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Objective: Human immunodeficiency virus-1 (HIV-1) causes mild to severe cognitive impairment and dementia. The transac-
tivator viral protein, Tat, is implicated in neuronal death responsible for neurological deficits. Several clades of HIV-1 are
unequally distributed globally, of which HIV-1 B and C together account for the majority of the viral infections. HIV-1–related
neurological deficits appear to be most common in clade B, but not clade C prevalent areas. Whether clade-specific differences
translate to varied neuropathogenesis is not known, and this uncertainty warrants an immediate investigation into neurotoxicity
on human neurons of Tat derived from different viral clades.
Methods: We used human fetal central nervous system progenitor cell–derived astrocytes and neurons to investigate effects of
B- and C-Tat on neuronal cell death, chemokine secretion, oxidative stress, and mitochondrial membrane depolarization by
direct and indirect damage to human neurons. We used isogenic variants of Tat to gain insights into the role of the dicysteine
motif (C30C31) for neurotoxic potential of Tat.
Results: Our results suggest clade-specific functional differences in Tat-induced apoptosis in primary human neurons. This study
demonstrates that C-Tat is relatively less neurotoxic compared with B-Tat, probably as a result of alteration in the dicysteine
motif within the neurotoxic region of B-Tat.
Interpretation: This study provides important insights into differential neurotoxic properties of B- and C-Tat, and offers a basis
for distinct differences in degree of HIV-1–associated neurological deficits observed in patients in India. Additional studies with
patient samples are necessary to validate these findings.
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The central nervous system (CNS) is susceptible to in-
fection by retroviruses of various species, particularly
the members of the lentivirus family.1 According to the
estimates of the World Health Organization, of more
than 40 million human immunodeficiency virus
(HIV)–infected individuals worldwide, the majority of
cases and the greatest incidences of mortality are in de-
veloping countries such South Africa, India, and
China. HIV-1 directly affects the nervous system and
causes distinct neurological deficits that involve loss of
executive cortical functions and compromised cognitive
and motor functions caused by significant neuronal
death in the basal ganglia, cerebral cortex, and hip-
pocampal regions. Nervous system infection with
HIV-1 can produce a range of debilitating clinical dis-
orders that manifest in the advanced stages of the viral
infection.2 The neurological deficits in HIV-1 patients

have been correlated to the amount of virion traffick-
ing to the brain that is mostly dependent on the secre-
tion of a chemoattractive cytokine, monocyte chemoat-
tractant protein-1 (MCP-1; recently classified as CC
chemokine ligand-2 [CCL2]) from the glial cells,3 and
to neuronal damage caused by the viral proteins. Che-
mokines such as MCP-1/CCL2 and CXCL-10/IP-10
are upregulated in HIV-1 patients with dementia as
compared with HIV-1–positive individuals without de-
mentia.4–6 Levels of MCP-1/CCL2 correlate with ce-
rebrospinal fluid viral load and the severity of dementia
in HIV-1–infected individuals.4,7 It has been demon-
strated that HIV-1 enters the CNS at an early stage of
infection breaching the blood–brain barrier. Macro-
phages and microglial cells are productively infected by
the virus whereas astrocytes are nonproductively in-
fected, and neurons are rarely infected.8 As demon-
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strated by the pathological examination of postmortem
brains, neurons constitute the cell type that is mostly
affected by the viral infection. Up to 40% neuronal
loss is accompanied with extensive damage to the den-
dritic arbor. Presence of HIV-1 particles within the
neurons is, however, uncommon.9 Infection of glial
cells inflicts an excitotoxic and inflammatory response
because there is an increase in glutamate levels and ox-
idative stress, together with overexpression of proin-
flammatory cytokines and chemokines, resulting in a
neurotoxic environment for neurons. HIV-1–induced
damage to neurons is via apoptosis, which is the main
cause for HIV-1–associated dementia. Several viral and
cellular factors contribute to the neuronal damage after
HIV-1 invasion into the brain. Among the viral fac-
tors, viral proteins such as Tat, as well as the envelope
protein, gp120, are neurotoxic. HIV-1 Tat has been
detected in the brains of patients with HIV-1–associ-
ated dementia.10 Tat, a small nonstructural transcrip-
tional regulator, is crucial for the replication of HIV-1.
Tat induces oxidative stress and causes neuronal death
via activation of the intrinsic apoptotic pathway that
involves disturbances in mitochondria, release of cyto-
chrome c, calcium overload, and subsequently the ac-
tivation of caspase cascade in neurons.11 There is evi-
dence to suggest that neurotoxic HIV-1 proteins
released from cells harboring HIV-1 trigger oxidative
stress in cell culture11 and in animal models.12,13

The pandemic infection of HIV is attributed to its
different clades (A–K) that are unequally distributed
around the world as clusters in certain areas.14 The re-
search focus and majority of the clinical studies have
been on HIV-1 clade B that is prevalent in North
America and Europe, hence the biology of clade B is
understood in greater detail. Some clade-specific differ-
ences in disease transmission, in the long terminal re-
peat region of HIV-1, and in viral replication have
been reported previously.15–18 However, it is currently
unclear whether HIV-1 clades with different biological
properties may cause differences in the progression of
the disease pathogenesis, particularly in the human
brain. In India, HIV-1 clade C accounts for more than
95% of HIV-1 infection.19 Current epidemiological
studies demonstrate that HIV-1 clade C is implicated
in more than 50% of the cases of HIV infection world-
wide,20 and that env-based HIV-1 clade C would dom-
inate an HIV-1 pandemic in the coming years.21 HIV-
1–associated dementia (HAD) is quite common in
HIV-infected individuals with prevalence rates up to
40% in Western countries where clade B prevails.
Contrary to the clinical picture observed in the West,
the incidence of HIV-associated neurological complica-
tions in India is believed to be quite low, which may
be because of a different HIV-1 clade C, although
there are no experimental studies to prove this fact.22,23

It is surprising that although HIV-1 clade C affects

more than half of the total HIV-infected individuals
worldwide, there have been limited studies to under-
stand the neurobiology of HIV-1 clade C and to ex-
plore the neurotoxic properties of its viral protein, Tat.
Our search of the indexed medical journals showed la-
cunae in a number of studies that investigated the
pathogenesis of HIV-1 clade C. At the genetic and mo-
lecular levels, HIV-1 clade C has been shown to differ
from other subtypes in many ways; however, it is cur-
rently unknown whether these differences affect their
pathogenic properties, particularly with reference to the
CNS.24 Because the knowledge available on HIV-1
clade C–associated HAD, as well as its neurobiology, is
inadequate, there is an urgent need to conduct detailed
studies on HIV-1 clade C. A previous study from some
of us describing the structural and functional aspects of
Tat from clades B and C provided experimental evi-
dence that alteration in one of the differentially con-
served amino acids in C-Tat decreased the chemotactic
functions of Tat without affecting its transactivation
properties.25 The study also demonstrated high conser-
vation of the CS motif at positions 30 and 31 of Tat
among all the clade C strains regardless of their geo-
graphic distribution.

Using synthetic peptides spanning the entire se-
quence of Tat 1 through 86, earlier reports showed
that a distinct, conformationally dependent region of
Tat, within the first exon between positions 31 and 61,
is responsible for most of its neurotoxic properties.26

Hence it is quite likely that variations within the first
exon of Tat, especially between positions 31 and 61,
may alter the neurotoxic properties of the viral protein.
However, a direct effect of the alteration seen at posi-
tion 31 in Tat from clade B on neuronal damage or
neurotoxicity and its consequence on neurodegenera-
tion remains lacking in the literature to date.

This study aims to compare the neurotoxic proper-
ties of Tat derived from clades B or C. Primary neu-
rons were either directly exposed to recombinant Tat
proteins or to the conditioned media collected from
human astrocytes transfected with expression vectors of
HIV-1 clade B- or C-Tat. Using an array of assays in-
cluding neuronal apoptosis, production of chemokine
CCL2, levels of oxidative stress, and mitochondrial
membrane depolarization, we found that C-Tat was
significantly less neurotoxic than B-Tat. We believe
that this study provides a basis for the observed low
levels of HIV-1–associated dementia among a signifi-
cantly large population of HIV-1–positive individuals
in India, and perhaps other geographical regions where
HIV-1 clade C is predominant.

Subjects and Methods
Human Brain Cell Culture
Human CNS cell cultures were prepared from 8- to 12-
week-old embryos obtained from elective medical termina-
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tion of first-trimester pregnancies performed at the local hos-
pitals. The handling of fetal brain tissue was done after
obtaining mother’s consent, and samples were processed as
per the protocols approved by the institutional human ethics
committee in compliance with the recommendations of the
Indian Council of Medical Research.

Preparation of Cultures of Human Astrocytes
and Neurons
Primary cultures of human CNS progenitor cells were
prepared and cultured as monolayers on poly-D-lysine–
coated plastic ware in serum-free neurobasal media, and as-
trocytes and neurons were derived from them as described
previously.27 In brief, astrocyte differentiation was initiated
by changing to Eagle’s minimum essential medium supple-
mented with 10% fetal calf serum and 2mM glutamine; after
3 weeks, 99.9% of the cells were immunoreactive for astro-
cyte marker, glial fibrillary acidic protein (Dako, Carpinteria,
CA). Neuronal differentiation involved changing the growth
factors in the progenitor media to brain-derived neurotrophic
factor (10ng/ml) and platelet-derived growth factor-A/B
(10ng/ml) for 3 weeks. More than 98% of cells were positive
for neuronal marker � III-tubulin (Covance, Berkeley, CA).
All other reagents were purchased from Sigma Chemicals
(St Louis, MO).

Human Immunodeficiency Virus-1 Tat Expression
Vectors and Tat Protein Preparation
Construction of the wild-type subtype C-Tat mammalian-
expression vector on the pcDNA3 vector backbone was de-
scribed previously.25 The wild-type C-Tat contains cysteine
and serine residues at positions 30 and 31, respectively (CS).
The CC and SC isogenic mutants of C-Tat were generated
by means of site-directed mutagenesis using overlapping
polymerase chain reaction as described elsewhere.25 A mam-
malian expression vector of subtype B-Tat was also prepared
from the HIV-1 molecular clone YU-2 (Cat #M2393, NIH
AIDS Research and Reference Reagent Program) using a
similar strategy. Human embryonic kidney 293 (HEK293)
cells were transiently transfected with the pYU2 molecular
clone, total cellular RNA was extracted after 72 hours, and
complementary DNA was prepared in a reverse transcription
reaction using the reverse primer N531 (5�-AGAAGC-
GGATCCCTAATGGACCGGATCTGTCTCTGT-3�). The
conditions for reverse transcription were incubation for 30
minutes at 42°C and 5 minutes at 94°C. The primer N531 in
combination with the forward primer N113 (5�-TAGA-
ATTCGCCGCCGCCATGGAGCCAGTAGATCCTAACC-
TA-3�) was used for polymerase chain reaction amplification.
The amplification reaction mixture of 50�l contained 250nM
of each primer, 100�M of each deoxynucleotide triphos-
phates, 1.25 units of Taq DNA polymerase, and 3.0mM
MgCl2. Amplification was performed using the following cy-
cling conditions, preamplification denaturation for 30 seconds
at 94°C, followed by 35 cycles, with each cycle consisting of
incubations at 94°C for 30 seconds, 60°C for 30 seconds, and
72°C for 30 seconds. The amplified product was purified us-
ing a column-based commercial kit (Qiagen, Hildel, Ger-
many) and cloned directionally between EcoRI and EcoRV
(destroyed) into a mammalian expression vector pcDNA 3.1�

(Invitrogen, Carlsbad, CA). Bacterial expression vectors encod-
ing the wild-type B-Tat, C-Tat (CS), and the isogenic variants
C-Tat (CC) and Tat (SC) were generated, and the recombi-
nant proteins were purified as described previously.28 Lyophi-
lized pure Tat protein was dissolved in sterile endotoxin-free
1X phosphate-buffered saline (PBS) to prepare the stock solu-
tion of 1mg/ml and was stored as aliquots in presiliconized
vials at �80°C for further use.

Tat Treatment of Primary Human Astrocytes
and Neurons
Human astrocytes were plated at a density of 2 � 104/well
in 24-cluster plates. After overnight culture, they were
treated with up to 100ng/ml of recombinant Tat protein,
incubated for an additional period of 24 hours, and the con-
ditioned culture medium was collected. The collected media
were assayed for CCL2 production and/or saved for subse-
quent treatment of neurons. Alternatively, the astrocytes
were transfected with various Tat-expressing plasmid vectors
or the control pcDNA3.1 plasmid using Lipofectamine re-
agent in OptiMEM media (Invitrogen, Carlsbad, CA) as per
manufacturer’s protocol. Conditioned media from trans-
fected astrocytes were collected 24 hours later and centri-
fuged to remove any floating cells. Supernatants were used
immediately to treat neurons or stored as aliquots at �80°C
until further experimentation.

Human neurons were plated at a density of 1 � 104 cells/
well in chamber slides (Nunc, Roskilde, Denmark) in neu-
ronal medium, cultured overnight, and exposed to HIV-1 B-
and C-Tat protein at concentrations ranging from 10 to
100ng/ml for 24 hours by adding the protein directly to the
neuronal cultures. Control cells received the vehicle, sterile
1X PBS. Alternatively, in parallel cultures of human neurons,
half of the neuronal medium was replaced with conditioned
medium obtained from astrocytes transfected with various
Tat vectors.

Measurement of Chemokine Monocyte
Chemoattractant Protein-1/CC Chemokine Ligand-2
by Enzyme-Linked Immunosorbent Assay
MCP-1/CCL2 chemokine protein levels were determined in
astrocyte culture media collected after treatment with Tat
protein or 24 hours after transfection with Tat vectors by
enzyme-linked immunosorbent assay in cell-free superna-
tants, using the matched antibody pairs purchased from BD
Biosciences (San Jose, CA) following manufacturer’s proto-
col.

Terminal Deoxynucleotidyltransferase–Mediated
dUTP Nick End Labeling Assay
After incubation of neurons for 24 hours with HIV-1 Tat by
either of the methods described earlier, neurons undergoing
apoptosis were identified by terminal deoxynucleotidyltrans-
ferase–mediated dUTP nick end labeling (TUNEL) assay us-
ing In Situ Cell Death Detection Kit, TMR red (Roche,
Mannheim, Germany), as described earlier.29 Images of
TUNEL-positive cells and 4�,6-diamidino-2-phenylindole
(DAPI)–stained nuclei were taken from at least five random
fields using a Zeiss Axioplan microscope (Carl Zeiss Com-
pany, Heidenheim, Germany) with charge-coupled device
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camera. For TUNEL assay, a minimum of 100 neurons were
measured from 3 to 5 different fields per condition. Using
an image analysis system, we counted TUNEL-positive nu-
clei together with total DAPI-positive nuclei, and apoptosis
was represented as percentage TUNEL-positive cells/DAPI.

Cell Viability Assay or MTT Assay
An MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium
bromide) assay was performed for assessing the neuronal cell
viability. After incubation with HIV-1 Tat protein or condi-
tioned media from astrocytes transfected with various Tat
constructs for 24 hours, the MTT assay was performed on
neuronal cells as per manufacturer’s protocol. Viability of
neurons was calculated by comparing with amount of
formazan crystals formed. Vehicle controls or vector groups
were taken as 100% viable, and test groups were compared
with respective control samples.

Neuronal Mitochondrial Membrane Assays
After treatment with Tat protein or culture of neurons in
neuronal media containing astrocyte conditioned media,
neurons were incubated in JC-1 dye at a concentration of
1�g/ml. The fluorescence emission pattern of JC-1 was as-
sessed 10 minutes after incubation using a fluorescent micro-
scope (Zeiss, Heidenheim, Germany) in both red and green
portions of the spectrum, and images of neurons were cap-
tured using a high-resolution with charge-coupled device
camera.

For quantitation of JC-1 red and green aggregates, neu-
rons were cultured and treated in parallel under similar con-
ditions. Neurons were detached and JC-1 dye was added to
cell suspension. Cell suspensions were then read at 525 and
590nm using a spectrophotometer (Lambada 40, UV/Vis
Spectrophotometer; Perkin-Elmer, Waltham, MA), and ra-
tios of red-to-green (590/525nm) optical density were calcu-
lated.

Measurement of Reactive Oxygen Species
To monitor the level of reactive oxygen species (ROS) pro-
duced within neurons subjected to Tat treatments or expo-
sure to astrocyte media, we used the cell-permeable, nonpo-
lar, H2O2-sensitive probe 5 (and 6)-chlromethyl-2�, 7�-
dichlorodihydrofluorescein diacetate (DCFDA), as described
previously.30 Control and treated neuronal cultures were in-
cubated with DCFDA (5�M) for 1 hour at 37°C, washed
twice with PBS, lysed with lysis buffer, and the protein ob-
tained was used to measure relative fluorescence at 500 and
530nm excitation and emission, respectively.

Western Blot Analysis
Twenty-four hours after treatment or exposure to condi-
tioned media, cell lysates were prepared by using NP40 lysis
buffer containing protease inhibitors. Protein concentrations
were quantitated using bicinchoninic acid (BCA) method.
Up to 50�g protein was electrophoresed on 10% polyacryl-
amide gel and transferred to nitrocellulose membrane
(Sigma, St Louis, MO). Membrane was probed with anti–
caspase-3 antibody (Cell Signaling Technology, Beverly,
MA). The blots were stripped and reprobed with anti–�-
tubulin to determine equivalent loading. The band intensi-

ties were measured using densitometry and normalized with
�-tubulin.

Statistical Analysis
Experiments for each condition were performed in triplicate
and repeated three to five times. Results from each set of
experiment were averaged, counted as n � 1 for statistical
analysis, and presented as mean � standard deviation. Sta-
tistical significance between groups was calculated using anal-
ysis of variance followed by Fischer’s protected least signifi-
cant difference test. All values of p 	 0.05 were taken as
significant.

Results
Human Immunodeficiency Virus-1 B- and C-Tat
Induce Variable Levels of Monocyte Chemoattractant
Protein-1/CC Chemokine Ligand-2 Secretion from
Human Astrocytes
Direct exposure of primary astrocytes to recombinant
Tat proteins for 24 hours induced significantly greater
levels of CCL2 secretion as compared with the vehicle-
treated astrocytes. The Tat-induced CCL2 secretion
was not only dose dependent (data not shown), but
also the differences between B- or C-Tat and the con-
trol cells were statistically significant: p 	 0.0002 and
p 	 0.0001 for B- and C-Tat, respectively (Fig 1A).
Interestingly, although C-Tat induced greater levels
(1.5-fold from control) of CCL2 compared with the
control cells, the induction magnitude was not as high
as that of B-Tat (2.5-fold from control), and the dif-
ference between the induction of CCL2 levels by Tat
proteins was statistically significant (p 	 0.003). Be-
cause we noticed that C-Tat induced CCL2 levels to
greater than control cells, we further probed to deter-
mine whether both B-Tat– and C-Tat–induced in-
creases in CCL2 production were NF-
B mediated.
We pretreated the human astrocytes with an NF-
B
inhibitor, pyrrolidine dithiocarbamate, for 60 minutes
at 500nM concentration, before B- and C-Tat treat-
ments, and measured the CCL2 production. Interest-
ingly, pyrrolidine dithiocarbamate decreased the CCL2
production in the B-Tat group (from 2.6-fold to a
mere 0.85-fold from control), whereas the CCL2 pro-
duction in the C-Tat group remain unchanged (1.5-
fold to 1.6-fold). This indicates that the B-Tat–in-
duced CCL2 production is NF-
B dependent, whereas
the C-Tat–induced CCL2 production is perhaps
NF-
B independent.

To examine whether intracellular expression of Tat
could augment CCL2 secretion from astrocytes and to
simulate the in vivo condition where Tat secreted from
infected glial cells could activate the astrocytes, we
transfected astrocytes with different Tat expression vec-
tors. Wild-type B-Tat (CC) that contains a dicysteine
motif at positions 30 and 31, wild-type C-Tat (CS),
and isogenic C-Tat mutant vectors (CC and SC) were
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used in the assay. We assayed MCP-1/CCL2 levels in
conditioned media collected from astrocytes 24 hours
after transfection. Importantly, the CCL2 induction
magnitude was statistically significant between the con-
trol cells and B-Tat treatment (p 	 0.0001) but not
between the vector control cells and C-Tat treatment,
suggesting an attenuated nature of C-Tat (see Fig 1B).
Although C-Tat marginally increased levels of CCL2,
this difference was not significant. In contrast, the dif-
ference in induction levels of CCL2 between B-Tat
and C-Tat was statistically significant (p 	 0.0001),
confirming the observations made with the recombi-
nant proteins. Given that subtype B- and C-Tat pro-
teins used in this assay differed from each other at mul-
tiple sites (see Fig 1C), the differences seen in CCL2
induction profile could not be ascribed to a particular
amino acid variation. Considering the importance of
the cysteine-rich domain (CRD) for cytokine induction
properties, we included two isogenic C-Tat variants in
CCL2 induction studies. One of the variants contained

cysteine at positions 30 and 31 (CC) compared with
wild-type C-Tat that contained a cysteine and a serine
(CS) thus homologous to wild-type B-Tat. The other
variant contains a serine and a cysteine (SC) at these
positions and is expected to be defective for several bi-
ological functions including the transactivation. Re-
markably, C-Tat (CC) restored the induction levels of
CCL2 from astrocytes almost to the same extent as the
wild-type B-Tat. The C-Tat (SC) failed to do so and
behaved more like the wild-type C-Tat (see Fig 1B).

This observation is important because it suggests
that the reduction in CCL2 levels with C-Tat (CS) is
dependent on the presence of CS motif at position 31
(see Fig 1B).

Human Immunodeficiency Virus-1 B- and C-Tat
Induce Different Levels of Neuronal Apoptosis
Treatment of primary neuronal cultures with nano-
gram per milliliter concentration of Tat proteins in-
duced accelerated levels of neuronal death within 24
hours in a dose-dependent manner as assessed by two
different methods, the TUNEL assay and the MTT as-
say. Whereas the TUNEL assay works based on label-
ing of the damaged DNA portion of the apoptotic
cells, the MTT assay works based on formazan crystal
formation by live cells. Data obtained with B-Tat are
consistent with previous observations made by other
investigators.31–33

In the TUNEL assay, we observed approximately
50% apoptotic cells within 24 hours, when the cultures
of human neurons were exposed to B-Tat protein at a
concentration of 100ng/ml. The Tat-induced neuronal
apoptosis was not only dose-dependent but also statis-
tically significant as compared with vehicle control
neurons that were treated under similar conditions
with 1X PBS (Fig 2A). In contrast, C-Tat protein
failed to induce high-level apoptosis. The difference be-
tween the levels of apoptosis induced in neurons by B-
and C-Tat proteins was statistically different (p 	
0.01), which is intriguing (see Fig 2A).

We then evaluated cell apoptosis using TUNEL as-
say in neurons that were exposed to conditioned media
collected from astrocytes that were transfected with
various Tat expression vectors, that is, pcDNA alone,
pcDNA B-Tat, pcDNA C-Tat, and mutant C-Tat
(CC and SC), to simulate the indirect cell death path-
way. As was noticed with the recombinant proteins,
neuron apoptosis was highest when exposed to B-Tat
conditioned media (p 	 0.0016), but not C-Tat con-
ditioned media, and the difference between the two
Tat vectors was significant (p 	 0.01). This trend was,
however, reversed with C-Tat (CC) conditioned media
where neuronal apoptosis was found to be at the same
levels as that of wild-type B-Tat (up to 60% cell
death). C-Tat (SC) caused cell death barely above the
vector treatment, and this phenotype is similar to that

Fig 1. Human immunodeficiency virus-1 (HIV-1) B- and
C-Tat induce differential expression of monocyte chemoattrac-
tant protein-1/CC chemokine ligand-2 (MCP-1/CCL2) from
human astrocytes. (A) MCP-1/CCL2 production as assayed by
enzyme-linked immunosorbent assay from samples of human
astrocytes exposed to 100ng/ml concentration of recombinant
Tat protein for 24 hours. Note the reduced levels of CCL2
levels in C-Tat group (p 	 0.003 vs B-Tat). (B) MCP-1/
CCL2 secretion as assayed in conditioned media collected from
astrocytes transfected with pcDNA vector, pcDNA B-Tat,
pcDNA C-Tat, mutant Tat CC, or mutant SC. Note the
significant enhancement in the levels of CCL2 secretion in
B-Tat (p 	 0.0001 vs vector) and mutant CC groups com-
pared with the C-Tat group (p 	 0.0001 vs B-Tat). Differ-
ences between B-Tat and mutant SC group, as well as C-Tat
and mutant CC group, were also statistically significant (p 	
0.0001). (C) Amino acid variation between clade B- and
C-Tat proteins and in C-Tat mutants. The full-length Tat
amino acid sequences of the wild-type B- and C-Tat as well
as the two dicysteine isogenic C-Tat variants have been
aligned. Dots represent sequence homology. The dicysteine mo-
tif is highlighted by gray shading.
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of the wild-type C-Tat (see Fig 2B). These data ascer-
tained the pathological significance of the dicysteine
motif in Tat for neuropathogenesis.

To confirm our observations of TUNEL assays, we
performed a widely accepted cell viability assay, the
MTT assay in a 96-well format where the exposure of
neurons to Tat protein and astrocyte conditioned me-
dia were done exactly as described in TUNEL assay.
Similar to TUNEL assay, we found that cell death was
greatest in neurons treated either with B-Tat protein
(see Fig 2C) or with conditioned media (see Fig 2D)
from B-Tat transfected astrocytes, noticed as significant
decrease in cell viability. As seen in TUNEL assay,
MTT assay of human neurons also showed that cell
death was significantly lower in neurons that were ex-
posed to C-Tat protein (p 	 0.0001) or in groups that
were treated with conditioned media from C-Tat trans-
fected astrocytes (p 	 0.0003), compared with respec-
tive B-Tat groups. However, conditioned media from
mutant C-Tat (CC) transfected astrocytes exhibited
cell death quite similar to those noticed with B-Tat
groups (see Fig 2D). The mutant SC group showed
negligible cell death. The differences between the rele-
vant test groups were statistically significant.

We also studied the morphology of human primary
neuronal cultures that were exposed to conditioned
media from astrocytes transfected with various expres-
sion vectors for 24 hours. The morphology of cells
clearly was indicative of the results obtained in various
parameters studied (data not shown). Neuronal damage

was significantly low in C-Tat and mutant SC groups,
and maximum in the B-Tat groups.

B- and C-Tat Induce Different Levels of Oxidative
Stress in Neurons
To further investigate the pathways that may be in-
volved in the B-Tat– and C-Tat–mediated neuronal
damage, we measured the ROS production in neurons
exposed either to vehicle, B-Tat, or C-Tat protein at
100ng/ml concentration for 24 hours. ROS assays were
also performed on neurons exposed to conditioned me-
dia from pcDNA vector, pcDNA B-Tat, pcDNA
C-Tat, or pcDNA mutants C-Tat (CC and SC). We
observed a substantial augmentation in ROS genera-
tion after B-Tat exposure (p 	 0.003). The ROS levels
in the C-Tat protein–treated group, however, were sig-

Š Fig 2. Human primary neurons undergo damage by direct and
indirect cell death pathway after exposure to human immunode-
ficiency virus-1 (HIV-1) Tat from clades B and C. (A) Quanti-
tative assessment of human neurons undergoing apoptosis after
24-hour exposure to HIV-1 B- and C-Tat protein represented
as percentage of terminal deoxynucleotidyltransferase–mediated
dUTP nick end labeling (TUNEL)–stained nuclei/4�,6-
diamidino-2-phenylindole (DAPI)–positive nuclei (n � 3). (B)
Quantitative assessment of TUNEL-positive human neurons
undergoing apoptosis after exposure to conditioned media from
astrocytes transfected with the parental vector (Vec) and different
Tat-expressing vectors as shown. Note the remarkable levels of
attenuation in the C-Tat group (p 	 0.01 vs B-Tat; n � 5)
and reversal of attenuation of apoptosis in the mutant CC
group (p 	 0.007 vs C-Tat). (C) Cell viability of human pri-
mary neuronal cultures treated with HIV-1 Tat protein from
clade B or C as assessed by the MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl-tetrazolium bromide) assay, depicting direct cell
death pathway. Neurons in C-Tat group show larger number of
viable cells compared with the B-Tat group (p 	 0.0001; n �
6). (D) Cell viability assay of human neurons after exposure to
conditioned media from astrocytes transfected with Tat-
expressing vectors, depicting indirect cell death pathway. Note
the reduced magnitude of cell viability in the B-Tat (p 	
0.0001) and mutant CC groups, and negligible damage of neu-
rons in the C-Tat and mutant Tat SC groups (n � 5). Data
represent mean � standard deviation. (E, F) HIV-1 B- and
C-Tat induce different levels of oxidative stress in human pri-
mary neurons. Human neurons undergoing varied levels of oxi-
dative stress as measured by the levels of the reactive oxygen spe-
cies (ROS) using 7�-dichlorodihydrofluorescein diacetate
(DCFDA) probe represented by mean fluorescence intensity per
microgram protein. (E) Levels of reactive oxygen species gener-
ated from human neurons treated with B- and C-Tat protein,
depicting direct cell death pathway. (F) Levels of ROS generated
from human neurons after exposure to astrocyte conditioned
media, depicting indirect cell death pathway. Note that ROS
levels in the B-Tat and mutant CC groups are at a similar
range, indicating importance of the dicysteine motif for oxida-
tive stress. Data represent mean � standard deviation of three
independent experiments.
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nificantly lower (p 	 0.018) in comparison with the
B-Tat group (see Fig 2E), indicating that C-Tat medi-
ates a weak oxidative stress on neurons. In the indirect
neurotoxicity model, culture of human neurons with
conditioned media from B-Tat transfected astrocytes
showed significantly enhanced ROS levels (p 	
0.0001); however, in the C-Tat group, the ROS gen-
eration was comparable with the vector control group.
Neurons cultured with conditioned media from astro-
cytes transfected with mutant C-Tat (CC) exhibited
ROS generation in levels quite similar to those seen
with B-Tat expression vectors (see Fig 2F).

Human Immunodeficiency Virus-1 C-Tat Induces
Weaker Mitochondrial Membrane Depolarization
in Neurons
Differential neuronal death patterns seen with HIV-1
B-Tat and C-Tat proteins, as well as with astrocyte
conditioned media, prompted us to examine the neu-
ronal mitochondrial membrane depolarization. JC-1 is
a fluorescent lipophilic cationic dye that is sequestered
in mitochondria in proportion to the electrical poten-
tial differential that normally exists across the inner mi-
tochondrial membrane.34 Recently, several investigators
used this agent to assess the status of mitochondrial
membrane potential in cultured neurons undergoing
neurotoxicity.35,36 To assess the mitochondrial mem-
brane potential, we added JC-1 dye to human neuronal
cultures after they were exposed to Tat proteins or con-
ditioned media from Tat transfected astrocytes. We
found that exposure to B-Tat resulted in significant de-
polarization of the mitochondrial membrane as seen by
the substantial decrease in the red/green ratio, clearly
indicating that the B-Tat treatments induce cell death
by mitochondrial membrane depolarization and possi-
bly resulting in release of cytochrome c from mito-
chondria. Treatment of neuronal cultures with condi-
tioned media from C-Tat transfected astrocytes,
however, resulted in little or no depolarization of the
mitochondrial membrane as seen with JC-1 dye treat-
ment (Fig 3A). We obtained similar results with Tat
protein or the direct cell death pathway (data not
shown).

Identical to our observations with other parameters
used in this study, introduction of conditioned media
from astrocytes treated with mutant C-Tat (CC) re-
sulted in the depolarization of neurons, similar to levels
that were observed with B-Tat groups (see Fig 3A).

Human Immunodeficiency Virus-1 B- and C-Tat
Exhibit Variations in Cleaved Caspase-3 Expression
in Human Primary Neurons
To delineate the pathway of apoptosis induced by Tat,
we performed Western blotting of neuronal cell extract
for caspase-3. Neurons were exposed to Tat-
conditioned astrocyte media before Western blotting. A

cleaved caspase-3 protein was visible quite distinctly in
B-Tat group, but not in C-Tat group. As observed in
other parameters studied, cultures of neuron with me-
dia from mutant CC transfected astrocytes resulted in
cleaved caspase-3 expression quite similar to those of
B-Tat group, signifying the importance of dicysteine
motif for Tat neuropathogenesis (see Fig 3B). Similar
results were obtained with Tat protein treatment (data
not shown). To confirm that the Tat-induced neuronal
damage is caspase dependent, we used a known caspase
inhibitor Z-VAD FMK (carboxymethyl-valyl-alanyl-
aspartyl-[O-methyl]-fluoromethylketone) at a concen-
tration of 50�M. We observed that neuronal apoptosis
was considerably reduced after pretreatment with the
caspase inhibitor, confirming that Tat neurotoxicity is
via the caspase pathway.

These data collectively demonstrate that clade iden-

Fig 3. Modulation of mitochondrial membrane potential and
caspase activation in human neurons is clade specific. (A)
Composite depicts effect of Tat on mitochondrial membrane
potential in human neurons as assessed by using the JC-1
probe. Note the formation of JC-1 green aggregates after expo-
sure of human neurons to conditioned media from Tat-
transfected astrocytes. The intense green aggregates in the
B-Tat and mutant C-Tat CC groups indicate considerable
depolarization of mitochondrial membranes. (B) Western blot
showing the expression of cleaved caspase-3 in protein samples
from human neurons cultured with the astrocyte conditioned
media. Note that human neurons treated with conditioned
media from HIV-1 C-Tat transfected astrocytes express low
levels of cleaved caspase-3 protein (last lane) compared with
others. Data are representative of results obtained from two
independent experiments. Densitometric measurements were
performed on individual immunoblots for each antibody tested.
Caspase-3 expression is significantly low from the C-Tat group
as compared with B-Tat (p 	 0.05) (data not shown here).
(C) Graph depicts the molecular simulation dynamics of the
cysteine-rich domain of subtype C-Tat and its variants. Ten
picoseconds (ps) of equilibration at 300 Kelvin were followed
by 100 ps of molecular dynamics (MD) simulation, and root
mean square displacement (RMSD) was measured. RMSD of
the wild-type CS-Tat (triangles) for 10 representative MD-
derived structures was found to be a maximum of 2.3Å. The
root mean square displacement value for CC-Tat (squares)
2.9Å and SC-Tat (circles) 2.11Å was significantly greater
than CS-Tat, indicating higher order of flexiblity.
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tity of Tat has significant impact on neuronal patho-
genesis. Tat from two important clades of HIV-1 in-
duced apoptosis in human neurons to variable degrees
with C-Tat invariably being inferior to B-Tat in all the
assays used here. The data on the mechanism of neu-
ron apoptosis suggested that B- and C-Tat caused dif-
ferential degrees of perturbation at the level of the mi-
tochondrial membrane and oxidative stress that
ultimately triggered the caspase cascade pathway, acti-
vation of caspase-3 that finally pushed the neuron into
apoptosis.

Discussion
Data presented here point to significant clade-specific
differences in HIV-1 Tat-induced cell death of human
neurons. Unlike HIV-1 B-Tat, the neuronal damage
by HIV-1 C-Tat was of a considerable low intensity,
and there were distinct differences in the levels of up-
regulation at several steps of intrinsic apoptotic path-
way. Furthermore, clade-specific differences in Tat-
induced neuronal apoptosis were observed in both
direct and indirect modes of neuronal damage after ex-
posure of human neurons to Tat. Importantly, data
presented here highlight the pathogenic significance of
the dicysteine motif in Tat. A natural variation in
C-Tat in the dicysteine motif possibly underlies the
differential neuronal damage observed by Tat origi-
nated from clades B and C. This article demonstrates
remarkable clade-specific differences in HIV-1 B- and
C-Tat proteins causing apoptosis in human neurons.

Neuronal apoptosis has been documented through
pathological examination of brains from HIV-1–in-
fected and demented patients from HIV-1 clade
B–prevalent countries such as the Americas and Eu-
rope, where incidence of HIV-1–associated neurologi-
cal manifestations is reportedly greater. The neurobiol-
ogy of HIV-1 clade B viruses is comparatively well
studied and understood. Unfortunately, studies on
postmortem brains from HIV-1 C–infected individuals
are lacking because autopsies on AIDS patients are
rarely performed in developing countries, including In-
dia. Furthermore, as the animal models for Neu-
roAIDS have not been successful, use of in vitro cell
culture system of human brain cells is mandatory. We
used primary human neuronal cultures with minimal
glial cell contamination to evaluate the neurotoxic po-
tential of viral protein Tat derived from two important
clades that account for the majority of global viral in-
fections.

To understand the possible differences between these
important clades of HIV-1, we chose HIV-1 Tat pro-
tein based on its known neurotoxic properties and its
significance for HIV-1–associated neurological deficits
in infected individuals. Given that subtype/clade C-Tat
differs from other viral subtypes in lacking a dicysteine
motif, we elected to use wild-type B- and C-Tat and

dicysteine variant forms of C-Tat to evaluate the neu-
rotoxic epitope of Tat rather than using the overlap-
ping synthetic peptides of the Tat protein. In carefully
designed experiments, we examined both direct and in-
direct neuronal damage pathways that are typically
known to occur in HIV-1–associated dementia.8,37 For
direct damage pathway, we treated human neurons
with clade-specific HIV-1 Tat protein. To evaluate the
indirect damage pathway and in an attempt to simulate
pathological conditions that may be arising after infec-
tion of HIV-1 in human astrocytes, we transfected hu-
man astrocyte cultures with Tat-expression vectors.
Transfected astrocytes expressed and released Tat into
the culture media as they do in the infected human
brain.

We confirmed secretion of Tat from transfected as-
trocytes with the help of Tat polyclonal antibody that
were raised by us in rabbit, before advancing with ex-
periments on human neuronal cultures (data not
shown). Incubation of conditioned media with poly-
clonal Tat antibody significantly reduced the number
of TUNEL-positive cells, further confirming that the
neurotoxic effects of conditioned media are perhaps
due to presence of Tat that would be secreted from
astrocytes transfected with various Tat-expressing vec-
tors. We are aware that astrocytes cannot support a
productive viral infection; however, a previous study
demonstrated synthesis and extracellular secretion of vi-
ral proteins when human astrocytes were transfected
with pNL4-3 DNA vector.38 Considering the impor-
tance of the astrocytes for neuron survival and func-
tioning in the natural context and the role astrocytes
are believed to play in Tat-induced excitotoxic injury
to the neurons in viral infection, we used an astrocyte/
neuron model in this study.

Our observation that Tat-induced damage to human
neurons is mediated via apoptosis caused by alterations
in mitochondrial membrane potential, oxidative stress,
and ultimately in the activation of caspase-3 is consis-
tent with studies reported previously. Our study pro-
vides convincing evidence that there is a differential de-
gree of neuronal damage induced by B- and C-Tat,
and that could be ascribed to the variation of a single
amino acid at position 31 in the neurotoxic region of
the Tat protein. Our observations are also in line with
the recent reports that studied clade-specific differences
in HIV-1 B- and C-Tat protein for production of in-
flammatory cytokines interleukin-6 and tumor necrosis
factor-� in peripheral blood monocytes, as well as
compromised monocyte chemotactic function of
C-Tat.25,28 Mitochondria play a crucial role in apopto-
sis. Disruption of mitochondrial transmembrane po-
tential is a critical early event that triggers the process
of cell death through a series of events including un-
coupling of oxidative phosphorylation, generation of
ROS, release of cytochrome c from the mitochondria
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into the cytosol, and activation of the caspase cascade
that finally ends up in cellular apoptosis. We studied
alterations in mitochondrial membrane potential of hu-
man neurons by using the JC-1 dye and dissected sev-
eral other critical steps in the pathway that indicate
there are clear differences in the effect of B- and C-Tat
on mitochondrial membrane potential and ultimately
in caspase-3 activation and neuronal apoptosis. Similar
experiments with human astrocytes demonstrated that
Tat concentrations (50 and 100ng/ml) that were toxic
to human neurons were unable to induce noticeable
apoptosis in astrocytes. The JC-1 staining of human
astrocytes with and without Tat did not elicit any al-
terations, indicating that human astrocytes are possibly
unaffected at these concentrations. Our observations
also suggest that differences of neurotoxicity between
clades C and B may be used as a molecular tool to
dissect pathways of neuronal apoptosis.

It has been hypothesized that clade-specific differ-
ences of HIV-1 subtype C-Tat underlie the reported
low incidence of HIV-1–associated dementia in India;
however, a direct correlation between reduced neuro-
toxic potential of C-Tat and HIV-1–associated neuro-
logical deficits is lacking. We therefore investigated
whether clade-specific differences in B- and C-Tat pro-
teins could differentially modulate neuronal apoptosis.
With carefully designed experiments and appropriate
controls, we thoroughly investigated the neurotoxic po-
tential of B- and C-Tat. Using different models of neu-
ronal cell damage, we evaluated and confirmed attenu-
ated neuropathogenic nature of C-Tat in comparison
with B-Tat. Use of isogenic variants of C-Tat not only
ascertained the reduced neurotoxic potential of C-Tat
for human neurons but also confirmed the neuro-
pathological significance of the dicysteine motif in Tat.
This variation at position 31 of C-Tat has previously
been shown to be critical for the induction of inflam-
matory cytokine production from human peripheral
blood mononuclear cells.25 Recently, the importance of
point mutations in the coding region of prion proteins
at position 129 in neuropathogenesis in prion disease
has also been reported.39,40 Data on Tat structure and
its domains are scarce for technical reasons. First, Tat,
like several other transactivation factors, is highly flex-
ible and lacks well-structured three-dimensional
folds.41,42 Only low-resolution nuclear magnetic reso-
nance structure, but not X-ray crystal structure, of Tat
is available.43,44 Second, most of the reports of Tat
structure derived from subtype B viral protein.42 Only
a limited number of studies used Tat of other viral
subtypes. The variation within the CRD of Tat is a
characteristic feature of subtype C-Tat, and virtually no
studies determined the molecular structure of Tat from
subtype C. As a result, the information on the struc-
tural differences within subtype C-Tat at the gross level

and at individual domain level is unknown. Such stud-
ies are yet to commence.

Circular dichroism analyses of Tat derived from sub-
types B and D in aqueous solutions identified primar-
ily random coil structures and/or �-turns. Importantly,
minor structural variations in Tat are implied to influ-
ence the pathogenic properties of the viral protein.45

Using circular dichroism analysis, Ranga’s group25 re-
ported important differences between B- and C-Tat
proteins. They alluded to a possible higher ordered and
less flexible structure in subtype C-Tat protein com-
pared with B-Tat.28 Ranga’s group identified natural
variations within the CRD of subtype C-Tat25 and
offered important clues as per the structural conse-
quences.28 Apart from this single study, no informa-
tion is available on the possible structural differences of
Tat proteins, their domains, and a possible influence of
such differences on the biological functions of Tat.

To fill in this gap, we performed molecular dynam-
ics simulation to explore the conformational variation
existing within the CRD domain of Tat (residues 15–
37). Molecular dynamics simulations are used to inves-
tigate dynamics and intramolecular interactions of pro-
teins in aqueous solution, and such analyses have been
applied to HIV-1 Tat previously.46,47 The molecular
dynamics simulation examined only the 22 residues of
the CRD region of Tat, whereas the rest of the protein
was constrained. Subtype C wild-type Tat (CS) and its
two cysteine variants (CC and SC) were included in
the analysis. Root mean square displacement of the
wild-type CS-Tat for 10 representative molecular dy-
namics–derived structures was found to be a maximum
of 2.3Å (see Fig 3C). The root mean square displace-
ment value for CC-Tat (2.9Å) and SC-Tat (2.11Å)
was significantly greater than CS-Tat. An increase in
the root mean square displacement value is indicative
of higher order of flexibility. These data suggest that
Tat CRD containing a dicysteine motif (subtype
B–like) is likely to contain more structural flexibility
than its isogenic form containing a CS (subtype
C–like) variation ascertaining the prediction made by
some of us previously.28 We did not include subtype
B-Tat in this analysis because the CRD and other do-
mains of Tat contain significant levels of intrasubtype
and intersubtype variations. It is nevertheless possible
to extrapolate these results to the CRD of subtype
B-Tat. The molecular dynamic simulation corroborates
the above premise that B-Tat is relatively more flexible
than C-Tat. This relative higher order of flexibility of
B-Tat, in turn, might explain its higher biological ac-
tivity described in this article and previously.28 High-
resolution structures of nuclear magnetic resonance are
needed to understand the differences between C-Tat
and Tat proteins of other subtypes, but this is beyond
the scope of this study.

Interestingly, subtype C-Tat protein is also naturally
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devoid of the arginine-glycine-aspartic acid (RGD) mo-
tif in exon 2, which is necessary for Tat to attach to
the integrin receptors �5�1 and �v�3 on the cell sur-
face.48,49 Tat binds the target cells in a dose-dependent
manner using the RGD motif, and Tat mutants lack-
ing the RGD motif fail to mediate efficient cell adhe-
sion.48 Absence of this motif may adversely affect cell
attachment of C-Tat and the subsequent internaliza-
tion. We are currently comparing additional Tat clones
from subtype B and C primary clinical isolates to con-
firm this observation.

Although data presented here using recombinant Tat
proteins and Tat-expression vectors substantiate clade-
specific manifestation on viral neuropathogenesis, these
observations must be ascertained using infectious vi-
ruses. Some of these experiments are currently in
progress in our laboratory. Detailed studies with post-
mortem human brain samples from HIV-1 patients
from clade B and C endemic areas are warranted to
further validate these findings.

In conclusion, using recombinant Tat proteins, Tat
expression vectors, and isogenic subtype C-Tat vari-
ants, we demonstrated clade-specific differences in neu-
ropathogenic properties of Tat. Clade C-Tat protein
demonstrated highly attenuated phenotype and caused
only mild levels of neuron apoptosis compared with
clade B-Tat. We believe that this study is an important
milestone toward understanding clade-specific neuro-
toxic properties of Tat for human neurons and a sig-
nificant advancement in our limited understanding of
neuropathobiology of HIV-1 clades B and C.
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