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Human immunodeficiency virus (HIV)-1 infection is often complicated with
neurologic disorders, but the pathogenesis of HIV-1 encephalopathy is incom-
pletely understood. Tat (HIV-1 transactivator protein) is released from HIV-1–
infected cells and has been detected in the sera and cerebrospinal fluid of HIV-
1–infected patients. Tat, along with increased inflammatory cytokines such as
interferon-gamma (IFN-γ), have been implicated in the pathogenesis of HIV-
1–associated blood-brain barrier dysfunction. The present study examined the
effects of Tat and IFN-γ on human brain microvascular endothelial cells (HB-
MECs), which constitute the blood-brain barrier. Tat produced cytotoxicity of
HBMECs, but required IFN-γ. IFN-γ treatment of HBMECs up-regulates vas-
cular endothelial growth factor receptor-2 (VEGFR2/KDR), which is known
to be the receptor for Tat. Tat activated KDR in the presence of IFN-γ, and
Tat-mediated cytopathic changes involve its interaction with KDR and phos-
phatidylinositol 3-kinase (PI3K). Further understanding and characterization
of Tat-HBMEC interactions should help us understand HIV-1 neuropathogen-
esis and develop strategies to prevent HIV-1 encephalopathy. Journal of Neu-
roVirology (2003) 9, 584–593.
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Introduction

Central nervous system (CNS) dysfunction is a seri-
ous manifestation of human immunodeficiency vir-
sus (HIV)-1 infection, and the development of neuro-
logic disorders is the important cause of morbidity
and mortality associated with acquired immunod-
eficiency syndrome (AIDS) (Koppel, 1998; Janssen,
1997; Corasaniti et al, 1998; Glass and Johnson, 1996;
Persidsky et al, 1997). Several investigators have
shown that structural and functional perturbations
of the blood-brain barrier occur commonly during
HIV-1 infection as shown by increased cerebrospinal
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fluid (CSF)-serum albumin ratios, demonstration of
serum protein extravasation in the brains of patients
with HIV-1 infection, increased matrix metallopro-
teinases, and disruption of tight junctions as deter-
mined by the altered patterns of zonula occludens-1
(ZO-1) and occludins (Dallasta et al, 1999; Marshall
et al, 1991; McArthur et al, 1992; Petito and Cash,
1992; Power et al, 1993; Rhodes, 1991; Sporer et al,
1998; Tran Dinh et al, 1990). But the mechanisms
contributing to this blood-brain barrier dysfunction
remain incompletely understood.

Blood-brain barrier dysfunction during HIV-1 in-
fection has been proposed due to many host and viral
factors (Annunziata et al, 1998; Bussolino et al, 2001;
Fiorelli et al, 1999; Rappaport et al, 1999). For exam-
ple, cytokines, such as tumor necrosis factor (TNF)-α,
interferon (IFN)-γ , interleukin (IL)-1β and IL-6, have
been shown to be increased in plasma, brain tissue,
and CSF of patients with HIV-1 encephalitis (Graziosi
et al, 1996; Lahdevirta et al, 1988; Westendorp et al,
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1995) and have been shown to modulate the blood-
brain barrier (Claudio et al, 1994; De Vries et al, 1996).
In addition, viral proteins such as gp120 (HIV-1 en-
velope protein) and Tat (HIV-1 transactivator protein)
have been shown to play a role in the vascular en-
dothelial cell dysfunction. For example, gp120 is ca-
pable of altering and activating the blood-brain bar-
rier in vivo. This was shown in the brains of HIV-1
gp120 transgenic mice by the demonstration of albu-
min extravasation and up-regulation of intercellular
adhesion molecule (ICAM)-1 and vascular cell adhe-
sion molecule (VCAM)-1 in cerebral vessels (Toneatto
et al, 1999). We have also shown that gp120 acti-
vates human brain microvascular endothelial cells
(HBMECs) in ICAM-1 and VCAM-1 up-regulation and
increased monocyte transmigration across HBMEC
monolayers (Stins et al, 2001). Tat protein of HIV-1
is a transcriptional activator essential for viral repli-
cation and consists of 86 to 104 amino acids encoded
by two exons (Jeang et al, 1999; Jones, 1993). Tat pro-
tein has been detected in the CNS of HIV-1–infected
patients (Hofman et al, 1999). Tat is secreted by the
HIV-1–infected cells and picomolar concentrations of
Tat have been detected in the supernatant of HIV-
1–infected cells and in the sera of HIV-1–infected
individuals (Ensoli et al, 1990; Westendorp et al,
1995; Zauli et al, 1995). Previous studies have shown
that extracellular Tat acts as a pleiotropic molecule
exhibiting diverse effects on host cells. These in-
clude endothelial cell stimulation (Hofman et al,
1993, 1999), angiogenic effects in HUVECs (Del Sorbo
et al, 2001), up-regulating expression of endothelial
cell adhesion molecules in HUVECs (Dhawan et al,
1997), apoptosis in rat pheochromocytoma (PC12)
cells (Gavriil et al, 2002), excitotoxicity (Magnuson
et al, 1995) and apoptosis in neurons (New et al,

Figure 1 Tat-mediated cytotoxicity in HBMECs.Tat (0.1 μg/ml) and IFN-γ (2 ng/ml) were added to confluent cultures of primary HBMECs.
Cultures were incubated at 37◦C in a 5% CO2 incubator for varying periods. At the end of the incubation period, supernatants were collected
and analyzed for LDH release and converted into percentage cytotoxicity as described in Materials and Methods. Note that Tat-mediated
cytotoxicity was observed only with full length Tat 86 in the presence of IFN-γ , not with �Tat (Tat lacking basic domain region, 0.1 μg/ml).
Results represent mean of three independent experiments. All experiments were performed in triplicates. Error bars represent standard
deviation.

1997), and the release of neurotoxic substances in
glial cells (Power et al, 1995).

Our investigations have focused on the role of HB-
MECs in HIV-1–associated blood-brain barrier dys-
function. We examined whether Tat affects cytotoxic-
ity in HBMECs and whether Tat-induced cytotoxicity
requires specific signaling pathways.

Results

Purified Tat
Purity of Tat proteins, Tat86 and �Tat lacking ba-
sic domain region (31 to 61 residues) was estimated
to be >95% following sodium dodecyl sulfate–poly
acrylamide gel electrophoresis (SDS-PAGE). Purified
Tat86 increased long terminal repeat (LTR) activation
as we have observed previously (Ma and Nath, 1997),
whereas �Tat, as expected, exhibited no evidence of
LTR transactivation (data not shown).

Tat-mediated cytotoxicity in HBMECs
Tat induced cytotoxicity of HBMECs in the presence
of IFN-γ (Figure 1). More than 30% cytotoxicity was
observed at 72 h incubation. Of interest, Tat or IFN-
γ alone did not exhibit any significant cytotoxicity
(Figure 1). In order to determine whether Tat-induced
cytotoxicity requires the presence of IFN-γ , or pre-
treatment of HBMECs with IFN-γ is sufficient, cyto-
toxicity assays were performed using HBMECs that
were previously treated with IFN-γ for 24 h and then
incubated with Tat alone. We observed that either
pretreatment of HBMECs with IFN-γ followed by Tat
incubation or coincubation of IFN-γ with Tat gave
similar HBMEC cytotoxicity (data not shown). In con-
trast, �Tat exhibited significantly less cytotoxicity
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(Figure 1), suggesting that HBMEC cytotoxicity re-
quires full length Tat and/or the basic domain of
Tat may be involved in HBMEC cytotoxicity. The
lack of cytotoxicity with �Tat also indicates that Tat-
mediated HBMEC cytotoxicity is not due to any con-
tamination from the purification procedures in the
Tat preparations.

Tat stimulates tyrosine phosphorylation
of KDR in HBMECs
To determine whether Tat-mediated cytotoxicity re-
quire tyrosine kinase signaling pathways, HBMEC
monolayers were pretreated with genistein (25 μM) (a
protein tyrosine kinase inhibitor) before stimulation
with Tat and IFN-γ . Tat-induced cytotoxicity was in-
hibited by more than 50% with genistein (data not
shown), suggesting the role of tyrosine kinases sig-
naling pathways in Tat-dependent cytotoxicity. Tat
has been shown to bind and activate KDR, a 205-kDa
vascular endothelial growth factor (VEGF)-A tyrosine
kinase receptor (Ganju et al, 1998). We therefore ex-
amined whether Tat interactions with HBMECs leads
to phosphorylation of KDR. As shown in Figure 2,
Tat stimulation in the presence of IFN-γ resulted in
a clear-cut tyrosine phosphorylation of KDR. Equal
amounts of the KDR protein were present in each
lane, as shown by stripping and reprobing the mem-
brane with anti-KDR antibody (Santa Cruz Biotech,
Santa Cruz, CA) (Figure 2). These results were repro-
duced in three independent experiments. Of interest,
�Tat incubation with HBMECs in the presence of
IFN-γ did not stimulate KDR phosphorylation (data
not shown).

Figure 2 Tat stimulates tyrosine phosphorylation of KDR in HB-
MECs. Confluent cultures of HBMECs grown in 60-mm dishes were
pretreated with IFN-γ (2 ng/ml) for 24 h, followed by stimulation
with Tat (0.1 μg/ml) for 15 and 30 min. The cell lysates were pre-
pared, immunoprecipated using anti-KDR antibody, separated by
SDS-PAGE, followed by immunoblotting with antiphosphotyro-
sine antibody 4G10 as described in Materials and Methods. Molec-
ular weight markers are indicated in kilodaltons and shown on the
left. A band corresponding to KDR (205 kDa) was identified at the
expected molecular weight.

IFN-γ treatment leads to up-regulation of KDR both
at the mRNA and protein level in HBMECs: We
next used reverse transcriptase–polymerase chain
reaction (RT-PCR) to determine whether the expres-
sion of kdr is affected by IFN-γ treatment. A 490-
bp PCR product deriving from kdr mRNA was ob-
served when HBMECs were treated with IFN-γ for
24 or 48 h, but not in untreated cells, indicating
that kdr is expressed in HBMECs only after the
cells are exposed to IFN-γ (Figure 3A). Amplifi-
cation of a 294-bp β-actin mRNA fragment gave
comparable bands from both IFN-γ –treated and un-
treated samples, confirming that the same amounts
of cDNA were used (Figure 3A). To further con-
firm whether increase in expression of kdr leads
to increased level of KDR protein, Western blotting
was performed using KDR antibody. Briefly, IFN-
γ –treated HBMECs were lysed as described above.
Lysates were Western blotted using KDR antibody.
We observed the expression of KDR is increased
in IFN-γ –treated HBMECs (Figure 3B), thus further
confirming that IFN-γ treatment up-regulates KDR,
which can act as a receptor for Tat. Increased ex-
pression of KDR in response to IFN-α treatment was
not related to loading different concentrations of pro-
teins (Figure 3C). Taken together, these findings in-
dicate that IFN-γ increases both transcriptional and
translational levels of KDR, which contributes to
Tat-mediated effects on HBMECs.

Tat-mediated cytotoxicity is dependent on its basic
domain interactions with KDR on HBMECs
To further examine that Tat-induced cytotoxicity is
due to Tat-KDR interactions, cytotoxicity assays were
performed in the presence of anti-KDR antibody. Tat-
induced cytotoxicity was completely inhibited in the
presence of anti-KDR antibody, indicating that Tat
interaction with KDR contributes to HBMEC cytotox-
icity (Figure 4).

Tat can be divided into five domains termed, N-
terminal, cysteine-rich, core, basic, and C-terminal.
The basic domain (42 to 64 amino acids), similar to
the basic sequence of VEGF-A, is the region known to
specifically bind to KDR in HUVECs (Jia et al, 2001).
In an attempt to determine whether Tat interaction
with KDR leading to HBMEC cytotoxicity was medi-
ated by the basic domain of Tat, cytotoxicity assays
were performed using �Tat lacking basic domain as
described above. The results revealed that Tat lacking
basic domain exhibited significantly less cytotoxicity
of HBMECs as compared to a full length Tat (Figure 1).
Taken together, these data suggested that Tat basic
domain is essential for HBMEC cytotoxicity.

Tat-mediated cytotoxicity is dependent on PI3K
but FAK independent
Previous studies have shown that KDR activation
stimulate downstream signaling events involving
phosphatidylinositol 3-kinase (PI3K) and focal ad-
hesion kinase (FAK) activations (Mitola et al, 2000;
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Figure 3 (A) Amplification of kdr and β-actin by RT-PCR. The ex-
pected 490-bp kdr fragment was amplified only in HBMECs treated
with IFN-γ , whereas β-actin 294-bp fragment was equally ampli-
fied from all samples. Note that HBMECs treated with IFN-γ for
24 and 48 h exhibited higher levels of KDR. Results are represen-
tative of three independent experiments. (B) IFN-γ treatment of
HBMECs leads to increased KDR expression at the protein level.
HBMECs with or without the prior treatment of IFN-γ for 48 h
were lysed. Proteins were immunoprecipitated and immunoblot-
ted with anti-KDR antibody as described in Materials and Methods.
Note that KDR expression is increased in IFN-γ –treated HBMECs.
(C) For loading control, following HBMEC lysis, as in B, 2 μl of
total proteins were electrophoresed and stained using coomassie
blue staining.

Qi and Claesson-Welch, 2001; Thakker et al, 1999).
To determine whether Tat-mediated cytotoxicity re-
quires PI3K and/or FAK, we performed cytotoxi-
city assays using PI3K or FAK dominant-negative

Figure 4 Tat-induced cytotoxicity of HBMECs is mediated by its
interactions with KDR on HBMECs. To determine the role of KDR,
cytotoxicity assays were performed using Tat and IFN-γ in the
presence of anti-KDR antibody (10 μg/ml) or control antibody
(anti-His antibody, 10 μg/ml) as described in Figure 1. Note that
KDR antibody inhibited Tat-mediated HBMEC cytotoxicity. Re-
sults represent mean of three independent experiments. Error bars
represent standard deviation.

HBMECs. Tat-mediated cytotoxicity was completely
abolished in PI3K dominant-negative cells as com-
pared to HBMECs transfected with pcDNA3 alone
(Figure 5). HBMECs expressing either mutant p85

Figure 5 Tat-induced cytotoxicity of HBMECs is PI3K depen-
dent and FAK independent. To determine the role of PI3K and
FAK in Tat-mediated cytotoxicity, HBMECs were transfected with
pcDNA3, or �p85, or �p110, or �FAK and used in Tat-induced
cytotoxicity assays in the presence of IFN-γ as described in Materi-
als and Methods. Note that Tat-induced cytotoxicity was abolished
in HBMECs overexpressing PI3K mutants (�p85 and �p110). Re-
sults represents mean of three dependent experiments. All experi-
ments were performed in triplicates. Error bars represent standard
deviation.
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or mutant p110 (PI3K subunits) showed complete
inhibition of Tat-induced cytotoxicity. In contrast,
Tat-mediated cytotoxicity was not affected in FAK
dominant-negative cells, indicating that Tat-induced
cytotoxicity in HBMECs is dependent on PI3K but
independent of FAK (Figure 5).

Discussion

Several lines of evidence suggest that HIV-1 proteins
such as gp120 or Tat and inflammatory cytokines
such as TNF-α and IFN-γ released by HIV-1–infected
cells contribute to HIV-1–associated neurologic dis-
orders (Annunziata et al, 1998; Banks et al, 1997;
Bussolino et al, 2001; Fiorelli et al, 1999; Hofman
et al, 1993; Kolb et al, 1999; Kruman et al, 1998;
Lafrenie et al, 1997; Rappaport et al, 1999). In this
study, we showed that Tat (0.1 μg/ml) in the pres-
ence of IFN-γ (2 ng/ml) induced cytotoxicity in pri-
mary HBMEC monolayers. These cytopathic effects
of Tat at picomolar concentrations are likely to be bi-
ologically relevant because similar concentrations of
Tat have been detected in the supernatant of HIV-1–
infected cells as well as in the sera of some HIV-1–
infected individuals (Ensoli et al, 1990; Westendorp
et al, 1995; Zauli et al, 1995). In addition, IFN-γ has
been shown to be increased in the serum of HIV-1–
infected individuals (Benyoucef et al, 1997; Graziosi
et al, 1996). This is the first report describing Tat-
induced cytotoxicity in HBMECs, suggesting Tat in
the presence of IFN-γ contributes to the blood-brain
barrier perturbations that occur commonly in HIV-
1–infected patients. These findings also suggest that
Tat is a major HIV-1 protein contributing to blood-
brain barrier perturbations. The characterization of
Tat-mediated HBMEC dysfunction may provide in-
sights into mechanisms involved in CNS injury and
paracellular migration of HIV-1 monocytes across
the blood-brain barrier, critical events in HIV-1 neu-
ropathogenesis.

We determined the molecular basis for the re-
quirement of IFN-γ for Tat-mediated cytotoxicity
in HBMECs. Tat can be divided into five domains
termed, N-terminal, cysteine-rich, core, basic, and C-
terminal. The C-terminal domain contains an RGD
sequence, which represents the major cell attach-
ment moiety recognized by integrin receptors α5β1
and αvβ3 for fibronectin and vitronectin, respectively
(Barillari et al, 1999; Fiorelli et al, 1999). The basic
domain (42 to 64 amino acids) is similar to the ba-
sic sequence of VEGF-A and has been shown to bind
αvβv (Vogel et al, 1993) and KDR (Jia et al, 2001) in
HUVECs, whereas the cysteine-rich domain interacts
with chemokine receptors, CCR2 and CCR3 (Albini
et al, 1998). IFN-γ treatment has been shown to up-
regulate the expression of integrins α5β1, αvβ3, αvβv,
and kdr in HUVECs (Barillari et al, 1993; Fiorelli
et al, 1995, 1998, 1999; Philippon et al, 1994). We
showed that IFN-γ treatment of HBMECs resulted in

up-regulation of KDR both at the mRNA and pro-
tein level, as compared to untreated cells. In con-
trast, expression levels of integrins receptors were un-
changed (data not shown), suggesting a possible role
of KDR in Tat-mediated cytotoxicity in IFN-γ –treated
HBMECs. In support of this possibility, we showed
that Tat directly activates KDR (i.e., tyrosine phos-
phorylation) when incubated with HBMECs in the
presence of IFN-γ . We further showed that anti-KDR
antibody blocks Tat-mediated HBMEC cytotoxicity.
Our findings are consistent with those of other inves-
tigators who have shown that vascular endothelial
cells become responsive to Tat after exposure to cy-
tokines (e.g., TNF-α, IFN-γ ) (Barillari et al, 1999;
Fiorelli et al, 1999; Morini et al, 2000). In contrast,
several investigators have shown in HUVECs that Tat
up-regulates E-selectin expression and IL-6 secretion
(Hofman et al, 1993), as well as activates KDR, lead-
ing to angiogenic effect (Mitola et al, 2000) or apop-
tosis (Jia et al, 2001), and this activation does not
require IFN-γ . One explanation for this discrepancy
could be due to the use of endothelial cells from dif-
ferent origins such as umbilical vein. An alternative
explanation may stem from different receptors inter-
acting with different regions of Tat. For example, Tat
activates a proangiogenic program in HUVECs by ac-
tivating KDR and integrins, which requires the basic
and cysteine-rich domain as well as the C-terminal
region of Tat (Mitola et al, 2000). Additional studies
are needed to examine whether Tat-mediated diverse
effects in different tissues may stem from its interac-
tions with different receptors and/or involvement of
different regions of Tat.

KDR, upon interaction with its ligand such as Tat, is
autophosphorylated at its cytoplasmic domain. There
are four tyrosine phosphorylation sites (Tyr-951, Tyr-
996, Tyr-1054, and Tyr-1059) identified to date, which
act as docking sites for SH2- and SH3-containing
molecules (Dougher-Vermazen et al, 1994). Signaling
events downstream of KDR have been somewhat con-
troversial in endothelial cells. Thakker et al (1999)
have shown in HUVECs that upon interaction with
VEGF-A, cytoplasmic domain of KDR is phosphory-
lated and binds p85 (a regulatory subunit of PI3K that
contains SH2 domain), which recruits p110 (catalytic
subunit of PI3K), thus mediating PI3K signaling cas-
cades. PI3K activation in HUVECs was shown to de-
pend on the interaction of KDR with the basic do-
main of Tat, not the C-terminal domain (Mitola et al,
2000). Of interest, VEGF has been shown to activate
FAK and stimulate migration and stress fiber forma-
tion in HUVECs, but has no effect on PI3K (Abedi and
Zachary, 1997). In contrast, Qi and Claesson-Welch
(2001) have shown in porcine aortic endothelial cells
that VEGF-A interactions with KDR induced migra-
tion (angiogenesis), which was dependent on activa-
tion of both FAK and PI3K. These studies were per-
formed using VEGF-A (a well-known ligand for KDR).
These findings represent the diverse mechanisms of
KDR signaling leading to various phenotypes such as
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angiogenesis, but their relevance to Tat-KDR interac-
tions in HBMECs is unclear.

To determine the roles of FAK and PI3K in Tat-
mediated cytotoxicity in HBMECs, we performed cy-
totoxicity assays, using FAK and PI3K dominant-
negative cell lines. Tat-mediated cytotoxicity was
completely abolished in PI3K dominant-negative
cells, whereas no significant change in cytotoxicity
was observed in FAK dominant-negative HBMECs.
These data suggest that Tat-induced cytotoxicity in
HBMECs is dependent on PI3K but independent
of FAK. FAK is known to be activated by various
integrins (Ivankovic-Dikic et al, 2000), suggesting
that Tat-integrins interactions may not be critical in
Tat-mediated cytotoxicity of HBMECs. These find-
ings are supportive of those of our RNA studies,
which showed no up-regulation of integrins in IFN-
γ –treated HBMECs. In contrast, other investigators
have shown the upregulation of α5β1 and αvβ3 in-
tegrins by IFN-γ and Tat (the RGD sequence at the
C-terminal region of Tat) interactions with these
integrins induces migration and invasion in hu-
man umbilical vascular endothelial cells (HUVECs)
(Barillari et al, 1999). These differences could be due
to different cell types (HBMECs versus HUVECs) or
different phenotypes (cytotoxicity versus angiogene-
sis), or involvement of different domains of Tat (basic
region versus C-terminal region).

Extracellular Tat has been shown to interact with
at least three classes of cell surface receptors present
on different target cells, e.g., cell adhesion recep-
tors of the integrin family, VEGF receptors, KDR and
Flt-1, and chemokine receptors, CCR2 and CCR3,
and different domains of Tat are shown to interact
with these receptors (Albini et al, 1998; Barillari
et al, 1999; Bussolino et al, 2001; Ganju et al, 1998;
Mitola et al, 2000; Morini et al, 2000). It is there-
fore tempting to speculate that Tat-mediated diverse
effects involve its interactions with different recep-
tors and/or different signaling pathways. For exam-
ple, Tat binding to integrins (α5β1, αvβ3) in HUVECs
stimulate their proliferation and invasion of extracel-
lular matrix (Fiorelli et al, 1999). In our studies, we
showed that Tat-mediated cytotoxicity of HBMECs
is dependent mainly on its basic domain interac-
tion with KDR and KDR-stimulated signaling events
involve PI3K activation. This was shown by inhi-
bition of Tat-induced cytotoxicity using anti-KDR
monoclonal antibody and by abolition of cytotox-
icity with �Tat (basic domain deletion mutant) as
well as PI3K dominant-negative HBMECs. It is in-
teresting to note that Tat lacking the basic domain
retained some cytotoxicity, suggesting the role of
other regions of Tat. Our preliminary studies have
shown that IFN-γ up-regulates CCR3, a known re-
ceptor for the cysteine-rich domain of Tat. Addi-
tional studies are needed to determine whether CCR3
plays a role in Tat-mediated HBMEC cytotoxicity.
The characterization of the Tat-mediated HBMEC cy-
totoxicity may provide insights into targeted thera-

pies to prevent HIV-1–associated blood-brain barrier
dysfunction.

Materials and methods

Cell cultures and transfections
Primary HBMECs (derived from individuals un-
dergone surgical resections) were routinely grown
on rat tail collagen–coated dishes in complete
medium (RPMI containing 10% heat inactivated fe-
tal bovine serum, 10% Nu-Serum, 2 mM glutamine,
1 mM pyruvate, penicillin [100 U/ml], streptomycin
[100 μg/ml], nonessential amino acids, and vita-
mins) as previously described (Stins et al, 1997).
Our primary HBMECs were positive for factor VIII,
carbonic anhydrase IV, ulex europaeus agglutinin I,
took up fluorescently labeled acetylated low den-
sity lipoprotein (DI-AcLDL), and expressed gamma-
glutamyltranspeptidase, demonstrating their brain
endothelial cell characteristics. More importantly,
upon cultivation on collagen-coated Transwell in-
serts, HBMECs exhibited morphologic and func-
tional properties of tight junctions as well as po-
lar monolayer as shown by the development of high
transendothelial electric resistance (TEER) equal to
300 to 600 �/cm2 as compared to TEER values of
nonbrain endothelial cells, which are usually less
than 15 �/cm2 (Stins et al, 1997; Zhang et al, 2002).
For dominant-negative studies, HBMECs were trans-
fected with plasmid constructs encoding human PI3K
and FAK mutants as described previously (Reddy
et al, 2000a, 2000b). Briefly, DNA-Lipofectamine
complex (Invitrogen, Carlsbad, CA) in RPMI were
added to 50% to 70% confluent HBMEC monolay-
ers. Cultures were incubated for 6 h followed by the
addition of complete medium. Three days after the
transfection, cells were transferred to medium con-
taining G418 at 400 μg/ml (geneticin; Invitrogen) to
establish cell lines that stably expressed mutant PI3K
or FAK proteins. For controls, HBMECs were trans-
fected with the vector alone (pcDNA3; Invitrogen)
and selected as described above.

Purification of Tat
Tat protein (86 amino acids with six histidine at the
C-terminus) was prepared as previously described
(Patki and Lederman, 1996). Briefly, Escherichia coli
(XL1-blue; Stratagene, La Jolla, CA) transfected with
plasmid (pTat6xHis, obtained from the National
Institute of Health AIDS Research and Reference
Reagent Program) were grown in 1-L cultures. Tat
expression was induced by incubation of mid-log-
phase bacterial cultures with 200 μg/ml isopropyl-
D-thiogalactopyranoside (IPTG; Invitrogen) for 2 h.
Bacteria were collected and lysed overnight in 6 M
guanidine HCl buffered with 0.1 M Na2HPO4, 0.1 M
NaH2PO4, pH 8.0 (sample buffer), at room temper-
ature. Lysates were centrifuged at 20,000 × g for
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60 min at room temperature. The supernatant was
then placed over one ml of Ni2+-nitrilotriacetate-
agarose (NTA-agarose; Qiagen, Valencia, CA).
Loosely bound proteins were eluted by washing
with five column volumes of sample buffer and five
column volumes of 6 M guanidine HCl, 0.2 M sodium
acetate, pH 6.0. Purified protein was recovered by
eluting with 10 ml of 6 M guanidine HCl, 0.2 M
sodium acetate, pH 4.0. The eluted recombinant Tat
protein was dialyzed against 8 M urea to remove
guanidine HCl. Tat protein was then refolded by
sequential dialysis against decreasing concentrations
of urea. Protein concentration was determined (Bio-
Rad, Hercules, CA). Aliquots of protein were stored
at −80◦C and used for all experiments. Purity of
protein was estimated to be >95% after SDS-PAGE.
Western blotting was performed using anti-Tat
antibody to confirm Tat reactivity. Purified Tat
obtained from the National Institute of Health AIDS
Research and Reference Reagent Program was used
as a reference. Purified Tat86 and �Tat lacking basic
domain region (31 to 61 residues) were examined for
their intracellular LTR activity using transactivation
assays in D3R5 lymphocytic cells containing HIV-
LTR-GFP (green fluorescence protein) as we have
previously described (Ma and Nath, 1997).

Cytotoxicity assays
To determine the pathogenic potential of HIV-1 Tat,
cytotoxicity assays were performed as previously de-
scribed (Khan et al, 2000). Briefly, HBMECs were
grown to monolayers in 24-well plates. Once con-
fluent, cultures were incubated at 37◦C with Tat
(0.1 μg/ml) and IFN-γ (2 ng/ml; R & D, systems,
Minneapolis, MN) in experimental media (5% heat-
inactivated fetal bovine serum, 2 mM glutamine,
penicillin [100 U/ml], streptomycin [100 μg/ml], and
nonessential amino acids) in 5% CO2 incubator for
up to 72 h. Supernatants were collected and cyto-
toxicity was determined by measuring lactate dehy-
drogenase (LDH) release using Cytotoxicity Detection
Kit (Roche, Indianapolis, IN) and converted into per-
cent cytotoxicity as follows: (sample value − con-
trol value/total LDH release − control value) × 100 =
% cytotoxicity. Control values were obtained from
cells incubated alone. Total LDH release was deter-
mined from HBMEC treated with 1% Triton X-100 for
15 min at 37◦C. Results represent mean from three in-
dependent experiments. In inhibition experiments,
antibodies and inhibitors were added 1 h before
treatment of HBMECs with Tat and IFN-γ , and
cytotoxicity assays were carried out as described
above.

RT-PCR analysis of kdr expression
Total RNA was extracted from HBMEC cultures
grown on 60-mm dishes using RNAqueous-4PCR
(Ambion, Austin, TX) according to the manufac-
turer’s instructions. The mRNA fraction was puri-
fied from total RNA using Oligotex mRNA mini kit

(Qiagen) and ethanol precipitated in 0.5 M ammo-
nium acetate using Linear Acrylamide as coprecip-
itant (Ambion). The amount and the quality of the
mRNA was verified by measuring the absorbance at
260 and 280 nm. Oligo (dT)-primed reverse transcrip-
tion of RNA was performed using SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen).
Approximately 200 ng of mRNA were used in each
reaction. PCR amplification of kdr was performed
from 2 μl of each cDNA using primers KDR3510f
(5′-TGGATGGCCCCAGAAACAAT) and KDR3999r
(5′-CAGGCCGGCTCTTTCGCTTA). Primers were de-
signed on different exons using Jellyfish 1.4
(Biowire.com) for the amplification of a 490-bp frag-
ment from cDNA. The PCR program consisted of one
preincubation at 94◦C for 2 min and 40 cycles at
94◦C for 30 s, 55◦C for 30 s, and 68◦C for 1 min.
β-Actin amplification was successively performed
from 2 μl of each kdr PCR reaction using commercial
primers (QuantumRNA β-Actin Internal Standards;
Ambion). The PCR program consisted of one prein-
cubation 94◦C for 2 min and 20 cycles at 94◦C for 30 s,
60◦C for 30 s, and 68◦C for 1 min. All PCR reactions
were performed using a Robocycler Gradient 40 with
heated lid (Stratagene, La Jolla, CA) in 50 μl of 1 ×
PCR buffer—1.5 mM MgCl2, 0.2 μM of each primer,
200 μM of dNTP, and 1 U of Taq DNA polymerase (In-
vitrogen). Amplification mixtures were analyzed by
agarose gel electrophoresis and bands were compared
on a Gel Doc 1000 using Quantity One 4.1 software
(Bio-Rad, Hercules, CA).

Immunoprecipitation and Immunoblotting
Confluent HBMECs were treated with and without
IFN-γ (2 ng/ml) in experimental media for 24 h. Fol-
lowing this treatment, cells were stimulated with Tat
(0.1 μg/ml) for the indicated periods and rinsed with
ice-cold phosphate-buffered saline (PBS) containing
0.1 mM Na3VO4. The monolayers were lysed in ly-
sis buffer composed of 50 mM Tris-HCl (pH 7.4),
0.1% SDS, 0.5% Na deoxycholate, 10 mM Na py-
rophosphate, 25 mM β-glycerophosphate, 150 mM
NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton X-
100, 1 mM Na3VO4, 50 mM NaF, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 μg/ml aprotonin,
1 μg/ml leupeptin, and 1 μg/ml pepstatin. Cell lysates
were centrifuged at 16,000 × g at 4◦C and super-
natant quantified for protein concentration (Bio-Rad).
Equal amounts of protein (500 μg) were incubated
with appropriate antibody overnight at 4◦C and in-
cubated for 1 h with Protein A-agarose (Roche). The
samples were washed four times with lysis buffer
without sodium deoxycholate. Samples were eluted
by boiling in SDS sample buffer (Invitrogen) con-
taining 10% β-mercaptoethanol (Sigma, St. Louis,
MO) and separated by SDS-PAGE. Samples were
then electrophoretically transferred onto pure nitro-
cellulose membrane (Schleicher & Schuell, Keene,
NH). The blots were blocked in TBST (25 mM
Tris, pH 7.4, 150 mM NaCl, and 0.1% Tween 20)



Tat-mediated cytotoxicity of HBMECs
NA Khan et al 591

containing 5% nonfat dry milk at room temperature
for 1 h. Blots were probed with specific antibod-
ies overnight at 4◦C, washed with TBST, and incu-
bated with horseradish peroxidase–conjugated sec-
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