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Abstract
Excitotoxicity and/or microglial reactivity might underlie neurologic dysfunction in HIV patients.
The HIV regulatory protein Tat is both neurotoxic and pro-inflammatory, suggesting that Tat
might participate in the pathogenesis of HIV-associated neurocognitive disorders (HAND). The
present study was undertaken to evaluate if Tat can increase extracellular glutamate, and was
specifically designed to determine the degree to which, and the mechanisms by which Tat could
drive microglial glutamate release. Data show that application of Tat to cultured primary microglia
caused dose-dependent increases in extracellular glutamate that were exacerbated by morphine,
which is known to worsen Tat cytotoxicity. Tat-induced glutamate release was decreased by
inhibitors of p38 and p42/44 MAPK, and by inhibitors of NADPH oxidase and the xc

− cystine-
glutamate antiporter. Furthermore, Tat increased expression of the catalytic subunit of xc

− (xCT),
but Tat-induced increases in xCT mRNA were not affected by inhibition of NADPH oxidase or
xc
− activity. Together, these data describe a specific and biologically significant signaling

component of the microglial response to Tat, and suggest that excitotoxic neuropathology
associated with HIV infection might originate in part with Tat-induced activation of microglial
glutamate release.
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INTRODUCTION
The Centers for Disease Control and Prevention estimate that over 1 million individuals in
the United States are infected with the human immunodeficiency virus (HIV), which affects

*Correspondence: Annadora J. Bruce-Keller, Pennington Biomedical Research Center/LSU, 6400 Perkins Road, Baton Rouge, LA
70808, Phone (225)763-2735, FAX (225)763-0260, annadora.bruce-keller@pbrc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurosci Lett. Author manuscript; available in PMC 2011 November 26.

Published in final edited form as:
Neurosci Lett. 2010 November 26; 485(3): 233–236. doi:10.1016/j.neulet.2010.09.019.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nearly 33 million people world-wide. While widespread availability of antiretroviral
therapies in developed countries has led to remarkable improvements in overall health
outcomes, HIV-associated neurocognitive disorders (HAND) remain a significant public
health concern (reviewed in [1]). Although HAND is not universal among HIV infected
persons, HIV remains the most common cause of neurologic impairment in patients under
50 [1]. The viral and/or host factor(s) responsible for HAND have not been clearly
identified, but observations that mRNA levels of HIV viral regulatory protein Tat are
elevated in patients with dementia [32], and that Tat is actively secreted by infected cells
[10] suggest a role for Tat in the progression of HAND. Furthermore, Tat has pro-
inflammatory and neurotoxic properties in microglia and macrophages [30], [20], [31], and
Tat levels correlate positively with the development of HIV-and chimeric simian-human
immunodeficiency virus (SHIV)-induced encephalitis [14].

Brain-resident microglia and macrophages likely participate in HAND via a variety of
mechanisms, including serving as viral reservoirs and by releasing neurotoxic cytokines and
pro-oxidants [16], [23]. Microglial activation is extensive in brains from patients with
neurologic impairment [11] and data from our labs and others have shown that Tat can
specifically and significantly increase macrophage/microglial reactivity and microglial-
mediated neurotoxicity [20], [31]. Further data show that these processes depend in part on
Tat-induced activation of NADPH oxidase [31], [33]. NADPH oxidase is a key component
of the oxidative burst activity, and is a superoxide-producing enzyme system consisting of
membrane (gp91phox and p22phox) and cytosolic (p47phox, p67phox, and p40phox)
components [7]. Accumulating experimental evidence suggests that activation of NADPH
oxidase in microglia can lead to increased extracellular glutamate via activation of the xc

−

cystine-glutamate antiporter [4]. Upregulation of xc
− antiporter activity in

immunocompetent cells is thought to be a self-protective mechanism to increase intracellular
cysteine and glutathione so that the cells are not damaged by their own oxidative burst [4],
[25]. This study was thus designed to determine if Tat causes the release of physiologically
significant levels of glutamate from microglia via activation of xc

−.

MATERIALS AND METHODS
Materials

Recombinant Tat 1-72 was produced at the University of Kentucky Tat Core facility as
described previously [30], [31]. Apocynin, DL-2-aminoadipic acid, LPS from E. coli
serotype O111:B4, and morphine sulfate were purchased from Sigma-Aldrich (St. Louis,
MO), while 4-carboxypheylglycine, SB 239063, LY 294002, P 600124, UO126, and UO124
were purchased from Tocris Bioscience (Ellisville, MO). Primer pairs for 18S were from
Invitrogen (Carlsbad, California) and xCT primers were from IDT (Coralville, IA).

Cell culture and treatment
Primary microglia were isolated from mixed glial cultures derived from neonatal Sprague-
Dawley rat pups as described previously [31]. Cells were pelleted and subcultured at 5 × 105

cells/ml, and used within 24 hours after subculturing. All treatments were performed under
serum-free conditions.

Glutamate measures
The concentration of glutamate in the culture medium was determined by a colorimetric
enzymatic assay kit (BioVision, Mountain View, CA) according to the manufacturer’s
instructions.
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xc− expression
Conventional two-step, real-time PCR analysis of cystine-glutamate antiporter expression in
microglia was conducted by measuring expression of the catalytic subunit (xCT) of the xc

−

transporter. mRNA levels were quantified using the 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA) against18S. The primers used were as follows: xCT
forward, 5′-CCCAGATATGCATCGTCCTT-3′ and reverse, 5′-
ACAACCATGAAGAGGCAGGT-3′; and 18S forward, 5′-
AGTCCCTGCCCTTTGTACACA-3′ and reverse, 5′-
GATCCGAGGGCCTCACTAAAC-3′.

Statistical analyses
All data were analyzed using one-way ANOVA, followed by Tukey’s post-hoc analysis to
determine statistical significance; p values < 0.05 were designated as statistically significant,
and are indicated in the text as *, **, or *** corresponding to p values < 0.05, < 0.01, or <
0.001, respectively.

RESULTS
1. Tat increases microglial glutamate release

Previous reports have shown that Tat can significantly increase microglia reactivity and
microglial-mediated neurotoxicity [20], [31] in a manner specific to the viral protein.
Furthermore, reports have demonstrated a role for excitotoxicity in the effects of Tat in
whole brain [27], but the direct relationship of Tat-induced microglial activation and
elevations in extracellular glutamate has not been evaluated. Initial experiments were thus
designed to evaluate if Tat could specifically trigger the release of glutamate from primary
cultured microglia. Microglia were treated with 10–100 nM Tat 1-72 for 24 hours, and
glutamate concentration in the medium was measured. Data show that Tat caused
significant, dose-dependent increases in extracellular glutamate (Fig 1). LPS (100–1000 ng/
ml) was used as a positive control based on previous reports [4], and data verified the effects
of LPS on glutamate release (Fig 1). Cell viability was examined by documenting the ability
of vehicle-, Tat-, and LPS-treated cells to convert 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) to formazan as described previously [30]. Neither LPS
nor Tat induced cytotoxicity (data not shown), indicating that glutamate release was not
caused by cell lysis or injury. Furthermore, glutamate levels in stock solutions of 100 nM
Tat or 1000 ng/ml of LPS were beneath the threshold of detection in the assay used, showing
that amino acid contaminants in the stock solutions did not artificially affect the data.

To test whether alternate inflammatory stimuli triggered glutamate, microglia were treated
with Tat in the presence of increasing doses of morphine, which has been shown to
specifically increase Tat-induced free radical production and markers of inflammatory
activation in microglia [30], [5]. Cells were also treated with the cytokine IFNγ and with
ATP. IFNγ expression is increased in brains of HIV-1-infected patients and SIV-infected
macaques [28], while ATP enhances the migratory properties of microglia, particularly in
the context of CNS injury [17]. Data show that Tat-induced glutamate release was
exacerbated by high concentrations (1000 nM) of morphine (Table 1), in keeping with the
known immunomodulatory properties of this potent opiate agonist (reviewed in [13]), but
neither IFNγ nor ATP caused glutamate release (Table 1).

To determine the intracellular mechanisms whereby Tat triggers glutamate release,
inhibitors of p38MAPK (SB 239063, 5 μM), phosphatidylinositol 3-kinase (LY 294002, 10
μM), c-Jun N-terminal kinase (SP 600124, 1μM), and p42/p44 MAPK (UO126, 5 μM) were
applied 30 minutes before 100 nM Tat. UO124 (5 μM), a negative control for UO126, was

Gupta et al. Page 3

Neurosci Lett. Author manuscript; available in PMC 2011 November 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also used, and glutamate levels were evaluated after 24 hours. Data show that SB 239063
and UO126 pretreatment significantly reduced Tat-induced glutamate release (Table 2),
suggesting that activation of both p38 and p42/p44 MAPK participate in the effects of Tat.
None of the inhibitors significantly affected basal glutamate levels or MTT conversion (data
not shown), suggesting that the inhibitory effects of SB 239063 and UO126 were not related
to cell death or injury, although higher doses (25 μM) of SB 239063 and UO126 were
cytotoxic over 24 hours (data not shown).

2. Tat-induced glutamate release is blocked by inhibition of xc− and NADPH oxidase
Although microglia express glutamate transporters [21], data suggests microglial-mediated
glutamate release is via the xc

− cystine-glutamate antiporter [4], [25]. Indeed, upregulation
of the xc

− antiporter in immunocompetent cells is associated with NADPH oxidase-driven
oxidative burst activity [4], which is also activated by Tat [31]. Accordingly, experiments
were designed to determine the role of the xc

− cystine-glutamate antiporter in Tat-induced
glutamate release. Microglia were treated with 100 nM Tat in the presence or absence of the
xc
− antiporter inhibitors DL-amino adipic acid (DL-AAA) or 4-carboxypheylglycine (4-

CPG) for 24 hours. Data show that Tat-induced glutamate release was significantly reduced
by 4-CPG or DL-AAA (Fig. 2). To determine if NADPH oxidase participated in glutamate
release, additional cells were treated with Tat in the presence or absence of the NADPH
oxidase inhibitor apocynin. Data indicate that apocynin was likewise able to prevent the
actions of Tat on glutamate release (Fig. 2).

3. Tat-induced xc− expression is not blocked by NADPH oxidase inhibition
To further determine if Tat-induced increases in microglial glutamate release were mediated
via increased synthesis of the glutamate antiporter, we sought to determine if relative
expression of xCT mRNA was affected by Tat treatment. The effects of NADPH oxidase
inhibitors and xc

− antiporter blockers on xCT mRNA were also determined. Microglia were
pretreated with apocynin or 4-CGP, and then challenged with vehicle or Tat. After 6 hours,
the cells were harvested for RNA isolation, and xCT mRNA levels were evaluated by
quantitative real time PCR. Data show that Tat treatment caused a significant increase in
xCT mRNA relative to 18S (Fig. 3), but that treatment with apocynin or 4-CPG alone did
not affect basal levels of xCT mRNA (data not shown). Furthermore, neither apocynin nor
4-CPG was able to significantly decrease Tat-induced xCT expression (Fig. 3).

DISCUSSION
Data demonstrate the specific and biologically significant effects of the HIV regulatory
protein Tat on microglial glutamate release. Specifically, Tat triggers dose-dependent
glutamate release, which is enhanced by high levels of morphine. Tat-induced glutamate
release is associated with increased expression of the xc

− glutamate-cystine antiporter and is
blunted by inhibitors of p38 and p42/44 MAPK, as well as xc

− and NADPH oxidase
inhibitors. Finally, glutamate release does not appear to be a generalized microglial response
to pro-inflammatory stimuli, as neither IFNγ nor ATP were able to elicit significant
glutamate release. Collectively, these data support a specific and clinically important role for
Tat in directing excitotoxic inflammatory signaling in microglia, and suggest that Tat may
play a more extensive role in excitotoxicity in the HIV-infected CNS then previously
appreciated.

AIDS is a multisystem disease and the CNS is highly vulnerable to HIV (reviewed in [1]).
Indeed, HIV-associated neurocognitive disorders (HAND) continue to be common, and as
many as one fifth of patients with AIDS could develop indications of HAND [12]. Thus,
there is considerable impetus to resolve the viral and/or host mechanisms that drive the
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progression of HAND. The viral regulatory protein Tat has repeatedly been implicated in the
progression of HIV neuropathogenesis (reviewed in [18]). For example, Tat expression or
delivery to brain alters histological indices of microglial inflammation and synaptic density,
and impairs behavioral performance [15], [9]. While the mechanisms of Tat-mediated
toxicity are not fully resolved, evidence indicates that the neurotoxic effects of Tat could be
glutamate-mediated, which is in keeping with the data reported in this manuscript. Indeed,
some of the evidence that excitotoxicity mediates neuronal dysfunction in HIV patients
comes from studies of the neurotoxic actions of viral proteins such as Tat and gp120 [22].
Findings that the NMDA antagonist memantine, an uncompetitive NMDA receptor
antagonist, prevents calcium changes in neurons and astrocytes, protects neurons from HIV
viral protein-induced cell death [22], and improves synaptic function in murine HIV
encephalitis [2], also support an excitotoxic component of HAND. Early results of clinical
trials using memantine as a potential adjunctive therapy in HIV are encouraging [34], but
final results have not yet been reported on the clinical efficacy of memantine in preventing
or mitigating HAND.

Microglia are viral reservoirs and sites of HIV-1 replication, but could further drive HAND
by serving as sources of neurotoxic cytokines and pro-oxidants (reviewed in [16]). Data
suggest that microglia could be key players in the development of excitotoxicity in HIV
brains via activation of the xc

− antiporter. When exposed to proinflammatory stimuli, the
microglial cytotoxins that are responsible for collateral or “bystander” damage may very
likely act on microglia themselves to produce autonomous damage, and studies suggest that
microglial activation can be associated with compromised viability [19]. A significant aspect
of this vulnerability likely comes from the oxidative stress of the respiratory burst, as
activation of NADPH oxidase is a common response of microglia to viral or bacterial
stimuli. A major mammalian cellular defense against oxidative stress is covalent attachment
of glutathione to lipid peroxidation products by glutathione S-transferases (GSTs) such as
GSTA4-4 and GST5.8 [3], leading to decreases in cellular glutathione reserves. The xc

−

cystine-glutamate transporter mediates Na+-independent, electroneutral exchange of cystine
and glutamate, and acts to restore glutathione reserves [24]. The present findings indicate
that Tat increases expression and activity of xc

− in brain resident microglia, raising the
possibility that Tat-mediated activation of xc

− could participate in HIV-related pathology. In
further support of this scenario are published reports that HIV infection is associated with
decreased levels of circulating and tissue glutathione [8], [29], and that Tat depletes
glutathione in animal models [6]. Because glutathione not only participates as an antioxidant
but also is important for conjugation of various drugs and xenobiotics necessary for their
subsequent elimination, glutathione deficiency in HIV-1 infection could contribute not just
to oxidative damage, but also to the heightened drug toxicity often associated with HIV
infection [26]. Collectively, these data strongly support further investigation into the role of
Tat and microglial xc

− activation in the development of HAND, as well as in other end-
stage, AIDS-related neurologic syndromes.

Research Highlights

• HIV-Tat triggers the release of significant amounts of the excitatory amino acid
glutamate from cultured microglia

• Tat-induced glutamate release involves activation of p38 and p42/44 MAPK
signal transduction pathway

• Tat-induced glutamate release depends on activation of NADPH oxidase, and is
mediated through the xc

− cystine-glutamate antiporter
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Figure 1. Effects of Tat and LPS on glutamate release from cultured primary microglia
Microglia were exposed to Tat 1-72 or LPS, and glutamate accumulation in the medium was
measured after 24 hours. Data were compiled from 4 separate experiments, and are means
and SEM of 8–18 samples per group. Data were analyzed by 1-way ANOVA, and ***
indicates statistically significant (p<0.001) increases in extracellular glutamate measured in
Tat- and LPS-treated dishes.

Gupta et al. Page 8

Neurosci Lett. Author manuscript; available in PMC 2011 November 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effects of NADPH oxidase and glutamate/cystine antiporter inhibitors on Tat-induced
glutamate release from cultured primary microglia
Microglia were treated with the NADPH oxidase inhibitor apocynin (200 μM), the xc

−

antiporter inhibitor DL-aminoadipic acid (DL-AAA, 2.5 mM), or the xc
− antiporter inhibitor

(S)-4-carboxyphenylglycine (4-CPG, 50 μM) in the presence or absence of 100 nM
Tat-1-72. Glutamate accumulation in the medium was measured after 24 hours. Data were
compiled from 2 separate experiments, and are means and SEM of 8–12 samples per group.
Data were analyzed by 1-way ANOVA, and *** indicates statistically significant (p<0.001)
increases in extracellular glutamate released from cells treated with Tat alone, while ###
indicates the statistically significant decrease (p<0.001) in glutamate release from cells
treated with Tat in the presence of apocynin, DL-AAA, or 4-CPG.
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Figure 3. Effects of NADPH oxidase and glutamate/cystine antiporter inhibitors on Tat-induced
regulation of Xc antiporter expression in cultured primary microglia
Microglia were treated with the NADPH oxidase inhibitor apocynin (200 μM) or the xc

−

antiporter inhibitor (S)-4-carboxyphenylglycine (4-CPG, 50 μM) in the presence or absence
of 100 nM Tat-1-72. xCT mRNA levels were measured by real time PCR after 6 hours. Data
indicate the level of xCT mRNA relative to 18S rRNA in each sample, and are means and
SEM of 8–12 samples per group compiled from 4 separate experiments. Data were analyzed
by 1-way ANOVA, and *** indicates statistically significant (p<0.001) increases in xCT
mRNA expression in cells treated with Tat (alone or in the presence of apocynin or 4-CPG)
as compared to control cells.
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Table 1
Effects of different immune stimuli on glutamate release from cultured primary microglia

Primary rodent microglia were isolated and grown as described in Methods. Cells were exposed to Tat 1-72 in
the presence of absence of increasing concentrations morphine, or to LPS, ATP, or the cytokine IFNγ.
Glutamate accumulation in the medium was measured after 24 hours.

Treatment Glu (μM)

Vehicle 60.1 ± 4.1

Tat (100 nM) 223.4 ± 8.4***

Tat/morphine (100 nM) 244.8 ± 5.1***

Tat/morphine (500 nM) 250.3 ± 8.5***

Tat/morphine (1000 nM) 262.1 ± 16.8*** #

Morphine (1000 nM) 72.9 ± 4.4

LPS (100 μg/ml) 303.1 ± 7.6***

ATP (100 μM) 88.7 ± 3.6

IFNγ (50 U/ml) 65.6 ± 2.1

Data are means and SEM of 4–12 samples per group, and were analyzed by 1-way ANOVA.

***
indicates statistically significant (p<0.001) increases in extracellular glutamate measured in Tat- and LPS-treated dishes, while

#
indicates the statistically significant increase (p<0.05) in glutamate release from cells treated with Tat in the presence of 1000 nM morphine

compared to cells treated with Tat alone.
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Table 2
Effects of signal transduction pathway inhibitors on Tat-induced glutamate release from
cultured primary microglia

Primary rodent microglia were isolated and grown as described in Methods. Cells were exposed to Tat 1-72 in
the presence or absence of inhibitors of p38MAPK (SB 239063, 5 μM), phosphatidylinositol 3-kinase (LY
294002), c-Jun N-terminal kinase (SP 600124), p42/44 MAPK (UO126), and UO124 (negative control for
UO126). Glutamate accumulation in the medium was measured after 24 hours.

Treatment Glu (μM)

Vehicle 56.2 ± 2.1

Tat (100 nM) 223.8 ± 10.2***

Tat/SB 239063 (5 μM) 175.6 ± 12.8##

Tat/LY 294002 (10 μM) 253.8 ± 4.5

Tat/SP 600124 (1 μM) 204.1 ± 6.7

Tat/UO126 (5 μM) 130.8 ± 4.9###

Tat/UO124 (5 μM) 211.4 ± 7.7

Data are means and SEM of 6–12 samples per group collected over 2 experiments, and were analyzed by 1-way ANOVA.

***
indicates statistically significant (p<0.001) increases in extracellular glutamate measured in Tat-treated dishes, while

## and ###
indicate statistically significant decreases (p<0.01, and p<0.001, respectively) in glutamate release from cells treated with Tat in the

presence of SB 239063 or UO126 compared to cells treated with Tat alone.
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