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Abstract
A significant number of patients infected with human immunodeficiency virus-1 (HIV-1) suffer
cognitive impairment ranging from mild to severe HIV-associated dementia (HAD), a result of
neuronal degeneration in the basal ganglia, cerebral cortex and hippocampus. Mononuclear
phagocyte dysfunction is thought to play an important role in the pathogenesis of HAD. Glutamate
neurotoxicity is triggered primarily by massive Ca2+ influx arising from over-stimulation of the
NMDA subtype of glutamate receptors. The underlying mechanisms, however, remain elusive. We
have tested the hypothesis that mitochondrial glutaminase in HIV-infected macrophages is involved
in converting glutamine to glutamate. Our results demonstrate that the concentration of glutamate in
HIV-1 infected conditioned media was dependent on glutamine dose, and HIV-1 infected conditioned
medium mediated glutamine-dependent neurotoxicity. These results indicate HIV-infection mediates
neurotoxicity through glutamate production. In addition, glutamate-mediated neurotoxicity
correlated with caspase activation and neuronal cell cycle re-activation. Inhibition of mitochondrial
glutaminase diminished the HIV-induced glutamate production, and attenuated NMDA over-
stimulation and subsequent neuronal apoptosis. These data implicate mitochondrial glutaminase in
the induction of glutamate-mediated neuronal apoptosis during HIV-associated dementia, and
provides a possible therapeutic strategy for HAD treatment.
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Human immunodeficiency virus, the agent responsible for acquired immunodeficiency
syndrome (AIDS) also induces a neurological disease culminating in frank dementia (Kaul et
al. 2005). HIV-associated dementia (HAD) affects 7–15% of AIDS patients and is a
consequence of neuronal damage and dysfunction. How HIV infection mediates neuronal
degeneration remains a controversial topic. The neuropathological hallmark of HIV-1 brain
infection is HIV-encephalitis (HIVE), and is associated with neuronal dendritic damage,
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apoptosis, and necrosis, all of which are thought to result from release of neurotoxins from
HIV-infected macrophages and other activated glial cells (Dawson et al. 1993; Gelbard et al.
1995; Petito and Roberts 1995; Adamson et al. 1996; Kaul et al. 2001). Neurotoxins present
in the HIV-encephalitic brain include viral proteins, such as gp120, gp41 and Tat, and host
inflammatory products including platelet-activating factor, arachidonic acid and its
metabolites, proinflammatory cytokines and glutamate.

Glutamate is the predominant excitatory neurotransmitter in the mammalian CNS, mediating
numerous physiological functions through activation of multiple receptors. HIV-1-infected
macrophages have been shown to be an important cellular source of extracellular glutamate
and glutamate concentrations in the CSF of HIV-1 infected patients are higher as compared to
uninfected controls (Droge et al. 1987; Ollenschlager et al. 1988; Espey et al. 1999; Ferrarese
et al. 2001; Jiang et al. 2001b; Zhao et al. 2004; Erdmann et al. 2007). Production of excess
glutamate by HIV-infected macrophages in HAD may contribute to neuronal cell death, but
how HIV-1 infection influences glutamate production and neuronal cell death remains unclear.

Proper regulation of glutamate is critical to normal synaptic function and CNS homeostasis.
Phosphate-activated glutaminase (PAG) is a mitochondrial enzyme that catalyzes the
deamination of glutamine to glutamate and ammonia (Ward et al. 1983; Nicklas et al. 1987;
Wurdig and Kugler 1991; Curthoys and Watford 1995; Zhao et al. 2004). Glutamine provides
an abundant substrate in vivo and PAG is the predominant glutamine-utilizing enzyme of the
brain. Our previous work demonstrated overproduction of extracellular glutamate in HIV-1-
infected macrophages (Zhao et al. 2004), and inhibition of mitochondrial glutaminase using
novel small molecule inhibitors or siRNA decreased glutamate production in vitro (Erdmann
et al. 2007). In this report, we propose mitochondrial glutaminase contributes to the neuronal
toxicity typical of HIV infection of the CNS. To investigate the effects of mitochondrial
glutaminase activity on glutamate generation and glutamate-mediated neurotoxicity during
HIV-1 infection, we examined the glutamate concentration in monocyte-derived macrophages
(MDM) conditioned media (MCM) with or without HIV-1 infection, and determined the effect
of glutaminase inhibition on glutamate-mediated neuronal apoptosis. We found HIV-1
infection increases glutamate generation by human macrophages and potentiates neuronal
apoptosis. In addition, glutamate-mediated neurotoxicity correlated with caspase activation
and neuronal cell cycle re-activation and novel inhibitors of mitochondrial glutaminase
efficiently blocked the increase in glutamate, attenuating neuronal apoptosis. These results
indicate mitochondrial glutaminase plays a role in HIV-infected MDM-mediated neuronal
apoptosis, and identifies a possible therapeutic strategy for HAD treatment.

Materials and methods
Isolation and culture of primary monocytes

Human monocytes were recovered from peripheral blood mononuclear cells of HIV-1, -2 and
hepatitis B seronegative donors after leukopheresis, and then purified by counter-current
centrifugal elutriation. Monocytes were cultured as adherent mono-layers (1.1 × 106 cells/well
in 24-well plates) and differentiated for 7 days in Dulbecco’s modified Eagle’s medium
(GIBCO, Invitrogen Co., Carlsbad, CA, USA) supplemented with 10% heat-inactivated pooled
human serum, 50 μg/mL gentamicin (Sigma-Aldrich, St. Louis, MO, USA), 10 μg/mL
ciprofloxacin (Sigma), and macrophage colony stimulating factor (1000 U/mL highly purified
recombinant human MCSF; a generous gift from Wyeth Pharmaceutical Inc., Cambridge, MA,
USA). All tissue reagents were screened and found negative for endotoxin (< 10 pg/mL;
Associates of Cape Cod Inc., Woods Hole, MA, USA) and mycoplasma contamination (Gen-
probe II; Gen-probe Inc., San Diego, CA, USA).
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Infection of monocyte-derived macrophages and collection of MDM conditioned media
Seven days after plating, MDM were infected with HIV-1ADA at a multiplicity of infection of
0.1 virus/target cell. Viral stocks were screened for mycoplasma and endotoxin using
hybridization and limulus amebocyte lysate assays, respectively. In some experiments, cells
were treated at 7 days after HIV-1 infection in Neurobasal™ medium (GIBCO, Invitrogen Co.)
supplemented with 0.01% bovine serum albumin, 25 μg/mL penicillin–streptomycin with or
without the addition of 5 mmol/L glutamine for an additional 24 h at 37°C prior to collection
of supernatants. Cells were washed with Dulbecco’s modified Eagle’s medium before
Neurobasal™ medium was added, for 24 h incubation. MCM is then harvested, centrifuged at
1000 g to remove dead cells and debris, and was then filtered through 3 KD
CENTRIPLUS® Centrifugal Filter Devices (YM-3, Millipore Corporation, Bedford, MA,
USA) by centrifugation at 4°C, 3000 g. The flow-through was then collected for analysis and
treatment.

Isolation and culture of rat cortical neurons
Primary cortical neurons were prepared from rat cortices as previously described (Zheng et
al. 2001). Briefly, rat cortex was dissected from embryonic day 17 Sprague–Dawley rat fetuses.
Individual cells were mechanically dissociated by trituration in Neurobasal™ medium without
additives. Tissue was digested with 0.1% trypsin at 37°C for 30 min, then reaction was
neutralized with 10% fetal bovine serum on ice for 15 min and the cell suspension was washed
three times in Hank’s Buffered Salt Solution. Cells were resuspended in Neurobasal™ medium
containing B27 supplement, 0.5 mmol/L glutamine, 25 μg/mL penicillin–streptomycin, and
filtered through 70 μm sterile nylon. Neurons were plated onto poly-D-lysine-coated six-well
plates at a density of 1.5 × 106/well. Cultured cells were deemed mature 7–12 days after plating.

MTT reduction assay
Cell viability was assessed by methylthiazolyldiphenyl-tetrazolium bromide (MTT) reduction
as described previously (Jiang et al. 2001a; Zhao et al. 2004). Cells were incubated with 200
μL of 10% MTT solution in Neurobasal media for 1 h at 37°C. The extent of MTT conversion
to formazan by mitochondrial dehydrogenase, indicating cell viability, was determined by
measuring absorbance at 490 nm using a microplate reader.

Cell cycle assay
Cell cycle was examined by propidium iodide (PI, Sigma–Aldrich Inc.) staining (Liao et al.
2003). In brief, 5 × 106 cells were harvested and washed twice with Ca2+/Mg2+ free
phosphatebuffered saline (PBS), fixed overnight in 70% cold ethanol, digested with RNase A
(Sigma–Aldrich Inc.) and stained with PI (100 μg/mL). Data were obtained and analyzed by
flow cytometry using the CellQuest software on a FACScan (BD, Franklin Lakes, NJ, USA)
from a cell population from which debris was gated out.

Detection of caspase activation
Detection of caspase activation was performed using the “CaspACE™ FITC-VAD-FMK In
Situ Marker” (Promega, San Luis Obispo, CA, USA, Cat. G7461) as described previously
(Guaragnella et al. 2006) with minor modification. Briefly, 1 × 106 cells were washed in PBS,
re-suspended in 100 μL staining solution containing 10 μmol/L of the fluorescein
isothiocyanate conjugate of z-VAD-fmk (FITC-VAD-fmk) and incubated for 20 min at RT in
the dark. Cells were then washed once and re-suspended in PBS. Flow cytometric analysis was
performed using an Epics® XLMCL™ (Beckman Coulter, Fullerton, CA, USA) flow
cytometer. Twenty thousand events were acquired for each analysis. Data were analyzed using
WinMDI 2.8 software.
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Intracellular calcium measurements
Cells cultured on glass coverslips were loaded with 7.1 μmol/L fura-2AM for 30 min at 37°C
in Ringer’s solution of the following composition:145 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/
L MgCl2, 10 mmol/L HEPES, 2 mmol/L CaCl2, and 10 mmol/L D-glucose, pH 7.4. Cells were
then washed twice and incubated again for 20 min in Ringer’s solution to allow for intracellular
dye cleavage. The coverslips were inserted into the chamber and fura-2 was excited at
wavelengths of 340 and 380 nm using a PTI Deltascan System as previously described (Munsch
and Deitmer 1995; Zheng et al. 1999).

SDS–PAGE and immunoblotting
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and immunoblotting were
performed as described (Chen et al. 2003). Briefly, the cells were resuspended in NP-40 lysis
buffer (10 mmol/L HEPES (pH 7.4), 2 mmol/L EGTA, 0.5% NP-40, 1 mmol/L NaF, 1 mmol/
L NaVO4, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L dithiothreitol, 50 mg/mL
trypsin inhibitor, 10 mg/mL aprotinin and leupeptin) and placed on ice for 30 min. The lysates
were centrifuged at 12 000 g for 10 min at 4°C, and then protein concentration was determined
with BCA™ Protein Assay Kit (Pierce, Rockford, IL, USA Prod# 23225). Equivalent samples
(30 μg protein) were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis
on 12% gel. The proteins were then transferred onto nitrocellulose membranes, and probed
with caspase-3 (Cell Signaling, Danvers, MA, USA pAb, #9661), caspase-9 (Cell Signaling,
mAb, #9508) and β-actin (Sigma, mAb, A5441) antibodies, separately, followed by the
appropriate secondary antibodies conjugated to horseradish peroxidase (KPL, Gaithersburg,
MD, USA). Immunoreactive bands were visualized using enhanced chemiluminescence
(Pierce). The molecular sizes of the developed proteins were determined by comparison with
pre-stained protein markers (Invitrogen).

Analyses of glutamate in conditioned media by RP-HPLC
RP-HPLC analysis was performed using an HP series II 1090 liquid chromatograph and
HP1046A fluorescence detector (Hewlett Packard, Palo Alto, CA, USA) as described
previously (Zhao et al. 2004). In brief, 250 μL of sample was mixed with equal volumes of
3% perchloric acid (Sigma-Aldrich, Milwaukee, WI, USA), and then immediately neutralized
with 11.5 μL saturated potassium carbonate (Sigma-Aldrich). Samples were centrifuged at 12
000 g for 15 min at 4°C, and then injected into an RP-HPLC system. Glutamate detection was
monitored using a fluorescence detector with wavelengths of excitation at 340 nm and emission
at 450 nm.

Statistical analysis
Data were analyzed as mean ± standard deviation (SD). The data were evaluated statistically
by the analysis of variance (ANOVA), followed by the student’s t-test for paired observations.
Significance was determined as p < 0.05 and p < 0.01.

Results
HIV-1 infected macrophages increase glutamate production in a glutamine-dependant
manner

We first examined the dose-effect of glutamine on glutamate production in HIV-1 infected
MDM. Seven days postinfection, culture medium was removed and fresh neurobasal medium
containing 0 to 25 mmol/L glutamine was added to MDM culture for overnight incubation.
Supernatants were collected from control and HIV-infected cultures and the total concentration
of glutamate was measured by RP-HPLC (Fig. 1a). Our results demonstrated that following
the addition of glutamine, uninfected MDM showed a nominal dose-dependent increase in
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glutamate production. However, HIV-1-infected MDM showed a dramatic increase in
glutamate production, an effect dependent on the concentration of glutamine (0–5 mmol/L).
When statistically analyzed, a negative correlation was found between glutamine and glutamate
concentrations in supernatants taken from uninfected and HIV-1-infected MDM (r2 = 0.02353,
p = 0.0011) (Fig. 1b), suggesting HIV-1-mediated glutamate production is dependent on the
presence of glutamine.

HIV-1-mediated neurotoxicity is dependent on glutamine and NMDA over-stimulation
We investigated the effects of MCM from HIV-infected MDM on rat cortical neurons (RCN).
Control and HIVinfected macrophages were treated with neurobasal medium containing
glutamine free or 5 mmol/L glutamine and then conditioned media were collected. Neuron
cultures were treated with MCM and cell viability was then measured by MTT assay (Fig. 2).
No obvious neurotoxic effect was observed in RCN treated with glutamine-free MCM collected
from both uninfected (No detection, ND) and HIV-infected (10.26 μmol/L glutamate) MDM.
RCN treated with conditioned media from uninfected MDM treated with 5 mmol/L glutamine
(1.62 μmol/L glutamate) likewise showed little toxicity. However, MCM from HIV-1 infected
MDM treated with 5 mmol/L glutamine (37.16 μmol/L glutamate) induced a significant
neurotoxic effect on RCN. These data suggest HIV-1 infected MDM treated with glutamine
have increased glutamate and enhanced neurotoxicity towards rat cortical neurons.

Glutamate neurotoxicity is triggered primarily by massive Ca2+ influx arising from over-
stimulation of the NMDA subtype of glutamate receptors, and NMDA receptor antagonists
block most excitotoxic effects of glutamate (Choi et al. 1988; Li et al. 1995). N-methyl-D-
aspartate receptors (NMDAR) are tetra-heteromeric structures permeable to sodium,
potassium, zinc, and calcium (Hollmann and Heinemann 1994). The findings in Fig. 2, in
addition to previous works (Jiang et al. 2001) using HIV-infected MDM established
excitotoxicity as the primary mediator of decreased viability in MCM-treated rat cortical
neurons. To demonstrate that MCM-mediated neurotoxicity is through over-stimulation of
NMDA receptors, we examined calcium influx in RCN. To conduct this and the following
experiments, MCM was filtered to remove infectious particles. RCN were loaded with Fura-2
and monitored for calcium influx by micro-fluorescent imaging. Our results found that MCM
from both control and HIV-infected MDM treated with 0 mmol/L glutamine induced minimal
calcium responses. However, MCM from HIV-infected MDM treated with 5 mmol/L
glutamine showed significantly higher levels of calcium influx relative to MCM from control
MDM (Fig. 3a and b, p < 0.001). To further confirm that the neurotoxicity seen in RCN treated
with MCM was caused by over-stimulation of NMDAR, we pre-incubated RCN with a
selective NMDA receptor antagonist, MK801 (10 μmol/L), before MCM treatment of RCN
and then detected cell viability. The results showed the addition of MK801 blocked the
neurotoxicity (Fig. 3c), suggesting NMDA receptor over-stimulation is involved in HIV-
infected MCM mediated neurotoxicity.

Inhibition of phosphate-activated glutaminase blocks glutamate production and prevents
over-stimulation of NMDA receptors

We previously suggested that inhibition of glutaminase activity decreases glutamate
production by HIV-infected MDM using glutaminase small-molecule inhibitors and
glutaminase-specific siRNA (Erdmann et al. 2007). To further describe the role of
mitochondrial glutaminase in HIV-1 infection-mediated glutamate production and subsequent
glutamate-mediated calcium influx, we tested whether a glutaminase inhibitor (Property of
MGI Pharma) blocks neurotoxicity by HIV-1 infected human MDM. 19560 is a small-molecule
glutaminase inhibitor designed to specifically inhibit glutaminase activity (Erdmann et al.
2007). Inhibitor 19560 was added at a concentration of 10 μmol/L to MDM culture for
overnight incubation before conditioned media was collected and glutamate concentration was
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determined by RP-HPLC. Our results indicate glutamate in MCM from HIV-infected MDM
without 19560 increased about fourfold as compared to uninfected MDM conditioned media.
However, in the presence of inhibitor 19560, glutamate production was significantly reduced
in infected macrophages and comparable with control glutamate levels (Fig. 4a). Subsequently,
we analyzed the Ca2+ response of RCN to MCM, and found the inhibition of glutaminase
activity significantly attenuated Ca2+ influx (Fig. 4b and c). These data suggest mitochondrial
glutaminase is essential to glutamate-mediated over-stimulation of NMDA receptors and
neurotoxicity.

Cell cycle re-activation is involved in HIV-1-mediated caspase activation and neuronal
apoptosis

We treated RCN with 100 μmol/L glutamate at different time points, and then analyzed the
cell cycle by flow cytometry (Fig. 5a–c). The cell cycle data demonstrate that RCN treated
with 100 μmol/L glutamate for 48 h have a typical subG1 peak (Fig. 5a-vi), indicative of an
apoptotic response. NMDA receptor antagonist MK801 blocked the glutamateinduced cell
cycle changes (Fig. 5a-vii). RCN treated with 100 μmol/L glutamate for 6 or 24 h lacked an
obvious subG1 peak (Fig. 5a-i–v), indicating neurons initiate apoptosis after 24 h treatment
with glutamate. The statistical results are shown in Fig. 5c.

Recently, cell cycle re-activation in apoptotic neuronal cell death has been reported during
development and disease states (Becker and Bonni 2004). To explore whether HIV-mediated
neuronal apoptosis is associated with cell cycle re-entry, RCN were treated with glutamate
with or without MK801 preincubation (Fig. 5b). Cells in S phase have initiated DNA synthesis
indicating cell cycle re-entry. Our results demonstrated that the population of cells in S phase
after glutamate treatment for 24 h significantly increased, and MK801blocked the transition
from G0/G1 to S phase. However, 48 h treatment with glutamate had no obvious increase in
the S phase population (Fig. 5b). These data indicate glutamate-treated neurons initiated
apoptosis after the transition from G0/G1 to S phase in response to glutamate stimulation.

The ability of caspase inhibitors to block neuronal cell death induced by trophic factor
deprivation and other cytotoxic conditions has provided solid evidence for the role of caspases
in neuronal cell death (Cryns and Yuan 1998; Yuan and Yankner 2000). We assayed caspase
activity in treated RCN by flow cytometry and western blotting. Our results demonstrated
caspase activity significantly increased as compared to control cells after 24 h glutamate
treatment (Fig. 6a), specifically caspase-9 and caspase-3 (Fig. 6b), and MK801 blocked caspase
activation (Fig. 6a and b). These results suggest over-stimulation of NMDA receptors by
glutamate promotes cell cycle reactivation, activates the caspase cascade resulting in neuronal
apoptosis.

Inhibition of mitochondrial glutaminase prevents HIV-induced cell cycle re-activation and
neuronal apoptosis

Inhibition of glutaminase activity prevents excess glutamate production by HIV-infected
MDM and blocked MCM-mediated neurotoxicity. To investigate the effects of inhibiting
phosphate-activated glutaminase activity on neurotoxicity, we assessed the toxicity of 19560
treatment on RCN by MTT assay. Our results indicated 19560 had no toxic effects on neuron
viability (Fig. 7a), but attenuated MCM-mediated neurotoxicity through inhibition of
glutaminase activity (data not shown), similar to the effect of MK801 (Fig. 3c). We next asked
whether inhibition of glutaminase also prevents MCM-mediated cell cycle activation and
neuronal apoptosis. Utilizing the glutaminase-specific inhibitor 19560, we treated RCN with
MCM as indicated in Fig. 7b and c and analyzed cell cycle changes by flow cytometry. Our
results demonstrated glutaminase inhibition significantly decreased the S phase population in
cell cultures treated with MCM from HIV-infected MDM, similar to the effect of MK801
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treatment (Fig. 7b), and consistent with the observed cell death (Fig. 7c). These data suggest
cell cycle re-activation plays an important role in HIV-infected MCM-mediated neuronal
apoptosis.

Discussion
In this report, we have demonstrated excessive glutamate produced by HIV-1 infected
macrophages stimulates NMDA receptors leading to increased calcium influx and activation
of caspases-3 and -9, causing neuronal apoptosis. The observed glutamate production by
HIV-1-infected macrophages is dependent on the presence of glutamine. Inhibition of
mitochondrial glutaminase blocks glutamate production by HIV-1 infected MDM, and
conditioned media from treated cultures showed decreased neuronal apoptosis. Further, we
have evidence suggesting cell cycle re-activation is involved in the observed excitotoxic
neuronal apoptosis. These findings provide insights into the excitotoxic mechanisms of HIV-1
and the role of infected macrophages during HIV-associated dementia.

HIV infection within the brain triggers a cascade of events leading to neuronal damage and
death, and many in vitro and in vivo studies support mononuclear phagocytes as primary
mediators of inflammation and excitotoxicity (Brenneman et al. 1988; Dreyer et al. 1990;
Tardieu et al. 1992; Brew et al. 1995; Power et al. 1998; Epstein and Gelbard 1999; Kaul et
al. 2001, 2005; Valle et al. 2004; O’Donnell et al. 2006). HIV-infected macrophages release
various neurotoxins that directly or indirectly alter neuronal function, including glutamate,
quinolinic acid, platelet activating factor, reactive oxygen species (ROS), NTox, Tat, and
gp120. Our studies confirm HIV-1 infection of human macrophages results in a pathogenic
increase of glutamate production, an effect dependent on glutamine (see Fig. 1a), and that the
increase in glutamate correlates to a decrease in glutamine (see Fig. 1b).

Neuronal injury caused by over-stimulation of glutamate receptors is well-documented, and
has been implicated in a variety of neurodegenerative conditions (Lipton 1994; Leist and
Nicotera 1998). NMDA receptors play a significant role in HIV-induced neurotoxicity in
vitro (Lipton 1993; Chen et al. 2002; O’Donnell et al. 2006). In our model, excessive exposure
of RCN to glutamate or MCM from HIV-infected MDM causes neurotoxicity (Fig. 2), an effect
dependent on glutamine and triggered by massive Ca2+ influx arising from over-stimulation
of the NMDA subtype of glutamate receptors (Fig. 3a and b). The ability of MK801 treatment
to prevent neuronal cell death (Fig. 3c) further supports the notion that glutamate in HIV-1-
infected MCM is responsible for neurotoxicity via over-stimulation of NMDA receptors.

Excessive NMDA receptor stimulation initiates detrimental intracellular signals that contribute
to neuronal injury and death by apoptosis or necrosis (Bonfoco et al. 1995). Brain tissue
analysis of HIV positive patients, as well as with in vitro experiments demonstrate that neurons
undergo a form of programmed cell death called apoptosis. Caspase activation, mitochondrial
alterations, and DNA fragmentation consistent with apoptosis have been documented in
affected brain regions of HIV dementia patients (Petito and Roberts 1995). Caspases have
previously been implicated in HIV-related neuronal damage (Adle-Biassette et al. 1995; Yuan
and Yankner 2000). Because glutamate plays an important role in HIV-1-mediated
neurotoxicity, we used glutamate to treat RCN and then assessed the extent of caspase
activation and apoptosis. Our results demonstrate that glutamate induces typical neuronal
apoptosis, and is blocked by a NMDA receptor antagonist (Fig. 5a and c). Moreover, neuronal
apoptosis is accompanied by caspase-3 and -9 activation (Fig. 6). We further confirm HIV-1-
infection causes neuronal apoptosis by over-stimulation of NMDA receptors through massive
Ca2+ influx (Fig. 3a) and subsequent caspase activation.
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Although apoptosis is recognized as an important component in many progressive and acute
neurodegenerative diseases, the extracellular signals and intracellular mechanisms triggering
and regulating apoptosis in neuronal cells are still a focus of investigation. Recently, aberrant
cell cycle re-entry has been implicated in a number of mouse and human neurodegenerative
disease models (Herrup and Busser 1995; Nagy et al. 1997; Husseman et al. 2000; Evans et
al. 2007; McShea et al. 2007). Cell cycle-related mechanisms contribute to neuronal cell death
in a wide variety of circumstances including neurotrophic factor deprivation (Park et al.
1997), DNA damage (Park et al. 1997, 1998), exposure to Aβ (Giovanni et al. 1999) and
excitotoxicity (Ino and Chiba 2001; Giardina and Beart 2002; Verdaguer et al. 2002). Our
findings demonstrate that the transition from G0/G1 to S phase is involved in glutamate-
induced apoptosis (see Fig. 5b). These findings identify cell cycle re-activation as a potential
mechanism in the pathogenesis of HAD. However, which cell cycle-related molecules are
involved in HIV-1-infected MDM-mediated neuronal apoptosis requires further investigation.

We previously demonstrated that increased glutamate production from HIV-1-infected
macrophages was dependent upon mitochondrial glutaminase (Zhao et al. 2004; Erdmann et
al. 2007). Glutaminase, which catalyzes the enzymatic conversion of glutamine to glutamate,
is the predominant glutamine-utilizing enzyme of the brain. Glutamine is the most abundant
amino acid present in the extracellular fluid of the brain, providing substrate for glutaminase
in vivo (Newcomb et al. 1997; Holcomb et al. 2000). Here we assessed the role of glutaminase
in HIV-infected macrophage-mediated neurotoxicity. First, the removal of glutamine from
HIV-infected macrophage conditioned media led to decreased glutamate and a significant
reduction in subsequently observed neuronal calcium influx (Fig. 3a) and neurotoxicity (Fig.
2). Second, we used a small molecule glutaminase inhibitor to treat HIV-1-infected macrophage
and found glutamate production was efficiently blocked and MCM-mediated calcium response
in neurons was greatly reduced (Fig. 4). Third, glutaminase inhibitor treatment of macrophage
prevented MCM-mediated cell cycle activation and subsequent neuronal apoptosis (Fig. 7).
Pharmacologic inhibition of glutaminase efficiently blocked glutamate elevation in MCM, and
decreased glutamate directly correlated to neuronal survival, however, at this stage of
discovery, secondary targets of glutaminase inhibitors cannot be completely ruled out.
Collectively, these findings identify glutaminase as an important component of HIV-infected
macrophage-mediated neurotoxicity, mainly through over-production of glutamate.

Various processes occur during HIV infection to sensitize neuronal populations to excitotoxic
insults, including inflammatory cytokine over-stimulation, decreased astrocyte function and
neuronal support, impaired mitochondrial function and others (Erdmann et al. 2006). We
previously observed HIV-1-MCM-mediated Ca2+ influx in rat neuronal culture and NMDA-
dependent neurotoxicity (Jiang et al. 2001; Zheng et al. 2001). This phenomena was tightly
associated with glutamine-dependent glutamate production in HIV-1 infected macrophage
(Zhao et al. 2004). Based on these data, we concluded glutamate production is a primary factor
for induction of neurotoxicity mediated by HIV-infected macrophages. In this study, we first
demonstrated glutamine-dependent neurotoxicity in the MCM of HIV-infected MDM. Next,
we used filtered MCM from HIV-infected macrophages to determine the mechanism behind
HIV-mediated neurotoxicity. We demonstrated that blocking excess glutamate generation
through glutaminase inhibition prevented cell cycle re-activation in rat neurons. The reduction
in neurotoxicity following glutaminase inhibition was in fact greater than the effect observed
following MK801 treatment, an NMDAR-specific inhibitor (Fig. 5b). These results suggest
glutamate is a fundamental component of HIV-1 infected macrophage-mediated neurotoxicity
through NMDAR, and also indicates non-NMDA receptors may be involved in HIV-MCM-
mediated neurotoxicity.

Glutamate-mediated neuronal apoptosis is associated with NMDA receptor over-stimulation,
resulting in Ca2+ overload (see Fig. 3 and Fig. 4). Excessive intracellular Ca2+ can over-
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stimulate nNOS and protein kinase cascades resulting in generation of free radicals, including
reactive oxygen species and NO (Nicotera et al. 1997;Urushitani et al. 2001;Raines et al.
2006), resulting in mitochondrial stress. Multiple intracellular pathways initiated by
excitotoxic stimuli converge on the mitochondria. Calcium overload resulting from glutamate
receptor stimulation can compromise mitochondrial function as well as the high energetic
demands of ion pumps to remove excess calcium and sodium place a great burden on
mitochondrial output. Mitochondrial stress leads to radical production and energy shortages in
the cell (Wang et al. 1994;Castilho et al. 1999;Nicholls et al. 1999;Krieger and Duchen
2002). The mitochondria initiate powerful signaling cascades that can rapidly lead to
disassembly of the whole cell. Glutaminase is a mitochondrial enzyme and how its function is
manipulated by HIV infection and excitotoxic stress may be an important question to
understanding neurodegenerative mechanisms. In summary, mitochondrial glutaminase plays
an important role in mediating glutamate over-generation in HIV-infected macrophages and
subsequent caspase-mediated neuronal apoptosis, and the inhibition of glutamate production
by blocking mitochondrial glutaminase activity may prevent neurotoxicity during HIV-1
infection.
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Fig. 1.
HIV-infected macrophage produce higher levels of glutamate, and glutamate production is
dependent on glutamine addition. (a) HIV-1-mediated glutamate production is dependent on
the addition of glutamine. Human MDM were infected with HIV-1ADA for 7 days. Cells were
washed three times and incubated for 48 h in serum-free neurobasal media with 0–25 mmol/
L glutamine. Samples were stabilized with 3% perchloric acid and potassium carbonate
treatment. The concentration of glutamate in cell-free supernatants was determined by RP-
HPLC. All data are expressed as absolute concentration of glutamate (μmol/L). Results are
expressed as average ± SD of triplicate samples and are representative of three independent
experiments. (b) Glutamate up-regulation is correlated with glutamine down-regulation in HIV
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infected MCM. Human MDM from seven different donors were infected with HIV-1ADA for
7 days. Cells were washed three times and incubated for 24 h in serum-free neurobasal media
with 5 mmol/L glutamine. Samples were stabilized with 3% perchloric acid and potassium
carbonate treatment. The concentrations of glutamate and glutamine in both control and HIV
samples were determined by RP-HPLC. The correlation between glutamine and glutamate was
analyzed.
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Fig. 2.
Neurotoxic effect of HIV-infected MDM conditioned media on RCN is dependent on the
addition of glutamine and the production of glutamate. Human MDM were infected with
HIV-1ADA for 7 days. Cells were washed three times and incubated for 24 h in serum-free
neurobasal media with and without 5 mmol/L glutamine. Samples were stabilized with 3%
perchloric acid and potassium carbonate treatment. The concentration of glutamate in cell-free
supernatants was determined by RP-HPLC. All data are expressed as absolute concentration
of glutamate (μmol/L) in MCM. Results shown are the mean of triplicate samples. Rat cortical
neurons were treated with unfiltered MCM (Con Gln free, HIV Gln free, Con 5 mmol/L Gln
and HIV 5 mmol/L Gln) and neuron viability was measured by MTT assay. HIV-infected MCM
with 5 mmol/L glutamine was significantly neurotoxic as compared to control MCM with 5
mmol/L glutamine and HIV-MCM without 5 mmol/ L glutamine (#denotes p < 0.05).
Glutamine free MCM with low concentration of glutamate showed no toxicity even in the HIV
infected MCM.
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Fig. 3.
HIV-MCM mediates neurotoxicity through over-stimulation of NMDA Receptors and
NMDAR antagonist (MK801) blocks HIV-MCM-mediated neurotoxicity. Rat cortical neurons
were loaded with Fura-2 and monitored for calcium influx by micro-fluorescent imaging.
Filtered control MCM and HIV-1 MCM (including Glutamine free or 5 mmol/L glutamine)
were tested to see the responses of NMDA receptor (a), 1: Con Gln free MCM; 2: HIV Gln
free MCM; 3: Con 5 mmol/L Gln MCM; 4: HIV 5 mmol/L Gln MCM; 5: 100 μmol/L Glu.
Panel B expressed as mean ± SD. Data represent five independent experiments. **denotes p
< 0.001 in comparison to control MCM with 5 mmol/L glutamine and HIV-MCM without 5
mmol/L glutamine. (c) NMDA receptor antagonist MK801 blocks the neurotoxic effect of
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HIV-1 infected MCM. Rat cortical neurons were pre-treated with 10 μmol/L MK801 for 15
min before MCM treatment. HIV-MCM induced significant neuronal death and this kind of
neurotoxic effect was blocked by MK801. The results are expressed as mean ± SD. #denotes
p < 0.05 compared with related control MCM; *denotes p < 0.01 in comparison with HIV-
MCM.

Tian et al. Page 17

J Neurochem. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
The inhibition of glutaminase activity decreases glutamate production and prevents over-
stimulation of NMDA receptors by glutamate. Human MDM were infected with HIV-1ADA
for 7 days. Cells were washed three times and incubated for 24 h in serum-free neurobasal
media which contains 5 mmol/L glutamine and 10 μmol/L glutaminase inhibitor (19560) as
indicated in Fig. 4a. Samples were stabilized with 3% perchloric acid and potassium carbonate
treatment. The concentrations of glutamate were determined by RP-HPLC. All data are
expressed as absolute concentration of glutamate (μmol/L) in MCM, and results showed are
the mean of triplicate samples, *denotes p < 0.001 in comparison to control; #denotes p < 0.001
in comparison with HIV-MCM. Rat cortical neurons were loaded with Fura-2 and monitored
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for calcium influx by micro-fluorescent imaging. (b) Filtered control and HIV-1 MCM which
contains glutaminase inhibitors (19560 and 20638) were tested to see the responses of NMDA
receptor, 1: Con-MCM; 2: Con-MCM+19560; 3: HIV-MCM; 4: HIV-MCM+19560; 5: HIV-
MCM+20638. (c) The graph showed the statistical analysis results, and these results are
expressed as average ±SD and are representative of three independent experiments, *denotes
p < 0.01 in comparison to control; #denotes p < 0.01 in comparison with HIV-MCM.
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Fig. 5.
Glutamate induces neuronal cell cycle re-activation and neuronal apoptosis and is blocked by
NMDA receptor antagonist (MK801). Rat neurons were pre-treated with NMDA receptor
antagonist (10 μmol/L MK801) for 15 min, then treated with 100 μmol/L glutamate for different
times before cell cycle assays were performed. (a) Representative cell cycle assay showing sub
G1 population in rat neurons after 48 h treatment. MK801 is NMDA receptor-specific
antagonist; hydrogen peroxide (H2O2) as a positive control. (b) The population of S phase in
cell cycle was analyzed by Flow Cytometry. The results are expressed as average ±SD of
triplicate samples and are representative of three independent experiments. H2O2 as a positive
control, *denotes p < 0.001 in comparison with control; #denotes p < 0.001 in comparison to
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Glu 24 h; ##denotes p < 0.001 compared with control. (c) The results are expressed as average
±SD of triplicate samples and are representative of three independent experiments, H2O2
treatment (24 h) as positive control, *denotes p < 0.001 in comparison to control; #denotes p
< 0.001 in comparison with Glu 48 h.

Tian et al. Page 21

J Neurochem. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Caspase activation was involved in glutamate-mediated neuronal apoptosis. Rat neurons were
treated with 100 μmol/L glutamate and/or 10 lmol/L MK801 as indicated in (a), and then
incubated with FITC-VAD-fmk, a FITC-conjugated inhibitory substrate of caspases, and
analyzed by Flow Cytometry. The results are expressed as average ±SD of triplicate samples,
*denotes p < 0.001 in comparison to control; #denotes p < 0.05 in comparison with glutamate
treatment (24 h); ##denotes p < 0.05 in comparison to Glu 12 h. (b) Rat neurons were collected
at the indicated times after being treated with 100 μmol/L Glutamate and/or pretreated with 10
μmol/L for 30 min, and were analyzed by western blotting for caspase-9 and caspase-3
cleavage. β-actin was used as a protein loading control.
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Fig. 7.
Glutaminase inhibitor attenuates glutamate-mediated neuronal apoptosis by preventing cell
cycle re-activation. Rat neuronal cultures were treated 24 h in neurobasal medium with no
stimulation, 150 μmol/L glutamate, or 0.1 μmol/L, 1 μmol/L, or 10 μmol/L of glutaminase
inhibitor 19560. Cell viability was assessed with MTT assay in triplicate. Data presented is
from a representative donor, *indicates p < 0.05 (a). After 10 days in culture, rat neurons were
treated with conditioned media and glutamate as indicated (b) for 24 h. The population of S
phase in cell cycle was analyzed by Flow Cytometry, *denotes p < 0.05 in comparison with
control; **denotes p < 0.01 in comparison to Con-MCM; #denotes p < 0.05 in comparison to
HIV-MCM; ##denotes p < 0.001 in comparison with HIV-MCM +19560. (c) The results are

Tian et al. Page 23

J Neurochem. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expressed as average ±SD of triplicate samples, glutamate treatment as positive control.
**denotes p < 0.001 in comparison to Con-MCM; ##denotes p < 0.001 in comparison with
HIV-MCM; *denotes p < 0.05 in comparison with control.
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