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Abstract
Glutamate-mediated neurodysfunction in human immunodeficiency virus (HIV) infection has been primarily suggested by
in vitro studies. The regulation of glutamatergic neurotransmission in inflammation is a complex interaction between
activation of immune mediators and adaptive changes in the
functional elements of the glutamatergic synapse. We have
used simian immunodeficiency virus (SIV)-infected macaques
to answer the questions (i) whether perturbation of glutamate
neurotransmission is evident during progression of immunodeficiency disease and (ii) what are the mechanisms underlying this impairment. Disease progression in SIV-infected
macaques both in the periphery and in the brain was documented by clinical and general pathological examination,
plasma and brain viral RNA load, T-cell analysis and brain

Infection of the CNS by the human immunodeﬁciency virus
(HIV) results in neuropsychiatric disorders collectively
known as HIV dementia. Although the highly active
antiretroviral therapy reduced both the incidence and severity
of HIV dementia (McArthur 2004), the prevalence increased
with the patients’ life span getting longer, and neuropsychological function did not improve in all treated patients
(Cysique et al. 2006). In addition, as the initial etiology of
the disease is known (the virus itself) and with pathogenetic
cascades similar to other neurodegenerative disorders, HIV
dementia can be a model to study neurodegeneration itself.
Therefore, elucidation of the mechanistic part of dysfunction
in HIV dementia remains an issue of general value.
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histopathology. We report for the first time, disruption of
excitatory amino acid transporters (EAATs), the cardinal glutamate clearing system, during SIV infection and a dramatic
loss of EAATs associated with development of rapid acquired
immunodeficiency syndrome (AIDS). EAATs impairment was
correlated with activation status of microglia. Our data support
the glutamate hypothesis for the development of HIV
dementia and suggest that the pathogenetic mechanism for
the neurodysfunction is the impairment of glutamate clearing
which occurs in the stage of AIDS and which is associated
with activated microglia.
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Toxicity of glutamate, the major excitatory neurotransmitter in the mammalian CNS is discussed to be involved in
several neurodegenerative disorders including HIV dementia.
Most of the evidences that neurons may die because of overactivation of glutamatergic receptors in HIV dementia comes
from in vitro studies, for example, with the HIV proteins
gp120 (Lipton et al. 1991) and Tat (Wang et al. 1999;
Haughey et al. 2001) or with human macrophages (Porcheray
et al. 2006). Indirect evidence comes from observations of
increased levels of products with NMDA-agonistic potential
in CSF of HIV-infected patients (Heyes et al. 2001). Our
group showed previously that glutamate was increased in
CSF of simian immunodeﬁciency virus (SIV)-infected
macaques because of an increased production in microglia
(Koutsilieri et al. 1999). Later, it was reported that glutamate
is increased in brains of asymptomatic SIV-infected animals
without being accompanied by neuronal dysfunction, indicating intact compensatory mechanisms that limit the
glutamate-induced neurotoxic cascades during asymptomatic
stage of the disease (Bossuet et al. 2004).
As glutamate is abundant in the brain and potentially toxic
to neurons expressing NMDA receptors, robust protective
mechanisms are necessary to prevent excitotoxic effects.
After release of glutamate and subsequent activation of
post-synaptic receptors, rapid uptake of glutamate from the
synaptic cleft terminates its excitatory action. The extracellular concentration of glutamate and also post-synaptic
glutamate receptor activation (Tong and Jahr 1994) are
controlled by a family of transporter proteins, the excitatory
amino acid transporters (EAATs), which are sodium-dependent. These transporters are expressed by either astrocytes,
including the EAAT1 (Storck et al. 1992; Shashidharan and
Plaitakis 1993) and EAAT2 (Shashidharan et al. 1994) or by
neurons, including EAAT3 (Kanai and Hediger 1992; Furuta
et al. 1997) and EAAT4 (Furuta et al. 1997). EAAT2 protein
is responsible for up to 95% of extracellular glutamate
clearance (Maragakis et al. 2004). Recently, macrophages
and microglia have been demonstrated to express EAATs,
indicating another probably protective regulation to control
glutamate-induced toxicity (Chretien et al. 2002).
The goal of this study was to explore adaptive changes in
the environment of the glutamatergic synapse in a particular
susceptible brain region, the putamen of SIV-infected
animals with progression of disease and to relate these
changes to immune mediators in the CNS. We investigated
changes in expression of EAATs, the cardinal glutamate
clearing system surrounding the glutamatergic synapse in
SIV-infected animals and we correlated these ﬁndings with
viral load, SIV-speciﬁc pathology and immunological mediators from asymptomatic stage of the disease to acquired
immunodeﬁciency syndrome (AIDS). In this constellation,
we paid particular attention to changes concerning rapid
AIDS development.

Methods
Animals
Rhesus monkeys (Macaca mulatta) were housed individually with
indoor facilities on a 12 : 12 (light : dark) schedule at the German
Primate Center (Göttingen, Germany). Dry food as well as bananas
and apples as a dietary supplement were provided twice a day and
water was available ad libitum.
Prior to inoculation, animals were demonstrated to be seronegative for simian T-cell leukemia virus-1, simian retrovirus-1 (type D
retrovirus), herpes B virus and SIV. Monkeys were infected under
ketamine anaesthesia (10 mg/kg) with 100 MID50 (50% monkey
infective dose) of SIVmac251 monkey peripheral blood mononuclear cells, or SIVmac 239. These viral strains have the same
virulence and are associated with similar disease progression in the
stages of infection studied here. Twelve of these animals were killed
at pre-determined time points without signs of simian AIDS. Other
ﬁve monkeys were killed when they became moribund. The
moribund state of disease was set when animals developed clinical
signs such as loss of appetite, depressed mood and diarrhoea
together with increasing concentrations in urine neopterin and high
plasma viremia. Animals were supported with infusions and were
killed within the ﬁrst few days of clinical signs. No animal had signs
of hypoxia. Eight uninfected animals served as controls. Animals
were monitored clinically. Blood and CSF samplings were obtained
at regular intervals under ketamin anaesthesia by experienced
veterinarians in the German Primate Center, Göttingen.
Animal experiments were approved by, and performed according
to the guidelines set out by the ethics committee for animal
experimentation of the Bezirksregierung Braunschweig (604.42502/
08–02.95) and the revised Directive 86/609/EEC on the protection
of Animals used for experimental and other scientiﬁc purposes.
Collection and dissection of monkey brain tissue
Necropsy for all animals was performed at the same time of the day.
Anaesthetized animals were killed by exsanguination at different
time points after infection, ranging from 18 to 52.4 weeks postinfection (wpi). Brains were thoroughly perfused with 2 L of RPMI
1640 medium (Gibco, Eggenstein, Germany) containing 3% fetal
calf serum. The brains were quickly removed, partly immersionﬁxed (5% neutral buffered formaldehyde for light microscopy),
partly frozen at )70°C for biochemical analysis or prepared for
microglia isolation. Prior to neurochemical investigations, putamen
was dissected on a Teﬂon plate at )20°C according to a stereotactic
atlas using standardized procedures.
EAAT1 and EAAT2 western blot analysis
Putamen was disrupted and homogenized in TEVP, pH7.4
(10 mmol/L Tris–HCl, 5 mmol/L NaF, 1 mmol/L Na3VO4,
1 mmol/L EDTA, 1 mmol/L EGTA) using 5mm-stainless steel
beads (Qiagen Inc., Valencia, CA, USA) and the TissueLyser system
(Qiagen). Homogenization was performed at 20 Hz for 2 min.
Homogenates were centrifuged at 32 600 g for 16 min at 4°C. After
centrifugation, the supernatant was separated from the pellet. The
pellet representing the membrane fraction was washed with ice-cold
TEVP and resuspended in TEVP. Protein content was determined by
the Bradford method using the BioRad Protein Assay (BioRad
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Laboratories, Hercules, CA, USA) and bovine serum albumin as
standard. Homogenates were treated with Protease Inhibitor Cocktail (Sigma, Saint Louis, MI, USA) and HaltÔ Phosphatase Inhibitor
Cocktail (Pierce, Rockford, IL, USA) to avoid degradation of
proteins. Homogenates were diluted with sample buffer (50 mmol/L
Tris–HCl, pH6.8, 100 mmol/L dithiotreitol, 10% glycine, 2%
sodium dodecyl sulphate) to a ﬁnal protein concentration of 1 or
2 lg/lL and boiled for 10 min. Ten micrograms of protein were
loaded in duplicate for each animal and separated using 10% sodium
dodecyl sulphate–polyacrylamide gel electrophoresis. Following
separation, proteins were transferred to nitrocellulose membranes in
a semi-dry system at 2 mA/cm2 for 90 min. The membranes were
blocked with 5% non-fat dry milk and 0.1% Tween-20 in
phosphated-buffered saline overnight at 4°C. Subsequently, the
blots were incubated with primary antibody against EAAT1 at a
dilution of 1 : 1000 or against EAAT2 at a dilution of 1 : 20 000
(Novocastra, Newcastle, UK) for 1 h at 25°C. Blots were washed
and subsequently incubated with goat anti-mouse secondary
antibody (BioRad) at a dilution of 1 : 3000 for 1 h at 25°C. To
facilitate comparisons across blots on different gels, identical
macaque putamen homogenate was loaded onto each gel. GAPDH
was used as loading control. Biotinylated protein ladder detection
was used to account for the molecular weight of blotted proteins
(Cell Signaling Technology Inc, Danvers, MA, USA). Membranes
were incubated with Supersignal west pico chemiluminescent
substrate (Pierce) and immunoreactive bands were visualized by
the LAS-3000 chemiluminescence documentation system (Fuji
Photo Film Co., Tokyo, Japan). Bands were quantiﬁed using ImageJ
software (National Institutes of Health, available on the Internet at
http://rsb.info.nih.gov/ij/).
Plasma viral load
Viral RNA in plasma was determined by a quantitative competitive
RNA-PCR as described previously (Ten Haaft et al. 1998). For the
target sequence, a highly conserved 267-bp region in the SIV gag
gene with primer and probe regions homologous for SIVmac,
SIVsm, and chimeric simian human immunodeﬁciency virus viruses
were chosen. The detection limit of this assay was 40 RNA
equivalents/mL of plasma.
Isolation of microglia
Brain haematopoietic cells were isolated from fresh tissue using a
Percoll gradient technique modiﬁed for primate brains (Sopper et al.
1996) as we previously described (Scheller et al. 2005). Brieﬂy,
pieces of perfused CNS tissue were mechanically dissociated and
enzymatically digested. The resulting suspension was further fractionated using a discontinuous Percoll density gradient. Cells were
collected from the 1.077 g/mL interface and resuspended in supplemented RPMI 1640 medium (Gibco) for further ﬂow cytometric
analysis.
Flow cytometry
Microglia
Haematopoietic cells isolated from the brain were directly analyzed
by ﬂow cytometry for the following antigens. The level of
expression of CD11b (Heidelberg, Germany), CD14 and CD45RA
(RMO52 and 2H4, Coulter, Krefeld, Germany) were used to

differentiate between microglial cells (CD11b+, CD14), CD45RA))
on one hand and perivascular or inﬁltrating macrophages on the
other hand (CD11b+, CD14 +, CD45RA+). CD3 and CD8 were used
to determine the proportion of lymphocyte subsets. About 95% of
the gradient–puriﬁed cells consisted of microglia. The remaining
cells were predominantly T-cells (CD3+), some NK-cells (CD3),
CD8+) and usually less than 3% macrophages. Activation of
microglia was determined by staining for major histocompatibility
complex class II major histocompatibility complex class II-expression with an antibody against human lymphocyte antigen-DR
(L243, BD-Biosciences, Heidelberg, Germany).
Blood lymphocytes
Blood lymphocytes were characterized by three-colour ﬂow
cytometry as described previously (Sopper et al. 2000) using a lyse
and wash protocol. Antibodies against the following antigens were
used: CD3 (FN18, M. Jonker, TNO, Rijswijk, The Netherlands,
biotin conjugated using standard techniques), CD20 (B1, Coulter),
CD4 and CD8 (L200 and RPAT8, BD-Biosciences) and CD29 (4b4,
Coulter).
Cells were analyzed on a FACScan ﬂowcytometer (BectonDickinson, Heidelberg, Germany) using Lysis II and cellquest
software (BD-Biosciences). Absolute numbers of lymphocytes were
determined with a Coulter counter (Beckmann Coulter GmbH,
Krefeld, Germany).
Histopathology and immunohistochemistry
At autopsy, the brain was cut into two hemispheres after median
sagittal separation of the corpus callosum. For histological studies,
the left hemisphere was ﬁxed in 4% buffered formalin and then cut
into 4 mm thick frontal sections. Each section was totally embedded
in parafﬁn. The parafﬁn blocks containing the putamen were used
for the study. From these topographically chosen and matched tissue
blocks for animals in different groups, 4 lm thick serial parafﬁnsections were prepared by a microtome. Parafﬁn-embedded sections
were stained with hematoxylin and eosin, Luxol-fast blue and
Masson’s trichrome. Additional immunohistochemical staining was
performed using commercially available antibodies against the glial
ﬁbrillary acid protein HLA class II antigen (clone CR3/43), CD68,
the leukocyte common antigen, CD8 in order to disclose astrocytic
gliosis, activated microglia, multinucleated giant cells and lymphocytic inﬁltrates, and against EAAT1 and EAAT2. A two-step
staining system was used in which incubation with the primary
antibody is followed by incubation with a polymeric substrate
(DAKO Envision detection kit, DAKO diagnostica, Hamburg,
Germany). Brieﬂy, routinely ﬁxed and parafﬁn-embedded tissue
sections were deparafﬁnized, hydrated, and subjected to antigen
retrieval in a microwave oven. After blocking the endogenous
peroxidase by hydrogen peroxide, the slides were incubated with the
primary antibodies and consequently incubated with a peroxidaselabelled dextran coupled with goat antibodies to rabbit and mouse
immunoglobulins. Diaminobenzidine was utilized as chromogen,
and the slides were counterstained with haematoxylin. Sections
were viewed with an BX 50 Olympus microscope and images were
gathered by a charge-coupled device camera. All reagents were
purchased by DAKO diagnostica, (Hamburg, Germany), except for
the antibodies against EAAT1 and EAAT2 which were purchased by
Novocastra Laboratories Ltd.
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Statistical analysis
The Mann–Whitney U-test for non-parametrically distributed values
was used for statistical analysis. Spearman r was determined for
correlations. The signiﬁcance level was set at p < 0.05.

Results
Animals
Infected animals did not differ from uninfected controls with
respect to general parameters such as, sex or weight
(Table 1). Uninfected animals were similar in age compared
with animals with AIDS but younger than SIV asymptomatic
monkeys (Table 1). Age did not correlate with progression of
disease or with any of the parameters studied (data not
shown). Uninfected animals were clinically and pathologically inconspicuous. Asymptomatic SIV-infected monkeys
presented with lymphadenopathy and some with thrombocytopenia. AIDS monkeys had untreatable diarrhoea and
pneumonia, lymph node depletion and anaemia. Some
presented with strong neurological signs such as ataxia and
seizures. Animals with AIDS displaying high viral load,
weak anamnestic immune response, only partial decline in
absolute CD4 numbers in blood, but strong depletion of
memory T-helper cells, as evidenced by staining for CD29
(Table 1) were characteristic of rapid onset of disease
(Sauermann et al. 2000). In agreement with our previous
ﬁndings on rapidly progressing animals (Demuth et al.
2000), these animals showed high intrathecal virus load. In
contrast, viral antigen levels in the group of asymptomatic
animals were below the detection limit of the assay.
Histopathological changes
The brains of uninfected animals were inconspicuous. In
SIV-infected asymptomatic animals, SIV-speciﬁc pathology,

such as microglial nodules or multinucleated cells was not
found. However, eight animals had meningitis and perivascular cufﬁng (Fig. 1a), a typical pathological feature for
asymptomatic stages. Moreover, the number of activated
microglia was increased and had mainly perivascular
distribution (Fig. 1b). Animals with AIDS developed SIV
encephalitis. Speciﬁcally, they exhibited microglial nodules
(Fig. 1c) and multinucleated giant cells which were more
pronounced and widespread in animals with rapid AIDS,
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Table 1 General, virological and immunological status of animals

Age (year)
Weight (kg)
WPI
CD4+ T-cells/lL blood
%CD29hi/CD4+ T-cells
Log RNA
equivalents/mL plasma

Uninfected
(n = 8)

SIV
(n = 12)

AIDS
(n = 5)

2.9
3.7
NA
1051
40.5
NA

3.8
4.3
24.3
481
32.2
4.65

3.5
3.6
41.7
580
15
6.17

± 0.3
± 0.2
± 128
± 4.6

±
±
±
±
±
±

0.1*
0.3
6.3
62*
3.5
0.3

±
±
±
±
±
±

0.4
0.2
10.7
134*
6.7*#
0.7

WPI, weeks post-infection; NA, not applicable.
Data are expressed as means ± SEM; age, age at the time of necropsy; WPI, necropsy at weeks post-infection; NA, not applicable,
%CD29hi/CD4+ T-cells, proportion of CD29 high expressing memory
cells among CD4+ T-cells. *p < 0.05 compared to uninfected; #
p < 0.05 compared to asymptomatic animals (Mann–Whitney U-test
for non-parametrically distributed values).

Fig. 1 Neuropathological features. (a) Meningitis with perivascular
cuffing (simian immunodeficiency virus (SIV)-infected, asymptomatic
animal, H&E staining, scale bar: 30 lm); (b) activated microglial cells
in perivascular distribution (SIV-infected, asymptomatic animal, major
histocompatibility complex class II (MHCII) immunohistochemistry,
scale bar: 60 lm); (c), microgial nodule containing a multinucleated
giant cell (rapid acquired immunodeficiency syndrome (AIDS), H&E,
scale bar: 60 lm); (d) Single multinucleated giant cell indicating
cerebral SIV infection; (e) increased numbers of activated microglial
cells in microglial nodules or (f) in large perivascular cuffings (rapid
AIDS, MHC Class II immunohistochemistry, scale bar: 60 lm);
(g) astrocytic gliosis is mainly restricted to white matter in SIV
asymptomatic animal; (h) marked diffuse reactive astrocytic gliosis in
rapid AIDS glial fibrillary acid protein (GFAP) immunohistochemistry,
scale bar: 30 lm).
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indicating advanced stages of SIV encephalitis (Fig. 1d). In
monkeys with rapid onset of AIDS, activated microglia was
readily detected in microglia nodules (Fig. 1e) or around
vessels, often associated with large perivascular cufﬁngs
(Fig. 1f). Astrocytic gliosis in SIV-asymptomatic animals was
mainly restricted to the cerebral white manner (Fig. 1g). In
animals with rapid onset of AIDS, reactive astrocytic gliosis
was observed in both grey and white manner (Fig. 1h).
(a)

(b)

EAAT expression is decreased with progression of disease
Both EAAT1 and EAAT2 expressions were signiﬁcantly
reduced in putamen of SIV asymptomatic animals and almost
vanished in animals with AIDS (Fig 2a–c). It is noteworthy
that animals with rapid progression had the lowest levels of
EAATs expression in both asymptomatic stage and AIDS
(Fig. 2a and b). The expression of the house keeping protein
GAPDH did not change because of SIV infection in putamen
of the monkeys (Fig. 2d).
A strong immunoreactivity against EAAT1 was present in
the putamen and other basal ganglia of uninfected animals,
whereas the immunoreactivity for EAAT2 was present in the
putamen (Fig. 3a and b) but it was less widespread in the rest
basal structures (data not shown). In asymptomatic SIVinfected animals, the differential expression of EAAT1 and
EAAT2 was reduced (Fig. 3c and d). EAAT1 and EAAT2
expression was irregular in putamen of animals with AIDS,
with a marked loss of both transporters (Fig. 3e and f),
suggesting disruption of glutamate clearing in these regions
during this stage of infection.

(a)

(b)

(c)

(d)

(e)

(f)

(c)

(d)

Fig. 2 Excitatory amino acid transporters 1 and 2 (EAAT1 and
EAAT2)expressions decrease with progression of simian immunodeficiency virus (SIV) infection (a,b, EAAT immunobloting). Black dots
show animals with rapid disease progression. (c) Representative
immunoblots of EAAT1 and EAAT2 in an uninfected, an SIV-infected
and an animal with rapid acquired immunodeficiency syndrome. (d)
The housekeeping protein GAPDH remains stable during infection.

Fig. 3 Excitatory amino acid transporters 1 and 2 (EAAT1 and
EAAT2) decrease with progression of simian immunodeficiency virus
(SIV) infection (EAAT immunohistochemistry). EAAT1 (leftside);
EAAT2 (rightside). (a),(b) Uninfected animal showing rather diffuse
EAAT expression; (c),(d) expression pattern in SIV asymptomatic
animal; (e),(f) marked loss of immunoreactivity or irregular staining
pattern is visible in rapid acquired immunodeficiency syndrome, often
in the vicinity of microglial nodules (e), or perivascular cuffings (f).
Scale bar: 60 lm.
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(a)

(b)

(c)

(d)

Fig. 4 Immune activation in microglia of simian immunodeficiency
virus (SIV)-infected rhesus monkeys correlate negatively with
expression of excitatory amino acid transporters 1 and 2 (EAAT1 and
EAAT2). (a),(b) flow cytometric analysis of microglia isolated from
rhesus monkeys. Major histocompatibility complex class II (MHC II)
expression was measured with an antibody against HLA-DR. (a) Data
represent means ± SEM from uninfected (n = 8), SIV-infected
(n = 12), acquired immunodeficiency syndrome (AIDS) (n = 5).
*p < 0.05, significantly different from uninfected monkeys, #p < 0.05,

significantly different from SIV (Mann–Whitney U-test for non-parametrically distributed values). (b) Representative histograms of
microglia from uninfected (left panel) and SIV-infected macaques
without (middle panel) and with signs of AIDS (right panel). Samples
were stained for unspecific binding (isotype matched control Ab, red),
HLA-DR (MHC II expression, blue) or CD11b (microglia marker,
green). (c),(d) Correlations (linear regressions) between MHC II and
EAAT1, Spearman’s r2 = )0.62, p < 0.05 (c) and EAAT2, Spearman’s
r2 = )0.63, p < 0.05 (d).

Immune activation
As immunohistochemical analysis may not always be
sensitive enough for detection and quantiﬁcation of subtle
changes in microglia activation during asymptomatic phase
of the disease (Scheller et al. 2005; Roberts et al. 2006), we
used ﬂow cytometry to quantify surface expression of major
histocompatibility complex class II (indicator for microglia
activation) in isolated microglia of the animals. Phenotyping
of microglial cells revealed increased activation in asymptomatic stage of the infection which was further up-regulated
in animals with AIDS (Fig. 4a and b). Both EAAT1 and
EAAT2 expression signiﬁcantly correlated with activation of
microglial cells (Fig. 4c and d).

silieri et al. 1999). As the CSF represents the extracellular
pool of neurotransmitters, our results indicated indirectly that
glutamate was increased in the extracellular space during SIV
infection and may have triggered excitotoxicity unless
adaptive mechanisms increase the glutamate clearing in the
glutamatergic synapses in the brain. In this line, it has been
shown previously that murine brain macrophages induce
NMDA receptor-mediated neurotoxicity in vitro by secreting
glutamate (Piani et al. 1991). Moreover, in the stage of
neuroAIDS, SIV encephalitis is histopathologically characterized by the invasion of macrophages derived from blood
monocytes or activation of resident parenchymal microglia.
It was reasonable then to hypothesize that a progressive
activation of microglia/macrophages would cause adaptive
changes in the environment of the glutamatergic synapses.
We chose to study the putamen as this region was shown to
be one of the most vulnerable and early affected brain areas
in SIV-neuropsychiatric disease (Scheller et al. 2005).
We found that there were no adaptive changes concerning
the EAATs. In contrast, a progressive disruption was observed
for both EAAT1 and EAAT2 and a dramatic reduction of the
EAAT expression was evident in animals which developed
rapid immunodeﬁciency. This incidates that the most important protective mechanism against glutamate-induced excitotoxicity has collapsed. Our results may also explain the
increases in extracellular glutamate concentrations in the

Discussion
We have used the most pertinent animal model of HIV
infection, the SIV-infected rhesus macaques, to assess the
role of the amino acid neurotransmitter glutamate in the
pathophysiology of the immunodeﬁciency virus-induced
neuropsychiatric disease. It has been suggested that HIV–
induced neurodegeneration may result from excitotoxicity as
antagonists of excitatory receptors block this effect (Lipton
1994). We had previously found elevated glutamate levels in
the CSF of macaques during SIV infection because of
increased production in macrophages and microglia (Kout-
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putamen of SIV-infected macaques as shown previously
(Bossuet et al. 2004). The importance of EAAT disruption is
underscored by studies showing that mice lacking EAAT2
develop progressive neurodegeneration and epilepsy as a
result of aberrant glutamate homeostasis (Meldrum et al.
1999). In agreement, we could also observe seizures in some
of our animals with AIDS. It is noteworthy that astrocytes are
the main cell type expressing EAAT1 and EAAT2 and
therefore the major cell protecting neurons from excitotoxicy
in the normal brain. However, recently, the presence of
EAAT2 in macrophages/microglia as well as in neurons of
pathological brains has been reported (Thai 2002). Previous
studies have shown that substances released by activated
microglia, such as tumor necrosis factor (TNF)-a known to
inhibit glutamate uptake by astrocytes are overproduced
during HIV infection (Wesselingh et al. 1993). In accordance,
in vitro experiments revealed that glutamate uptake is lowered
by more than 60% within 6 h of exposure to either HIV gp120
or Tat and this is associated with a drop in EAAT-2 (Kort
1998). Our ﬁndings that EAAT1 and EAAT2 expression is
associated with the activation state of microglia is in line with
a recent report showing that EAAT2 is negatively regulated
by the proinﬂammatory cytokine TNF-a and that this is
dependent on nuclear factor-jB (NF-jB). (Sitcheran et al.
2005). Moreover, we had reported previously that the increase
of TNF-a production through microglia isolated from infected
animals (Sopper et al. 1996) which correlated with the stage
of the disease.
Our study shows disruption of EAAT expression in SIV
infection and suggests reduction in glutamate clearing,
probably because of activation of immune mediators.
Consequently, EAATs may represent an important determinant of vulnerability to glutamate-mediated injury in speciﬁc
brain areas in HIV-dementia.
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