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Abstract The Tat protein of the human immunodeficiency
virus (HIV) has been implicated in the pathophysiology of
the neurocognitive deficits associated with HIV infection.
This is the earliest protein to be produced by the proviral
DNA in the infected cell. The protein not only drives the
regulatory regions of the virus but may also be actively
released from the cell and then interact with the cell surface
receptors of other uninfected cells in the brain leading to
cellular dysfunction. It may also be taken up by these cells
and can then activate a number of host genes. The Tat pro-
tein is highly potent and has the unique ability to travel along
neuronal pathways. Importantly, its production is not
impacted by the use of antiretroviral drugs once the proviral
DNA has been formed. This article reviews the pleomorphic
actions of Tat protein and the evidence supporting its central
role in the neuropathogenesis of the HIV infection.
Keywords Tat - Brain - HIV - Neuron - Glia -
Chemokine

Introduction

Human immunodeficiency virus (HIV) infection frequently
results in neurological complications such as decreased
cognition, depression, and motor dysfunction. Several
terms have been used to describe the syndrome including
AIDS dementia complex and HIV-associated dementia.
With the use of antiretroviral therapy the severe forms of
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neurocognitive impairment are seldom seen, and more
commonly milder forms persist. This has been termed
HIV-associated neurocognitive disorder or HAND (Anti-
nori et al. 2007). The pathophysiology of this disorder in
the presence of antiretroviral drugs is clearly different than
that in the pre-antiretroviral era. This review has been
focused on Tat protein of HIV for several reasons. Tat is
the first protein produced during viral replication, it plays a
critical role in driving viral replication by transactivation of
the promoter region of the virus, there is no effective
treatment that blocks Tat activity, and it is produced by
infected cells once the proviral DNA is formed even in the
presence of available antiretroviral drugs. In this review,
we discuss the pleomorphic actions of the Tat protein on
the various cell types within the brain, the molecular basis
of these interactions and the pharmacological approaches
to date developed to try and block its activity.

Tat Structure

Tat is a transactivator of TAR (Tat associated region). It is
a small protein of 101 amino acids but the length varies
from strain to strain (Robert-Guroff et al. 1990). It is
produced in the initial phase of viral transcription and
localizes mainly to the nucleus and nucleolus (Stauber and
Pavlakis 1998). It is a highly basic protein, and therefore,
has the potential for a non specific binding with different
RNAs (Ruben et al. 1989). The primary role of Tat is to
regulate (productive and processive) transcription from the
HIV promoter region termed the long terminal repeat
(LTR) (Rosen et al. 1988). Residues 1-72 are encoded by
the first exon and residues 73—-101 or 104 are encoded by a
second exon (Ruben et al. 1989). An 86 amino acid form of
Tat, which exists in a few laboratory passaged virus strains
(LAI, HXB2, and NL4-3), has been frequently used
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(Bilodeau et al. 1999). This version represents a truncated
and not a naturally occurring full length protein. Tat can be
divided into six functional regions (Fig. 1). Amino acids
1-48 represent a minimal activation domain of HIV-1 Tat
required for LTR activation, the basic domain 49-72
contains a RKKRRQRRR motif, which confers TAR RNA
binding and is important for nuclear localization signal
(NLS) and uptake of Tat by cells (Jeang et al. 1999). Tat is
believed to be functional as a monomer rather than dimer.
Mutations in the region 1-21 amino acids are tolerant to
changes without loss of biologic activity, in contrast,
changes in amino acids 25-40 are generally deleterious for
transactivation. Sequences from 22 to 37, a cysteine rich
domain, binds with divalent cations like Zn>* and Cd>*. It
has been shown that the Zn binding property is important
for dimerization of Tat and subsequently affects its bio-
logical functions (Frankel et al. 1988). Moreover, it has
been demonstrated that substitutions at cysteine residues
22, 25, 27, and 37 alter the transactivation of HIV-LTR
(Jeang et al. 1999). Acetylation of lysine at position 28
modulates the affinity and stability of Tat-CyclinT1-TAR
complexes by enhancing an interaction with the CyclinT1
Tat-TAR recognition motif (D’Orso and Frankel 2009).
The cysteine residue at position 31 is critical for binding to
the NMDA receptor on neurons and mediating neurotox-
icity (Li et al. 2008). Chemotactic properties have also
been attributed to this residue (Ranga et al. 2004). The
second exon of Tat, 73-101 or 104 amino acids, is less
studied. Findings from HIV and SIV Tat are quite clear in
demonstrating that this exon contributes toward optimal
transactivation. There is also evidence that the second exon
of HIV-1 Tat, in other assays is important for transactiva-
tion, transrepression of transcription factors such as AP-1
and NF-kB, and virus replication. The RGD motif in the
second exon that binds to integrin receptors, is not found in
HIV-2 and SIV Tat (Barillari et al. 1993). Moreover, the
second exon has an ESKKKVE motif which is conserved
in most HIV-1 Tat proteins and partially present in HIV-2
and SIV Tat (Kuppuswamy et al. 1989).
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Fig. 1 Structural and functional domains of HIV-Tat protein. The Tat
protein is formed from two exons. The first exon is formed of 72
amino acids and the second exon varies in length and encodes amino
acids 73-86 or 104. The protein is divided into six regions. The first
five reside in the first exon. Of these, the cysteine rich and the
arginine-rich regions are important in mediating neurotoxicity
through cell surface interactions. The nuclear localizing domain
(amino acids 48-56) is important in the gene transactivation
properties of Tat
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Immunological Responses to Tat

The immunological epitopes within Tat have not been
studied in detail. Uninfected individuals have natural IgM
antibodies directed against two portions of Tat
(CTNCYCKKCCFH and GRKKRRQRRRPP), suggesting
that this might be one basis for natural immunity against
the virus (Rodman et al. 1992). Interestingly, following a
period of post infection latency, the titers of natural anti-
bodies decline and other Tat reactive antibodies do not rise
(Zagury et al. 1998). This has made the use of Tat protein
as an antigen for subunit vaccines extremely challenging.
However, there is no information available regarding the
antibody titers to Tat in patients with HIV-associated
neurocognitive dysfunction. However, antibodies to the N
or C terminal of Tat can form immune complexes that can
bind to the NMDA receptor on neurons. These immune
complexes can prevent activation of the receptor by Tat
and even by other agonists of the receptor such as gluta-
mate and quinolinic acid through stearic hinderance
(Rumbaugh and Nath, unpublished observations).

Tat-Mediated HIV Transcription

HIV transcription is controlled primarily by Tat (Rosen
et al. 1988). Transcription of the HIV provirus is charac-
terized by an early, Tat-independent phase and a late, Tat-
dependent phase. In the absence of Tat, a series of short
transcripts are produced due to inefficient elongation by the
recruited RNA pol II. However, inefficient, this process
results in the synthesis of a small fraction of full length
viral transcripts leading to the synthesis of the Tat protein
(Yedavalli et al. 2003). Tat after binding to the hairpin loop
(bulged RNA stem loop structure) TAR, that is present at
the 5'-terminus of all viral transcripts, rapidly leads to the
synthesis of more Tat and the establishment of a positive
regulatory loop. The optimal activity of Tat is further
dictated by its association with two classes of cellular
proteins, Tat associated kinases (TAKs) (Deng et al. 2002)
and Tat associated histone acetyl transferases (HAT)
(Marcello et al. 2001). Association of Tat and p-TEFb
(TAK) with TAR leads to phosphorylation of the RNAPII
CTD (Deng et al. 2002). Phosphorylation of RNAPII CTD
renders otherwise non processive RNAPII into produc-
tively elongating molecules. In addition to cellular kinases
Tat also recruits cellular HATs. Two nuclear HATs, p300
and P/CAF, interact with and acetylate Tat on distinct
lysine residues. The acetylation of the activator domain of
Tat by P/CAF enhances the binding of Tat to the cellular
factor CDK9/p-TEFb, whereas the acetylation of the TAR
binding domain by p300 promotes its dissociation from
TAR element during early transcriptional elongation, and
both events increase the activation of transcription from
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LTR (D’Orso and Frankel 2009). Tat mediated LTR
transactivation in astrocytes is unique and involves com-
plex interactions with cellular transcription factors (Coyle-
Rink et al. 2002) and may occur independent of TAR
(Taylor et al. 1992).

Tat is Required for HIV Reverse Transcription

It has been shown that Tat is able to stimulate efficient
reverse transcription (Harrich et al. 1997). Tat binding to
TAR RNA may alter TAR structure such that the initiation
of reverse transcription is enhanced. Mutations of the Tat
gene decrease the initiation of reverse transcription of HIV-
1 replication several thousand folds. Viruses lacking tat are
also defective in endogenous assays of reverse transcrip-
tion, although these viruses contain similar levels of
reverse transcriptase. These results indicate that the Tat
protein, in addition to regulating the level of gene
expression, is also important for efficient HIV-1 reverse
transcription.

Release and Uptake of Tat

Tat has been shown to be released by infected lymphoid
(Ensoli et al. 1993), monocytic cells (Turchan et al. 2001),
and glial cells (Tardieu et al. 1992) in vitro, by a leaderless
but energy dependent pathway (Chang et al. 1997).
Monocytic (Johnston et al. 2001) and astrocytic cells
(Chauhan et al. 2003) stably expressing Tat also release Tat
extracellularly (Bruce-Keller et al. 2003). Both forms of
Tat, i.e., Tat formed by first exon only and that formed by
first and second exon are released (Li et al. 2008; Malim
and Cullen 1991). Tat release occurs most optimally in low
serum conditions (Ensoli et al. 1993) such as that present in
brain. Tat can be taken up readily by most cell types
(Frankel and Pabo 1988). This property of Tat has been
exploited to deliver other proteins conjugated to Tat
derived peptides; a phenomenon called “protein transduc-
tion” (Ford et al. 2000; Snyder and Dowdy 2001). When
full length Tat is taken up by cells it remains functionally
active and can transactivate HIV expression. The basic
domain that contains the arginine-rich region is critical for
the nuclear localization of Tat (Vives et al. 1997). The
region derived from the second exon of Tat is important for
the uptake of Tat (Ma and Nath 1997). The mechanism of
uptake involves interaction with the low-density lipopro-
tein receptor (Liu et al. 2000) and cell surface heparan
sulfate proteoglycans (Tyagi et al. 2001). The transmem-
brane uptake of Tat is mediated through caveolar
endocytosis (Fittipaldi et al. 2003) and clathrin-dependent
endocytosis (Vendeville et al. 2004).

The cationic Tat peptide (amino acids 48-56), called the
protein transduction domain (PTD) or cell penetrating

peptide (CPP), is widely used as a vehicle for the intra-
cellular delivery of macromolecules including oligonucleo-
tides, peptides or proteins, low-molecular-mass drugs,
nanoparticles, and liposomes (Schwarze et al. 1999; Snyder
and Dowdy 2001). This approach has also been exploited
for developing novel neuroprotective strategies (Spitere
et al. 2008; Wei et al. 2008). The mechanisms of the CPP-
cargo translocation include macropinocytosis, clathrin-
mediated endocytosis, and caveolae/lipid-raft-mediated
endocytosis (Kaplan et al. 2005; Richard et al. 2005).

Detection of Tat in Brain

Several groups have demonstrated the presence of Tat pro-
tein brains of patients with HIV encephalitis by
immunostaining (Hofman et al. 1994; Hudson et al. 2000;
Kruman et al. 1999; Liu et al. 2000; Valle et al. 2000).
Additionally, mRNA levels for tat are also elevated in brain
tissue of patients with HIV dementia (Hudson et al. 2000;
Wesselingh et al. 1993; Wiley et al. 1996). In rhesus
macaques with encephalitis due to a chimeric strain of HIV
and the simian immunodeficiency virus, Tat has been
demonstrated by immunostaining and western blot analysis
(Hudson et al. 2000). Immunostaining patterns suggest that
Tat can be found in cytoplasm of perivascular macrophages,
microglial nodules, and in glial cells which likely represent
HIV-infected cells. However, interestingly, Tat can also be
found in the nuclei of some neurons (Liu et al. 2000) and
oligodendroglia (Valle et al. 2000) which likely suggest that
extracellular Tat was taken up by these cells. Tat can also be
detected in the serum of patients with HIV infection in
concentrations of about 1 ng/ml (Westendorp et al. 1995)
and concentrations of 4 ng/ml have been reported in con-
ditioned medium of HIV-infected cells (Albini et al. 1998).
While most studies using recombinant Tat protein use nM
concentrations, vast majority of the Tat protein in these
preparations is polymerized or oxidized and hence are
inactive. A recent study in which supernatants from Tat-
transfected cells was directly used to cause neurotoxicity
showed that low pM concentrations of Tat were sufficient to
cause NMDA receptor activation and neurotoxicity (Li et al.
2008). In fact cell stably transfected with Tat when injected
into the brain cause significant alterations in histological
markers of inflammation, synaptic density, and most
importantly in behavioral performance (Bruce-Keller et al.
2003; Chauhan et al. 2003).

Evolution of Tat in Brain
Tat sequences from the brain show distinct compartmental-
ization when compared to other tissues (Thomas et al. 2007).

Non-synonymous/synonymous substitution (synonymous
substitution is the substitution of one base for another in an
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exon of a gene coding for a protein, such that the amino acid
sequence produced is not modified, while non-synonymous
substitution leads to a change in the amino acid sequence)
rates among the far sequences derived from patients with
HIV-associated neurocognitive impairment are significantly
higher compared to the HIV-infected patient without
neurocognitive impairment. The ratios of transversions
(substitution of a purine for a pyrimidine or vice versa) to
transitions (a mutation changing a purine to another purine
nucleotide or a pyrimidine to another pyrimidine nucleotide)
in the fat sequences are also significantly higher among the
patients with HIV-associated neurocognitive impairment.
Phylogenetic analyses show clustering of sequences from
each clinical group among the brain-derived fat sequences
(Bratanich et al. 1998). Comparison of matched brain- and
spleen-derived tat sequences indicate that homology among
brain-derived clones is greater than that between the brain-
and spleen-derived clones. The brain-derived tat sequences
are markedly heterogeneous in regions, which influence viral
replication and intracellular transport (Mayne et al. 1998).
Further, trat sequences from patients with HIV-associated
neurocognitive impairment have different functional prop-
erties compared to those without associated neurocognitive
impairment. For example the former are not as efficient at
transactivation of the LTR, but suppress the expression of
proapoptotic genes and have a differential effect on several
other host genes, features that promote it’s neurotoxic
potential (Boven et al. 2007). These studies indicate that
differing selective forces act on the HIV taf gene in the brain,
which may influence the development of neurocognitive
impairment.

Transport of Tat Within the Brain

Tat can be transported in the brain along anatomical
pathways both anterogradely and retrogradely. For exam-
ple when Tat expressing cells were injected into the
striatum, synaptic injury and gliosis was found in the
substantia nigra and when the cells were injected into
the hilus of the dentate gyrus, similar synaptic injury and
gliosis was found in the CA3/4 region. Importantly, in both
instances, Tat could be detected at the sites of synaptic
injury clearly demonstrating the ability of Tat to be
transported along these neurons (Bruce-Keller et al. 2003).
Tat must have the ability to escape the proteolytic path-
ways within the cell and enter axonal transport systems.
Consistent with the scenario, Tat can inhibit the proteolytic
activity of the 20S proteasome (Huang et al. 2002; Seeger
et al. 1997), which may explain its ability to escape pro-
teolysis in neurons. Further, these data suggest that Tat can
be transported both retrogradely (from the striatum to
the pars compacta region of the substantia nigra) and an-
terogradely (from the hilus to CA3/4). These observations
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may have important implications for neuropathogenesis of
retroviral infections suggesting that Tat-induced neuronal
damage and glial cell activation may occur at sites distant
from the cells infected with the virus.

Tat Receptors

In the past years, Tat entry into cells was thought to be
receptorless, however, recent studies have demonstrated
that Tat transduction is receptor mediated. Heparan sulfate
is the receptor for Tat, present on almost all types of cells
and helps localize Tat to the cell membrane. Another
receptor the low-density lipoprotein receptor-related pro-
tein (LRP) helps to internalize Tat by an endocytic process.
However, both heparan sulfate and LRP are necessary for
Tat entry in neuronal cells (Liu et al. 2000). In neurons,
LRP, postsynaptic density protein-95 (PSD-95), and the
N-methyl-p-aspartic acid (NMDA) receptors form a mac-
romolecular complex which is stimulated by Tat leading to
neuronal injury (Eugenin et al. 2007). The core domain of
Tat (aa 37-48) is directly involved in Tat interaction with
LRP domains II, III, and IV. Tat can also bind directly to
the NMDA receptor through Cys—Cys interactions with the
extracellular domain of the NR-1 subunit (Li et al. 2008).
Tat shows conserved amino acids corresponding to critical
sequences of some chemokines. Synthetic Tat and a pep-
tide (CysL24-51) encompassing the “chemokine-like”
region of Tat induces a rapid and transient Ca®" influx in
monocytes and macrophages, analogous to beta-chemo-
kines. Cross-desensitization studies indicate that Tat shares
receptors with MCP-1, MCP-3, and eotaxin and can dis-
place beta-chemokines from chemokine receptors CCR2
and CCR3, but not CCR1, CCR4, and CCRS5 (Albini et al.
1998). Furthermore, Tat binds to chemokine receptor
CXCR4, therefore it may act as an antagonist for virion
binding to this receptor (Xiao et al. 2000). This directs
pressure on HIV-1 CXCR4 strains to adapt to CCRS tropic
strains. However, neurons are not infected though they
contain CXCR4 as well as CCRS. Thus Tat may disrupt
neuronal function by interaction with CXCR4. Tat is also
capable of inducing chemokine receptor expression. Tat
can induce CXCR4 on both lymphocytes and monocytes/
macrophages, whereas CCRS and CCR3 is induced on
monocytes/macrophages but not on lymphocytes (Huang
et al. 1998; Secchiero et al. 1999; Weiss et al. 1999).

Intracellular Tat Binding Factors

HIV-Tat protein interacts intracellularly with host proteins
which amplify or down modulate its effects on HIV tran-
scription. A 110 kDa Tat interacting protein (Tip) in the
nucleus amplifies the Tat effect on LTR transactivation
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(Liu et al. 2002). Another Tip 60 kDa also augments Tat
dependent HIV-LTR transcription by interacting with
various cellular transcription factors that belong to the
nuclear histone acetyl transferase family. HIV-Tat also
interacts with a 26S proteosome, through Tat binding
protein-1 (Nelbock et al. 1990; Tanaka et al. 1997).
Interestingly, another nuclear protein, pur alpha also
interacts directly with Tat. Residues 49-72 of Tat are
critical for binding with pur alpha (Wortman et al. 2000).
Pur alpha is a single stranded DNA-binding protein, which
binds to RNA, with much lower affinity. Pur alpha and Tat
also synergistically stimulate the JC virus promoter (Tada
et al. 1990).

Effect of Tat on Neurons

Intracerebral injection of Tat can be lethal to mice within
hours of injection (Gourdou et al. 1990; Sabatier et al.
1991). In another animal model, Tat was shown to cause
attenuation of spatial learning accompanied by suppression
of long-term potentiation, the cellular basis of spatial
learning in hippocampal slices (Li et al. 2004). In adult
animals Tat affects pre-attentive processes and spatial
memory (Fitting et al. 2008). In a Tat transgenic model
there is marked glial cell activation and neuronal loss (Kim
et al. 2003a). Tat causes loss of selective populations of
neurons in vitro and in vivo (Hayman et al. 1993; Jones
et al. 1998; Magnuson et al. 1995; Maragos et al. 2003).
Regions particularly susceptible to Tat neurotoxicity
include the striatum (Hayman et al. 1993), dentate gyrus,
and the CA3 region of the hippocampus (Maragos et al.
2003). These regions are rich in NMDA receptors (Malva
et al. 1998). Further, neuropathological studies from
patients with HIV infection show a preferential loss of
neurons in the dentate gyrus (Maragos et al. 2003) and
striatum (Everall et al. 1995). Consistent with these
observations, there is a reduction in evoked dopamine in
the striatum of the Tat-treated animals suggesting a dys-
function of nerve terminals (Ferris et al. 2009). Specifically
in dopaminergic neurons Tat mediated neurotoxicity can
by blocked by antagonists of the D1 dopaminergic receptor
(Silvers et al. 2007).

Tat produces dose-dependent depolarizations even in the
presence of the sodium channel blocker tetrodotoxin, which
suggests that Tat actions are independent of synaptic
interactions (Magnuson et al. 1995; Perez et al. 2001). Tat
also depolarizes the neuronal cell membrane when applied
extracellularly to outside—out membrane patches providing
strong evidence for direct excitation of neurons on the cell
surface (Cheng et al. 1998). In contrast, neurotoxicity
induced by gp120 is mediated primarily by indirect mech-
anisms. However, the polyamine site of the NMDA receptor
(Prendergast et al. 2002) and Tat-induced phosphorylation

of the NMDA receptor (Haughey et al. 2001) have also been
implicated in Tat-mediated neurotoxicity. Further, Tat
binds to the extracellular domain of the NR1 subunit of the
NMDA receptor via Cys—Cys interactions, which suggest a
novel mechanism for excitation of this receptor (Li et al.
2008). Another unique feature of the electrophysiological
property of Tat is that it does not show any evidence of
desensitization upon repetitive applications (Cheng et al.
1998). The degree of desensitization of glutamate receptors
may be inversely predictive of agonist toxicity (Brorson
et al. 1995; Garthwaite 1991; Jonas and Sakmann 1992).
The non-desensitizing actions of Tat would cause the
potentially deleterious actions to persist during the pro-
longed periods in which neurons in HIV-1 infected brain
would be exposed to Tat.

Tat induces dramatic increases in levels of intracellular
calcium in neurons. There is an initial brief burst of
intracellular calcium release through IP-3 sensitive pools
followed by prolonged increases in cytoplasmic calcium
resulting from an influx of extracellular calcium (Haughey
et al. 1999). This is followed by mitochondrial calcium
uptake, inhibition of complex IV of the electron transport
chain, generation of reactive oxygen species, activation of
caspases, and eventually results in apoptosis (Kruman et al.
1998; New et al. 1997; Norman et al. 2007). Tat-induced
neuronal cell death can be prevented by excitatory amino
acid receptor antagonists (Brailoiu et al. 2008; Magnuson
et al. 1995), inhibitors of nitric oxide synthase and casp-
ases, antioxidants, and agents that stabilize mitochondrial
membrane permeability and IP-3 pools of intracellular
calcium (Haughey et al. 1999; Kruman et al. 1998; Perry
et al. 2005) and inhibition of glycogen synthase kinase-
3beta by lithium (Maggirwar et al. 1999; Sui et al. 2006).
Down regulation of PTEN (phosphatase and tensin
homolog deleted on chromosome 10), which is located
upstream of glycogen synthase kinase-3beta also protects
against Tat neurotoxicity (Zhao et al. 2007). Tat also
induces rapid loss of calcium from endoplasmic reticulum
mediated by the ryanodine receptor, followed by the
unfolded protein response and pathologic dilatation of the
endoplasmic reticulum in cortical neurons. These mor-
phological features can also be seen in brain from patients
with HIV encephalitis (Norman et al. 2008). Evidence of
oxidative stress is also noted in vivo upon intrastriatal
injections of Tat (Aksenov et al. 2001). Interestingly, Tat
expression in glial cells has an antioxidative effect on the
glial cells, however, upon release from these cells it causes
oxidative stress and toxicity in neurons (Chauhan et al.
2003). Hence these toxic effects are specific for neuronal
cells. Other mechanisms have also been implicated in Tat-
induced neurotoxicity. It has been shown that Tat can
induce the expression of SDF-1 in neurons, which in turn
upon release can cause neurotoxicity in other neurons
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(Langford et al. 2002). Tat can synergize with other toxins
such as gp120 (Bansal et al. 2000; Nath et al. 2000), glu-
tamate (Wang et al. 1999), and drugs of abuse to cause
neurotoxicity (Nath et al. 2002). Following a brief expo-
sure to Tat, subsequent application of physiological levels
of glutamate can cause massive derangement in intracel-
lular calcium suggesting that the protein can sensitize the
neurons to neurotoxic substances (Nath et al. 2000). In
contrast, Tat may inhibit glutamate-mediated changes in
intracellular calcium in astrocytes (Koller et al. 2001). The
cysteine rich region and the basic domain seem to be
critical for causing neurotoxicity (Gourdou et al. 1990;
Nath et al. 1996; Weeks et al. 1995). Neurotrophic factors
can also protect against Tat-induced neurotoxicity through
the induction of anti-apoptotic genes (Ramirez et al. 2001).
Another mechanism by which Tat may affect synaptic
function is by dysregulation of selected microRNAs, par-
ticularly neuronal mir-128, in primary cortical neurons,
which further inhibits expression of the pre-synaptic pro-
tein SNAP25 (Eletto et al. 2008).

Tat also induces marked aggregation of neurons and
astrocytes in developing cultures and causes the neuritic
processes to coalesce into fascicles. These effects have
been mapped to the RGD (arginine—glycine—aspartic acid)
sequence within the second exon (Kolson et al. 1993).
These observations may be important not only for the
developing brain but also in adults as it may impair neu-
rogenesis and gliogenesis.

Effect of Tat on Glial Cell Function

Besides direct neurotoxicity, Tat can also cause neurotox-
icity by the release of neurotoxic substances from glial
cells and macrophages. Tat can also alter glial cell func-
tion, which leads to loss of support function for neurons.
For example, intraventricular injection of Tat showed
prominent glial cell activation and infiltration of perivas-
cular macrophages (Jones et al. 1998). Tat also has a
number of effects on glial cell function. It stimulates the
production of pro-inflammatory cytokines in the brain
(Chen et al. 1997) (Pulliam et al. 2007) and neurotoxins in
these cells. Tat induces a milieu of cytokines and chemo-
kines in macrophages and astrocytes (D’ Aversa et al. 2004;
Kutsch et al. 2000; Weiss et al. 1999). Significant among
these are tumor necrosis factor-o. (TNF-«), monocyte che-
moattractant factor-1 (MCP-1)/CCL-2, and CXCL-10
(Eugenin et al. 2005; McManus et al. 2000). In fact, Tat is
more potent than even lipopolysaccharide (LPS) in induc-
ing TNF-a production (Chen et al. 1997) and may act on
the TNF-o promoter (Darbinian et al. 2001). Cytokine
induction in both cell types is NF-kB dependent (Conant
et al. 1996). The epitope of Tat that induces TNF-o is
different from the one that causes neurotoxicity (Buscemi
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et al. 2007). Tat-induced TNF-a can mediate neurotoxicity
(New et al. 1998; Shi et al. 1998; Sui et al. 2007). MCP-1/
CCL-2 is a highly potent chemoattractant for monocytes.
Levels of this chemokine are elevated in the CSF and brain
of patients with HIV dementia (Conant et al. 1998).
Interestingly, MCP-1/CCL-2 may protect neurons against
Tat-induced neurotoxicity suggesting that this chemokine
may act as a double-edged sword (Eugenin et al. 2003).
Tat-mediated MCP-1/CCL-2 production in astrocytes is
mediated via kappa opiate receptors (Sheng et al. 2003).
Tat can synergize with gamma interferon to produce
CXCL-10 (Dhillon et al. 2008) and can also induce endo-
thelin-1 in astrocytes (Chauhan et al. 2007). Tat also
induces matrix metalloproteinases (MMP) expression in
astrocytes, which also facilitates monocyte transmigration
by degradation of the extracellular matrix (Johnston et al.
2001). Quinolinic acid production which is an excitotoxin
can also be induced by macrophages by Tat (Smith et al.
2001). Together, these studies suggest that Tat may be an
important mediator of the inflammatory response in the
brain. In a Tat transgenic model it was shown that ginkgo
biloba extract could attenuate glial cell activation (Zou
et al. 2007).

Differences in neurotoxic potential have been shown
between Tat derived from patients with HIV dementia
when compared to those without dementia. For example
macrophages expressing Tat from patients with HIV
dementia exhibited elevated matrix metalloproteinase-2
and -7 releases and caused neurotoxicity, but cells
expressing Tat from non-demented patients did not
exhibit enhanced MMP expression or cause neurotoxicity
(Johnston et al. 2001). Tat can synergize with gamma
interferon to induce iNOS expression in microglia (Pola-
zzi et al. 1999). It can also induce in astrocytes (Liu et al.
2002). Independent of its effects on nitric oxide, Tat can
also potently decrease cyclic AMP levels in microglia.
This effect was not noted in astrocytes (Patrizio et al.
2001).

Effect of Tat on Blood Brain Barrier

The blood brain barrier is formed of endothelial cells on the
capillary luminal surface and astrocyte foot processes on
the ablumenal surface. There is a basement membrane
between the cells and the endothelial cells themselves are
connected by tight junctions. Hence any compromise in the
endothelial or astrocytic cell function could impair the
blood brain barrier leading to influx of serum proteins and
leukocytes. Tat is capable of crossing the intact blood brain
barrier by a non-saturable mechanism with an unidirec-
tional influx rate of about 0.490 microl/g/min. About
0.126% of an intravenous dose of Tat enters each gram of
brain (Banks et al. 2005). Additionally, prolonged exposure
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of brain-derived endothelial cells to Tat may cause apop-
tosis (Kim et al. 2003b) or oxidative stress (Toborek et al.
2003). Tat can also induce IL-6 (Zidovetzki et al. 1998)
and IL-8 (Hofman et al. 1999) expression on endothelial
cells. Tat may also affect trafficking of leukocytes into the
brain by inducing the expression of adhesion molecules,
VCAM-1 and ICAM-1 in astrocytes (Woodman et al.
1999). Tat-induced cytokine dysregulation in endothelial
cells can be prevented by agonists of nuclear receptors, the
peroxisome proliferator—activated receptors (Huang et al.
2008) or by simvastatin (Andras et al. 2008). Tat can also
decrease the expression of several tight junction proteins an
effect that is mediated via calveolin-1 (Zhong et al. 2008).
In contrast, cyclooxygenase-2 inhibitors attenuate Tat-
induced alterations of occludin expression but have no
effect on Tat-induced down regulation of zona occudens-1
expression or on increased blood brain barrier permeability
(Pu et al. 2007). Importantly, Tat induces the expression of
P-glycoprotein and multidrug resistance-associated pro-
tein-1 on brain endothelial cells and astrocytes which may
have implications for delivery of antiretroviral drugs to the
brain, since these efflux systems could prevent the CNS
entry of these compounds (Hayashi et al. 2006; Hayashi
et al. 2005). Further, as discussed above, some of the
effects of Tat on chemokine expression, which may attract
monocytes into the brain, matrix metalloproteinase pro-
duction, which may degrade the extracellular matrix and
alteration of astrocyte function may also impair the blood
brain barrier. It remains unknown what is the net effect
might be of these seemingly opposite effects, i.e., break
down of the blood brain barrier and the upregulation of
multidrug resistance-associated protein on drug delivery to
the CNS.

Tat as a Chemoattractant

Beside the ability of Tat to induce the production of che-
mokines and chemokine receptors, Tat may itself have
some chemoattractant properties particularly for mono-
cytes (Albini et al. 1998). Significant sequence homology
has been shown for Tat with several of the chemokines in
key residues of functional importance in chemokines.
These include a CCF motif, an SYXR motif, which
determines CXC/CC chemokine cell type specificity
(Lusti-Narasimhan et al. 1995) as well as a strongly con-
served isoleucine. The greatest similarity is noted with the
MCP/CCL family of chemokines (Albini et al. 1998).
Mutations in CC motif of Tat, particularly Cys in position
31 as is found naturally in clade C Tat, impairs its che-
motactic properties (Ranga et al. 2004). Consistent with
this observation, it is able to bind to CCR2 and CCR3
(Albini et al. 1998).

Differences Between Tat from Various HIV Clades
in Mediating Neuropathogenesis

HIV clade D found in Africa is highly virulent. Tat protein
from this clade is a very potent transactivator of HIV
replication and these functional changes are attributed to
mutation in amino acids 61 S/G, 63 T/Q, and 67 S/D. These
changes result in binding to TAR with higher affinity and
prevent inactivation by a protein kinase called PKR. PKR
can phosphorylate Tat and inhibit its binding to TAR
(McMillan et al. 1995; Peloponese et al. 1999). Nuclear
magnetic resonance structure shows that the major differ-
ence between clade B and D is the presence of a short alpha
helix in clade D-Tat in region V, which is replaced by two
beta turns in clade B-Tat (Gregoire et al. 2001). Several
studies have compared clade B- and C-Tat for their neu-
ropathogenic properties. HIV clade B is found mainly in
North America, Western Europe, and Australia, while
Clade C virus is found predominantly in Asia and Eastern
Africa. Clade C Tat has a unique mutation at position 31
where a Cys is mutated to a Ser. This mutation is not found
in other clades, however, as a result of this mutation there
is attenuation of the chemotactic (Ranga et al. 2004) and
neurotoxic (Mishra et al. 2008) properties of Tat, and its
ability to directly bind and activate the NMDA receptor on
neurons (Li et al. 2008). Further, mice injected with mac-
rophages infected with HIV clade C virus also show less
cognitive abnormalities compared to clade B virus (Rao
et al. 2008).

Interaction of Tat with Drugs of Abuse in Mediating
Neuronal Injury

Methamphetamine and cocaine synergize with Tat to cause
increased neurotoxicity (Turchan et al. 2001) (Cai and
Cadet 2008). An in vivo study demonstrated the synergism
between methamphetamine and Tat (Maragos et al. 2002).
Animals treated with methamphetamine alone showed only
a 7% reduction in striatal dopamine levels and Tat-treated
animals showed only an 8% decline, but animals treated
with both methamphetamine and Tat demonstrated a 65%
reduction in striatal dopamine. This study might be par-
ticularly relevant, because the doses of methamphetamine
and Tat used were equivalent to what might be seen in
human disease. Subsequent microdialysis studies in this
same animal model showed that the synergistic reduction
in striatal dopamine is accompanied by significant decrease
in dopamine release from the striatum (Cass et al. 2003)
and a decrease in dopamine transporter due to loss of
dopamine terminals (Theodore et al. 2007, 2006b). Another
possible mechanism for HIV-methamphetamine or cocaine
interaction is via oxidative stress. Cocaine decreases
mitochondrial respiration and increases the production of
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reactive oxygen species in animals (Boess et al. 2000). In
one study (Flora et al. 2003), administration of either Tat or
methamphetamine to mice increased markers of oxidative
stress, including redox-regulated transcription factors, in
cortical, striatal, and hippocampal brain regions. Further-
more, the DNA-binding activities of these transcription
factors were greater in mice injected with both Tat and
methamphetamine, than with either Tat or methamphet-
amine alone. This same study also suggested that Tat and
methamphetamine may interact through changes in cell
signaling and cytokine/chemokine expression. Mice treated
with both agents had synergistic upregulation of intercellu-
lar adhesion molecule-1 (ICAM-1), tumor necrosis factor-
alpha, and interleukin-1beta gene expression compared to
mice treated with either agent alone. Interestingly, knock out
animals lacking both receptors of tumor necrosis factor had
no effect on dopamine levels when treated with Tat, sug-
gesting that the Tat-mediated increase in tumor necrosis
factor may contribute to the loss of dopaminergic terminals
(Theodore et al. 2006a). Another study showed that Tat and
methamphetamine interact to cause damage to calbindin-
immunoreactive non-pyramidal neurons by dysregulating
mitochondrial calcium metabolism, associated with
increased levels of oxidative stress (Langford et al. 2004).
Morphine is the active metabolite of heroin and remark-
able synergistic effects of Tat and morphine have been
reported in glial cells. Sustained exposure to morphine and
Tat causes dysfunction and death of both glial precursors
and astrocytes, mediated by mu-opioid receptors through the
activation of caspase-3 (Khurdayan et al. 2004). Similar
changes has been reported in oligodendrocytes which also
express the mu-opioid receptor (Hauser et al. 2009). Fur-
thermore, recent studies have implicated astroglia as
mediators for the proinflammatory effects of opiates in HIV-
infected individuals. Combined opiate and Tat exposure
synergistically destabilizes levels of intracellular calcium,
increases reactive oxygen species, and causes massive
release of proinflammatory chemokines in cultured striatal
astroglia (El-Hage et al. 2005). The released chemokines
include monocyte chemoattractant protein-1 (MCP-1) or
CCL-2 and RANTES. MCP-1 triggers an influx of mono-
cyte/macrophages and microglial activation.

Interplay Between HIV-Tat and Other Neurotropic
Viruses

Herpes Viruses

Complex interactions occur with selective herpes viruses
such as cytomegalovirus (CMV), human herpesvirus-6
(HHV-6), and human herpesvirus-8 (HHV-8), however, no
effect has been reported with other herpes viruses such
as HSV-1 and HSV-2. In brain infections with HIV,

@ Springer

co-infection with other viruses has been seen and syner-
gistic association for severity or attenuation of the disease
is reported. CMV and HHV-6 infection stimulate HIV
replication and transactivated the HIV-1 promoter (the long
terminal repeat or LTR) in astrocytes (McCarthy et al.
1998). The level of this transactivation with immediate
early genes, IE1/IE2, is similar to that seen following co-
transfection with a Tat expression vector. Tat and HCMV
IE1/IE2 have a synergistic effect on HIV-LTR transcrip-
tion, however, Tat effect or synergistic effect is down
regulated by another HCMV product, UL44. Co-infection
of HIV and HHV-6 and its association with the severity of
the disease has been seen in the brain. Tat upregulates
HHV-6 replication by directly binding to the HHV-6 pro-
moter or indirectly via activation of cellular factors.

JC Virus

Another viral infection seen with HIV is JCV, where Tat
plays a prominent role in activation of JCV in glial cells.
HIV-Tat can be detected in various JCV infected cells as
well as in uninfected oligodendrocytes from patients with
PML and HIV infection, supporting the earlier in vitro
findings that secreted Tat from the infected cells can be
localized in the neighboring uninfected cells. The presence
of Tat in oligodendrocytes is particularly interesting as this
protein can up-modulate JCV gene transcription and sev-
eral key cell cycle regulatory proteins including cyclin E,
Cdk2, and pRb (Valle et al. 2000). JCV contains sequences
in the 5’ end of the late RNA species with an extensive
homology to HIV TAR. Site directed mutagenesis studies
show that critical G residues required for the function of
HIV TAR that are conserved in the JCV TAR homolog
play an important role in Tat activation of the JCV pro-
moter. In addition, in vivo competition studies suggest that
shared regulatory components mediate Tat activation of the
JCV late and HIV-LTR promoters. These results suggest
that the TAR homolog of the JCV late promoter is
responsive to HIV-Tat induction and thus may participate
in the overall activation of the JCV late promoter mediated
by this transactivation (Chowdhury et al. 1992, 1990).
Further, JCV activation at transcriptional level is mediated
by interaction of several inducible regulatory proteins such
as NF-kB, C Jun/Ap-1, and NF-1 (Amemiya et al. 1989,
1992; Wortman et al. 2000). These regulatory proteins can
be induced by HIV-Tat protein in glial cells or by cytokines
that are induced by HIV proteins in glial cells (Atwood
et al. 1995; Chen et al. 1997; Conant et al. 1996). The
ability of Tat protein to enter into other cells as well as to
induce production of cytokines, may thus make the latent
JCV in oligodendrocytes or astrocytes target for activation
and may thus be involved in the neuropathogenesis of PML
in patients with HIV infection.
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Conversely, infection of human astrocytes with HIV and
JCV show a decrease in the level of HIV replication in cells
that are coinfected with JCV. The agnoprotein of JCV
through its N-terminal domain associates with Tat and the
interaction causes the suppression of Tat-mediated HIV
replication (Kaniowska et al. 2006). This could potentially
promote the development of a latent reservoir of HIV in the
brain.

Neurotoxic Properties of Tat Protein from Other
Retroviruses

The Tat protein derived from Maedi Visna virus that
infects sheep has also been shown to be neurotoxic in a
variety of in vitro and in vivo assays (Gourdou et al. 1990).
Although this protein has not been studied as extensively as
the HIV-Tat protein, similar mechanisms seem to be
involved such as the stimulation of excitatory amino acid
receptors (Starling et al. 1999), influx of extracellular cal-
cium (Strijbos et al. 1995), and induction of nitric oxide
synthase (Hayman et al. 1993). Similarly, the Tax protein
of human T-cell leukemia virus type-I can induce the
production of cytokines and chemokines in glial cells (Arai
et al. 1998; Szymocha et al. 2000) and brain endothelial
cells (Rott et al. 1993) and may result in neurotoxicity and
destruction of myelin producing cells (Ohya et al. 1997).

Tat as a Target for Drug Development

Currently, available antiretroviral drugs have no effect on
Tat production once the HIV proviral DNA is integrated.
Hence there is a critical need to develop compounds that
may antagonize Tat function (see Table 1). Merck Phar-
maceuticals screened a panel of natural compounds and
discovered durhamycin (DurA) as a potent Tat inhibitor
(IC 50 = 4.8 nM) (Jayasuriya et al. 2002). Methods for its
synthesis have recently been developed (Pragani and Roush
2008). Structural analogs of durhamycin were also isolated
and evaluated for antagonism of Tat transactivation, with
durhamycin B demonstrating one-tenth the potency as
DurA and the DurA aglycone was inactive at 25 uM
(Pragani and Roush 2008). However, it has a molecular
mass of 1307 Da, and numerous saccharide moieties,
which would likely make it too big and polar to cross the
blood brain barrier. Another group has used a structure-
based drug design or computer-aided drug discovery
approach to generate a 2D-NMR structure of Tat and
synthesized a series of compounds called TDS that bind to
Tat and inhibit HIV replication. This family of compounds
consists of a triphenylene aromatic ring substituted with at
least one carbon chain bearing a succinimide group which
could occupy the hydrophobic pocket of Tat (Montembault

et al. 2004). However, toxicity in leukocytes of the lead
compound TDS2 may require additional modifications to
these compounds (Montembault et al. 2004). Polyarginine
containing peptoid compounds mimicking the arginine-rich
basic domain of Tat, such as CGP 74026 (Klimkait et al.
1998) bind potently to TAR with nanomolar potency and
block Tat dependent LTR transactivation around 1 uM.
Other prior approaches had included the development of a
benzodiazepine derivative (Ro5-3335 and Ro24-7429) as a
potential Tat inhibitor (Hsu et al. 1991, 1992), but it turned
out that this compound was not binding to Tat but to cyclin
T, a cellular co-factor essential for Tat (Hsu et al. 1993).
Another study described a tetrahydropyrimidine derivative
(THP A) able to bind to a polyarginine peptide (Lapidot
et al. 1995). This polyarginine peptide binds to TAR but
there was no evidence that tetrahydropyrimidine could bind
to the basic region of Tat. Similarly, keto/enol epoxy ste-
roids were found to act as Tat inhibitors, with potencies to
block Tat-mediated LTR transactivation and HIV viral
replication in the 2-3 pM range (Michne et al. 1995).
Another group discovered that sulfonated stilbene deriva-
tives (CGA137053) were capable of inhibiting Tat-TAR
interactions in vitro at 3-61-10 nm concentrations, by
binding to Tat protein with nanomolar potency (Hamy
et al. 2000). However, low micromolar concentrations of
CGA137053 were required to block Tat-mediated LTR
transactivation and HIV infection in leukocytes and mac-
rophages. However, a number of studies describe
molecules that bind to TAR and act as Tat competitors.
One of these studies (Lind et al. 2002) found compounds,
such as prochlorperazine and acetylpromazine that bound
to the TAR 5’ bulge and could block Tat-TAR interactions
and Tat transactivation at low micromolar ranges. Another
compound, CGP40336A, is an acridine derivative that
competes with Tat for TAR binding at 22 nM, but requires
1.2 pM to block Tat mediated LTR transactivation (Hamy
et al. 1998). The most interesting is a compound called
TR&7, which inhibits Tat-TAR interactions half maximally
at 1 uM. It blocks Tat-mediated LTR transactivation at
1-5 puM, however, it inhibits HIV replication at high con-
centrations of 5 uM (Hwang et al. 2003). This same group
synthesized a TR87 analog, squaryldiamide with a guani-
dine bioisostere with improved pharmacokinetic properties,
but required concentrations of 12 uM to block HIV repli-
cation (Lee et al. 2005). These molecules can inhibit only
the Tat-TAR interaction but have no effect on the other Tat
functions. Another molecule bis-anthracycline WP631,
which was developed as a DNA intercalator can also
prevent Tat-mediated transcription but these type of com-
pounds would not be expected to have any effect on the
extracellular effects of Tat (Kutsch et al. 2004). An ideal
compound would be one that binds directly to Tat itself and
can also cross the blood brain barrier.
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Fig. 2 Tat-mediated cascades in HIV neuropathogenesis: Tat may
cross the blood brain barrier or be released extracellularly from HIV-
infected macrophages/microglia and astrocytes in the brain. Tat may
activate uninfected macrophages/microglia or astrocytes to release
cytokines, chemokines, or other toxins which may adversely affect
neuronal function. Tat itself has chemotactic properties for macro-
phages which may set up a positive feedback loop. Additionally, Tat
may directly interact with neurons causing neurodegeneration of
axonal retraction. It may also be transported along neuronal pathways
leading to synaptic injury and glial call activation at distant sites

In summary, the Tat protein of HIV is critical for viral
replication and survival. The protein has evolved to where
it escapes surveillance by the immune system. It can
assume various shapes and forms, hence is capable of
interacting with a large number of cell surface and intra-
cellular molecules. In brain it continues to evolve to
develop potent glial and neuronal activating properties.
While glial cell activation results in the induction of vari-
ous detrimental cytokines and chemokines, neuronal
activation results in impaired synaptic function, loss of
neurites and eventually in cell death. These complex cas-
cades of events may be self-perpetuating (Fig. 2) hence
interruption of these cascades may be of therapeutic
potential in patients at risk of developing HIV-associated
neurocognitive impairment.
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