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In recent years, increasing interest has emerged to assess the human
immunodeficiency virus type 1 (HIV-1) clade C viral pathogenesis due to its
anticipated spread in the United States and other western countries. Previous
studies suggest that clade C is less neuropathogenic than clade B; however, the
underlying mechanism is poorly understood. Additionally, the interactive role
of drugs of abuse such as cocaine on clade C–associated neuropathogenesis has
not been reported. In the current study, we hypothesize that HIV-1 clade-
specific Tat proteins exert differential effects on blood-brain barrier (BBB)
integrity and cocaine further differentially aggravates the BBB dysfunction.
We evaluated the effect of Tat B and Tat C and/or cocaine on the BBB integrity
using an in vitro model constructed with primary human brain microvascular
endothelial cells (HBMECs) and astrocytes. The BBB membrane integrity was
measured by transendothelial electrical resistance (TEER) and paracellular
permeability was measured by fluorescein isothiocyanate (FITC)-dextran
transport assay and monocytes transmigration across the BBB. Results indi-
cate that Tat B disrupts BBB integrity to a greater extent compared to Tat C and
cocaine further differentially exacerbates the BBB dysfunction. This BBB
dysfunction was associated with altered expression of tight junction proteins
zona occuldens (ZO-1) and junctional adhesion molecule (JAM)-2. Thus, these
results for the first time delineate the differential role of Tat B and Tat C and/or
cocaine in BBB dysfunction, which may be correlated with the clade-specific
differences observed in HIV-1–associated neurological disorders. Journal of
NeuroVirology (2010) 16, 294–305.
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Introduction

The human immunodeficiency virus/acquired
immunodeficiency syndrome (HIV/AIDS) epidemic

remains a major global public health concern. During
the later stages of disease, HIV-1–infected indivi-
duals suffer from a wide range of neurological abnor-
malities collectively known as HIV-1–associated
neurocognitive disorder (HAND) (Antinori et al,
2007; Goodkin et al, 2001; Zheng and Gendelman,
1997; Mintz, 1994; McArthur et al, 1993; Robertson
and Hall, 1992). HAND is characterized by neuroin-
flammation that occurs due to viral-host interac-
tions, which results in increased permeability and
enhanced transmigration of HIV-1–infected mono-
nuclear phagocytes across the blood-brain barrier
(BBB), leading to neuronal injury (Kanmogne et al,
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2007; Toborek et al, 2005; Avison et al, 2004; Kaul
et al, 2001). Under physiological condition BBB
restricts the entry of many blood-borne elements
such as macromolecules and circulating leukocytes
from the blood compartment to the brain (Lesniak
and Brem, 2004). The selective permeability of BBB
is attributed to distinct morphological and enzymatic
properties of human brain microvascular endothelial
cells (HBMECs), which enable them to form contin-
uous tight junctions with minimal endocytic activity
(Abbott, 2002).

HIV-1 proteins are known to play a pivotal role in
causing BBB dysfunction. Several previous studies
have shown that treatment with HIV-1 Tat and
gp120 increases endothelial permeability by modu-
lating the expression and distribution of tight junc-
tion proteins and further accelerates the HIV-1
neurotoxicity (Arese et al, 2001; Kim et al, 2003;
Pu et al, 2003; Oshima et al, 2000). Our present
understanding about the neuropathology of HIV-1
infection stems mainly from clade B subtype and
very little is known about clade C subtype. Inter-
estingly, isolated reports suggest very low neuro-
pathogenesis in type C infections compared to B
clade infections (Wadia et al, 2001; Satishchandra
et al, 2000). Previous studies with HIV-1 Tat C
proteins suggest that Tat C protein is functionally
defective for its chemotactic (Ranga et al, 2004) and
neurotoxic properties (Mishra et al, 2008) and its
ability to activate the N-methyl-D-aspartate (NMDA)
receptor on neurons (Li et al, 2008). Furthermore,
in vivo studies in mice show less neurocognitive
impairments with HIV clade C virus infection
compared to clade B virus (Rao et al, 2008). How-
ever, the effect of HIV-1 clade C proteins on BBB
integrity and HBMEC functions has not been stud-
ied yet.

The last decade has witnessed a great, entangled
epidemic of drug abuse and HIV-1 infection
(Dhillon et al, 2008; Aceijas et al, 2004; Hamers
et al, 1997; Edlin et al, 1994). Drugs of abuse such as
cocaine, methamphetamine, morphine, and others
are known to increase the risk of acquiring HIV
infection and further exacerbate the progression of
HIV-associated neurological disorders (Nath et al,
2002; Fiala et al, 1996; Larrat and Zierler, 1993).
Cocaine is one of the most widely abused drugs in
the United States, and its use is spreading to other
parts of the world including India where clade C
infection predominates. Previous studies have
shown that cocaine exacerbates HIV-1 neuroinva-
sion by increasing the expression of adhesion mole-
cules and matrix metalloproteinases (MMPs) in
HBMECs, thereby perturbing the BBB permeability
and increasing transendothelial migration of acti-
vated immune cells (Gan et al, 1999; Zhang et al,
1998). However, the interactive role of cocaine on
neuropathogenesis of clade C infection remains to
be elucidated. Therefore, we hypothesize that
HIV-1 B and C Tat exert differential effects on

HBMECs leading to disruption of BBB integrity,
and this effect is differentially exacerbated with
cocaine treatment.

In order to elucidate the role of clade-specific viral
protein in development of HAND, we herein report
differential effects of HIV-1 B and HIV-1 C Tat pro-
tein on BBB integrity using an in vitro model system.
Further, to delineate the role of clade-specific diver-
sity in synergizing with cocaine, we treated in vitro
BBB model with clade-specific Tat proteins in pres-
ence or absence of cocaine under identical culture
conditions. We report greater disruption of BBB
integrity and higher transendothelial migration of
monocytes by clade B Tat protein compared to clade
C Tat protein and cocaine further exacerbates the
observed effects by B Tat protein. The molecular
basis of this phenomenon was demonstrated by dif-
ferential modulation of tight junction proteins, zona
occuldens (ZO-1) and junctional adhesion molecule
(JAM-2).

Results

Clade-specific differences on the BBB integrity by
HIV-1 Tat protein and/or cocaine
The hallmark of HIV-1–associated neuropathogenesis
is marked by loss of BBB integrity. We evaluated the
effect of HIV-1 proteins (Tat B and Tat C), cocaine, or
cocaine plus HIV-1 proteins on BBB permeability
using an in vitro BBB model. The integrity of
the BBB model was assessed by transendothelial
electrical resistance (TEER) measurement in control
and treated cultures. No difference in TEER values
was observed at 0 time between the control and
treated samples. After 24 h of treatment, TEER values
decreased to 74.5% ± 1.2% (P < .03) with 100 ng/ml
Tat B, 86.8% ± 2% (NS) with 100 ng/ml Tat C, and
76.4% ± 1.5% (P < .05) with 100 nM cocaine;
similarly the combined treatment with Tat B plus
cocaine significantly decreased TEER to 54.8% ±
2.7% (P < .002) compared to Tat C plus cocaine
(70.7% ± 3%; P < .02) (Figure 1). Moreover, longer
treatments of 48 h resulted in an additional decrease
in TEER with Tat B (51.9% ± 2.5%; P < .009), Tat C
(72% ± 2.2%; P < .05), and cocaine (57.6% ± 3.2%;
P < .04), whereas combined treatment with Tat B plus
cocaine showed significantly higher reduction in
TEER values to 35.9% ± 4% (P < .008) compared
to 63.6% ± 3.2% (P < .03) induced by Tat C plus
cocaine treatment (Figure 1). Also, the observed
difference in TEER values between Tat B– and Tat
C–treated cultures was found to be significant at 48 h
(P < .01). TEER readings were also significantly lower
for cotreatment of Tat B and cocaine with respect Tat
C and cocaine at 24 and 48 h.

To further confirm and complement the TEER
measurement results, we assessed the para-
cellular transport in an in vitro BBB model using
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FITC-dextran as a marker. Data presented in Figure 2
shows that individual treatment with Tat B, Tat C,
and cocaine increased FITC-dextran transport by
25% ± 2% (P < .009), 10% ± 2% (NS), and
30% ± 3% (P < .011), respectively, compared to
untreated control cultures. FITC-dextran transport
by Tat B–treated cultures was significantly higher
than Tat C–treated cultures (P < .008). The combined
treatment of Tat B plus cocaine increased the FITC-
dextran transport by 50% ± 1% (P < .02), which was
significantly higher than individual treatment of Tat
B (P < .008) or cocaine (P < .02). On the contrary, Tat
C plus cocaine treatment demonstrated significantly
less increase in FITC-dextran transport, 28% ± 2%
(P < .02), compared to Tat B plus cocaine treatment.
Also, the increase in FITC-dextran transport by com-
bined Tat C plus cocaine treatment was not signif-
icantly different than the treatment of cocaine alone.

Differential alteration in transendothelial migration
of monocytes across the BBB by HIV-1 Tat proteins
and/or cocaine
Because cocaine or cocaine plus Tat proteins
demonstrate synergistic effect on BBB membrane

integrity as measured by TEER, we further evaluated
whether the loss of BBB integrity was associated with
increased transmigration of monocytes across the
BBB. Our results (Figure 3) show an increase in
monocytes migration with BBB cultures treated
with Tat B, Tat C, and cocaine by 49% ± 5.3%
(P < .01), 12% ± 4.8% (NS), and 67% ± 6.7%
(P < .01), respectively. Tat B treatment showed sig-
nificantly higher rate of monocyte transmigration
compared to Tat C treatment (P < .03). Also, the
combined treatment of Tat B plus cocaine caused
significantly greater rate of monocytes migration,
156% ± 8.0% (P < .003), compared to Tat C plus
cocaine treatment, 59% ± 4.0% (P < .005). The
cotreatment results for Tat B plus cocaine were
found to be significantly different compared to indi-
vidual treatment of Tat B (P < .0006) and cocaine
(P < .02). Additionally, the combined treatment of
Tat C plus cocaine showed no significant difference
in transmigration of monocytes compared to cocaine
treatment alone. Thus, enhanced monocytes migra-
tion results may be correlated with diminished tight-
ness of BBB membrane as shown in TEER studies
(Figure 1).
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Figure 1 Effect of HIV-1 Tat proteins and/or cocaine on BBB membrane integrity. In vitro BBB model was established by growing primary
HBMEC cultures in the upper side and HA cultures in the underside of 24-well tissue culture PET membrane inserts, pore size of 3 mm.
After 5 days in culture, the BBB was then treated with 100 ng/ml Tat B, 100 ng/ml Tat C, and 100 nM cocaine, either alone or in
combination, for 48 h. TEER (W/cm2) was measured using a Millicell ERS system. Data are expressed as mean percent of controls ± SE of
three independent experiments performed in replicates. Statistical significance was determined using Student’s t test. *indicates statistical
significance with respect to untreated control; #indicates statistical significance with respect to cocaine-treated cultures; †indicates
statistical significance with respect to Tat B–treated cultures; and @indicates statistical significance between Tat B plus cocaine–treated
and Tat C plus cocaine–treated cultures. We also evaluated effect of 100 nM Tat B and Tat C alone and in combination with 100 nM
cocaine on BBB membrane integrity to account for the differences in molecular weight of Tat proteins and in ng/ml versus nM
concentration. Results (not shown here) obtained were similar with that of 100 ng/ml Tat proteins.
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HIV-1 Tat B and Tat C and/or cocaine alter tight
junction protein gene expression by primary
HBMECs
Loss of BBB integrity is associated with alteration
in expression of tight junction proteins such as
ZO-1 and JAM-2 (Mahajan et al, 2008a, 2008b;
Persidsky et al, 2006). Therefore, we analyzed the
expression of tight junction proteins, ZO-1 (submem-
branous accessory protein) and JAM-2 (transmem-
branous protein) after treatment with Tat B, Tat C,
and/or cocaine. Data presented in Figure 4a and b
show the time kinetics of cocaine, Tat B, and Tat C
effects on ZO-1 (Figure 4a) and JAM-2 (Figure 4b)
gene expression by primary HBMECs at 12, 24, and
48 h of treatments. The results obtained indicate that
primary HBMECs cultured with 100 nM cocaine
significantly decreased ZO-1 gene expression at
12 h (transcript accumulation index [TAI] = 0.85 ±
0.050; P < .05), 24 h (TAI = 0.73 ± 0.03; P < .03), and
48 h (TAI = 0.69 ± 0.05; P < .001) compared to
untreated control cultures. Tat B (100 ng/ml) treat-
ment showed no significant effect on ZO-1 gene
expression at 12 and 24 h, whereas a significant
decrease was observed at 48 h (TAI = 0.85 ± 0.04;
P < .05). However, Tat C did not show any significant
effects on ZO-1 expression at 24 h (TAI = 0.98 ± 0.04)
and 48 h (TAI = 0.95 ± 0.05). When cultures were
simultaneously treated with Tat B plus cocaine,
the ZO-1 gene expression was significantly down

regulated at 12 h (TAI = 0.78 ± 0.03; P < .05), 24 h
(TAI = 0.61 ± 0.02; P < .02), and 48 h (TAI = 0.55 ±
0.04; P < .001). On the other hand, Tat C and cocaine
combined treatment showed modest decrease in
expression of ZO-1 at 24 h (TAI = 0.78 ± 0.04;
P < .05) and 48 h (TAI = 0.72 ± 0.03; P < .05).
Also, Tat B treatment showed significant decrease
in ZO-1 expression compared to Tat C treatment at
48 h (P < .04), whereas the combined treatment of Tat
B plus cocaine was significantly different from indi-
vidual treatment of Tat B, cocaine, and cotreatment
of Tat C plus cocaine at 24 h (P < .001, P < .04,
P < .02) and 48 h (P < .001, P < .008, P < .01),
respectively.

Similarly, primary HBMEC cultures were treated
with HIV-1 Tat proteins, cocaine, or cocaine plus Tat
proteins and the effect on JAM-2 gene expression
was studied. Our results (Figure 4b) show that
cocaine 100 nM treatment significantly up-regulated
JAM-2 gene expression at 24 h (TAI = 1.43 ± 0.13;
P < .05) and 48 h (TAI=1.55 ± 0.1; P < .01) compared
to untreated control cultures. Likewise, Tat B treat-
ment increased the expression of JAM-2 24 h
(TAI = 1.58 ± 0.15; P < .02) and 48 h (TAI = 1.7 ±
0.2; P < .009), whereas Tat C showed significant
increase at only 48 h of treatment (TAI = 1.25 ±
0.12; P < .05). However, upon combined exposure
of Tat B plus cocaine, significant increase in JAM-2
expression was then observed at 12 h (TAI = 1.7 ±
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Figure 2 Effect of HIV-1 Tat proteins and/or cocaine on FITC-dextran transport in BBB model. FITC-dextran transport was measured in
BBB model after 48 h of treatment with 100 ng/ml Tat B, 100 ng/ml Tat C, and 100 nM cocaine, either alone or in combination, followed by
addition of FITC-dextran on the upper chamber of the insert. After 4 h of incubation, relative fluorescence units (RFUs) from the basal
chambers of the inserts were measured. Results were expressed as % FITC-dextran transport with respect to the untreated control cultures
and represented as mean ± SE of three independent experiments performed in replicates. Statistical significance was determined using
Student’s t test. *indicates statistical significance with respect to untreated control.
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0.13; P < .04), 24 h (TAI = 3.19 ± 0.3; P < .005), and
48 h (TAI = 3.40 ± 0.25; P < .002). On the other hand,
Tat C plus cocaine combined treatment showed sig-
nificant but less increase in JAM-2 expression at 24 h
(TAI = 1.7 ± 0.2; P < .05) and 48 h (TAI = 1.80 ± 0.2;
P < .05) compared to Tat B plus cocaine treatment.
Further, significant differences were observed in
JAM-2 expression between Tat B and Tat C treatment
at 48 h (P < .02). Also, the combined treatment of Tat
B plus cocaine were significantly different from
cotreatment of Tat C plus cocaine at 24 h (P < .05)
and 48 h (P < .009).

Based on the time kinetics results as presen-
ted in Figure 4a and b, the 24-h time point was
selected to perform dose-response studies. Data pre-
sented in Figure 5a–c show the dose-response effects
of Tat B (25–200 ng/ml), Tat C (25–200 ng/ml), and
cocaine (10–1000 nM) treatment on ZO-1 and JAM-2
gene expression by primary HBMECs. Cocaine treat-
ment showed dose-dependent decrease in ZO-1 gene
expression at concentrations 100 nM (TAI = 0.7 ±
0.05; P < .01) and 1000 nM (TAI = 0.5 ± 0.04; P < .003)
(Figure 5a). Tat B treatment also showed dose-
dependent decrease at concentrations 100 ng/ml
(TAI = 0.82 ± 0.05; P < .04) and 200 ng/ml
(TAI = 0.7 ± 0.05; P < .02) (Figure 5b), whereas Tat
C failed to significantly modulate the expression of

ZO-1 in the concentration range of 25–200 ng/ml
(Figure 5c). On the contrary, a dose-dependent
increase in JAM-2 gene expression was observed
by cocaine treatment at 10 nM (TAI = 1.2 ± 0.07;
NS), 100 nM (TAI = 1.5 ± 0.1; P < .02), and 1000 nM
(TAI = 2.2 ± 0.12; P < .007) (Figure 5a). Tat B
treatment for 24 h also showed dose-dependent
increase at 50 ng/ml (TAI = 1.1 ± 0.13; NS), 100 ng/
ml (TAI=1.7±0.08;P< .01), and200ng/ml (TAI=1.9±
0.08; P < .005) (Figure 5b), whereas Tat C showed
significant increase only at the highest concentration
tested, 200 ng/ml (TAI = 1.3 ± 0.09; P < .05) (Figure 5c).

HIV-1 Tat B and Tat C and/or cocaine modulate
tight junction protein levels in primary HBMECs
Further to gene expression studies, we determined
protein expression by Western blot analysis using
specific antibody to quantitate ZO-1 protein levels in
primary HBMECs treated with HIV-1 Tat proteins
and/or cocaine. Primary HBMECs were incubated in
the presence of 100 ng/ml Tat B, 100 ng/ml Tat C,
and/or 100 nM cocaine for 48 h and then analyzed by
immunoblotting. The results are expressed as per-
centage of ZO-1 protein levels with respect to control
(Figure 6). The exposure of primary HBMECs to
Tat B, Tat C, and cocaine decreased ZO-1 expression
to 70% ± 4% (P < .05), 90% ± 5% (NS), and
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Figure 3 Monocytes migration across in vitro BBB model treated with HIV-1 Tat proteins and/or cocaine. The BBB layers were treated
with Tat B (100 ng/ml), Tat C (100 ng/ml), cocaine (100 nM), or cocaine plus Tat proteins for 48 h prior to the transmigration assay.
Monocytes (2 � 105 cells) were added per well into the upper chamber of the insert and the chambers were then incubated for 3 h at 37�C,
5% CO2. After incubation time, cells were collected from the bottom chamber of the insert and counted using hemocytometer slide. The
percentage of cells that transmigrated across the BBB with respect to the untreated control was calculated. Data represent mean ± SE of
three independent experiments performed in triplicates. Statistical significance was determined using Student’s t test. *indicates statistical
significance with respect to untreated control.
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65% ± 3% (P < .03), respectively. The cultures
treated with Tat B plus cocaine showed greater
decrease to 56% ± 4.2% (P < .01), whereas a com-
bination treatment of Tat C plus cocaine showed
decrease to 70% ± 3% (P < .02) (Figure 6). The
expression of ZO-1 protein by Tat B and Tat C
treatment was found to be significantly different
(P < .05). The combined effects of Tat B plus cocaine
were significantly different from the combined effect
of Tat C plus cocaine and are consistent with the
results presented in Figures 1 to 3.

Discussion

The major group of HIV-1 strains that comprise the
current global pandemic has diversified into at least
10 distinct subtypes or clades of which clade B
infections are more common in the United States
and western countries, whereas clade C infections
are more prevalent in sub-Saharan Africa and Asia.
HIV-1 infection eventually progresses to severe defi-
ciency of various immunological functions and neu-
rological abnormalities, especially during the later
stages of the disease. Most of our present understand-
ing of the pathophysiology and neuropathology of
HIV-1 infection emanate mainly from B subtype.
Previous reports suggest low incidence of neurocog-
nitive impairments in clade C–infected patients

compared to clade B–infected population (Wadia
et al, 2001; Satishchandra et al, 2000; Heaton et al,
1995; White et al, 1995). However, more studies are
ongoing to confirm whether clade B is more neuro-
pathogenic than clade C.

The hallmark of HIV-associated neuropathogen-
esis is marked by loss of integrity of blood-brain
barrier, which is a physiological dynamic barrier
that results from the selectivity of the tight junctions
between endothelial cells in central nervous system
(CNS) vessels. At the interface, endothelial cells and
associated astrocytes are stitched together by these
tight junctions, which are comprised of smaller sub-
units of transmembrane proteins, such as occludin,
claudins, junctional adhesion molecule, and others.
Each of these transmembrane proteins is anchored
into the endothelial cells by another protein complex
that includes ZO-1 and associated proteins. ZO pro-
teins are essential for targeting tight junction (TJ)
structures, and they are linked to the actin cytoskel-
eton and related signal transducing mechanisms,
critical for TJ function (Mehta and Malik, 2006;
Luscinskas et al, 2002; Bazzoni et al, 2000). JAM
proteins affect the passage of the cells when endo-
thelial or mononuclear cells are activated. BBB dys-
function is commonly observed in HIV-infected
patients, and it correlates with the cognitive
impairment (Avison et al, 2004; Gendelman et al,
1997). The loss of BBB integrity enhances entry of

12h

24h

@
*

@
*

*#†

*#†

*†
*

*
** *

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Unt
re

at
ed

Coc
ain

e

Tat
 B

Tat
 C

Coc
ain

e 
+ 

Tat
 B

Coc
ain

e 
+ 

Tat
 C

M
ea

n
 f

o
ld

 c
h

an
g

e 
(T

A
I)

b

*@

*@

*†#

*†#

*

12h

24h

48h†

*

*
*

*

0.00

Unt
re

at
ed

Coc
ain

e

Tat
 B

Tat
 C

Coc
ain

e 
+ 

Tat
 B

Coc
ain

e 
+ 

Tat
 C

0.20

0.40

0.60

M
ea

n
 f

o
ld

 c
h

an
g

e 
(T

A
I)

0.80

1.00

1.20
a

Figure 4 Time kinetics effect of HIV-1 Tat proteins and/or cocaine on ZO-1 and JAM-2 gene expression by primary HBMECs. Primary
HBMECs (1 � 106 cells) were treated with clade-specific Tat proteins (100 ng/ml) and/or cocaine (100 nM) for 12, 24, and 48 h. RNA was
extracted and reverse transcribed, followed by quantitative real-time PCR for ZO-1 (a) and JAM-2 (b) genes. Relative expression of mRNA
species was calculated using the comparative CT method. Data are mean ± SE of three independent experiments performed in replicates.
Statistical significance was determined using Student’s t test. *indicates statistical significance with respect to untreated control;
#indicates statistical significance with respect to cocaine-treated cultures; †indicates statistical significance with respect to Tat B–treated
cultures; and @indicates statistical significance between Tat B plus cocaine–treated and Tat C plus cocaine–treated cultures.
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toxins, free virus, and infected and/or activated mono-
cytes and lymphocytes into the CNS (Kanmogne et al,
2007; Toborek et al, 2003). Therefore, the dysfunction
of brain endothelium caused by HIV plays an impor-
tant role in development of HAND (Toborek et al,
2005; Andras et al, 2003).

Furthermore, it is well established that parenteral
drug abuse is a significant risk factor for contracting
HIV infections and subsequent development of AIDS
(Hahn et al, 1989; Curran et al, 1988; Des Jarlais and
Friedman, 1988). Various investigators have shown
that use of crack cocaine is more closely linked to
HIV-1 clade B infection in the United States
(Chaisson et al, 1989; Des Jarlais Friedman, 1988;
Hubbard et al, 1988). Also, previous studies have
shown that cocaine enhances the replication of
HIV-1 clade B in in vitro cell culture system (Bagasra
and Pomerantz, 1993; Peterson et al, 1991, 1992,
1993), suggesting a link between cocaine use and
progression of HIV-1 clade B infections (Bayer et al,
1995; Chao et al, 1995; Heesch et al, 1995). Cocaine
in combination with HIV-1 virus is also reported to

up-regulate chemokine CCL2 and its receptor CCR2
in monocytes, leading to increased transmigration of
monocytes across the BBB (Dhillon et al, 2008).
However, the role of cocaine on neuropathogenesis
of HIV-1 clade C infection has not been reported.
Therefore, in the current study we report differential
effects of HIV-1 Tat B and Tat C proteins and their
interaction with cocaine on BBB integrity, tight junc-
tion protein expression, and transendothelial migra-
tion of monocytes across the BBB.

In current study, the treatment of BBB with
HIV-1 Tat proteins (Tat B or Tat C), cocaine, or
cocaine plus Tat proteins significantly increased
the permeability of in vitro BBB, as indicated by
decrease in TEER (Figure 1) and increased transport
of FITC-dextran (Figure 2). Further, extent of
increase in BBB permeability was higher with com-
bined treatment of cocaine with Tat proteins com-
pared to individual treatments. Previous study where
HBMEC monolayer was treated with a combination
of alcohol and HIV-1 gp120 has reported significant
increase in permeability of the monolayer (Shiu et al,
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Figure 5 Dose-response analysis of HIV-1 Tat proteins and/or cocaine on ZO-1 and JAM-2 gene expression by primary HBMECs. Primary
HBMECs (1 � 106 cells) were treated with clade-specific Tat proteins (25, 50, 100, 200 ng/ml) and/or cocaine (10, 100, 1000 nM) for 24 h.
RNA was extracted and reverse transcribed, followed by quantitative real-time PCR for ZO-1 and JAM-2 genes for cultures treated with
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2007). Additionally, we found that monocyte trans-
migration rate across the BBB model was higher with
treatment of Tat B and cocaine alone and in combi-
nation compared to Tat C alone and in combination
with cocaine (Figure 3). These observations suggest
that HIV-1 Tat proteins, Tat B and Tat C, differen-
tially modulate BBB integrity and addition of cocaine
to HIV-1 proteins further aggravates the neuropath-
ological condition with pronounced effects observed
with Tat B plus cocaine than with Tat C plus cocaine.
Furthermore, we found that Tat proteins and cocaine
alone and in combination were not cytotoxic to
HBMECs and HAs (data not shown). This confirms
that the observed effects on BBB dysfunction were
not directly attributed to the cytotoxic effects of Tat
protein or cocaine on HBMECs and HAs.

Earlier studies from our laboratory on delineating
the role of clade B and C in the development of
neurological disorders have reported that Tat B and
Tat C differentially modulate expression of neuro-
pathogenic molecules, indoleamine-2,3-dioxygenase
(IDO), and kynurenine by primary astrocytes
(Samikkannu et al, 2009). We have also shown
that Tat B and Tat C differentially induce the inflam-
matory cytokines by primary monocytes, leading to
differential neuropathogenesis (Gandhi et al, 2009).

Previous studies with cocaine have reported a dose-
dependent increase in the transmigration of mono-
cytes across the BBB (Gan et al, 1999). Also,
methamphetamine and morphine in conjunction
with HIV proteins (Tat and gp120) have been shown
to impair BBB integrity and increase the transmigra-
tion of mononuclear cells across the BBB (Mahajan
et al, 2008a, 2008b). We herein show differential
effects of Tat B and Tat C in conjunction with
cocaine on BBB integrity. Interestingly, our results
indicate that Tat B plus cocaine induces higher BBB
dysfunction than Tat C plus cocaine, suggesting that
abuse of cocaine by HIV-1 clade B–infected subjects
might increase the risk of developing HAND than
clade C–infected subjects.

We further examined whether this disruption of
BBB integrity is linked to altered expression of TJ
proteins ZO-1 and JAM-2. Our results suggested that
Tat B significantly down-regulated ZO-1 gene expres-
sion, whereas JAM-2 gene expression was signifi-
cantly up-regulated in primary HBMECs (Figures
4a and b, 5a–c). On the other hand, Tat C showed
relatively small alteration in ZO-1 and JAM-2 expres-
sion. Further, cocaine-associated exacerbation of
HIV-1 Tat proteins response was significantly higher
with clade B compared to clade C. Previous report on
the treatment of HBMECs with cocaine has shown
significant down-regulation in ZO-1 protein expres-
sion, which was associated with cytoskeletal rear-
rangement and formation of stress fibers (Dhillon
et al, 2008). Likewise, treatment of HBMECs with
methamphetamine and/or gp120 has been shown to
down regulate ZO-1 expression and these effects are
mediated by Rho-A activation (Mahajan et al, 2008b).
Previous study with morphine and/or Tat has shown
that JAM-2 expression is up-regulated and ZO-1
expression is down-regulated in brain endothelial
cells and this modulation in tight junction protein
expression is possibly mediated by activation of
proinflammatory cytokines, intracellular Ca+2 release
and activation of myosin light chain kinase (Mahajan
et al, 2008a). As previously reported by us (Gandhi
et al, 2009), Tat B and Tat C exert differential effects
on expression of inflammatory cytokines by primary
monocytes, with Tat B showing higher up-regulation
of proinflammatory cytokines compared to Tat C.
These differential effects of Tat B and Tat C on
expression of proinflammatory molecules may play
a role in modulating the expression of tight junction
protein ZO-1 and JAM-2 and these effects are
exacerbated by cocaine treatment. Our results on
ZO-1 gene expression were further supported by
protein expression studies in HBMECs by Western
blot analysis (Figure 6). These results were in agree-
ment with qRT-PCR and showed modulation of
ZO-1 in a similar manner, wherein Tat B showed
higher effects than Tat C and these effects were
further exacerbated by cocaine treatment, with
higher effect seen with Tat B plus cocaine compared
to Tat C plus cocaine.
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Figure 6 ZO-1 protein expression by primary HBMECs treated with
HIV-1 Tat proteins and/or cocaine. Primary HBMECs (1 � 106)
were treated with 100 ng/ml clade-specific Tat proteins and/or
100 nM cocaine separately for 48 h. The ZO-1 protein level in all
the samples was quantitated by Western blot analysis. Data pre-
sented show a representative blot indicating modulation of ZO-1
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separate experiments performed. Statistical significance was deter-
mined using Student’s t test. *indicates statistical significance
with respect to untreated control.
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In summary, our results of clade-specific differ-
ences on BBB disruption support the clinical obser-
vation of greater neuropathogenic manifestations
observed with HIV-1 clade B infections compared
to HIV-1 clade C infections. Additionally, our study
delineate the role of cocaine in exacerbating HAND,
with higher effects seen in HIV-1 clade B than with
HIV-1 clade C infections. The exact molecular mech-
anism underlying the differential effects of Tat B and
Tat C in combination with cocaine on BBB integrity
and differential neuropathogenesis is currently being
investigated in our laboratory. Therefore, our results
of differential effects of clade B and clade C in
conjunction with cocaine on BBB integrity provide
implications to clade-specific diversity in neurpatho-
genesis and open new avenues for developing ther-
apeutic modalities for prevention of HAND.

Materials and methods

Cell culture and reagents
Primary cultures of human brain microvascular endo-
thelial cells (HBMECs; catalog no. 1000) and human
astrocytes (HAs; catalog no. 1800) were purchased
from Sciencell Laboratories (Carlsbad, CA) and cul-
tured as per supplier’s instructions. Primary HBMECs
were characterized by immunofluorescent method
with antibodies to von Willebrand factor (vWF)/factor
VIII and CD31 (platelet cell adhesion molecule
[P-CAM]), by uptake of DiI-Ac-LDL (low-density
lipoprotein), and by the formation of microtubular
structure in vitro. HAs were characterized by immu-
nofluorescent method with antibody to glial fibrillary
acid protein (GFAP). Both the cultures were negative
for HIV-1, hepatitis B virus (HBV), hepatitis C virus
(HCV), mycoplasma, bacteria, yeast, and fungi. Pri-
mary HBMECs and HAs were obtained at passage 2
and used for all experiments between passages 2
and 8. Normal peripheral blood monocytes were
isolated by a density gradient centrifugation process
from HIV-1/HIV-2 and hepatitis B–seronegative donor
leukopacks as described by us (Gandhi et al, 2009).
HIV-1 clade B recombinant Tat protein was obtained
from NIH AIDS Research and Reference Reagent Pro-
gram and HIV-1 clade C recombinant Tat protein was
commercially purchased from Diatheva (Fano, Italy).
Cocaine was commercially purchased from Sigma
Aldrich (St. Louis, MO). Tat and cocaine concentra-
tions employed in the current study are used as
described earlier for in vitro studies (Dhillon et al,
2008; Mishra et al, 2008; Ranga et al, 2004; Oshima
et al, 2000; Gan et al, 1999; Zhang et al, 1998). Also, it
is reported that localized Tat concentration is expected
to be much higher than detected in sera from HIV-
infectedpatients (ashighas40ng/ml) (Xiao et al,2000).

In vitro BBB model
The BBB model was established according to the
procedure described earlier (Persidsky, 1999). The

model consisted of two-compartment wells in a
culture plate with the upper compartment separated
from the lower by a cyclopore polyethylene tere-
phthalate membrane (Collaborative Biochemical
Products, Becton Dickinson, San Jose, CA) with a
pore diameter of 3 mm. In a 24-well cell culture
insert, 2 � 105 primary HBMECs were grown to
confluency on the upper side whereas a confluent
layer of primary HAs (2 � 105 cells/insert) was
grown on the underside. Intactness of the BBB
was determined by measuring the transendothelial
electrical resistance (TEER) using Millicell ERS
microelectrodes (Millipore, Billerica, MA). The
electrical resistance of blank inserts with medium
alone was subtracted from TEER readings obtained
from inserts with confluent monolayers. The result-
ing TEER values represent the resistance of the
endothelial cell monolayers. The BBB model was
used for experiments at least 5 days after cell seed-
ing. The BBB constructs were treated with HIV
proteins (Tat B or Tat C, 100 ng/ml), cocaine
(100 nM), or cocaine plus HIV proteins (Tat B or
Tat C). TEER measurements were performed at
24 and 48 h after the treatment. The typical TEER
values for untreated cultures were observed to be
~200 W/cm2.

FITC-dextran transport
To assess the effect of clade-specific Tat protein
and cocaine on the integrity of the in vitro BBB
model, paracellular transport of flourescein isothio-
cyanate–labeled dextran (FITC-dextran; molecular
weight 40000) was measured according to the pro-
cedure described earlier (Kanmogne et al, 2007).
After the integrity of BBB was established by TEER
measurement, the BBB monolayers were treated with
HIV proteins (Tat B or Tat C, 100 ng/ml), cocaine
(100 nM), or cocaine plus HIV proteins (Tat B or
Tat C) and incubated for 48 h. After incubation,
100 mg/ml FITC-dextran (Sigma Aldrich, St. Louis,
MO) was added to the upper chamber of the inserts
and further incubated for 4 h. Samples were collected
from the bottom chamber after 4 h and fluorescence
intensity was measured at excitation wavelength
485 nm and emission wavelength 520 nm using
Biotek Synergy HT multimode microplate reader
instrument. FITC-dextran transport was expressed
as percentage of FITC-dextran transported across
the BBB into the lower compartment compared to
untreated control cultures.

Monocyte transmigration assay
Monocyte transmigration assay was performed after
treating BBB monolayers with HIV proteins (Tat B or
Tat C, 100 ng/ml), cocaine (100 nM), or cocaine plus
HIV proteins (Tat B or Tat C) for 48 h. Monocytes
(2 � 105 cells) were added in the upper chamber of
the insert and the plates were then incubated for 3 h
at 37�C, 5% CO2. After incubation, cells were col-
lected from the bottom chamber of the insert and
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counted using hemocytometer slide. Cell viability
was assessed by trypan blue staining.

Quantitative real-time polymerase chain reaction
(qRT-PCR)
In order to perform gene expression studies, 1 � 106

primary HBMECs were cultured in a 6-well tissue
culture plate. For time kinetics experiments,
HBMECs were cultured with HIV proteins (Tat B
or Tat C, 100 ng/ml), cocaine (100 nM), or cocaine
plus HIV proteins (Tat B or Tat C) for different time
intervals, 12, 24, and 48 h. Based on the time kinetics
data, dose-response experiments were performed
with 25 to 200 ng/ml of Tat B and Tat C proteins,
10 to 1000 nM of cocaine alone, or in cocaine com-
bination with Tat B/C for 24 h. Heat-inactivated Tat
proteins were used as controls. Upon desired treat-
ment period, cells were harvested, RNA from cell
pellets was extracted using RNAeasy mini kit
(Qiagen, GmbH, Germany), followed by cDNA syn-
thesis using high-capacity reverse transcriptase
cDNA kit (Applied Biosystems, Foster City, CA,
USA) to perform qRT-PCR using Taqman gene
expression assays (Applied Biosystems, Foster
City, CA, USA) for ZO-1 (Hs01551876_m1), JAM-2
(Hs01022007_m1), and glutaldehyde-3-phosphate
dehydrogenase (GAPDH) (Hs99999905_m1). GAPDH
served as an internal control. Relative abundance
of each mRNA species was assessed using brilliant
Q-PCR master mix from Stratagene using M � 3000P
instrument, which detects and plots the increase in
fluorescence versus PCR cycle number to produce a
continuous measure of PCR amplification. Relative
mRNA species expression was quantitated and the
mean fold change in expression of the target gene
was calculated using the comparative CT method as
previously described by us (Gandhi et al, 2009). All
data were controlled for quantity of RNA input
by performing measurements on an endogenous

reference gene, GAPDH. In addition, results on
RNA from treated samples were normalized to
results obtained on RNA from the control, untreated
sample.

Western blot analysis
To assess protein expression, HBMEC cells
were treated with HIV proteins (Tat B or Tat C,
100 ng/ml), cocaine (100 nM), or cocaine plus HIV
proteins (Tat B or Tat C) for 48 h. After incubation,
cells were harvested and lysed by lysis buffer with a
complete cocktail of protease inhibitors (Pierce
Chemical, Rockford, IL). Total protein content in
these samples was determined using Bradford dye
reagent (Pierce Chemical). Fifty microgram total
protein was resolved on 5% Tris-HCl gel by poly-
acrylamide gel electrophoresis, transferred to a nitro-
cellulose membrane, and were probed with primary
antibodies against ZO-1 (Cell Signaling Technology;
1:1000) and b-actin (Cell Signaling Technology;
1:1000), followed by secondary goat anti-rabbit
immunoglobulin G (IgG) antibody (Cell Signaling
Technology; 1:2500). Immunoreactive bands were
visualized using a chemiluminescence’s system
according to the manufacturer’s instructions (Pierce
Chemical).

Statistics
Experiments were performed at least three times in
replicates and the values obtained were averaged.
Data are represented as mean ± SE. Comparisons
between two groups were conducted using Student’s
paired t test. Differences were considered significant
at P £ .05.

Declaration of interest: The authors report no con-
flicts of interest. The authors alone are responsible
for the content and writing of the paper.

References

Abbott N (2002). Astrocyte-endothelial interactions and
blood-brain barrier permeability. J Anat 200: 527.

Aceijas C, Stimson GV, Hickman M, Rhodes T, United
Nations Reference Group on HIV/AIDS Prevention
and Care among IDU in Developing and Transitional
Countries (2004). Global overview of injecting drug use
and HIV infection among injecting drug users. AIDS 18:
2295–2303.

Andras IE, Pu H, Deli MA, Nath A, Hennig B, Toborek M
(2003). HIV-1 Tat protein alters tight junction protein
expression and distribution in cultured brain endothe-
lial cells. J Neurosci Res 74: 255–265.

Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA,
Cherner M, Clifford DB, Cinque P, Epstein LG,
Goodkin K, Gisslen M, Grant I, Heaton RK, Joseph J,
Marder K, Marra CM, McArthur JC, Nunn M, Price RW,

Pulliam L, Robertson KR, Sacktor N, Valcour V,
Wojna VE (2007). Updated research nosology for
HIV-associated neurocognitive disorders. Neurology
69: 1789–1799.

Arese M, Ferrandi C, Primo L, Camussi G, Bussolino F
(2001). HIV-1 Tat protein stimulates in vivo vascular
permeability and lymphomononuclear cell recruitment.
J Immunol 166: 1380–1388.

Avison MJ, Nath A, Greene-Avison R, Schmitt FA,
Greenberg RN, Berger JR (2004). Neuroimaging correlates
of HIV-associated BBB compromise. J Neuroimmunol
157: 140–146.

Bagasra O, Pomerantz RJ (1993). Human immunodefi-
ciency virus type 1 replication in peripheral blood
mononuclear cells in the presence of cocaine. J Infect
Dis 168: 1157–1164.

Bayer BM, Mulroney SE, Hernandez MC, Ding XZ (1995).
Acute infusions of cocaine result in time- and

HIV-1 clade-specific Tat protein and cocaine in HAND

N Gandhi et al 303



dose-dependent effects on lymphocyte responses and
corticosterone secretion in rats. Immunopharmacology
29: 19–28.

Bazzoni G, Martinez-Estrada OM, Orsenigo F,
Cordenonsi M, Citi S, Dejana E (2000). Interaction of
junctional adhesion molecule with the tight junction
components ZO-1, cingulin, and occludin. J Biol Chem
275: 20520–20526.

Chaisson RE, Bacchetti P, Osmond D, Brodie B, Sande MA,
Moss AR (1989). Cocaine use and HIV infection in
intravenous drug users in San Francisco. JAMA 261:
561–565.

Chao CC, Gekker G, Hu S, Sheng WS, Portoghese PS,
Peterson PK (1995). Upregulation of HIV-1 expression
in cocultures of chronically infected promonocytes and
human brain cells by dynorphin. Biochem Pharmacol
50: 715–722.

Curran JW, Jaffe HW, Hardy AM, Morgan WM, Selik RM,
Dondero TJ (1988). Epidemiology of HIV infection and
AIDS in the United States. Science 239: 610–616.

Des Jarlais DC, Friedman SR (1988). The psychology of
preventing AIDS among intravenous drug users.
A social learning conceptualization. Am Psychol 43:
865–870.

Dhillon NK, Peng F, Bokhari S, Callen S, Shin SH, Zhu X,
Kim KJ, Buch SJ (2008). Cocaine-mediated alteration in
tight junction protein expression and modulation of
CCL2/CCR2 axis across the blood-brain barrier: impli-
cations for HIV-dementia. J Neuroimmune Pharmacol 3:
52–56.

Edlin BR, Irwin KL, Faruque S, McCoy CB, Word C,
Serrano Y, Inciardi JA, Bowser BP, Schilling RF,
Holmberg SD (1994). Intersecting epidemics—crack
cocaine use and HIV infection among inner-city young
adults. Multicenter Crack Cocaine and HIV Infection
Study Team. N Engl J Med 331: 1422–1427.

Fiala AM, Gan XH, Newton T, Chiappelli F, Shapshak P,
Kermani V, Kung MA, Diagne A, Martinez O, Way D,
Weinand M, Witte M, Graves M (1996). Divergent effects
of cocaine on cytokine production by lymphocytes and
monocyte/macrophages: HIV-1 enhancement by
cocaine within the blood-brain barrier. Adv Exp Med
Biol 402: 145–156.

Gan X, Zhang L, Berger O, Stins MF, Way D, Taub DD,
Chang SL, Kim KS, House SD, Weinand M, Witte M,
Graves MC, Fiala M (1999). Cocaine enhances brain
endothelial adhesion molecules and leukocyte migra-
tion. Clin Immunol 91: 68–76.

Gandhi N, Saiyed Z, Thangavel S, Rodriguez J, Rao KV,
Nair MP (2009). Differential effects of HIV type 1 clade B
and clade C Tat protein on expression of proinflamma-
tory and antiinflammatory cytokines by primary mono-
cytes. AIDS Res Hum Retroviruses 25: 691–699.

Gendelman HE, Persidsky Y, Ghorpade A, Limoges J,
Stins M, Fiala M, Morrisett R (1997). The neuro-
pathogenesis of the AIDS dementia complex. AIDS
11(Suppl A): S35–S45.

Goodkin K, Wilkie FL, Concha M, Hinkin CH, Symes S,
Baldewicz TT, Asthana D, Fujimura RK, Lee D,
van Zuilen MH, Khamis I, Shapshak P, Eisdorfer C

(2001). Aging and neuro-AIDS conditions and the
changing spectrum of HIV-1-associated morbidity and
mortality. J Clin Epidemiol 54(Suppl 1): S35–S43.

Hahn RA, Onorato IM, Jones TS, Dougherty J (1989).
Prevalence of HIV infection among intravenous drug
users in the United States. JAMA 261: 2677–2684.

Hamers FF, Batter V, Downs AM, Alix J, Cazein F,
Brunet JB (1997). The HIV epidemic associated with
injecting drug use in Europe: geographic and time
trends. AIDS 11: 1365–1374.

Heaton RK, Grant I, Butters N, White DA, Kirson D,
Atkinson JH, McCutchan JA, Taylor MJ, Kelly MD,
Ellis RJ (1995). The HNRC 500–neuropsychology of
HIV infection at different disease stages. HIV Neurobe-
havioral Research Center. J Int Neuropsychol Soc 1:
231–251.

Heesch CM, Negus BH, Keffer JH, Snyder RW, 2nd,
Risser RC, Eichhorn EJ (1995). Effects of cocaine on
cortisol secretion in humans. Am J Med Sci 310: 61–64.

Hubbard RL, Marsden ME, Cavanaugh E, Rachal JV,
Ginzburg HM (1988). Role of drug-abuse treatment in
limiting the spread of AIDS. Rev Infect Dis 10: 377–384.

Kanmogne GD, Schall K, Leibhart J, Knipe B,
Gendelman HE, Persidsky Y (2007). HIV-1 gp120 com-
promises blood-brain barrier integrity and enhances
monocyte migration across blood-brain barrier: impli-
cation for viral neuropathogenesis. J Cereb Blood Flow
Metab 27: 123–134.

Kaul M, Garden GA, Lipton SA (2001). Pathways to neu-
ronal injury and apoptosis in HIV-associated dementia.
Nature 410: 988–994.

Kim TA, Avraham HK, Koh YH, Jiang S, Park IW,
Avraham S (2003). HIV-1 Tat-mediated apoptosis
in human brain microvascular endothelial cells.
J Immunol 170: 2629–2637.

Larrat EP, Zierler S (1993). Entangled epidemics: cocaine
use and HIV disease. J Psychoactive Drugs 25: 207–221.

Lesniak MS, Brem H (2004). Targeted therapy for brain
tumours. Nat Rev Drug Discov 3: 499–508.

Li W, Huang Y, Reid R, Steiner J, Malpica-Llanos T,
Darden TA, Shankar SK, Mahadevan A,
Satishchandra P, Nath A (2008). NMDA receptor
activation by HIV-Tat protein is clade dependent.
J Neurosci 28: 12190–12198.

Luscinskas FW, Ma S, Nusrat A, Parkos CA, Shaw SK
(2002). The role of endothelial cell lateral junctions
during leukocyte trafficking. Immunol Rev 186: 57–67.

Mahajan SD, Aalinkeel R, Sykes DE, Reynolds JL,
Bindukumar B, Adal A, Qi M, Toh J, Xu G,
Prasad PN, Schwartz SA (2008a). Methamphetamine
alters blood brain barrier permeability via the modula-
tion of tight junction expression: implication for
HIV-1 neuropathogenesis in the context of drug abuse.
Brain Res 1203: 133–148.

Mahajan SD, Aalinkeel R, Sykes DE, Reynolds JL,
Bindukumar B, Fernandez SF, Chawda R,
Shanahan TC, Schwartz SA (2008b). Tight junction
regulation by morphine and HIV-1 tat modulates
blood-brain barrier permeability. J Clin Immunol 28:
528–541.

HIV-1 clade-specific Tat protein and cocaine in HAND

304 N Gandhi et al



McArthur JC, Hoover DR, Bacellar H, Miller EN, Cohen BA,
Becker JT, Graham NM, McArthur JH, Selnes OA,
Jacobson LP (1993). Dementia in AIDS patients: inci-
dence and risk factors. Multicenter AIDS Cohort Study.
Neurology 43: 2245–2252.

Mehta D, Malik AB (2006). Signaling mechanisms regulat-
ing endothelial permeability. Physiol Rev 86: 279–367.

Mintz M (1994). Clinical comparison of adult and pediatric
NeuroAIDS. Adv Neuroimmunol 4: 207–221.

Mishra M, Vetrivel S, Siddappa NB, Ranga U, Seth P
(2008). Clade-specific differences in neurotoxicity of
human immunodeficiency virus-1 B and C Tat of human
neurons: significance of dicysteine C30C31 motif. Ann
Neurol 63: 366–376.

Nath A, Hauser KF, Wojna V, Booze RM, Maragos W,
Prendergast M, Cass W, Turchan JT (2002). Molecular
basis for interactions of HIV and drugs of abuse. J Acquir
Immune Defic Syndr 31(Suppl 2): S62–S69.

Oshima T, Flores SC, Vaitaitis G, Coe LL, Joh T, Park JH,
Zhu Y, Alexander B, Alexander JS (2000). HIV-1 Tat
increases endothelial solute permeability through tyro-
sine kinase and mitogen-activated protein kinase-
dependent pathways. AIDS 14: 475–482.

Persidsky Y (1999). Model systems for studies of leukocyte
migration across the blood-brain barrier. J NeuroVirol 5:
579–590.

Persidsky Y, Heilman D, Haorah J, Zelivyanskaya M,
Persidsky R, Weber GA, Shimokawa H, Kaibuchi K,
IkezuT (2006). Rho-mediated regulation of tight junctions
duringmonocyte migration across the blood-brain barrier
in HIV-1 encephalitis (HIVE). Blood 107: 4770–4780.

Peterson PK, Gekker G, Chao CC, Schut R, Molitor TW,
Balfour HH Jr (1991). Cocaine potentiates
HIV-1 replication in human peripheral blood mononu-
clear cell cocultures. Involvement of transforming
growth factor-beta. J Immunol 146: 81–84.

Peterson PK, Gekker G, Chao CC, Schut R, Verhoef J,
Edelman CK, Erice A, Balfour HH Jr (1992). Cocaine
amplifies HIV-1 replication in cytomegalovirus-
stimulated peripheral blood mononuclear cell cocul-
tures. J Immunol 149: 676–680.

Peterson PK, Gekker G, Schut R, Hu S, Balfour HH Jr,
Chao CC (1993). Enhancement of HIV-1 replication by
opiates and cocaine: the cytokine connection. Adv Exp
Med Biol 335: 181–188.

Pu H, Tian J, Flora G, Lee YW, Nath A, Hennig B,
Toborek M (2003). HIV-1 Tat protein upregulates
inflammatory mediators and induces monocyte inva-
sion into the brain. Mol Cell Neurosci 24: 224–237.

Ranga U, Shankarappa R, Siddappa NB, Ramakrishna L,
Nagendran R, Mahalingam M, Mahadevan A,
Jayasuryan N, Satishchandra P, Shankar SK, Prasad VR
(2004). Tat protein of human immunodeficiency virus
type 1 subtype C strains is a defective chemokine. J Virol
78: 2586–2590.

Rao VR, Sas AR, Eugenin EA, Siddappa NB,
Bimonte-Nelson H, Berman JW, Ranga U, Tyor WR,
Prasad VR (2008). HIV-1 clade-specific differences in
the induction of neuropathogenesis. J Neurosci 28:
10010–10016.

Robertson KR, Hall CD (1992). Human immunodeficiency
virus-related cognitive impairment and the acquired
immunodeficiency syndrome dementia complex. Semin
Neurol 12: 18–27.

Samikkannu T, Saiyed ZM, Rao KV, Babu DK,
Rodriguez JW, Papuashvili MN, Nair MP (2009). Differ-
ential regulation of indoleamine-2,3-dioxygenase (IDO)
by HIV type 1 clade B and C Tat protein. AIDS Res Hum
Retroviruses 25: 329–335.

Satishchandra P, Nalini A, Gourie-Devi M, Khanna N,
Santosh V, Ravi V, Desai A, Chandramuki A,
Jayakumar PN, Shankar SK (2000). Profile of neuro-
logic disorders associated with HIV/AIDS from Banga-
lore, South India (1989–96). Indian J Med Res 111:
14–23.

Shiu C, Barbier E, Di Cello F, Choi HJ, Stins M (2007).
HIV-1 gp120 as well as alcohol affect blood-brain barrier
permeability and stress fiber formation: involvement of
reactive oxygen species. Alcohol Clin Exp Res 31:
130–137.

Toborek M, Lee YW, Flora G, Pu H, Andras IE, Wylegala E,
Hennig B, Nath A (2005). Mechanisms of the blood-
brain barrier disruption in HIV-1 infection. Cell Mol
Neurobiol 25: 181–199.

Toborek M, Lee YW, Pu H, Malecki A, Flora G, Garrido R,
Hennig B, Bauer HC, Nath A (2003). HIV-Tat protein
induces oxidative and inflammatory pathways in brain
endothelium. J Neurochem 84: 169–179.

Wadia RS, Pujari SN, Kothari S, Udhar M, Kulkarni S,
Bhagat S, Nanivadekar A (2001). Neurological manifes-
tations of HIV disease. J Assoc Physicians India 49:
343–348.

White DA, Heaton RK, Monsch AU (1995). Neuropsycho-
logical studies of asymptomatic human immunodefi-
ciency virus-type-1 infected individuals. The HNRC
Group. HIV Neurobehavioral Research Center. J Int Neu-
ropsychol Soc 1: 304–315.

Xiao H, Neuveut C, Tiffany HL, Benkirane M, Rich EA,
Murphy PM, Jeang KT (2000). Selective CXCR4 antag-
onism by Tat: implications for in vivo expansion of
coreceptor use by HIV-1. Proc Natl Acad Sci U S A
97: 11466–11471.

Zhang L, Looney D, Taub D, Chang SL, Way D, Witte MH,
Graves MC, Fiala M (1998). Cocaine opens the
blood-brain barrier to HIV-1 invasion. J NeuroVirol 4:
619–626.

Zheng J, Gendelman HE (1997). The HIV-1 associated
dementia complex: a metabolic encephalopathy fueled
by viral replication in mononuclear phagocytes. Curr
Opin Neurol 10: 319–325.

This paper was first published online on Early Online on 12 July 2010.

HIV-1 clade-specific Tat protein and cocaine in HAND

N Gandhi et al 305



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


