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In the era of antiretroviral therapy, although the human immunodeficiency virus (HIV) replication can be successfully controlled,
complications of the CNS continue to affect infected individuals. Viral Tat protein is not only neurotoxic but has also been shown to
disrupt the integrity of the blood– brain barrier (BBB). Although the role of brain microvascular endothelial cells and astrocytes in
Tat-mediated impairment has been well documented, pericytes, which are important constituents of the BBB and play a key role in
maintaining the integrity of the barrier, remain poorly studied in the context of HIV-associated neurocognitive disorders (HAND). In the
present study, we demonstrated that exposure of human brain microvascular pericytes and C3H/10T1/2 cells to HIV-1 Tat101 resulted in
increased expression of platelet-derived growth factor subunit B homodimer (PDGF-BB) and increased migration of the treated cells.
Furthermore, we also demonstrated that this effect of Tat was mediated via activation of mitogen-activated protein kinases and nuclear
factor-�B pathways. Secreted PDGF-BB resulted in autocrine activation of the PDGF-BB/PDGF � receptor signaling pathway, culminat-
ing ultimately into increased pericyte migration. Ex vivo relevance of these findings was further corroborated in isolated microvessels of
HIV Tg26 mice that demonstrated significantly increased expression of PDGF-BB in isolated brain microvessels with a concomitant loss
of pericytes. Intriguingly, loss of pericyte coverage was also detected in sections of frontal cortex from humans with HIV-encephalitis
compared with the uninfected controls. These findings thus implicate a novel role of PDGF-BB in the migration of pericytes, resulting in
loss of pericyte coverage from the endothelium with a subsequent breach of the BBB.
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Introduction
The cerebrovascular unit of the blood– brain barrier (BBB) con-
sists of endothelial cells, astrocytes, and pericytes, which cooper-
atively maintain a tight barrier that is impermeable to toxic
agents, ions, and pathogens, thereby maintaining homeostasis
and keeping the brain as an immunoprivileged organ. One of the
pivotal mechanisms leading to neuroinflammation associated
with human immunodeficiency virus type 1 (HIV-1) infection of

the CNS involves breach of the BBB, resulting in influx of inflam-
matory cells in the CNS with ensuing neurological complications.
Although the roles of endothelial cells and astrocytes in BBB dys-
function in the context of HIV proteins (Tat and Gp120) have
been well studied (Kim et al., 2003; Toborek et al., 2003; Zhou et
al., 2004; Ricardo-Dukelow et al., 2007; Hsue et al., 2009; Masiá et al.,
2010; McArthur et al., 2010; Bethel-Brown et al., 2012; Xu et al.,
2012; Zhong et al., 2012), the function of pericytes, one of the un-
derstudied but important cell types of the cerebrovascular unit, re-
mains poorly understood.

Pericytes are uniquely positioned within the brain microvas-
cular and play an integral role in the development and mainte-
nance of the cerebrovascular unit (Bell et al., 2010). These cells
are known to function as integrators, coordinators, and effectors
of the BBB, which in turn regulates permeability of the barrier,
the cerebral blood flow, and toxic product clearance (Winkler et
al., 2011). Loss of pericytes resulting in disruption of the BBB has
been observed in several pathologies in animal models (Shah et
al., 2013; Zechariah et al., 2013). Furthermore, platelet-derived
growth factor subunit B homodimer (PDGF-BB) signaling
through its cognate PDGF � receptor (PDGFR�) is essential for

Received March 20, 2014; revised June 12, 2014; accepted July 15, 2014.
Author contributions: F.N., H.Y., and S.B. designed research; F.N. and W.Z. performed research; R.L.S. contributed

unpublished reagents/analytic tools; F.N. analyzed data; F.N., H.Y., and S.B. wrote the paper.
This work was supported by National Institutes of Health Grants DA033150, DA033614, DA035203, and

DA036157 (SB). We thank Novartis for providing us with STI-571. We also thank Dr. Young Han Lee (Konkuk
University, Seoul, Korea) for providing the dominant-negative and constitutively active constructs of MEK and Roy L.
Sutliff (Emory University/Atlanta Veterans Affairs Medical Center, Atlanta, GA) for providing us with HIV Tg26 and
WT mice.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. Shilpa J. Buch, Department of Pharmacology and Experimental

Neuroscience, 985880 Nebraska Medical Center (DRC 8011), University of Nebraska Medical Center, Omaha, NE
68198-5880. E-mail: sbuch@unmc.edu.

DOI:10.1523/JNEUROSCI.1139-14.2014
Copyright © 2014 the authors 0270-6474/14/3411812-14$15.00/0

11812 • The Journal of Neuroscience, August 27, 2014 • 34(35):11812–11825

http://orcid.org/0000-0002-5035-7409
http://orcid.org/0000-0002-6406-5220


pericyte generation, and mice knocked down for either the ligand
or its receptor demonstrate a complete loss of pericyte coverage
(Lindahl et al., 1997) and exhibit endothelial hyperplasia and
increased vascular permeability (Hosaka et al., 2013).

In recent years, the role of pericytes in HIV-associated neuro-
cognitive disorders (HAND) has been gaining attention. For ex-
ample, recent findings by Nakagawa et al. (2012) demonstrate
that pericytes are capable of being infected by HIV-1, thereby
implicating the role of these cells in the progression of HIV-
induced damage of the CNS. Similar to glial activation by inflam-
matory agents, pericytes have also been shown to be activated in
response to lipopolysaccharide (LPS), leading in turn to release of
mediators that aid in promoting transcytosis of HIV-1 virus
across the BBB (Dohgu and Banks, 2013). Because HIV proteins
such as Tat are present in the host despite suppression of virus
replication in treated individuals and because Tat is known to
induce expression of cerebrovascular permeants such as PDGF
(Bethel-Brown et al., 2011; Bethel-Brown et al., 2012), we sought
to examine the modulation of PDGF-BB in pericytes exposed to
HIV-1 Tat and, subsequently, to examine how this modulation
affected pericyte functioning. Herein, cell culture findings were
also validated ex vivo in both an HIV-1 transgenic mouse model
(Dickie et al., 1991) and sections of the frontal cortex from hu-
mans with HIV-encephalitis (HIV-E). These findings could have
clinical implications in the development of therapeutic strategies
aimed at restoring the BBB breach in patients with HANDs.

Materials and Methods
Animals. HIV-1 transgenic mice (Tg26), which express high levels of HIV
protein, such as Tat, rev, nef, vif, vpr, and vpu, were established using the
7.4 kb transgene construct lacking the 3 kb sequence overlapping the
gag/pol region of provirus pNL4-3 (Mouse Genome Informatics identi-
fication number 3771187) as described previously (Kopp et al., 1992).
Tg26 mice in the FVB/N background were backcrossed eight generations
to a C57BL/6 background by Dr. Roy L. Sutliff (Veterans Affairs Medical
Center, Atlanta, GA). Wild-type (WT) mice generated from the same
litter of Tg26 mice were used as controls for these studies. All animals
were housed under conditions of constant temperature and humidity on
a 12 h light/dark cycle, with lights on at 7:00 AM. Food and water were
available ad libitum. Animals of either sex were deeply anesthetized by an
overdose of isoflurane, followed by pneumothorax before perfusion. All
animal procedures were performed according to the protocols approved
by the Institutional Animal Care and Use Committee of the University of
Nebraska Medical Center and the National Institutes of Health.

Cell culture. Primary human brain vascular pericytes (HBVPs) were
purchased from ScienCell and cultured in the pericyte medium (Scien-

Cell). Cell culture dishes were coated with poly-L-lysine (2 �g/cm 2) and
were used in passages 2–5. Pericyte cell line C3H/10T1/2, clone 8 cell line
was purchased from American Type Culture Collection (catalog
#CCL226). Cells were cultured with MEM (Gibco) containing 10% heat-
inactivated fetal bovine serum, penicillin (100 U/ml), streptomycin (100
�g/ml), and 2% sodium bicarbonate solution (Gibco) and were used for
passages 4 –14.

Reagents. Recombinant Tat101 was purchased from ImmunoDiag-
nostics. Recombinant PDGF-BB and the specific mitogen-activated
protein (MAP) kinase kinase 1/2 (MEK1/2) inhibitor U0126 [1,4-
diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene]
were purchased from R&D Systems. Mouse neutralizing PDGF-BB
antibody and the IgG control antibody were purchased from Abcam.
Inhibitor specific for p38 (SB203580 [4-(4-fluorophenyl)-2-(4-methyl-
sulfinylphenyl)-5-(4-pyridyl)-1 H-imidazole]) was purchased from
Andwin Scientific, for phosphoinositide 3-kinase (PI3K) (LY294002 [2-
(4-morpholinyl)-8-phenyl-1(4 H)-benzopyran-4-one]) was purchased
from Cayman Chemical, and for Janus kinase (JNK) inhibitor II
[SP600125 (anthra[1,9-cd]pyrazol-6(2 H)-one)] was purchased from
EMD Chemical Millipore. PDGFR Tyrosine kinase inhibitor STI571 (4-
[(4-methylpiperazin-1-yl)methyl]-N-[4-methyl-3-[(4-pyridin-3-ylpy-
rimidin-2-yl)amino]phenyl]benzamide) was obtained from Novartis.
CellTracker Green CMFDA (5-chloromethylfluorescein diacetate) was
purchased from Invitrogen. The primary antibodies used included the
following: phosphorylated extracellular signal-regulated protein kinase
(p-ERK)/ERK, p-JNK/JNK, p-p38/p38, p-Akt/Akt, p-nuclear factor-�B
inhibitor (I�B-�)/I�B-�, and p-PDGFR-� were purchased from Cell
Signaling Technology; HIV Tat, cluster of differentiation 31 (CD31),
nuclear factor-�B (NF-�B), PDGF-BB (mouse/rabbit), and PDGFR-�
antibody were obtained from Abcam; NG2 and 4G10 antibody was pur-
chased from Millipore; GAPDH and Lamin B were purchased from Santa
Cruz Biotechnology; �-actin was purchased from Sigma-Aldrich. The
secondary antibodies were alkaline phosphatase conjugated to goat anti-
mouse/rabbit IgG or rabbit anti-goat IgG (Jackson ImmunoResearch).

Boyden chamber migration assay. A Boyden chamber (Corning Costar)
was used to determine the migration of pericytes in vitro as described
previously (Yao et al., 2013). Briefly, cells were fluorescently labeled with
10 �M cell tracker green for 10 min at 37°C. Labeled cells (1 � 10 6

cells/ml) were added to the upper compartment of transwell inserts in
serum-free medium with different treatments in both sides of the cham-
ber. The transwell plates were incubated for 18 h at 37°C, followed by
quantification of pericyte migration by measuring the number of mi-
grated cells after detachment of cells from the insert using a Synergy Mx
fluorescence plate reader (BioTek Instruments).

Wound-healing assay. The other method to detect pericyte migra-
tion involved the CytoSelect Wound Healing Assay Kit (Cell Biolabs)
according to the instructions of the manufacturer. Briefly, 600 �l of
cell suspension containing C3H/10T1/2 (3 � 10 5 cells/ml) or HBVP

Table 1. Clinical data for human brain tissue samples

Case number HIV-1 infection Age (years) Gender Viral load (plasma) Neurocognitive assessment Antiretroviral therapy Pathology

1(3015) Negative 64 Female NA Neuropsychological impairment
or dementia attributable to
another cause

None HIV �, PML

2(7101958083) Negative 46 Male NA Unable to reliably assign neuro-
cognitive diagnosis

None HIV �

3(7102308387) Negative 49 Male NA Unable to reliably assign neuro-
cognitive diagnosis

None HIV �

4(4084) HIV-E 46 Male 40,519 Neuropsychological impairment
or dementia attributable to
another cause

None HIV-E, Alzheimer type
2 gliosis

5(5007) HIV-E 37 Female 750,000 Possible HAND TFV, ddl, KTA HIV-E, Alzheimer type
2 gliosis

6(4151) HIV-E 58 Male 4,064 Possible HAND TFV, RTV, DAR, KTA, TZV,
ATV, TRU, ATR, ETC

HIV-E, Alzheimer type
2 gliosis

ATR, Atripla; ATV, atazanavir; DAR, darunavir; ddl, didanosine; ETC, emtricitabine; KTA, Kaletra; PML, progressive multifocal leukoencephalopathy; RTV, ritonavir; TFV, tenofovir; TRU, Truvada; TZV, Trizivir.
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(4 � 10 5 cells/ml) was plated to form the
monolayer within the wound field. The cells
were treated for 18 h and monitored for mi-
gration after stopping the reaction by stain-
ing buffer and subsequently photographed
using the Olympus DP71 microscope. Statis-
tical data on the percentage of migrated cells
was done using the Tscratch software (Ge-
back et al., 2009).

Reverse transcription and real-time PCR. The
conditions for reverse transcription (RT) and
real-time PCR assays have been described pre-
viously (Yao et al., 2011a). Real-Time PCR
primers for mouse PDGF-A, PDGF-B,
PDGF-C, and 18S were obtained from SA Bio-
sciences. Total RNA was extracted with TRIzol
reagent (Invitrogen) according to the instruc-
tions of the manufacturer. Quantitative analy-
ses of mRNA were conducted using ABI 7500
Fast Real-Time PCR system (Applied Biosys-
tems). Amplifications were performed for 40
cycles (denaturation, 30 s at 95°C; annealing, 1
min at 60°C).

Short-interfering RNA and plasmid transfec-
tion. C3H/10T1/2 cells were transfected with
short-interfering RNA (siRNA) of PDGFR-�
(Thermo Fisher Scientific) and also with plas-
mid constructs containing either WT or
dominant-negative (DN) MEK or I�B overex-
pressing (OE) constructs. The knockdown ef-
ficiency of siRNAs was determined 1 d after
transfection using Western blot.

Western blot. Treated cells or isolated mi-
crovessels were lysed using the Mammalian
Cell Lysis kit (Sigma-Aldrich) as described pre-
viously (Yao et al., 2011a). Equal amounts of
the proteins were electrophoresed in a SDS-
polyacrylamide gel (12%) under reducing
conditions, followed by transfer to PVDF
membranes. The blots were blocked with 5%
bovine serum albumin in TBST (TBS and
Tween 20). Western blots were probed with
antibodies recognizing p-ERK/ERK [Cell
Signaling Technology; catalog #9101S/9107S;
Research Resource Identifier (RRID): AB_
331646/AB_10695739], p-JNK/JNK (Cell Sig-
naling Technology; catalog #9251S/9252S;
RRID: AB_331659/AB_10693936), p-p38/p38
(Cell Signaling Technology; catalog #9211S/
9212S; RRID: AB_331640/AB_10695667),
p-Akt/Akt (Cell Signaling Technology;
catalog #9271S/9272S; RRID: AB_329825/
AB_10699016), p-I�B-�/I�B-� (Cell Signaling
Technology; catalog #2859S/4812S; RRID:
AB_561111/AB_10694416), p-PDGFR-� (Cell
Signaling Technology; catalog #3161S; RRID: AB_331053), PDGFR-�
(Abcam; catalog #ab32570; RRID: AB_777165), NF-�B (Abcam; catalog
#ab16502; RRID: AB_443394), PDGF-BB (Abcam; catalog #ab23914;
RRID: AB_2162180), Lamin B (Santa Cruz Biotechnology; catalog #SC-
6216; RRID: AB_648156), GAPDH (Santa Cruz Biotechnology; catalog
#sc-32233; RRID: AB_627679) at 1:1000 dilution, NG2 (Millipore; cata-
log #ab5320; RRID: AB_11213678) and HIV Tat (Abcam; catalog
#ab24778; RRID:AB_448314) at 1:500 dilution, and �-actin (Sigma-Al-
drich; catalog #A1978; RRID: AB_476692) at 1:5000 dilution. Signals
were detected by chemiluminescence (Pierce). All experiments were re-
peated four times individually, and representative blots are presented in
the figures.

Immunoprecipitation. Immunoprecipitation was performed as de-
scribed previously (Yao et al., 2011b). C3H/10T1/2 cells were treated

with Tat101 (200 ng/ml) for varying times and then lysed using the
Mammalian Cell Lysis kit (Sigma-Aldrich). For each sample, 150 �g of
protein was used for immunoprecipitation. Cell lysates were incubated
with 1 �l of anti-4G10 antibody (Millipore; catalog #ab5320; RRID:
AB_11213678) overnight at 4°C, followed by incubation with 30 �l of
protein A Sepharose CL-4B (GE Healthcare) for 1.5 h at 4°C. The mixture
was then centrifuged at 12,000 rpm for 1 min, and the cell pellets were
rinsed twice with the lysis buffer (1.0% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 150 mM NaCl, 9.1 mM Na2HPO4, and 1.7 mM

NaH2PO4) containing proteinase and phosphatase inhibitors. Finally, 30
�l of 2� Western blot loading buffer was added and boiled for 5 min.
After spinning at 12,000 rpm for 1 min, the supernatants were subjected
to Western blot analysis as described above.

Isolation of brain microvessels. Brain microvessels were isolated as de-
scribed previously (Yao et al., 2011a). Briefly, the brains were removed

Figure 1. Tat101 mediated upregulation of PDGF-BB in both C3H/10T1/2 cells and HBVPs. A, Real-time PCR analysis of PDGF-A,
PDGF-B, and PDGF-C chain mRNA expression in C3H/10T1/2 cells treated for varying time points with Tat101 (200 ng/ml). Tat101
significantly increased PDGF-B chain mRNA expression, with a modest increase in PDGF-C and no change in expression of PDGF-A
chain. B, Tat101 upregulated PDGF-BB expression in C3H/10T1/2 cells in a concentration-dependent manner, with maximal
response at 200 ng/ml. C, Tat101-mediated time-dependent induction of PDGF-BB expression in C3H/10T1/2 cells and HBVPs.
C3H/10T1/2 cells (D) and HBVPs (E) were treated with Tat101 for 24 h and stained with antibodies specific for PDGF-BB. Overlay
images are shown on the left, whereas the analysis data are shown at the right side. Scale bars, 20 �m. All data are presented as
mean � SD of four individual experiments. *PDGF-A; #PDGF-B; %PDGF-C. * ,#p � 0.05; %%p � 0.01; *** ,###,%%%p � 0.001
versus the control (Con) group (Student’s t test).
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and immediately immersed in ice-cold isolation buffer A (in mM: 103
NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4,1.2 MgSO4, and 15 HEPES, pH
7.4). The choroid plexus, meninges, cerebellum, and brainstem were
removed, followed by homogenization of the brain in 2.5 ml of isolation
buffer B (25 mM NaHCO3, 10 mM glucose, 1 mM Na � pyruvate, and 10
g/L dextran, pH 7.4) with complete protease inhibitors. Dextran (6 ml;
26%) was then added to the homogenates, followed by centrifugation at
5800 � g for 20 min. Cell pellets were resuspended in isolation buffer B and
filtered through a 70 �m mesh filter (BD Biosciences). Filtered homogenates
were repelleted by centrifugation, and part of it was used for staining by
smearing on glass slides, and the other portion was lysed for Western
blotting.

Immunofluorescence staining. Brain microvessels smeared on glass
slides and pericytes (HBVP and C3H/10T1/2) cultured on coverslips
were fixed with 4% formaldehyde in PBS for 20 min at room temperature
(RT). The slides or coverslips were washed three times with PBS, perme-
abilized with 0.3% Triton X-100 for 30 min, rewashed three times, and
blocked in 10% goat serum in PBS for 2 h at RT. The following antibodies
were used for immunostaining: mouse HIV Tat antibodies (Abcam; cat-
alog #ab24778; RRID:AB_448314; 1:100), rabbit NG2 antibodies (Milli-
pore; catalog #ab5320; RRID:AB_11213678; 1:200), mouse CD31
antibodies (Abcam; catalog #ab24590; RRID:AB_448167; 1:100), mouse
PDGF-BB antibodies (Abcam; catalog #ab51869; RRID:AB_2299427;
1:100), and rabbit PDGFR-� antibodies (Abcam; catalog #ab32570;
RRID:AB_777165; 1:100). The slides or coverslips were washed with PBS
and incubated with Alexa Fluor 594-conjugated anti-mouse (Life Tech-
nologies; catalog #A11005; RRID:AB_10561507) and Alexa Fluor 488-
conjugated anti-rabbit IgG (Life Technologies; catalog #A11008; RRID:
AB_10563748) for 2 h at RT. After a final washing with PBS, the slides or
coverslips were mounted with the mounting medium (Prolong Gold
Anti-fade Reagent; Invitrogen). Fluorescent images were acquired at RT

on a Zeiss Observer using a Z1 inverted microscope with a (40�, numer-
ical aperture 0.3) oil-immersion objective. Images were processed using
the AxioVs 40 Version 4.8.0.0 software (Carl Zeiss). Photographs were
acquired with an AxioCam MRm digital camera and were analyzed with
NIH ImageJ software (ImageJ; RRID: nif-0000-30467).

Tissue and immunostaining. Formalin-fixed, paraffin-embedded sec-
tions (5 �m) of frontal cortex from HIV-negative (HIV �) subjects and
patients with HIV-E were obtained from the National NeuroAIDS Tissue
Consortium (for clinical data, see Table 1) and stained with antibodies
specific for rabbit NG2 antibodies (Millipore; catalog #ab5320; RRID:
AB_11213678; 1:200), mouse CD31 antibodies (Abcam; catalog
#ab24590; RRID: AB_448167; 1:100), mouse PDGF-BB antibodies
(Abcam; catalog #ab51869; RRID: AB_2299427; 1:100), and rabbit
PDGFR-� antibodies (Abcam; catalog #ab32570; RRID: AB_777165;
1:100) overnight at 4°C. Sections were washed three times in PBS fol-
lowed by incubation in Alexa Fluor 594-conjugated anti-mouse (Life
Technologies; catalog #A11005; RRID:AB_10561507) and Alexa Fluor
488-conjugated anti-rabbit IgG (Life Technologies; catalog #A11008;
RRID:AB_10563748) for 2 h at RT. After a final washing with PBS, sec-
tions were mounted with the mounting medium (Prolong Gold Anti-
fade Reagent; Invitrogen). Fluorescent images were acquired at RT on a
Zeiss Observer using a Z1 inverted microscope with a (40�, numerical
aperture 0.3) oil-immersion objective. Images were processed using the
AxioVs40 Version 4.8.0.0 software (Carl Zeiss). Photographs were ac-
quired with an AxioCam MRm digital camera and were analyzed with
NIH ImageJ software (ImageJ; RRID: nif-0000-30467).

Statistical analysis. Statistical analysis was performed using one-way
ANOVA with a post hoc Student’s t test. Results were judged statistically
significant if p � 0.05 by ANOVA.

Figure 2. Tat101 induces pericyte migration. A, Tat101 induced C3H/10T1/2 cell and HBVP migration in a concentration-dependent manner using the wound-healing assay, whereas heated
Tat101 had no effect. Scale bars, 1.0 mm. B, The wound-healing assay was analyzed by Tscratch software and showed concentration-dependent migration of C3H/10T1/2 and HBVPs in response to
Tat101, with heated Tat exerting no effect on migration. C, Tat101-mediated migration of C3H/10T1/2 cells was concentration dependent as measured by Boyden chamber migration assay, with
maximal response observed at a concentration of 200 ng/ml. All data are presented as mean � SD of four individual experiments. *p � 0.05, **p � 0.01, ***p � 0.001 versus the Con group
(Student’s t test).
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Results
Tat101-mediated upregulation of PDGF-BB in C3H/10T1/2
cells and HBVPs
Because HIV Tat is known to induce expression of PDGF-BB in
astrocytes (Bethel-Brown et al., 2011; Bethel-Brown et al., 2012)
and endothelial cells (Mermis et al., 2011), we sought to examine
whether pericytes also responded to HIV Tat by upregulating the
expression of PDGF-BB. For this, the pericyte-like cell line (C3H/
10T1/2) was exposed to HIV Tat101 (200 ng/ml) for varying
times (1, 3, 6, 12, and 24 h), and an initial screen was done to
identify the RNA levels of different PDGF chains that were ex-
pressed by real-time PCR. As shown in Figure 1A, PDGF-B
mRNA was maximally upregulated (2.3-fold, p � 0.000629) at
3 h compared with other PDGF subtypes. For the sake of clarity,
PDGF-A to PDGF-D refer to the RNA expression, whereas
PDGF-AA to PDGF-DD refer to the protein expression of these
genes. Based on these findings, all additional studies were focused
on the PDGF-B chain. To confirm whether increased mRNA
levels of PDGF-B translated into increased protein, Western blot
analysis was done to determine the dose and time course of
Tat101-mediated induction of PDGF-BB. For the dose curve,

C3H/10T1/2 cells were treated with either Tat101 for varying
concentrations (50, 100, and 200 ng/ml) or heated Tat (200 ng/
ml), followed by protein extraction and assessment of PDGF-BB
expression by Western blot. As shown in Figure 1B, Tat101 up-
regulated PDGF-BB expression in C3H/10T1/2 cells in a
concentration-dependent manner with maximal response at 200
ng/ml (2.4-fold, p � 0.00353). Therefore, this concentration of
Tat was used for all the experiments, and it must be noted that
this is also a physiologically relevant concentration because the
level of Tat protein in the CSF is �16 ng/ml (Westendorp et al.,
1995), whereas that in the serum of HIV-positive patients is �40
ng/ml, with actual concentration at tissue sites being even higher
(Westendorp et al., 1995; Xiao et al., 2000; Toborek et al., 2005;
Rumbaugh et al., 2006; Eugenin et al., 2007). As expected, heated
Tat had no effect in inducing PDGF-BB. It should be noted that,
with all the concentrations tested, Tat failed to exert any toxicity
on pericytes as determined by cell viability assay (data not
shown).

For the time course study, C3H/10T1/2 cells and HBVP
cells were exposed to Tat101 (200 ng/ml) for varying time
points (15 min to 24 h), and as shown in Figure 1C, the ex-

Figure 3. Tat101-mediated upregulation of PDGF-BB and pericyte migration involves activation of the ERK and JNK pathways. A, Tat101-mediated time-dependent activation of the ERK, p38,
JNK, and PI3K/AKT pathways in C3H/10T1/2 cells. B, Pretreatment of C3H/10T1/2 cells with MEK (U0126), p38 (SB203580), JNK (SP600125), or PI3K (LY294002) inhibitors ameliorated Tat101-
mediated activation of the respective signaling pathways. C, Pharmacologic inhibition of the ERK and JNK pathways by MEK (U0126) and JNK (SP600125) inhibitors resulted in amelioration of
Tat101-mediated induction of PDGF-BB expression. D, Transfection with DN-MEK but not WT-MEK constructs resulted in abrogation of Tat101-mediated induction of PDGF-BB. E, Transfection with
DN-MEK but not WT-MEK resulted in abrogation of Tat101-mediated induction of migration. All data are presented as mean � SD of four individual experiments. *p � 0.05, **p � 0.01, ***p �
0.001 versus the Con group. #p � 0.05, ##p � 0.01, ###p � 0.001 versus the Tat101-treated group (Student’s t test). T, Total.
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pression of PDGF-BB was induced by Tat101 as early as 1 h
and continued to rise up to �24 h in both the cell types.
Confirmation of these findings by immunostaining also re-
vealed increased PDGF-BB expression in C3H/10T1/2 cells
and HBVPs at 24 h after Tat101 (200 ng/ml) treatment. Images
were captured by fluorescence microscopy using a 40� objec-
tive lens and analyzed by NIH ImageJ software. As shown in
Figure 1, D and E, the intensity of PDGF-BB fluorescence was
dramatically induced by Tat101, 6.2-fold ( p � 0.000196) for
C3H/10T1/2 cells and 4.1-fold ( p � 0.0113) for HBVPs. To-
gether, these findings suggested that Tat101 mediated the in-
duction of PDGF-B chain RNA and PDGF-BB protein in both
C3H/10T1/2 cells and HBVPs.

Tat101 induces pericyte migration
To determine the functional effects of Tat-induced PDGF-BB, we
sought to investigate whether Tat101 affected the migration of
C3H/10T1/2 and HBVPs using two different assays. First, we
monitored the migration of pericytes to varying concentrations
of Tat (50, 100, and 200 ng/ml) or heated Tat (200 ng/ml) using
the wound-healing assay. As shown in Figure 2, A and B, there
was a concentration-dependent effect on migration of C3H/
10T1/2 and HBVPs in response to Tat101, with heated Tat exert-
ing no effect on migration. In C3H/10T1/2 cells, concentrations
of 100 and 200 ng/ml Tat101 promoted significant migration
with maximal response observed at a concentration of 200 ng/ml
(�1.3-fold, p � 0.0282). In primary HBVPs, there was a

Figure 4. Tat101-mediated NF-�B activation in C3H/10T1/2 cells. Nuclear and cytoplasm cell lysates from C3H/10T1/2 cells were isolated from treated cells and subjected to Western blot analysis
using antibodies specific for NF-�B. Tat101 time dependently increased NF-�B protein expression in nuclear fraction (A), with a concomitant decrease in cytoplasm (B). C, Tat101-mediated
phosphorylation of I�B-� in the cytoplasmic fraction of C3H/10T1/2 cells. D, Tat101-mediated degradation of I�B-� in the cytoplasmic fraction C3H/10T1/2 cells. Pharmacologic inhibition of the
JNK pathway by JNK inhibitor (SP600125) (E) and that of the ERK pathway by MEK inhibitor (U0126) (F ) resulted in amelioration of Tat101-induced nuclear translocation of NF-�B. G, Transfection
with DN-MEK but not WT-MEK resulted in abrogation of Tat101-mediated activation of NF-�B. All data are presented as mean�SD of three individual experiments. *p �0.05, **p �0.01, ***p �
0.001 versus the Con group. #p � 0.05 versus the Tat101-treated group (Student’s t test).
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concentration-dependent effect of Tat on
migration that was significant at all the
concentrations tested. Concentrations of
100 and 200 ng/ml Tat demonstrated a
2.0-fold (p � 0.000185) and 1.8-fold (p �
0.0001034) increase in migration, respec-
tively, in HBVPs. Migration of C3H/
10T1/2 in response to HIV Tat was also
validated using the Boyden chambers.
Briefly, cells cultured in serum-free me-
dium were seeded on the upper side of the
transwell after exposure to varying con-
centrations of Tat101 (50 –200 ng/ml or
heated Tat) on both sides of the transwell.
As shown in Figure 2C, 200 ng/ml Tat101
significantly increased the migration of
C3H/10T1/2 cells (�1.3-fold, p �
0.0496), and, as expected, heated Tat101
failed to promote migration. Thus, these
findings demonstrated that exposure of C3H/10T1/2 cells and
HBVPs to Tat101 resulted in increased migration of these cells.

Tat101-mediated upregulation of PDGF-BB and pericyte
migration involves activation of the ERK and JNK pathway
Having determined that Tat101-mediated induction of PDGF-BB
expression and pericyte migration, the next step was to elucidate the
signaling pathways involved in this process. Because Tat signaling
involves MAP kinases (MAPKs) and PI3K/Akt pathways, we ex-
amined the involvement of these pathways in Tat-mediated re-
sponses. Exposure of C3H/10T1/2 cells to Tat101 resulted in a
time-dependent increase in phosphorylation of ERK1/2, p38,
JNK, and Akt, with activation as early as 15 min after treatment
(Fig. 3A). Specificity of these signaling pathways was subse-
quently assessed using a pharmacological approach. Pretreat-
ment of cells with MEK (U0126, 2 �M), p38 (SB203580, 10 �M),
JNK (SP600125, 2 �M), or PI3K (LY294002, 10 �M) inhibitors
resulted in abrogation of Tat101-induced phosphorylation of
ERK1/2, p38, JNK, and Akt (Fig. 3B), respectively.

We next sought to examine the functional role of MAPKs and
PI3K/Akt in PDGF-BB expression and pericyte migration in-
duced by Tat101. C3H/10T1/2 cells were pretreated with inhibi-
tors specific for the respective signaling pathways for 1 h,
followed by exposure of C3H/10T1/2 cells to Tat101 for 24 h with
assessment of PDGF-BB expression. As shown in Figure 3C, pre-
treatment of cells with MEK (U0126) and JNK (SP600126), but
not p38 (SB203580) or PI3K (LY294002), inhibitors resulted in
amelioration of Tat101-mediated induction of PDGF-BB expres-
sion. Additional validation of the involvement of the ERK path-
way in Tat-mediated induction of PDGF-BB was performed
using the DN constructs of MEK. For the transfection experi-
ments, we included two controls: (1) a no-transfection control;
and (2) a WT control. C3H/10T1/2 cells transfected with either
the WT or DN construct of MEK were exposed to Tat101 for 24 h,
followed by assessment of PDGF-BB expression in cell lysates. As
shown in Figure 3D, Tat101-mediated induction of PDGF-BB
was attenuated by DN-MEK but not by WT-MEK. These findings
confirmed the involvement of MEK MAPKs but not p38 and
PI3K/Akt cascade in Tat101-mediated induction of PDGF-BB in
pericytes.

A similar experimental strategy described above was followed
to validate the involvement of the ERK pathway in Tat101-
mediated migration of pericytes. Our findings demonstrated that
Tat101-mediated induction of pericyte migration was amelio-

rated in cells transfected with DN-MEK but not in cells trans-
fected with the WT-MEK (Fig. 3E). Together, these findings
implicated the role of the ERK and JNK pathway in Tat101-
mediated expression of PDGF-BB expression and pericyte
migration.

Tat101-induced translocation of NF-�B in pericytes
The transcription factor NF-�B has been shown to bind to ele-
ments upstream of the PDGF-B promoter (Chung et al., 2009).
Because PDGF-BB was upregulated in pericytes after exposure to
Tat, we next rationalized that this process involved activation of
NF-�B. Thus, we sought to examine translocation of NF-�B p65
into the nucleus in pericytes exposed to Tat. C3H/10T1/2 cells
were exposed to Tat for varying time points and assessed for
translocation of the p65 subunit of NF-�B in the nuclear frac-
tions. As shown in Figure 4, A and B, exposure of C3H/10T1/2
cells to Tat resulted in a time-dependent increase in translocation
of the NF-�B p65 subunit in the nucleus with a concomitant
decrease in the cytoplasm. A crucial step in the activation of
NF-�B is the phosphorylation of I�B by the I�B kinase complex
and subsequently degradation of I�B. Additional elucidation of
the NF-�B activation pathway involved assessing expression of
p-I�B-� and I�B-� in the cytoplasm by Western blot. Our find-
ings demonstrated rapid phosphorylation of I�B-� with a con-
comitant decrease in total I�B-� in the cytoplasm (Fig. 4C,D).
Thus, these findings implied that Tat mediated activation of
NF-�B in C3H/10T1/2 cells.

The next logical step was to examine whether there was a link
that could tie together the activation of ERK1/2 and JNK with
NF-�B. C3H/10T1/2 cells were pretreated with MEK (U0126, 2
�M) and JNK (SP600126) inhibitors, followed by exposure to
Tat. As shown in Figure 4, E and F, pretreatment of cells to MEK
(U0126) and JNK (SP600126) inhibitors ameliorated Tat101-
mediated translocation of NF-�B. These findings suggested that
upstream activation of the ERK1/2 pathway played a key role in
downstream translocation of NF-�B in Tat-exposed pericytes.

Additional validation of the involvement of the ERK1/2 path-
way in this process was confirmed using a genetic approach.
Briefly, C3H/10T1/2 cells were transfected with either the DN or
WT construct of MEK, followed by exposure of transfected cells
to Tat101 for 15 min and assessment of NF-�B expression. As
shown in Figure 4G and as expected, Tat mediated an increase in
translocation of NF-�B in cells transfected with the WT con-
struct. In contrast, Tat101-mediated translocation of NF-�B was

Figure 5. Involvement of NF-�B in Tat101-mediated induction of PDGF-BB and pericyte migration. A, Transfection with OE-I�B
but not WT-I�B resulted in abrogation of Tat101-mediated induction of PDGF-BB. B, Transfection with OE-I�B but not WT-I�B
resulted in abrogation of Tat101-mediated induction of pericyte migration. All data are presented as mean � SD of three individ-
ual experiments. *p � 0.05, **p � 0.01, ***p � 0.001 versus the Con group (Student’s t test).
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attenuated in cells transfected with DN-MEK. Thus, these find-
ings underpin the involvement of the ERK1/2 cascade in Tat101-
mediated activation of NF-�B in C3H/10T1/2 cells.

Tat101-mediated induction of PDGF-BB and migration of
pericytes involved NF-�B
To elucidate the role of NF-�B in Tat101-mediated induction of
PDGF-BB, C3H/10T1/2 cells were transfected with either the WT
or OE construct of I�B, followed by exposure of cells to Tat101
for 24 h and assessed for expression of PDGF-BB. As shown in
Figure 5A, Tat101-mediated induction of PDGF-BB was attenu-
ated in cells transfected with the OE-I�B construct but not in cells
transfected with the WT-I�B construct. Similar experiments were
conducted to validate the involvement of NF-�B in Tat101-
mediated migration of pericytes. Our findings demonstrated that
Tat101-mediated induction of pericyte migration was amelio-
rated in cells transfected with OE-I�B but not in cells transfected
with WT-I�B (Fig. 5B). Thus, these findings underpin the role of
NF-�B translocation in Tat101-mediated upregulation of
PDGF-BB expression and pericyte migration.

Tat101-mediated induction of PDGF-
BB expression and pericyte migration
involved activation of PDGFR-�
Based on the premise that Tat101 induced
both the expression of PDGF-BB and mi-
gration of pericytes and that activation of
the ERK, JNK, and NF-�B pathways
played a role in these processes, the next
step was to elucidate whether upregulated
PDGF-BB exerted its effects via engage-
ment of PDGFR-� signaling in inducing
Tat-mediated effects. We sought to exam-
ine first whether Tat could time depend-
ently phosphorylate PDGFR-�. C3H/
10T1/2 cells were treated with Tat101 for
varying times (5 min to 3 h), followed
by assessment of the cell lysates for
phosphorylation of PDGFR-� by immu-
noprecipitation assay with the anti-
phosphotyrosine antibody (clone 4G10).
As shown in Figure 6A, after Tat exposure,
PDGFR-� was phosphorylated as early as
5 min in C3H/10T1/2 cells. To confirm
whether PDGF-BB released after Tat
exposure was critical for activation
of PDGFR-�, cells were pretreated with
either the neutralizing anti-PDGF-BB or
the normal IgG antibody, followed by
treatment with Tat101 for 30 min and as-
sessed for phosphorylation of PDGFR-�.
As shown in Figure 6B, cells pretreated
with the neutralizing PDGF-BB antibody
failed to exhibit phosphorylation of
PDGFR-� after exposure to Tat. How-
ever, as expected, control antibody-
treated cells demonstrated Tat-mediated
phosphorylation of the PDGFR-�. These
results implicate that Tat101-mediated
release of PDGF-BB was critical for acti-
vation of the PDGFR-�.

We next sought to elucidate whether
PDGFR-� activation played a role in
Tat101-mediated migration of pericytes.

To answer this, both C3H/10T1/2 cells and HBVPs were pre-
treated with the tyrosine kinase inhibitor STI571 to block
PDGFR-� signaling and then assessed for Tat101-mediated mi-
gration of pericytes using the wound-healing and the Boyden
chamber migration assay. Migration with PDGF-BB (10 ng/ml)
was used as a positive control. As shown in Figure 6, C and D,
pretreatment of cells with STI571 resulted in significant amelio-
ration of Tat101-mediated migration of pericytes.

Additional validation of the involvement of PDGFR-� in
Tat101-mediated migration of pericytes was performed in cells
transfected with the siRNA for PDGFR-�. Briefly, C3H/10T1/2
cells were transfected with either the PDGFR-� or the nonsense
(control) siRNA for 24 h, followed by exposure of cells to Tat101
and assessment of cell migration using the Boyden chamber as-
say. As shown in Figure 6E, transfection of C3H/10T1/2 cells with
PDGFR-� siRNA resulted in efficient knockdown of PDGFR-�
as demonstrated by Western blot. Furthermore, Tat101-mediated
migration of pericytes was attenuated in cells transfected with
PDGFR-� siRNA but not in the nonsense siRNA transfected con-

Figure 6. Involvement of PDGFR-� in Tat101-induced migration of both C3H/10T1/2 cells and HBVPs. A, Phosphorylation of
PDGFR-� induced by Tat101 (200 ng/ml) in C3H/10T1/2 cells. B, Pretreatment of cells with neutralizing PDGF-BB antibody
partially ameliorated Tat101-mediated phosphorylation of PDGFR-� induced by Tat101 (200 ng/ml) in C3H/10T1/2 cells. C,
Pretreatment of C3H/10T1/2 cells and HBVPs with the PDGFR-� inhibitor STI571 (10 �M) ameliorated the migration induced by
Tat101 (200 ng/ml) and PDGF-BB (10 ng/ml). PDGF-BB was used as a positive control. Migration was measured by the wound-
healing assay and then analyzed by Tscratch software. Scale bars, 1.0 mm. D, Tat 101-mediated increase in migration of C3H/
10T1/2 cells measured by Boyden chamber migration assay was ameliorated in cells pretreated with STI571 (10 �M). E, Western
blot demonstrating silencing of PDGFR-� in C3H/10T1/2 cells transfected with PDGFR-� siRNA (siPDGFR-�). Twenty four hours
after transfection, cells were assessed for migration using the Boyden chamber migration assay. Tat101-mediated migration of
pericytes was attenuated in cells transfected with PDGFR-� siRNA but not in the nonsense siRNA transfected controls (siCon). All
data are presented as mean � SD of three individual experiments. *p � 0.05, **p � 0.01, ***p � 0.001 versus the Con group.
#p � 0.05, ##p � 0.01, ###p � 0.001 versus the Tat101- or PDGF-BB-treated group (Student’s t test).

Niu et al. • Role of Pericytes in HANDs J. Neurosci., August 27, 2014 • 34(35):11812–11825 • 11819



trols. Together, these findings confirmed that Tat101-mediated re-
lease of PDGF-BB played a key role in engaging the PDGFR-�
signaling that was critical for migration of pericytes.

Increased pericyte loss in the brains of HIV Tg26 mice
Having determined that Tat mediated induction of PDGF-BB
in cultured pericytes, we next sought to assess the expression
levels of PDGF in HIV Tg26 mice. However, before examining
the levels of PDGF, it was important first to assess the expres-
sion of HIV Tat in these animals compared with the WT con-

trols (either sex; n � 4). As shown in Figure 7A and as
expected, homogenates from brain microvessels from HIV
Tg26 mice expressed HIV Tat protein, whereas those from WT
mice did not. Next we assessed the expression of PDGF-BB in
the homogenates from isolated microvessels of WT and HIV
Tg26 mice (6 – 8 months old) in conjunction with the assess-
ment of the pericyte marker (NG2) using Western blot and
immunofluorescence staining. As shown in Figure 7B, mi-
crovessels isolated from Tg26 mice demonstrated reduced ex-
pression of NG2 (0.42-fold, p � 0.0267), with a concomitantly

Figure 7. Increased pericyte loss in the brains of HIV Tg26 mice. A, HIV Tat expression was detected in microvessels isolated from HIV-1 Tg26 but not in the WT mice (n � 4 per group). B, NG2 and
PDGF-BB expression was detected in isolated microvessels of HIV-1 Tg26 and WT mice by Western blot (n � 4 per group). C, Double immunostaining of the pericyte marker NG2 (green) and the
endothelial cell marker CD31 (red) in isolated microvessels of HIV-1 Tg26 and WT mice. The analyzed data demonstrated that isolated microvessels in HIV-1 Tg26 mice exhibited reduced pericyte
coverage compared with the microvessels isolated from WT mice. NG2, Green; CD31, red; nucleus, blue. n�4 per group. Scale bar, 20 �m. D, Double immunostaining of PDGF-BB (red) and PDGFR-�
(green) in isolated microvessels of HIV-1 Tg26 and WT mice. HIV-1 Tg26 mice exhibited higher expression of PDGF-BB than the microvessels isolated from the WT mice. PDGF-BB, Red; PDGFR-�,
green; nucleus, blue; merge, yellow. n � 4 per group. Scale bar, 20 �m. *p � 0.05, **p � 0.01, ***p � 0.001 versus the Con group (Student’s t test).
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increased expression of PDGF-BB (6.5-fold, p � 0.00274)
compared with the microvessels isolated from the WT mice.

The next step was to assess by double immunostaining the
pericyte coverage around the endothelium using antibodies spe-
cific for pericytes (NG2; green color) and for the endothelial cell
marker (CD31; red color) on sections of microvessels isolated
from Tg26 mice. As shown in Figure 7C, there was reduced ex-
pression (0.34-fold, p � 0.000848) of the pericyte marker NG2 in
microvessels isolated from HIV-1 Tg26 mice, suggesting reduced

pericyte coverage compared with the WT mice. Microvessels
from HIV-1 Tg26 and WT mice were also subjected to double
immunostaining using antibodies specific for PDGF-BB (red
color) and PDGFR-� (pericyte marker, green color). As shown in
Figure 7D, there was increased expression of PDGF-BB (8.3-fold,
p � 0.000227) in PDGFR-�-positive pericytes in the microvessels
isolated from HIV-1 Tg26 compared with the WT mice. Intrigu-
ingly, levels of PDGFR-� were reduced in microvessels isolated
from HIV-1 Tg26 compared with the WT mice.

Figure 8. Loss of pericytes in brains of HIV Tg26 mice and in humans with HIV-E. A, NG2 and HIV Tat expression was detected in microvessels isolated from young versus old HIV-1 Tg26 mice by
Western blot (n � 4 per group). B, Double immunostaining of the pericyte marker NG2 (green) and HIV Tat (red) in isolated microvessels of young and old HIV-1 Tg26 mice. NG2, Green; Tat, red;
nucleus, blue. n � 4 per group. Scale bar, 20 �m. C, Double immunostaining of pericyte (NG2, green) and endothelial cell marker (CD31, red) in cortical sections of autopsied brains of HIV � and
HIV-E individuals. NG2, Green; CD31, red; nucleus, blue. n � 3 per group. Scale bar, 20 �m. D, Double immunostaining of PDGF-BB (red) and PDGFR-� (green) in microvessels isolated from HIV-E
sections compared with those from uninfected subjects. PDGF-BB, Red; PDGFR-�, green; nucleus, blue; merged, yellow. n � 3 per group. Scale bar, 20 �m. *p � 0.05, **p � 0.01 versus the Con
group (Student’s t test).
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Loss of pericytes in brains of HIV Tg26 mice and in humans
with HIV-E
To further unravel the relationship of increased Tat expression
and pericyte loss, microvessels were isolated from young (�2
months) and old (	1 year) HIV Tg26 mice and assessed for
expression of Tat and NG2 by Western blot (either sex; n � 4). As
shown in Figure 8A and as expected, microvessels isolated from
older Tg26 mice demonstrated higher expression of HIV Tat
(2.8-fold, p � 0.0183) compared with the microvessels isolated
from young Tg26 mice. This was accompanied by reduced ex-
pression of NG2 (0.30-fold, p � 0.00312) in the microvessels
from older HIV Tg26 mice compared with the younger animals.
These findings were further validated in sections of isolated mi-
crovessels from young and old Tg26 mice by double immuno-
staining using antibodies specific for pericytes (NG2; green color)
and for HIV Tat (red color). As shown in Figure 8B, there was
reduced expression of the pericyte marker NG2 in isolated mi-
crovessels from old Tg26 mice compared with the young Tg26
mice, and this was accompanied by a higher expression of Tat in
the old Tg26 mice, as expected.

To further validate whether HIV Tat resulted in reduced peri-
cyte coverage in the endothelium in the setting of HIV, sections of
the frontal cortex obtained from autopsied brains of HIV-E and
uninfected individuals (n � 3) were double immunostained for
pericyte (NG2; green color), as well as endothelial cell marker
(CD31; red color). As shown in Figure 8C, there was reduced
expression of the pericyte marker NG2 in sections of brains from
patients with HIV-E (0.20-fold, p � 0.00193) compared with the

HIV� control individuals, thereby suggesting reduced pericyte
coverage in the microvessels of HIV-E patients. Brain sections
from HIV-E and HIV� control individuals were also subjected to
double immunostaining using antibodies specific for PDGF-BB
(red color) and PDGFR-� (pericyte marker, green color). As
shown in Figure 8D, there was increased expression of PDGF-BB
(2.5-fold, p � 0.0125) in PDGFR-�-positive pericytes from
HIV-E patients compared with uninfected controls.

Discussion
One of the underlying features leading to neuroinflammation
associated with HANDs is the breach of the cerebrovascular unit.
Various reports implicate disruption of this unit during HIV-1
infection (Masiá et al., 2010; McArthur et al., 2010), with a prom-
inent role of the viral protein HIV-1 Tat in this process (Banks et
al., 2005). Although the information on endothelium and astro-
cyte dysfunction in HANDs is extant (Toborek et al., 2003; Eu-
genin et al., 2011; Ramirez et al., 2013), relatively little is known
about the role of the pericytes, the less studied but a very impor-
tant cell type of the cerebrovascular unit in this process. Pericytes
play a crucial role in maintaining the functions of microvessels,
controlling the capillary diameter, and in preserving the integrity
of the BBB. More recently, an additional role of pericytes has been
identified: that of promoting HIV replication (Nakagawa et al.,
2012). Furthermore, similar to glial cell activation by inflamma-
tory agents, pericytes have also been shown to be activated in
response to LPS, leading to release of mediators that aid in pro-

Figure 9. Schematic diagram demonstrating the signaling pathways involved in Tat101-mediated induction of PDGF-BB and pericyte migration. Tat stimulates the ERK and JNK MAPK pathways,
which in turn leads to NF-�B translocation, with the subsequent induction of PDGF-BB. Elevated PDGF-BB via autocrine PDGFR-� signaling ultimately leads to increased pericyte migration and loss
in microvessels within the brain.
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moting transcytosis of HIV-1 virus across the BBB (Dohgu and
Banks, 2013).

Among the viral products, HIV Tat has been shown to be
neuroexcitatory and neurotoxic, and it continues to be a caus-
ative agent underlying pathogenesis of HANDs (Buscemi et al.,
2007; Agrawal et al., 2012). Tat can be both secreted from infected
cells and taken up by neighboring non-infected cells, including
but not limited to neurons (Liu et al., 2000). Gene coding for HIV
Tat consists of two spliced exons separated by 	2300 nt. The
highly conserved protein of 101 residues is synthesized after com-
plete splicing of the viral pre-mRNA. The rationale for using
Tat101 in this study was based on the premise that Tat101 is most
common protein in clinical HIV isolates (López-Huertas et al.,
2010). Although pericytes are known to facilitate HIV replica-
tion, there is paucity of information on how Tat exerts its toxicity
in these cells. Because Tat is present in the CNS despite antiret-
roviral therapy (ART) (Mediouni et al., 2012), we sought to ex-
amine whether Tat exposure could affect pericyte loss, thereby
leading to BBB breach associated with HANDs.

PDGF plays a critical role in pericyte functioning under both
physiological and pathological conditions (Lindahl et al., 1997;
McCarty et al., 2007). For example, under physiological condi-
tions, PDGF has been shown to be critical for pericyte recruit-
ment, survival, and coverage of the endothelium (Lindahl et al.,
1997; Nadal et al., 2002; Stratman et al., 2010). In contrast, under
pathological conditions such as cancer, it has been shown that
overexpression of PDGF-BB by tumor cells increases pericyte
content of the tumor milieu, resulting in a protective phenotype
via inhibition of tumor angiogenesis and growth (McCarty et al.,
2007). Recent reports suggest that the PDGF content of the tumor
milieu determines the fate of the pericytes (Hosaka et al., 2013).
PDGF-BB, a potent chemotactic factor for targeted cells, has been
shown to increase migration of retinal microvascular pericytes
(Nadal et al., 2002). Based on this premise, we hypothesized that
Tat-mediated increased migration of pericytes could, in part, be a
mechanism resulting in loss of pericyte coverage in the HIV-1-
infected brain.

In the present study, we demonstrated that exposure of both
pericyte cell line C3H/10T1/2 cells and HBVPs to Tat101 resulted
in induction of the PDGF-B chain at both the transcriptional and
translational levels. Tat-mediated increased expression of
PDGF-BB is in agreement with previous studies (Mermis et al.,
2011; Bethel-Brown et al., 2012), demonstrating that both HIV-1
infection and HIV proteins can induce the expression of
PDGF-BB in other cells types, as well as endothelial cells and
astrocytes. Additional dissection of the signaling pathways in-
volved in Tat-mediated induction of PDGF-BB using pharmaco-
logical and genetic approaches revealed activation of ERK, JNK,
p38 MAPKs, and PI3K/Akt pathways, a finding that is consistent
with previous reports on the effects of Tat in astrocytes and neu-
rons (Eugenin et al., 2007; Yao et al., 2009, 2010). However, Tat-
mediated induction of PDGF-BB expression involved ERK and
JNK MAPKs but not the p38 MAPK or PI3K/Akt pathways.

The transcription factor NF-�B has emerged as a major regu-
latory transcription factor for a number of genes, including
growth factors such as PDGF-BB (Silverman and Collins, 1999;
James et al., 2005). Our findings demonstrated a time-dependent
translocation of NF-�B in C3H/10T1/2 cells. Additional dissec-
tion of NF-�B regulation using both the pharmacological and
genetic approaches revealed that activation of the ERK and JNK
MAPK pathways were upstream of NF-�B. In agreement with
our previous findings (Bethel-Brown et al., 2011), upstream ac-
tivation of the ERK and JNK pathways with subsequent translo-

cation of NF-�B p65 was critical for Tat-mediated effects in
pericytes.

Additional support of NF-�B involvement in Tat-mediated
induction of PDGF-BB was also demonstrated using both the
siRNA and genetic approaches. Our findings are in agreement
with the report by Khachigian et al. (1995, 1996) demonstrating
interaction of NF-�B with the PDGF-B promoter in arterial en-
dothelial cells.

Our findings also suggested that Tat101 could phosphorylate
PDGFR-� directly and also through the released PDGF-BB via
the autocrine mechanism, as demonstrated by blocking of the
released PDGF-BB using the neutralizing antibody. Additional
evaluation of the functional role of activated PDGFR-� was con-
firmed by using migration assays. Pretreatment of the pericytes
with either the receptor tyrosine kinase antagonist, such as
STI571, or the PDGFR-� siRNA was able to abrogate Tat-
mediated migration of the pericytes, thereby implicating the role
of PDGF signaling in this process. Together, these findings sug-
gest Tat-mediated autocrine activation of the PDGF/PDGFR-�
axis as a trigger for cell migration, which in turn could lead to
reduced pericyte coverage with a concomitant BBB breach and
associated neuroinflammation observed in HANDs.

Additional validation of these findings was also demonstrated
ex vivo, wherein higher expression of PDGF-BB with a concom-
itant reduction in expression of NG2 pericytes in microvessels
isolated from HIV-1 Tg26 mice. Similar to Tat Tg26 mice, re-
duced pericyte coverage was also observed in sections of frontal
cortex from brains of individuals with HIV-E compared with
uninfected controls.

To further unravel the effect of HIV Tat on pericyte loss, we
resorted to examining the expression of the pericyte marker NG2
in the microvessels isolated from young (�2 months) versus old
(	1 year) HIV Tg26 mice, the rationale being that older mice
would exhibit increased HIV Tat accumulation because of longer
expression of the transgene compared with the younger animals.
Indeed, we did observe that increased Tat expression correlated
with increased pericyte loss. These findings lend credence to the
role of Tat in mediating loss of pericyte coverage on the brain
endothelium. Together, these findings could have implications
for impaired functioning of the cerebrovascular unit in HANDs,
leading to breach of the brain endothelium and ultimately to
increased influx of inflammatory cells in the CNS.

In summary, our findings have demonstrated a detailed mo-
lecular pathway of Tat101-mediated expression of PDGF-BB and
pericyte migration both in vitro and ex vivo. Tat-mediated induc-
tion of PDGF-BB expression in pericytes involves ERK and JNK
MAPK activation, with the subsequent activation of NF-�B (as
summarized in Fig. 9). We further show elevated PDGF-BB acti-
vated autocrine PDGFR-� signaling, ultimately leading to in-
creased pericyte migration and loss in microvessels within the
brain.
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