the
same brain region (Table 4). However, HVA concen-
tration in SN and CAUD correlated negatively with
VL in the same brain regions (‘‘rs’’ �.782, PB.008,
P��.771, PB.072, respectively) (Table 4).
There was no statistically significant correlation,

‘‘rs’’ (P�.1), observed between age, gender, ethnicity,

as well as PMI (HIV-1�, PMI range 3 to 22 h, mean9
SD, 7.2895.77 h; HIV-1�negative, 2 to 24 h, mean9
SD, 9.4195.74 h) and DA or HVA levels in different
brain regions of HIV-1� and HIV-negative cases.
Although a majority (87%) of HIV-1� individuals

had used highly active antiretroviral treatment
(HAART) during life, there was no significant
difference in the values of DA or HVA between the
brain regions of those who used HAART (n�33)
versus those who did not use HAART (13%), except
in putamen where a significant difference was found
in DA levels between HAART� and HAART�
individuals (n�11HAART� versus n�3HAART�;
PB.01) (Table 5).
Surprisingly, among HIV-1� cases, the decrease

in DA levels in different brain regions (basal ganglia,
caudate, putamen, and substantia nigra) did not
significantly correlate (rs) with specific neurocogni-
tive status (diagnosed as probable or possible HAD,
probable or possible MCMD, or MCMD). Moreover,
even when data from all HIV-1� individuals were
categorized into groups with diagnosis of HAD or
MCMD, or unimpaired, no significant correlation
(rs) was found between DA levels and HAD or
MCMD, and there was no significant difference
(Mann-Whitney test) in the regional DA levels
between the two groups (HAD and MCMD), except
that a trend towards decrease in DA levels was
found in CAUD, PUTA, and GP of those with MCMD
compared to those with HAD. There was no appar-
ent difference in the regional levels of HVA among
the three groups (Table 6).

Discussion

The major findings of this study demonstrate that
the concentration of dopamine was very variable in
different regions of post mortem brains of HIV-1�
and HIV-negative cases, and that there was a
significant decrease in the regional DA concentration

Table 1 Demographic and other characteristics of HIV-1� and HIV� cases

Specific characteristics HIV-1� cases HIV-negative cases

n 38 11
Year diagnosed with HIV-1 infection 1978�2001 No infection
Known duration of HIV-1 disease 1�21 years N/A
Age at death 31�58 Years 35�66 years
Year of death 1998�2005 1998�2005
Gender 32 men, 6 women 6 men, 5 women
Ethnicity 29 Caucasian, 4 Hispanics,

2 African American (AA),
3 Native American

9 Caucasians, 2 AA

MSK rating, AIDS dementia 0�4 N/A
Neurocognitive status 12 probable HAD,8 possible HAD,

5 probable MCMD, 2 possible MCMD,
2 MCMD, 5 Impaired, 2 NPI, 2 normal

N/A

Opportunistic infections No opportunistic infections at the time of death No infections
Antiretroviral therapy Majority on HAART (N�33), No HAART (N�5) N/A
Postmortem interval (PMI) 2�24 h (mean9SD, 9.4195.74 h) 3�22 h (mean9 SD, 7.28 9 5.77 h)
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in individuals who died of HIV/AIDS (and were free
of opportunistic infections at the time of death),
compared with that in the same brain regions of
HIV-1�negative cases. We further found that among
HIV-negative cases, the heterogeneous distribution
of DA was marked by the highest concentration
present in the putamen and caudate nucleus, a
finding consonant with that reported earlier in
noninfected postmortem human brains (Arai et al,
1984; Herregodts et al, 1991). On the other hand, in
HIV-1� individuals, DA concentration decreased
significantly in putamen, substantia nigra, caudate
nucleus, and the basal ganglia, but no significant
decrease was found in DA levels in globus pallidus
and the three frontocortical areas (Table 2, Figure 1).
However, DA levels in SN correlated significantly
with DA levels in the other brain regions, including
FC, BG, PUTA, and GP, as well as between different
brain regions (Table 3), suggesting that DA content
and its availability in different brain regions may be
regulated by its production in SN, and that the
decreased DA concentration in these regions may
be due to HIV-1�associated degeneration of dopa-
mine producing neurons in the SN. Although the
brain regions having maximum decrease in dopa-
mine concentration had the highest concentration of
HIV-1 RNA, no correlation was found between DA
concentration and HIV-1 viral load in any brain
region (Table 4). The concentration of HVA in HIV-
negative cases was also high in the same brain
regions containing high DA levels (Table 2), and
were consistent with those reported earlier (Mackay
et al, 1986). However, changes in HVA levels in
HIV-1� cases were not as remarkable as those of
dopamine, and correlated negatively with viral load
(VL) only in substantia nigra and in caudate nucleus,
but not with VL in the other brain regions (Table 4).
Previous studies carried out on CSF of HIV-1�

infected asymptomatic and symptomatic patients
during life found decrease in biogenic amines,
including dopamine and HVA, as well as indolea-
mines (Larsson et al, 1991; Berger et al, 1994; Kumar
et al, 2001), implicating that damage to biogenic
amine neurons may also occur in early stages of the
disease. However, the relationship between DA
deficits in CSF and clinical symptomatology of
neurological and neurocognitive problems in HIV/
AIDS has not been clearly understood. Moreover,
because CSF does not represent any specific region
of the CNS, these findings were taken as the overall
reflection of deficits in the brain dopaminergic
activity caused by HIV-1 infection. Early evidence
that damage to DA neurons occurs in HIV-1 infec-
tion came from studies on postmortem brain tissues,
showing a significant decrease in DA concent-
ration in the caudate nucleus of patients with
AIDS (Sardar et al, 1996), and in putamen of simian
immunodeficiency virus (SIV)-infected rhesus mon-
keys with and without symptoms of AIDS (Scheller
et al, 2005). However, investigations in these studiesT
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were limited to one or two brain regions to assess
the dopaminergic activity in postmortem brains of
HIV-1� or SIV-infected cases, and, moreover, the
viral load in the same brain regions was not known.
The present study, to our knowledge, reports for the
first time the widespread depletion in dopaminere-
gic activity and a widely variable distribution of
HIV-1 RNA in the same brain regions of individuals
who died of HIV/AIDS.
Other studies carried out in HIV-1�infected

men during life have indirectly revealed deficits
in the brain dopaminergic activity, compared to that
in age-matched, noninfected individuals, and these

deficits were reflected in the hypothalamic dys-
regulation of prolactin secretion in response to
intravenous administration of metoclopramide, a
neuroleptic and a dopamine-blocking agent (Parra
et al, 2001). Because the hypothalamus receives
dopaminergic innervations from the basal ganglia,
these findings may also implicate deficits in
dopaminergic input from the basal ganglia to
the hypothalamus, suggesting that the decreased
dopaminergic tone in hypothalamus may be a con-
sequence of HIV-1�induced neurodegenerative
changes in the basal ganglia (Aylward et al, 1993;
Kure et al, 1990), resulting in DA deficits and thus
limiting the DA-hypothalamic interaction and a
decreased serum prolactin response to metoclopra-
mide in HIV-1�infected men.
Furthermore, the decreased DA concentration

found in putamen, substantia nigra, and other brain
regions of HIV-1� individuals in this study (Table
2) is also in accord with the decreased presynaptic
dopamine transporter (DAT) availability when de-
termined during life with positron emission tomo-
graphy (PET) using 11C-cocaine as ligand for DAT,
and 11C-raclopride for D2 receptors in putamen and
ventral striatum in HIV-1� patients with dementia
and HIV-negative controls (Wang et al, 2004; Volkow
et al, 1996). Although in the above study, DAT
availability in putamen and ventral striatum was
significantly decreased in patients with HAD, in
the caudate nucleus of these patients, DAT was
not significantly different from that in seronega-
tive controls, and D2 receptor availability in all
three regions did not differ between HIV-1� and
HIV-negative patients. Although this discrepancy in

Figure 1 Scatter plot showing dopamine concentration (y-axis, log10 pg/g tissue) in each brain region (x-axis) of HIV-1� and HIV-
negative individuals. The horizontal bars represent the median value in each region. Dopamine concentration decreased significantly in
the basal ganglia, caudate, putamen, and substantia nigra. No significant change was found in the levels of DA in FC, FC4, FC6, and
globus pallidus of HIV-1� cases compared to those in the brain regions of HIV-negative cases. The values of DA in CSF are not shown
because CSF samples from HIV-1 negative cases were not available.

Table 3 Correlations between DA levels in SN and other brain

regions in HIV-1� cases

Brain regions Correlations, ‘‘rs’’ P value

SN vs FC .779 .001
SN vs BG .767 .016
SN vs CAUD .750 .052
SN vs PUTA .679 .094
SN vs GP .714 .071
FC4 vs FC6 .747 .003
BG vs FC .907 .000
CAUD vs PUTA .819 .001
CAUD vs GP .636 .026
GP vs PUTA .755 .007
DA FC4 vs HVA GP .697 .025
DA FC4 vs HVA PUTA .867 .001
HVA FC4 vs HVA FC6 .846 .001
HVA BG vs HVA SN .867 .002

Note. DA levels in substantia nigra were significantly correlated

with DA levels inFC, BG, and CAUD and weekly correlated with

that in putamen and globus pallidus. Significant correlations

were also found in DA levels between other regions.

The central dopamine and HVA in HIV-1 infection

262 AM Kumar et al



the relationship between regional DAT activity and
HAD is not clearly understood at present, it is well
recognized that during neurotransmission, the DA
transporter functions are regulated mostly by the
neuronal and synaptic DA concentration. Moreover,
after its synthesis in the presynaptic dopaminergic
neurons, DA is transferred to different sites within
the neuron, including in the presynaptic storage
vesicles, is released into the synapse in response to
stimuli (excess DA in the synapse is transported
back to presynaptic neuron by binding to DAT), and
binds to D2 receptors at the postsynaptic neuron
terminals. Because all DA-related functions, includ-
ing neurocognitive, motor, and behavioral functions
resulting from the interactions between DA and
other neuronal components require an adequate
availability of DA, the decreased DAT in the brain
regions of HIV-1� patients during life as shown by

Wang et al (2004) may be a consequence of HIV-1�
induced degeneration of dopaminergic neurons, and
decreased dopamine availability, in these regions as
found in the present study. In fact, studies carried
out on human brains using serological and morpho-
metric techniques found significant neuronal loss in
SN of individuals with HIV/AIDS, suggesting de-
generation of neurons in the pars compacta of SN
(Reyes et al, 1991; Itoh et al, 2000). Because neurons
in the pars compacta of the nigral complex are
implicated as the site of dopamine synthesis, it
may be speculated that the decrease in DA concen-
tration in SN found in this study would be due to
the presence of high levels of HIV-1 RNA in SN as
well as in the other brain regions associated with
dopaminergic activity (Table 2). However, a lack of
direct correlation between dopamine concentration
and HIV-1 RNA, although surprising, supports the

Figure 2 Scatter plot showing HVA concentration (y-axis, log10 ng/g tissue) in each brain region (x-axis) of HIV-1� and HIV-negative
individuals. The horizontal lines represent the median value in each region. There was no significant change found in the values of HVA
in each region of HIV-1� brain compared to that in HIV-negative brain.

Table 4 Correlations between regional DA and HVA levels and VL

DA vs VL HVA vs VL

Correlations, ‘‘rs’’ P value Correlations, ‘‘rs’’ P value

Brain region
FC .417 (24) .265 �.517 (25) .154
FC4 �.700 (13) .188 .300 (13) .624
FC6 �.536 (13) .215 �.086 (12) .535
BG .430 (15) .214 .091 (15) .813
Caudate �.314 (14) .544 �.771 (14) .072*
Putamen �.217 (14) .576 �.217 (14) .576
Globus pallidus .200 (13) .747 .500 (13) .391
Substantia nigra .236 (23) .511 �.782 (23) .008**
Cerebrospinal fluid 2.137 (7) 1.417 1.88 (7) �0.41

Note. Correlations were determined using Spearman’s rank correlations coefficient.

The level of significance, P, is denoted with * and **. There was no significant correlation between DA or HVA and HIV-1 RNA in

different brain regions. Only significant negative correlation was found between HVA and HIV-1 RNA in the caudate and substantia

nigra. Numbers in parenthesis represent tissue sample.
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concept that neurodegenerative changes in dopami-
nergic regions may not be caused by the direct
interaction between HIV-1 and dopaminergic neu-
rons, and that high levels of HIV-1 RNA in these
regions may not be the determining factor for
causing dopamine deficits. In fact, a number of
studies suggest that different neurotoxic factors
(cytokines and tryptophan metabolites) secreted in
large quantities during interaction between HIV-1
and non-neuronal brain cells, including macro-
phages, microglia, and astrocytes, are involved in
causing damage to dopaminergic neurons and fron-
tostriatal circuitries (Itoh et al, 2000; Reyes et al,
1991). Recent studies by Taylor et al (2007) evalu-
ated the damage to neuronal integrity induced by
HIV-1 in the CNS, using MR spectroscopy, and
found that in the basal ganglia and frontal lobe
white matter, there was a 4% to 5% reduction in the
cerebral metabolite N-acetylaspartate (NAA), the
neuronal integrity marker, in individuals with HIV-
1 infection compared to that in HIV-negative groups,
a finding consistent with the earlier reports by
Chang et al (2004), suggesting that the poor neural
integrity may be the predictor of severity of illness.
Dopamine is synthesized both in the periphery

and in the CNS from the dietary amino acid L-
tyrosine. In the CNS, dopamine is synthesized in
the dopaminergic neurons, localized mainly in the
substantia nigra. Because dopamine does not cross
the blood-brain barrier, it is not transported from the
peripheral system to the CNS. However, the amino
acid L-tyrosine is taken up from circulation and is
converted to L-dihydroxyphenyl-alanine (L-DOPA)
by the rate-limiting enzyme, L-tyrosine hydroxylase
(TH) present in the neurons. L-DOPA is then con-
verted to dopamine by the enzyme, L-aromatic
aminoacid dopadecarboxylase (L-AADD). After
synthesis, dopamine is stored within the cytoplas-
mic storage vesicles where it is protected from

oxidation by the mitochondrial monamine oxidase
(MAO). Dopamine is released into the synapse in
response to action potential generating stimuli, and
the slow steady-state concentration of dopamine and
its release is regulated primarily by its reuptake into
the presynaptic neurons by binding to dopamine
transporter (DAT) (Garris et al, 1994). The metabo-
lism of dopamine to HVA, a two-step process,
involving the enzymes MAO-B and catechol-o-meth-
yl transferase (COMT), also contributes to maintain-
ing a steady-state concentration of dopamine in the
neurons. Although some studies have found HIV-1
Tat protein mediated inhibition of tyrosine hydro-
xylase gene expression in dopaminergic neurons,
which may result in decreased dopamine synthesis
(Zauli et al, 2000), specific mechanisms involving
various sequence of events leading to HIV-1�induced
neurodegenerative changes resulting in dopaminer-
gic deficits in different brain regions are not clearly
understood.
Investigations of biogenic amine neurotransmit-

ters, including dopamine in the postmortem human
brain tissues, are quite challenging. Because dopa-
mine is present in ultramicro concentration in
different brain regions, and we anticipated it to
further decrease in the postmortem brains of HIV-
1�infected cases, we used the highly sensitive
CoulArray HPLC-ECD technology to quantify dopa-
mine concentration in small quantity of tissue from
different brain regions. In addition, all procedures
were carefully conducted in order to prevent the
influence of relevant extrinsic factors that may affect
the final results. Some of these factors included
(1) the postmortem interval (PMI) variability;
(2) handling of tissue at autopsy*snap freezing after
excision; (3) preventing extra thawing of the tissue
between initial freezing and homogenization before
analysis; (4) standardization of the methodology for
HPLC-ECD CoulArray technology for high recovery,

Table 5 Dopamine and HVA concentration in different regions of brain of HIV-1� with and without HAART

DA concentration HVA concentration

Brain region With HAART No HAART t P value With HAART No HAART t P value

FC 1.90790.75 (24) * 1.19190.65 (24) *
FC4 1.9090.705 (8) 2.0390.40 (5) 0.42 NS 1,03890.45 (8) 0.9090.541 (5) 0.47 NS
FC6 2.0690.57 (8) 1.7890.721 (5) 0.73 NS 1.07790.32 (8) 1.09590.36 (4) 0.08 NS
Basal ganglia 2.0490.98 (14) 2.229xx (1) * * 2.239 0.68 (14) 0.71269xx (1) * *
Caudate 2.02690.62 (10) 2.2490.81 (4) 0.47 NS 2.1690.35 (10) 2.4190.386 (4) 1.124 NS
Putamen 2.06890.436 (11) 2.51490.17 (3) 2.719 B.01* 2.5690.26 (11) 2.58490.25 (3) 0.146 NS
Globus pallidus 2.13390.53 (9) 2.3490.42 (4) 0.75 NS 2.3090.67 (9) 1.96490.698 (4) 0.81 NS
Substantia nigra 1.7990.77 (20) 1.51490.47 (3) 0.85 NS 1.81990.56 (20) 2.01390.72 (3) 0.45 NS
CSF 1.74791.56 (8) 3.1439xx (1) 1.49890.73 (6) 2.07039xx (1) * *

Note. Dopamine and HVA concentration (log10 ng/g tissue) are presented as mean9SD in different brain regions. * �no sample;

Students’ t test was used to calculate the significance of difference (P values) in DA and HVA levels between HAART-treated and non�
HAART-treated individuals. There was no significant difference in the levels of DA and HVA in different brain regions between

HAART� and HAART� individuals, excepting a significant difference (*PB.01) in DA levels was found in putamen. Interestingly,

HAART-treated individuals had lower DA concentration (log10 pg/g tissue) in putamen compared to that in non�HAART-treated

individuals. Numbers in parenthesis are the tissue samples from the number of cases. Samples of brain regions of individuals not using

HAART varied between 1 and 5.
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sensitivity, and specificity for quantification of
dopamine and its metabolite (HVA) in small samples
of postmortem brain tissues.
The procedures used in this study for handling

the postmortem human brain tissues and quantifica-
tion of dopamine have been described in details in
the earlier reports by us (Kumar et al, 2006) as
well as by other investigators (Mackay et al, 1986;
Herregdots et al, 1991). These studies have provided
important evidence for obtaining reliable and mean-
ingful results regarding the status of dopamine in
different regions of postmortem brains of normal
individuals as well as of those with neurodegenera-
tive disease, including Alzheimer’s disease and
HIV/AIDS (Adolfsson et al, 1979; Arai et al, 1984;
Mackay et al, 1986; Herregdots et al, 1991; Sardar
et al, 1996).
With regards to PMI and its potential influence on

the stability of dopamine and HVA in the postmor-
tem brain tissues, it has been shown that PMI
between 4 and 28 h did not affect the results of
dopamine and HVA concentration in different brain
regions as well as in CSF (Carlsson et al, 1976;
Mackay et al, 1986; Wester et al, 1990). For example,
Sardar et al (1996) did not find any difference in
dopamine and HVA concentration in the caudate
nucleus of patients with HIV/AIDS and normal
controls when tissues were obtained after 24 or
72 h of death. In the present study, statistical
evaluation of our data (by multivariate analysis after
Bonferroni correction) did not show influence of
PMI on DA and HVA levels in different brain
regions. Moreover, all tissues were obtained from
the NNTC and were collected under the guidelines
established at NNTC (Morgello et al, 2001), and
PMI was maintained within the recommended
range, varying between 2 and 24 h (mean9SD,
9.4195.74 h) for HIV-1� cases, and 3 and 22 h
(7.2895.77 h) for HIV-negative cases.
Also, after dissection, all tissues were immediately

snap frozen at �808C at NNTC, and were trans-
ported to us in the frozen state in dry ice, and were
kept frozen at �808C (without intermittent thawing)
until used for the assays, the conditions that have
been described to preserve the stability of CNS
dopamine and HVA in the autopsied brain samples
of HIV-negative cases (Carlsson et al, 1976; Mackay
et al, 1986; Wester et al, 1990). Furthermore, we used
the procedures standardized by us earlier (Kumar
et al, 2006) for high sensitivity and specificity for
ultramicro quantification of dopamine in small
quantities of CSF and brain tissues using the
CoulArray HPLC-ECD multielectrode system. Thus,
our values of dopamine and HVA in different brain
regions may represent as closely as possible the
concentrations present at the time when tissues
were excised within the above-mentioned PMI
range. Additionally, because the tissues at the
NNTC centers are well characterized for authenticity
of the specific region, the values of DA and HVA

obtained in this study may represent the content
present in the specific region.
The levels of DA and HVA in different brain

regions of HIV-1� or HIV-negative cases were not
influenced by gender differences in our sample
(multivariate analysis after Bonferroni correction).
Moreover, the majority of HIV-1� cases in this study
were males (n�32) and only a few were females
(n�6), and among HIV� cases, there were 6 males
and 5 females. Because the number of individuals in
each gender group was limited, values of DA and
HVA from all individuals were pooled to represent
one group. Earlier studies carried out on postmor-
tem human brains of noninfected individuals have
also reported that the gender differences did not
influence the DA content in different brain regions
(Spokes, 1979).
Age or ethnic differences were also not found

to contribute to changes in dopamine content in
different brain regions. The age of HIV-1� and
HIV� individuals investigated in this study ranged
from 31 to 58 and 38 to 66 years, respectively, and
the number of individuals in a specific age group
was limited only to one to three per group. Because
age range was a continuous variable, there were
no specific age-related differences found in DA or
HVA levels in the brain regions of HIV-1� or
HIV-negative cases (multivariate analysis after Bon-
ferroni correction). Although in noninfected post-
mortem human brains, DA concentration in some of
the brain regions have been found to change with
age (Carlsson et al, 1976; Gottfreis, 1990), these
studies were carried out in larger number of indivi-
duals belonging to specific age groups (young versus
the older adults). Regarding ethnicity, because the
majority of HIV-1� as well as HIV-negative indivi-
duals were Caucasians, and only a limited number
of individuals (two to four) belonged to the other
three ethnic groups (Hispanics, AA, native Amer-
icans), ethnic differences were not found to con-
tribute to difference in the content of dopamine and
HVA in different brain regions.
The content of DA and HVA in the brain regions of

HIV-1� cases who used HAART (n�33) did not
differ from those who did not use HAART (n�5).
Surprisingly, the individuals who used HAART
(87%) had a significant decrease in DA content in
putamen (PB.01), an observation contrary to the
expected neuroprotective role of HAART. The be-
tween-group differences (HAART� and HAART�)
in the values of DA in different regions could not be
delineated (Table 5), because the number of HAART-
negative individuals (n�5), as well as the number
of samples available for each region (n�1�5)
were limited. However, these findings may suggest
that despite HAART, HIV-1�infected individuals
continue to have dopaminergic deficits in the basal
ganglia nuclei, including putamen, a constituent
of nigrostriatal dopaminergic pathway involved in
motor regulation. These findings concur with the
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earlier observations suggesting that antiretroviral
therapy may not be effective in improving DA levels
in CSF or Parkinson-like symptoms in HIV-1�in-
fected individuals (Gisslen et al, 1994; Mirsattari
et al, 1998). Moreover, some studies have also
shown that HIV-1�associated neurodegenerative
changes in the subcortical regions continue to
prevail in individuals using HAART, including
atrophy of the basal ganglia in the late stages of the
disease (Stout et al, 1998), hypertrophy of putamen
in early stages and hypotrophy in the late stages
(Jernigan et al, 1993; Castello et al, 2007), and
reduction in blood flow as well as in the volume
of the caudate nucleus (Ances et al, 2006, 2007).
Recent studies carried out by AIDS Clinical Trial
Group (ACTG) (Robertson et al, 2007), as well as
reports by Nath and Sacktor (2006), also suggest that
despite the success with HAART in making signifi-
cant impact on severity of dementia and in some
cases reversing some of the HIV-related neurocogni-
tive impairment, persistence of HIV in the CNS and
incidence of neuropsychological deficits continue to
remain, possibly by the nonreversible neural injury
that may be related with the history of disease
progression. Although the direct impact of HAART
on the central dopaminergic activity in HIV-1 infec-
tion remains poorly understood, in the present
study, the number of individuals who did not use
HAART was too limited (n�5) for delineating the
impact of HAART on the central regional dopami-
nergic status, and further investigations are war-
ranted with a larger number of HAART-naı̈ve
individuals in order to unravel the differences in
dopaminergic activity between the two groups.
With respect to relationship between deficits in

brain dopamine concentration and clinical manifes-
tation of neurocognitive impairment, we found that
despite the overall deficits in DA levels in the brain
of HIV-1� cases, there was a lack of correlation (rs)
between decrease in DA concentration in each brain
region and severity of neurocognitive impairment,
diagnosed as HAD or MCMD. The neurocognitive
impairment in HIV-1� individuals was assessed at
the NNTC centers between 1 and 19 months before
their death by the criteria of Memorial Sloan-Ketter-
ing (MSK) rating scale (0 to 4) (Price and Brew, 1988),
and 53% of individuals in our sample were diag-
nosed with HIV-associated dementia (HAD, probable
or possible; score�2�4), 31% with minor cognitive
motor disorders (MCMD, probable or possible;
score�1�2), 5% had some impairment (score�1),
and 11% had no impairment (score�0). Whereas
HAD is the major manifestation of HIV-1 within the
central nervous system, and is characterized by
cognitive, motor, and psychiatric syndrome that
usually develops in the last stages HIV-1 infection,
MCMD is characterized by movement disorders,
similar to those seen in Parkinson’s disease. How-
ever, both HAD and MCMD have been associated
with dysfunctions of dopaminergic system in the

basal ganglia with core symptoms similar to those
seen in subcortical dementia of Parkinson’s and
Huntington diseases (Lopez et al, 1999; Nath et al,
2000).
In this study, we found that although an overall

depletion of DA in different brain regions of HIV-1�
cases was significant, when we dichotomized our
sample into groups of those who had HAD versus
those who had MCMD, there was no significant
difference in DA levels between the two groups
(Table 6), and there was no correlation (rs) between
DA content in different brain regions and HAD or
MCMD, a finding in agreement with the earlier
suggestions that pathological changes may not al-
ways correlate with the clinical manifestations
(Berger and Nath, 1997). Although one of the
important limiting factors in this study has been
the inadequate availability of number of tissue
samples of all regions from each individual case,
our findings of discordance between decrease in DA
levels in the basal ganglia regions and neurocogni-
tive deficits concur with those reported earlier by
Wang et al (2004), who used PET scanning during
life to assess DA activity in the brain as reflected by
DA transporter availability showing that although
DAT was decreased in patients with HIV-dementia,
HIV-dementia scores (HDS) did not correlated with
DAT availability. Thus our findings of a lack of
correlation between neurocognitive deficits and DA
levels, and the findings on decreased DATactivity in
different brain regions reported earlier (Wang et al,
2004), may suggest that, despite HAART interven-
tion (majority of individuals in this sample were
treated with HAART during life), HIV-related neu-
rologic damage continues to remain. These findings
may suggest that all neurocognitive deficits in HIV-1
infection may not be exclusively related to the
dopaminergic system dysfunction, and that the
interaction between DA and the other neurotrans-
mitter systems present in the basal ganglia, includ-
ing g-aminobutyric acid (GABA), substance P,
norepinephrine, glutamate, and enkephalin, may
be contributing to different mechanisms involved
in the performance of neurocognitive functions
(Morgensen and Yang, 1991). However, impact of
HIV-1 on these neurotransmitters systems and their
relationship to DA and neurocognitive functions are
not presently understood and may be the subject of
future investigations.
Regarding the relationship between HIV-1 viral

load and dementia ratings, we have reported earlier
a wide variability in the distribution HIV-1 RNA
levels in different brain regions. Although we found
high HIV-1 RNA levels in substantia nigra, caudate,
putamen, and other nuclei of the basal ganglia, there
was no significant correlation between the viral
RNA levels and severity of dementia in HIV-1�
cases (Kumar et al, 2007), a finding similar to that
reported by Johnson et al (1996). Such discordance
between the severity of dementia and the underlying
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neuropathology of AIDS has also been reported by
other investigators (Gray et al, 2001). Our findings of
variable HIV-1 RNA levels in different brain regions
and lack of correlation with HAD also concurs with
the earlier reports showing a lack of correlation
between HAD and the viral protein gp41 (the
immunocytochemical marker for HIV-1) in the basal
ganglia and frontal lobes of patients with AIDS,
although HAD was found to correlate better with
presence of macrophages and microglia (Glass et al,
1995). These findings suggest that the presence of
virus, even in high concentration in the brain, may
not be directly related to the neuronal damage, but
the neuron may be injured and die by apoptosis
induced by the indirect mechanisms involving
neurotoxic cytokines (TNFa, interleukin [IL]-1) and
tryptophan metabolites, such as quinolinic acid,
generated by the microglia, resident macrophages,
and astrocytes in response to HIV-1 infection (Merril
and Chen, 1991, Heyes et al, 1992). In fact, high
concentrations of TNFa and quinolinic acid have
been found in the basal ganglia of patients with HIV
encephalitis (Achim et al, 1993). The other neuro-
toxins found to cause neuronal damage include the
HIV-1 proteins gp120 and Tat, which bind to the cell
surface and alter the metabolic activities of the
neurons, and may then undergo degenerative
changes in patients with HAD (Bennet et al, 1995;
Nath, 2002).
Moreover, a majority of HIV-1� cases included in

this study had been treated with HAART, and some
of the antiretroviral drugs in HAART, such as
protease inhibitors, do not cross the blood-brain
barrier, whereas others may be present in subopti-
mal and variable concentrations in different brain
regions, and may exert variable impact on HIV-1
viral load as well on the regional dopaminergic
neuronal loss. These events may also contribute to
the lack of direct relationship between dopamine
concentration, as well as HIV-1 RNA levels, and
severity of neurocognitive deficits. Although recent
evidence also suggests that in some patients, symp-
toms of HIV dementia may be reversible by HAART
(Fillipi et al, 1998), these effects may not be long
lasting due to development of drug resistance, and
that despite HAART, in some individuals HIV-1
RNA may continue to replicate in the CNS, and
may continue to produce increasing quantity of
neurotoxic products and cause progressive neuro-
cognitive and motor dysfunctions (Tozzi et al, 2004,
2007; Anthony et al, 2005; Eden et al, 2007).
The findings of the present study are of con-

siderable significance, because these findings pro-
vide, to our knowledge for the first time, direct
evidence that the levels of dopamine are depleted
in the basal ganglia nuclei of individuals who died
of HIV/AIDS and during life had suffered from
HAD or MCMD. Because there were no significant
changes in HVA levels in different brain regions of
HIV-1� cases, our focus of discussion remained

primarily with respect to changes in dopamine.
However, our findings also support other reports
from various pathological, neurological, immuno-
histochemical, and physiological studies showing
abnormalities of dopaminergic system in the basal
ganglia nuclei regions and frontocortical structures
of human brain. Although HAD and MCMD have
been associated primarily with dopaminergic sys-
tem dysfunctions, further studies are warranted in
a larger sample to delineate the complex mechan-
isms involving interaction of DA with other neuro-
transmitters systems that may contribute to HIV-
associated CNS disease.
In summary, the findings of the present study

demonstrate the deleterious effect of HIV-1 infection
on dopaminergic activity, with a significant decrease
in dopamine content in different regions of post-
mortem brains of individuals who died of HIV/
AIDS. The decrease in dopamine concentration
was widely variable in different brain regions, and
was not influenced by the differences in age, gender,
ethnicity, and PMI. These findings support the
earlier reports of decreased dopamine levels in
CSF of HIV-1�infected patients, as well as the
indirect evidence of dopaminergic deficits, when
manifested as Parkinson-like symptoms of cognitive,
motor, and behavioral disorders that develop in HIV-
1�infected patients. Furthermore, these findings
show, to our knowledge for the first time, a wide-
spread impact of HIV-1 on dopamine concentration
in the brain regions, including the frontocortical
areas, basal ganglia, caudate, putamen, globus palli-
dus, that are actively involved in dopaminergic
functions and in substantia nigra, the main site of
dopamine synthesis in the brain. Moreover, the
concentration of HIV-1 RNA was also highest in
these same brain regions, indicating the vulnerabil-
ity of these regions to HIV-1 assault, although there
was no significant direct correlation found between
the regional dopamine concentration and HIV-1
RNA levels, suggesting that HIV-1 may not be
directly involved in the degeneration of dopamine-
producing neurons or the regions innervated by
dopaminergic projections. Our findings concur
with the previous studies suggesting that the neu-
rodegeneration may be the result of a number of
neurotoxic viral proteins, such as gp120 and Tat, as
well as the neurotoxic products, including various
cytokines (TNFa, IL-1, IL-6, IL-1b) and metabolites,
such as quinolinic acid, generated by HIV-1�in-
fected non-neuronal cells, including resident macro-
phages, microglia, and astrocytes. Furthermore,
dopamine levels in different brain regions of in-
dividuals who used HAART did not differ from
those who did not use HAART, and severity of
HAD and MCMD did not show correspondence to
decrease in dopamine levels in specific regions of
individuals who died of HIV/AIDS.
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Material and methods

Human postmortem brain tissues
Postmortem human brain tissues from different
regions of HIV-1�seropositive and HIV-negative con-
trol individuals used in this study were procured
from the four centers of the National Institutes of
Health (NIH)-supported National NeuroAIDS Tissue
Consortium (NNTC). Each of these centers obtained
the informed consent of the family and approval of
their Institutional Review Board for human ethics
for enrollment, evaluation, and follow up of these
patients every 6 months during life, and collection
of data on various aspects of their health including
physical, physiological, mental, cognitive, and neu-
ropsychological functions, as well as for autopsy
and for donation of organ and body fluids as gifts
after their death (Anatomical Gift Act, 1990). At the
NNTC Centers, the individuals who are invited for
enrollment are evaluated for their HIV-1 serostatus
and are followed for progression of disease. After
death, their brain and other body tissues are har-
vested at autopsy for research investigations related
with HIV/AIDS. The NNTC guidelines for postmor-
tem interval (PMI) are within 24 h at all centers. All
procedures for tissue extraction, labeling, and pre-
servation are carried out according to the NNTC
protocol (Morgello et al, 2001). Briefly, tissues after
careful harvesting are immediately transferred to
separate containers, appropriately labeled for speci-
fic tissues, and are snap frozen in liquid nitrogen
and transferred to �808C freezers for storage until
used. Postmortem cerebrospinal fluid (CSF) is col-
lected from the lateral ventricles or basilar cistern
and stored at �808C.
This study was approved by the Institutional

Review Board of the Miller School of Medicine,
University of Miami. The tissues obtained from
NNTC were shipped in dry ice according to the
guidelines for overnight shipping and handling
established by the NIH/NNTC (US Federal Regula-
tions 49 CFR 172 subpart H). Brain tissues were
excluded from those with neuropsychiatric illness,
such as schizophrenia, long-term use of antipsycho-
tic medication, history of stimulant drug depen-
dency, and CNS cancer, and from those with
opportunistic infection of the CNS or CNS compli-
cations due to severe head injury with loss of
consciousness for more than 30 min. The brain
tissues of 49 individuals included 38 HIV-1 posi-
tives and 11 HIV negatives, with known demo-
graphic characteristics and belonging to different
ethnic categories, and had no evidence of active
opportunistic infection of the CNS at the time of
death. The HIV-1� patients died during 1998 to
2005. Tissues of HIV-1� (N�38) and HIV-negative
cases (N�11) were obtained from the National
Neurological Brain Bank (NNAB; Los Angeles,
CA), Texas Repository for AIDS Neuropathogenesis

Research (TRANR: Galveston, TX), the Manhattan
Brain Bank (MHBB; New York, NY), and HIV
Neurobehavioral Research Center (HNRC) brain
bank at the University of California at San Diego.
The age of HIV-1� and HIV-negative cases ranged
from 31 to 58 years and 35 to 66 years, respectively.
Among the 38 HIV-1� cases investigated, 32 (84%)
were males and 6 (16%) were females, 24 (63%)
were white, 5 (13.3%) were African American (AA),
4 (10.5%) were Hispanic whites, 4 (10.5%) were
native Americans, and 1 (2.7%) was Asian. Among
the 11 HIV-negative cases, 6 individuals (54.5%)
were males and 5 (45.4%) were females. Nine of
them (81.8%) were white, 1 (9.1%) was AA, and
1 (9.1%) was Hispanic black. The assessment of
neurocognitive status of HIV-1� individuals carried
out within 1 to 19 months before their death
revealed the presence of probable or possible HAD,
probable or possible minor cognitive motor disorder
(MCMD), and impairment to a degree that they
could carry out the activities of daily living. All
HIV-negative individuals were cognitively normal
except one, who had some impairment not related to
HIV-1 or any other infection. The HIV-negative cases
included in this study also died during the same
span of time (1998 to 2005) due to different causes.
The PMI of all HIV-1� and HIV-negative cases
ranged from 2 to 24 h, except one HIV-1� case
had PMI of 29 h.
The majority of HIV-1� cases (n�33) had used

highly active antiretroviral therapy (HAART) regi-
men prescribed as standard of care for each indivi-
dual and included combinations of protease
inhibitors, single or multiple nucleoside reverse
transcriptase inhibitors (NRTIs), plus one non-nu-
cleoside reverse transcriptase inhibitor (NNRTI).
Among the five individuals who did not use anti-
retroviral medication, one had no medication before
death, four did not use HAART, and information
was not available for one person.
The neurocognitive deficits were assessed by the

criteria defined by Memorial Sloan-Kettering (MSK)
rating scale used at NNTC. There was a wide
variation in the severity of dementia among the
38 HIV-1� cases; 12 individuals (32%) had diag-
nosis of probable HIV-associated dementia (HAD;
score�2�4); 8 (21%) had possible HAD (score�
2�3); 5 (13%) had probable minor cognitive motor
disorders (MCMDs; score�2); 2 (5%) had possible
MCMD (score�1�2); 2 (5%) had MCMD (score�1);
4 (10.5%) were impaired (score�1); 1 (2.5%) had
no impairment (NPI; score�0); 4 (10.5%) were
cognitively normal (score�0); and 1 (2.5%) did
not get diagnosis.
The brain tissues of different regions of each

individual used in this study were characterized
and labeled by the respective centers at the time of
autopsy and included the frontal cortex (FC), frontal
cortex areas 4 (FC4) and 6 (FC6), and basal ganglia
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from a few cases, and individual nuclei, including
caudate nucleus (CAUD), putamen (PUTA), globus
pallidus (GP), and substantia nigra (SN) from the
other cases, as well as cerebrospinal fluid (CSF). All
brain regions of each autopsied case were not
available for this study; the tissues available from
HIV-1� cases included the FC from 25 cases, areas
FC4 and FC6 were each from 13 cases. The basal
ganglia as one region was obtained from 15 HIV-1�
cases, and CAUD, PUTA, and GP were from 14, 13,
and 12 cases, respectively. The tissue samples from
SN were from 22 cases, and CSF from 14 cases. The
brain tissues of HIV-1� individuals (N�11) in-
cluded the same regions as those of HIV-1� cases.
Dopamine and HVA concentrations were measured
in each brain region using highly sensitive CoulAr-
ray high-performance liquid chromatography
equipped with multielectrode chemical detector
(HPLC-ECD) system. The levels of HIV-1 RNA in
each region were determined as described earlier by
using the real-time reverse transcriptase�polymerase
chain reaction (Kumar et al, 2007).

Dopamine and HVA extraction and quantification
The brain tissues and CSF were received from each
center through the overnight courier service on dry
ice and were kept frozen at �808C until the day of
analysis for DA and HVA. Dopamine and HVAwere
extracted from the brain tissues, and separation,
detection, and quantification were carried out using
the highly sensitive CoulArray HPLC-ECD system as
described previously (Kumar et al, 2006). Briefly, for
extraction of dopamine and HVA, the tissue from
each region was weighed and homogenized in
chilled phosphate-buffered saline (PBS), pH 7.4, in
an Eppendorf tube using disposable plastic mini-
homogenizer, to a concentration of 200 mg tissue/
ml. The homogenate was centrifuged at 3000 rpm at
48C for 15 min, and the supernatant was transferred
to chilled tube kept in ice. For determination of
dopamine, the internal standard (IS), dihydroxyben-
zylamine (DHBA; 100 pg), was added to an 1.0-ml
aliquot of the supernatant and the mixture was
treated with activated alumina for extraction of
dopamine and the IS, as described earlier (Kumar
et al, 2003; Kumar et al, 2006). The extract was
filtered through 0.2-micron syringe filters, and 40 ml
of filtrate was injected in to the reverse-phase,
stainless steel (3.9�150-mm), 5-m, C18 resolve
column (Water’s, Milford, MA, USA) for separation
of dopamine and DHBA using the mobile phase at a
flow rate of 1.0 ml/min, and containing 50 mM
sodium acetate, 50 mM citric acid, 0.5 mM Sodium
Octyl Sulfate (SOS), 0.15 mM disodium-EDTA, 1.0
mM dibutylamine, and 14% methanol, and the
mixture was adjusted to pH 4.0. The peaks of DA

and IS were identified by their retention times
obtained with the standard solutions during the
calibration procedure.
For extraction of HVA, the homogenate was

treated with 200 ml of 1.0 M Perchloric acid (PCA)
for precipitation of proteins, centrifuged, and the
supernatant was separated and processed as de-
scribed previously (Kumar et al, 2006). Briefly, the
IS (isoproterinol [ISOP]) was added to 1.0 ml of
supernatant, and HVA and IS were extracted with
diethyl ether. The ether extract was evaporated in
vacuum, and the residue was reconstituted in 200ml
of sodium acetate, pH 5.0, and filtered through 0.2-
micron syringe filters before injection of 40ml into
the CoulArray HPLC-ECD system. The separation of
HVA and IS was carried out using mobile phase with
composition similar to that used for DA, but con-
taining different concentrations of sodium acetate
(0.1 M) and citric acid (0.1 M), and methanol 20%, at
a flow rate of 0.7 ml/min. All solutions including
standards and mobile phase were prepared in HPLC-
grade water. The concentrations of DA as well as
HVA were calculated based on the ratio of the peak
area of unknown to that of IS, and were expressed
as pg/g wet weight and ng/g wet weight, respec-
tively. The sensitivity was adjusted to detect DA
between 5 and 500 pg /ml and HVA between 0.1 and
20.0 ng/ml. The intra- and interassay coefficient of
variance (% CV) for DA was 5.35% and 7.05%,
respectively; and for HVA, it was 10.9% and 11.5%,
respectively.

Statistical analysis
Statistical analyses were carried out using the
Statistical Package for the Social Sciences (SPSS,
version 14). The concentration of both dopamine
and HVA in different brain regions of each indivi-
dual case (HIV-1� and HIV-negative) were log10
transformed, and all values from each brain region
were expressed as mean9SD. A paired t test was
used to determine the between group differences in
the levels of dopamine as well as HVA in different
brain regions of HIV-1� and HIV-negative cases, and
difference of PB.05 was considered as significant.
The correlation (rs) of DA and HVA with demo-
graphic characteristics, including age, gender, and
ethnicity as well as PMI, were determined after
Bonferroni correction for multiple comparisons.
Correlations for the levels of DA, HVA, as well as
HIV-1 RNA (log10 copies/g tissue) in different brain
regions were determined using Spearman’s rank
correlations coefficient (rs).
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