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Abstract
Background: HIV envelope gp 120 glycoprotein is released during active HIV infection of brain
macrophages thereby generating inflammation and oxidative stress which contribute to the development
of the AIDS-Dementia Complex (ADC). Gp120 has also been found capable to generate excitotoxic effect
on brain tissue via enhancement of glutamatergic neurotransmission, leading to neuronal and astroglial
damage, though the mechanism is still to be better understood.

Here we investigated on the effect of N-acetylcysteine (NAC), on gp120-induced damage in human
cultured astroglial cells and the possible contribution of gp120-related reacting oxygen species (ROS) in
the imbalanced activity of glutamine synthase (GS), the enzyme that metabolizes glutamate into glutamine
within astroglial cells playing a neuroprotective role in brain disorders.

Results: Incubation of Lipari human cultured astroglial cells with gp 120 (0.1–10 nM) produced a significant
reduction of astroglial cell viability and apoptosis as evaluated by TUNEL reaction and flow cytometric
analysis (FACS). This effect was accompanied by lipid peroxidation as detected by means of
malondialdehyde assay (MDA). In addition, gp 120 reduced both glutamine concentration in astroglial cell
supernatants and GS expression as detected by immunocytochemistry and western blotting analysis. Pre-
treatment of cells with NAC (0.5–5 mM), dose-dependently antagonised astroglial apoptotic cell death
induced by gp 120, an effect accompanied by significant attenuation of MDA accumulation. Furthermore,
both effects were closely associated with a significant recovery of glutamine levels in cell supernatants and
by GS expression, thus suggesting that overproduction of free radicals might contribute in gp 120-related
dysfunction of GS in astroglial cells.

Conclusion: In conclusion, the present experiments demonstrate that gp 120 is toxic to astroglial cells,
an effect accompanied by lipid peroxidation and by altered glutamine release. All the effects of gp120 on
astroglial cells were counteracted by NAC thus suggesting a novel and potentially useful approach in the
treatment of glutammatergic disorders found in HAD patients.
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Background
HIV infection is still a pandemic disease with more than
30 million people infected today. HIV-positive individu-
als experience cognitive dysfunction, disordered behav-
iour and problems with movement and balance which are
indicated, at the late stage, as HIV-Associated Dementia
(HAD) [1,2]. In fact, neurodegenerative disorders have
commonly been described in patients suffering from AIDS
and this occurs even though neurons are not infected fol-
lowing HIV-brain tissues invasion [reviewed in [1]]. Even
if the employment of highly active antiretroviral therapy
(HAART) has changed the scenario of the HIV dementia
by improving the cognitive performance in some patients
with HIV-associated cognitive impairment, new cases of
HIV dementia continue to develop [3]. In addition, the
prevalence of HIV dementia is rising as patients on
HAART live longer with HIV infection [3] suggesting that,
in the era of HAART, HAD or milder forms still remain
high [4]. Thus, the neuropathogenesis of HIV-infection
and better therapeutic approaches for the management of
neuroAIDS still remain to be elucidated.

Evidence exists that astrocytes may play a role in HIV-
related neurological disorders. Indeed, reactive astroglio-
sis and the presence of activated and hypertrophied astro-
cytes, has commonly been described in the brain of
patients suffering from HAD [5,6]. On the other hand, in
vivo studies have also shown that HIV infection mat also
occur in a small and variable fraction of astrocytes, mainly
in advanced brain disease [7-11], thus suggesting that
astrocyte are actively involved in the pathogenesis of
HAD.

Although the incidence of astroglial cell death in HIV-
infected brain tissues is still to be better clarified, evidence
suggests that astrocytes may also suffer dysfunction in the
HIV-infected brain that may extend beyond the limited
levels of HIV- infection and contribute to neuropathogen-
esis in distinct pathways [reviewed in [12-15]]. It is known
that astrocytes are likely exposed continuously to HIV par-
ticles, viral proteins, cytokines, and other substances
secreted by HIV-infected macrophages and microglia.
Although they lack CD4 they express CXCR4, and under
certain circumstances, CCR3 and CCR5, the co-receptors
for HIV entry into cells [reviewed in [16-18]]. These chem-
okine receptors can transduce responses to chemokines
and to HIV gp120 present in the brain and they might be
involved in HIV association with astrocytes. Studies in
vitro indicate that many of these products significantly
modulate astrocyte physiology which in turn can alter
essential interactions of astrocytes with other cells in the
brain, particularly neurons. For example, exposure of cul-
tured astrocytes to HIV, recombinant gp120, or viral trans-
activator Tat induces some of the same secretable
mediators of neuropathogenesis as those produced by

macrophages, including inflammatory cytokines TNF-α
and IL-1β, chemokines MCP-1 and IP-10, IL-6, or free rad-
icals such as nitric oxide and peroxynitrite [19-29].

The apparent dysregulation of astrocyte immune func-
tions might contribute to the overall inflammatory envi-
ronment in the brain but also may account for excitotoxic
mechanisms which have been shown to occur in HIV-
infected brain tissues. In particular, evidence exists that
glutammatergic transmission is inbalanced in the brain of
HAD patients. In particular, studies in culture revealed
that intact HIV or exogenous gp120-induced extensive
changes in astrocyte gene expression [30-33] and
impaired transport of extracellular glutamate by astrocytes
[34,35], a defect which may lead to neuronal death by
glutamate excitotoxicity [36]. Glutamate uptake can also
be impaired by intracellular expression of recombinant
Tat or exposure of astrocytes to TNF-α [37]. On the other
hand, intracellular Ca2+ is increased by gp120 in neurons
and astrocytes, an effect driven by enhanced glutamate
receptor signalling [38]. Finally, recombinant gp120 was
shown to induce Ca2+-dependent glutamate secretion by
astrocytes and neuronal cell death in glial-neuronal co-
cultures in a pathway involving signaling through CXCR4
and production of TNF-α [39,40]. Thus, HIV-related neu-
rotoxins, such as gp120, might disregulate astrocytic via-
bility via multiple mechanisms including an imbalanced
modulation of glutamate turnover.

The present study has been performed to investigate 1) the
effect of N-acetylcysteine (NAC), on gp120-induced
changes of viability of human cultured astroglial cells and
its correlation with gp120-related changes of lipid peroxi-
dation ; 2) the effect of NAC on gp120-induced changes of
glutamine synthase (GS), the enzyme which metabolises
glutamate into glutamine in astroglial cells thereby play-
ing a neuroprotective role [41].

Results
Incubation of human cultured astroglial cells with gp 120
(0.1–1 and 10 nM; n = 10 for each dose) for 24 h pro-
duced a decrease of cell viability as shown by counts of
pre-treated astrocytes performed in trypan blue (Table 1).
The reduction of astroglial cell viability due to incubation
with gp120 was accompanied by apoptotic cell death.
Indeed, measurement of apoptotic cell death as quanti-
fied by means of FACS analysis showed an enhanced
number of hypoploid cells indicating programmed cell
death due to gp120 incubation (Figure 1A; n = 5 for each
dose). This was confirmed by immunocytochemical assay
by means of Tunel reaction which showed apoptotic
nuclei and DNA fragmentation (Figure 2; n = 5 for each
dose).
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The effect of gp 120 on cell viability was accompanied by
a reduction of glutamine formation and GS expression in
gp 120-treated astroglial cells. Indeed, incubation of cul-
tured astroglial cells with gp 120 (10 nM; n = 5) for 24 h,
produced a significant decrease of the amount of
glutamine in cell supernatants as measured by glutamine
assay (Figure 3). These results were confirmed by western
blotting analysis and immunocytochemistry which
showed that gp 120 (10 nM; n = 5) reduced significantly
GS expression in gp 120-treated astroglial cells (Figures 4
and 5).

The effect of gp 120 was associated with overproduction
of free radical species and subsequent lipid peroxidation.
Indeed, incubation of cultured astrocytes with gp 120 (10
nM; Figure 6; n = 5), produced a prominent elevation of
MDA levels in cell homogenates thus suggesting that the
astroglial cell damaging due to incubation with gp 120 on
astrocytes was accompanied by oxidative stress.

Pre-incubation of astroglial cells cells with NAC (0.5–1
and 5 mM; n = 10 for each dose; Table 1), restored astro-
glial cell viability in gp 120-treated cells. In addition, NAC
dose-dependently antagonized the pro-apoptotic effect of
10 nM of gp 120 when quantified by FACS analysis (Fig-
ure 1B), an effect confirmed by TUNEL immunostaining
when higher concentration of NAC (5 mM; n = 5; Figure
2) was used. In addition, NAC (0.5–1 and 5 nM; n = 5 for
each dose; Figure 3) restored the concentration of
glutamine in cell supernatant in gp120-treated astrocytes
(10 nM), and the GS expression as evaluated by means of
western blotting analysis (n = 5; Figure 5) an effect con-
firmed by GS immunostaining in gp 120-treated cells (gp
10 nM vs NAC 5 mM; n = 5; Figure 4). Finally, NAC (5
mM) inhibited MDA accumulation due to gp 120 (10 nM;
n = 5; Figure 6) thus suggesting that antioxidant properties
of NAC might contribute in restoring the imbalanced GS
activity subsequent to incubation of astrocytes with gp
120.

Discussion
The present data show that gp 120, a coating component
of HIV envelope which has been shown to possess neuro-
toxic properties [42-45], leads to apoptotic cell death of
human cultured astrocytes, an effect antagonised by NAC.
This effect seems, at least in part, to be related to the anti-
oxidant effect of this compound even though other effects
of NAC on pathophysiological events leading to gp120-
related astroglial cell injury cannot be excluded. The effect
of NAC on gp120-induced reduction of astroglial cell via-
bility is in accordance with previous data from our [29,46]
and other groups [reviewed in [47]] showing that oxida-
tive stress may play a crucial role in the pathogenesis of
HAD. Our data also show, for the first time, that gp120
leads to an imbalanced GS activity and expression in cul-

N-acetylcysteine (NAC) prevents gp120-induced apoptotic cell death of cultured astroglial cellsFigure 1
N-acetylcysteine (NAC) prevents gp120-induced 
apoptotic cell death of cultured astroglial cells. A. 
Incubation of astroglial cells with gp 120 (0.1,1 and 10 nM) 
for 24 hours reduced cell viability compared with untreated 
controls, as assessed by FACS analysis. B. NAC (0.5–5 mM), 
in pre-treatment of two hours, prevented this effect. Data 
represent the mean ± S.E.M. of five independent experi-
ments.* P < 0.05 gp 120-treated astrocytes vs control 
(untreated) cells; § P < 0.05 NAC vs gp 120-treated cells. Sta-
tistical analysis was done using ANOVA followed by Student-
Newman-Keuls test.
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Table 1: Gp120 reduced astroglial cell viability as expressed by % 
trypan blue positive cell counts in 10 experiments. NAC (0.5–5 
mM) antagonized this effect.

TREATMENT % dead cells

CTRL 2 ± 1.3
Gp120 100 pM 16 ± 1.4*
Gp120 1 nM 38 ± 2*
Gp120 10 nM 45 ± 3.2*

Gp120 10 nM + NAC 0.5 mM 40 ± 2.4§
Gp120 10 nM + NAC 1 mM 22 ± 2.1§
Gp120 10 nM + NAC 5 mM 6 ± 2§

P < 0.05 gp120-treated astrocytes vs control (CTRL)
§ P < 0.05 NAC vs gp120-treated astrocytes
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tured astrocytes this effect being accompanied by abnor-
mal generation of free radicals and inhibited by NAC. This
suggests that enhanced glutamatergic neurotransmission,
which has been shown to contribute in HIV-related neu-
rological disorders, may involve oxidative-mediated
changes of GS in astrocytes.

Evidence exists that glutamate is highly neurotoxic when
accumulated in massive amount in the extracellular space
[48,49]. In the CNS, the conversion of glutamate to
glutamine, that takes place within the astrocytes, repre-
sents a key mechanism in the regulation of excitatory neu-
rotransmission under normal conditions as well as in
injured brain [50]. In particular, it is known that the syn-
aptically released glutamate is taken up by astroglial cells
and then converted into nontoxic glutamine by the glia-
specific enzyme glutamine synthase (GS); on the other
hand, glutamine re-enters the glutamatergic neuron where
is converted by glutaminase into glutamate, thus replen-
ishing the neurotransmitter pool [51,52]. During patho-
logical conditions such as HAD, stroke or several chronic

neurodegenerative diseases, the duration and intensity of
glutamate release might overwhelm the capacity of the GS
enzyme to remove it. Such an imbalance should result in
glutamate-mediated neurotoxicity and could contribute
to brain injury supporting the hypothesis that an increase
in GS expression exerts a neuroprotective effect [51]. The
possible modulation of GS activity has been studied dur-
ing numerous neuropathological states, including inflam-
mation, ischemia/reperfusion injury etc. [50]. In
particular, overproduction of reactive oxygen species,
which occurs during excitotoxicity in brain tissues, leads
to reduced ability of astroglial cells to regulate glutamate
turnover via inhibition of GS activity [50-52]. In addition,
oxidative inactivation of GS during ischemia/reperfusion
in the gerbil's brain has been described indicating that free
radical-dependent inactivation may be a critical factor in
the neurotoxicity which follows ischemia/reperfusion
injury [50]. On the other hand, it has been suggested that
peroxynitrite, generated by the reaction between nitric
oxide (NO) and superoxide anions [53], leads to nitration
of GS tyrosine residues thus leading to significant dysreg-

NAC prevents apoptotic cell death of cultured astroglial cells induced by gp 120Figure 2
NAC prevents apoptotic cell death of cultured astroglial cells induced by gp 120. Incubation of astroglial cells with 
gp 120 (10 nm) for 24 hours leads to reduced cell population (A: phase contrast microphotographs) and DNA fragmentation as 
shown by appearance in preparation of TUNEL-positive cells (green) (B: immunofluorescence microphotographs) compared 
with untreated control. Pre-incubation of 2 hours with NAC (5 mM) antagonized the generation of apoptosis in astrocytes 
subsequent to incubation with gp 120 (10 nM). These are representative photomicrographs out of five independent experi-
ment.
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ulation of proteins undergoing adenylylation regulation
in signal transduction cascades [54-57]. Thus, the dys-
function of glutamate metabolism, which has been sug-
gested to contribute in HIV-related neuropathogenesis,
might occur also via the contribution of gp 120-mediated

The elevation of malondihaldehyde (MDA) levels in astroglial cell homogenates induced by gp120 is antagonised by NACFigure 6
The elevation of malondihaldehyde (MDA) levels in 
astroglial cell homogenates induced by gp120 is 
antagonised by NAC. MDA increased within astroglial 
cells incubated with gp 120 (10 nM) for 24 hours. Pre-treat-
ment of 2 hours with NAC (5 mM) antagonized MDA over-
production. Data represent the mean ± S.E.M. of five 
independent experiments.* P < 0.05 when compared to con-
trol; § P < 0.05 treated vs gp 120 treated cells. Statistical 
analysis was done using ANOVA followed by Student-New-
man-Keuls test.
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NAC restores gp 120-related decrease of GS expressionFigure 4
NAC restores gp 120-related decrease of GS expres-
sion. Glutamine synthase staining in astroglial cells either 
untreated or treated with gp 120 (10 nM) and gp 120 plus 
NAC (5 mM) for 24 hours. In particular, gp 120 reduced the 
immunocytochemical expression of glutamine synthase, while 
pre-incubation of cells with NAC restores gp 120- related 
decrease of GS in astrocytes. These are representative phot-
omicrographs out of five independent experiments.
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The decrease of glutamine formation in the supernatant of astroglial cells incubated with gp 120 is reversed by NACFigure 3
The decrease of glutamine formation in the superna-
tant of astroglial cells incubated with gp 120 is 
reversed by NAC. Treatment of astroglial cells with gp 120 
(10 nM) for 24 hours produced a reduction of glutamine for-
mation compared with untreated control. NAC (0.5–1 and 5 
mM) in pre-treatment of two hours, reversed this effect. 
Data represent the mean ± S.E.M. of five independent exper-
iments.* P < 0.05 when compared to control; § P < 0.05 
treated vs gp 120 treated cells. Statistical analysis was done 
using ANOVA followed by Student-Newman-Keuls test.
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The effect of gp120 on glutamine synthase expression in human cultured astroglial cellsFigure 5
The effect of gp120 on glutamine synthase expres-
sion in human cultured astroglial cells. Incubation of 
astroglial cells with gp 120 (0.1, 1, 10 nM) for 24 hours dose-
dependently reduced the GS expression as measured by 
western blotting analysis. Pre-treatment of 2 hours with 
NAC (5 mM) antagonized this effect. Blots are representative 
of 5 experiments. The columns represent the mean ± S.E.M 
%
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oxidative stress, an effect mediated by glutamine metabo-
lism dysfuntion which, in turn, might contributes in
apoptotic cell death of brain cells which follows HIV
infection of brain macrophages.

Conclusion
In conclusion, the present experiments demonstrate that
gp 120 is neurotoxic in astroglial cells, an effect accompa-
nied by lipid peroxidation and by altered glutamine
release. All the effect of gp120 on astroglial cells were
counteracted by NAC thus suggesting a novel and poten-
tially useful approach in the treatment of glutamatergic
disorders found in HAD patients.

Methods
Astrocyte cultures
The astrocytic cell line Lipari was derived from a 51 year
old male patient who presented a large right front-tempo-
ral mass (astrocytoma), and grown as previously
described [29]. Cells were expanded and cultured by seed-
ing them in 25 cm2 plastic flasks at a density of 0.7 × 106

cells/flask in DMEM supplemented with 10% foetal calf
serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100
units/ml penicillin, 100 μg/ml streptomycin (complete
medium), and incubated at 37°C in humidified air con-
taining 5% CO2. To assess astroglial cell viability in cells
either untreated or pre-treated with gp120, counts in
trypan blue were performed.

Gp120
HIV envelope gp120 glycoprotein was used all over the
present experiments. In particular, recombinant HIV-1
(IIIB) full length and glycosylated gp120 with a molecular
weight of approx 115 kda, was produced using the bacu-
lovirus expression system (purity: > 90% by SDS-PAGE).
Gp 120 was purchased from RDI Division of Fitzgerald
Industries Intl, Concord, MA, USA. To assess whether or
not the effect of gp120 might be not due to endotoxin
contamination, some experiments were performed by
adding Polymyxin B (10 μg/ml ; n = 5 not shown), show-
ing that gp120 was endotoxin-free.

Flow cytometric analysis (FACS)
Astroglial cells either exposed or not to gp120 were
trypsinised and then gently detached from plastic 6–8
days after exposure. Aliquots of 5 × 105 cells were centri-
fuged at 300 g for 5 min; pellets were washed with PBS,
placed on ice, and overlaid with 0.5 ml of a hypotonic
fluorochrome solution containing 50 μg/ml propidium
iodide, 0.1% sodium citrate, and 0.1% Triton X-100. After
gentle resuspension in this solution, cells were left at 4°C
for 30 min., in absence of light, before analysis. Propid-
ium iodide-stained hypoploid cells were analysed with a
FACScan Flow Cytometer; fluorescence was measured

between 565 and 605 nm. The data were acquired and
analysed by the Lysis II program.

TUNEL reaction
Astroglial apoptotic nuclei produced after incubation of
astrocytes with gp 120 were assessed by in situ terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP-
biotin nick-end labelling (TUNEL) of DNA strand breaks.
Briefly, astroglial cells were permeabilized by a 20 min.
incubation at room temperature in 0.15 Triton X 100/
0.15 sodium citrate (% w/v). Following permeabilization,
the slides were washed with PBS and the TUNEL reaction
was done using the fluorescein in situ cell death detection
kit (Roche, Germany). Immunofluorescence microscopy
was performed on an epifluorescence microscope
equipped with narrow bandpass excitation filters
mounted in a filter wheel (Ludl Electronic Products, Haw-
thorne, NY). Images were captured by using a chilled,
cooled charge-coupled device camera (Photometrics, Tuc-
son, AZ) and Smart Capture software (Digital Scientific,
Cambridge, UK) on a Macintosh computer.

Glutamine assay
Glutamine changes in supernatants of human astroglial
cells was determined by using a glutamine assay kit
(Sigma) based on the reductive deamination of glutamine
by a proprietary enzyme. The reaction is specific for
glutamine and does not cross-react with other amino
acids or ammonia. Briefly, cell supernatants, glutamine
standards and cell culture medium were incubated with
the reaction buffer, the diluent buffer and the specific
enzyme for 1.30 h at 37°C. The colour reagent was added
to each sample and stand for 5–10 min at room tempera-
ture. Absorbance was measured at 550 nm using a spectro-
photometer. To calculate the quantity of glutamine a
linear regression analysis of the standard curve was per-
formed.

Western blotting analysis
GS expression has been evaluated by means of western
blotting analysis [19]. In particular, astroglial cell monol-
ayers cultured either untreated or pre-treated with gp 120
alone or gp 120 plus NAC were washed three times with
PBS and solubilized by direct addition of a preheated (to
80°C) denaturing buffer, containing 50 mM Tris-Cl pH
6.8, 2% SDS and protease inhibitor cocktail (Sigma). Sol-
ubilized samples were collected and immediately boiled
for 2 min. Bromophenol blue, glycerol and β-mercap-
toethanol were then added to final concentrations of
0.05%, 10% and 2%, respectively. Samples were boiled
again before loading onto SDS-PA gels. After electro-
phoresis, polypeptides were electrophoretically trans-
ferred to nitrocellulose filters (BioRad). Monoclonal anti-
Glutamine Synthase (1:3000, Transduction Laboratories)
and monoclonal anti-β-actin (1:5000, Sigma) antibodies
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were used to reveal the respective antigens. After incuba-
tion with secondary reagent (1:5000, anti-mouse horse-
radish peroxidase conjugate from Transduction
Laboratories), blots were developed with the enhanced
chemiluminescense procedure, using reagents (ECL-Plus)
from Amersham Life Science (Buckinghamshire, UK).

Immunocytochemistry
Cells grown on glass coverslips were briefly rinsed with
phosphate buffered saline (PBS, pH 7.4) and fixed with
4% paraformaldehyde in 0.120 M sodium phosphate, pH
7.4, for 30 min at 37°C. Cells were then rinsed in PBS,
incubated with 0.01% H2O2 in methanol to inactivate
endogenous peroxidases, permeabilized in 0.5% triton X-
100 for 5 min, and rinsed twice with PBS. Coverslips were
inverted onto droplets of 5% horse serum in 1% bovine
serum albumine (BSA) in PBS for 1 h at room tempera-
ture. The cells were then rinsed in PBS and incubated with
primary monoclonal antibody against the glutamine syn-
thase (Transduction Laboratories) diluted 1:500 in 1%
BSA/PBS, overnight at 4°C. The cells were washed in PBS,
incubated with the biotinylated secondary antibody and
peroxidase-conjugated streptavidin each for 30 min at
room temperature, and then rinsed in PBS. Peroxidase
activity was revealed using 3,3'-diaminobenzidine-HCl.
Coverslips were mounted in Vectashield and viewed
under a light microscope.

Malondialdehyde Determinations
Malondialdehyde (MDA), used as a biochemical marker
for lipid peroxidation, was measured by a method previ-
ously described [42]. Levels of MDA were measured 3–12
h after gp 120 incubation with astroglial cells. Briefly, cells
were homogenized in potassium chloride (1.15%) and
frozen in liquid nitrogen. Chloroform (2 ml) was then
added to each homogenate and then spun for 30 min.

The organic layer of the sample was removed and dried
under nitrogen gas and re-constituted with 100 μl of
saline. MDA generation was evaluated by the assay of
thiobarbituric acid (TBA)-reacting compounds. The addi-
tion of a solution of 20 μl of sodium dodecyl sulphate
(SDS; 8.1%), 150 μl of 20% acetic acid solution (pH3.5),
150 μl of 0.8% TBA and 400 μl of distilled water, pro-
duced a chromogenic product which was extracted in n-
butanol and pyridine. Then, the organic layer was
removed and MDA levels read at 532 nm and expressed as
nmol MDA/g prot.

Statistical analysis
Results are given as mean ± sem. Statistical analysis was
performed using ANOVA followed by Student- Newman-
Keuls. P < 0.05 was considered statistically significant.

All the experiments have been carried out according to the
ethical and consent approval guidelines stated by Italian
Ministry of Research.

Authors' contributions
VV , CM and CC carried out cell cultures, the molecular
biology studies and drafted the manuscript. EP, FS and IS
carried out the immunoassays. DR and NC participated in
the design of the study and performed the statistical anal-
ysis. VM conceived of the study, and participated in its
design and coordination. All authors read and approved
the final manuscript.

Acknowledgements
This work was funded by the PRIN 2004–2006 and by ARPACAL contribu-
tion for Research Development. We have to thank Mr. Giovanni Politi for 
technical assistance and Ms. Teresa Aversa for Editorial assistance.

References
1. Ghafouri M, Amini S, Khalili K, Sawaya BE: HIV-1 associated

dementia: symptoms and causes.  Retrovirology 2006, 3:28.
2. Ances BM, Ellis LJ: Dementia and neurocognitive disorders due

to HIV-1 infection.  Seminar Neurol 2007, 27(1):86-92.
3. Nath A, Sacktor N: Influence of highly active antiretroviral

therapy on persistence of HIV in the central nervous system.
Curr Opin Neurol 2006, 19(4):358-61.

4. Sacktor N: The epidemiology of human immunodeficiency
virus-associated neurological disease in the era of highly
active antiretroviral therapy.  J Neuroviro 2002, 8:115-21.

5. Sharer LR, Epstein LG, Cho ES, Joshi VV, Meyenhofer MF, Rankin LF,
Petito CK: Pathologic features of AIDS encephalopathy in
children: evidence for LAV/HTLV-III infection of brain.  Hum
Pathol 1986, 17:271-284.

6. Budka H: Neuropathology of human immunodeficiency virus
infection.  Brain Pathol 1991, 1:163-175.

7. Takahashi K, Wesselingh SL, Griffin DE, McArthur JC, Johnson RT,
Glass JD: Localization of HIV-1 in human brain using polymer-
ase chain reaction/in situ hybridization and immunocyto-
chemistry.  Ann Neurol 1996, 39:705-711.

8. An SF, Groves M, Giometto B, Beckett AAJ, Scaravilli F: Detection
and localisation of HIV-1 DNA and RNA in fixed adult AIDS
brain by polymerase chain reaction/in situ hybridisation
technique.  Acta Neuropathol 1999, 98:481-487.

9. Tornatore C, Chandra R, Berger JR, Major EO: HIV-1 infection of
subcortical astrocytes in the pediatric central nervous sys-
tem.  Neurology 1994, 44:481-486.

10. Ranki A, Nyberg M, Ovod V, Haltia M, Elovaara I, Raininko R, Haapa-
solo H, Krohn K: Abundant expression of HIV Nef and Rev
proteins in brain astrocytes in vivo is associated with demen-
tia.  AIDS 1995, 9:1001-1008.

11. Trillo-Pazos G, Diamanturos A, Rislove L, Menza T, Chao W, Belem
P, Sadiq S, Morgello S, Sharer L, Volsky DJ: Detection of HIV DNA
in microglia/macrophages, astrocytes and neurons isolated
from brain tissue with HIV encephalitis by laser capture
microdissection.  Brain Pathol 2003, 13:144-154.

12. Benveniste EN, Shrikant P, Patton HK, Benos DJ: Neuroimmuno-
logic mechanisms for disease in AIDS: The role of the astro-
cyte.  In The Neurology of AIDS Edited by: Gendelman HE, Lipton AS,
Epstein L, Swindells S. New York, Chapman & Hall; 1998:130-146. 

13. Brack-Werner R: Astrocytes: HIV cellular reservoirs and
important participants in neuropathogenesis.  AIDS 1999,
13:1-22.

14. Wang Z, Trillo-Pazos G, Kim SY, Canki M, Morgello S, Sharer LR, Gel-
bard HA, Su ZZ, Kang DC, Brooks AI, Fisher PB, Volsky DJ: Effects
of human immunodeficiency virus type 1 on astrocyte gene
expression and function: Potential role in neuropathogene-
sis.  J NeuroVirol 2004, 10:25-32.

15. Thompson KA, McArthur JC, Wessling SL: Correlation between
neurological progression and astrocyte apoptosis in HIV-
associated dementia.  Ann Neurol 2001, 49:745-752.
Page 7 of 9
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16712719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16712719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16914973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16914973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3005158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3005158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1669705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1669705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8651642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8651642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8651642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10541871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10541871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10541871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8145919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8145919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8145919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8527071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8527071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8527071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12744468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12744468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12744468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10207540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10207540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11409426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11409426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11409426


BMC Neuroscience 2007, 8:106 http://www.biomedcentral.com/1471-2202/8/106
16. Lavi E, Kolson LD, Ulrich MA, Fu L, González-Scarano F: Chemok-
ine receptors in the human brain and their relationship to
HIV infection.  J NeuroVirol 1998, 4:301-311.

17. Glabinski AR, Ransohoff RM: Chemokines and chemokine
receptors in CNS pathology.  J Neurovirol 1999, 5:3-12.

18. Hesselgesser J, Horuk R: Chemokine and chemokine receptor
expression in the central nervous system.  J Neurovirol 1999,
5:13-26.

19. Conant K, Garzino-Demo A, Nath A, McArthur JC, Halliday W,
Power C, Gallo RC, Major EO: Induction of monocyte chemoat-
tractant protein-1 in HIV-1 Tat-stimulated astrocytes and
elevation in AIDS.  Proc Natl Acad Sci USA 1998, 95:3117-3121.

20. Cota M, Kleinschmidt A, Ceccherini-Silberstein F, Aloisi F, Mengozzi
M, Mantovani A, Brack-Werner R, Poli G: Upregulated expression
of interleukin-8, RANTES, and chemokine receptors in
human astrocytic cells infected with HIV-1.  J Neurovirol 2000,
6:75-83.

21. Kutsch O, Oh JW, Nath A, Benveniste EN: Induction of the chem-
okines interleukin-8 and IP-10 by human immunodeficiency
virus type 1 Tat in astrocytes.  J Virol 2000, 74:9214-9221.

22. McManus CM, Weidenheim K, Woodman SE, Nunez J, Hesselgesser
J, Nath A, Berman JW: Chemokine and chemokine-receptor
expression in human glial elements: induction by the HIV
protein, Tat, and chemokine autoregulation.  Am J Pathol 2000,
156:1441-1453.

23. Ronaldson PT, Bendayan R: HIV-1 viral envelope glycoprotein
gp120 triggers an inflammatory response in cultured rat
astrocytes and regulates the functional expression of P-glyc-
oprotein.  Mol Pharmacol 2006, 70:1087-1098.

24. Liu X, Jana M, Dasgupta S, Koka S, He J, Wood C, Pahan K: Human
immunodeficiency virus type 1 (HIV-1) tat induces nitric-
oxide synthase in human astroglia.  J Biol Chem 2002,
277:39312-39319.

25. El-Hage N, Gurwell JA, Singh IN, Knapp PE, Nath A, Hauser KF: Syn-
ergistic increases in intracellular Ca2+, and the release of
MCP-1, RANTES, and IL-6 by astrocytes treated with opi-
ates and HIV-1 Tat.  Glia 2005, 50:91-106.

26. El-Hage N, Wu G, Wang J, Ambati J, Knapp PE, Reed JL, Bruce-Keller
AJ, Hauser KF: HIV-1 Tat and opiate-induced changes in astro-
cytes promote chemotaxis of microglia through the expres-
sion of MCP-1 and alternative chemokines.  Glia 2006,
53:132-146.

27. Yeung MC, Pulliam L, Lau AS: The HIV envelope protein gp120
is toxic to human brain-cell cultures through the induction of
interleukin-6 and tumor necrosis factor-alpha.  AIDS 1995,
9:137-143.

28. Mollace V, Colasanti M, Persichini T, Baggetta G, Lauro GM, Nisticò
G: HIV gp120 glycoprotein stimulates the inducible isoform
of no synthase in human cultured astrocytoma cells.  Biochem
Biophys Res Commun 1993, 15(194):439-45.

29. Mollace V, Salvemini D, Riley DP, Muscoli C, Iannone M, Teresa
Granato T, Masuelli L, Modesti A, Rotiroti D, Nisticò R, Bertoli A,
Perno CF, Aquaro S: The contribution of oxidative stress in
apoptosis of human cultured astroglial cells induced by
supernatants of HIV-1-infected macrophages.  J Leukoc Biol
2002, 71(1):65-72.

30. Wang Z, Trillo-Pazos G, Kim SY, Canki M, Morgello S, Sharer LR, Gel-
bard HA, Su ZZ, Kang DC, Brooks AI, Fisher PB, Volsky DJ: Effects
of human immunodeficiency virus type 1 on astrocyte gene
expression and function: Potential role in neuropathogene-
sis.  J NeuroVirol 2004, 10:25-32.

31. Su Z, Kang D, Chen Y, Pekarskaya O, Chao W, Volsky DJ, Fisher PB:
Identification and cloning of human astrocyte genes display-
ing elevated expression after infection with HIV-1 or expo-
sure to HIV-1 envelope glycoprotein by rapid subtraction
hybridization, RaSH.  Oncogene 2002, 21:3592-3602.

32. Su ZZ, Kang D, Chen Y, Pekarskaya O, Chao W, Volsky DJ, Fisher PB:
Identification of gene products suppressed by human immu-
nodeficiency virus type 1 infection or gp120 exposure of pri-
mary human astrocytes by rapid subtraction hybridization.  J
NeuroVirol 2003, 9:372-389.

33. Galey D, Becker K, Haughey N, Kalehua A, Taub D, Woodward J,
Mattson M, Nath A: Differential transcriptional regulation by
human immunodeficiency virus type 1 and gp120 in human
astrocytes.  J NeuroVirol 2003, 9:358-371.

34. Benos DJ, Hahn BH, Bubien JK, Ghosh SK, Mashburn NA, Chaikin
MA, Shaw GM, Benveniste EN: Envelope glycoprotein gp120 of
human immunodeficiency virus type 1 alters ion transport in
astrocytes: implications for AIDS dementia complex.  Proc
Natl Acad Sci 1994, 91:494-498.

35. Wang Z, Pekarskaya O, Bencheikh M, Chao W, Gelbard H, Ghorpade
A, Rothstein JD, Volsky DJ: Reduced expression of glutamate
transporter EAAT2 and impaired glutamate transport in
human primary astrocytes exposed to HIV-1 or gp120.  Virol-
ogy 2003, 312:60-73.

36. Danbolt NC: Glutamate uptake.  Prog Neurobiol 2001, 65:1-105.
37. Fine SM, Angel RA, Perry SW, Epstein LG, Rothstein JD, Dewhurst S,

Gelbard HA: Tumor necrosis factor alpha inhibits glutamate
uptake by primary human astrocytes. Implications for
pathogenesis of HIV-1 dementia.  J Biol Chem 1996,
271(26):15303-15306.

38. Holden CP, Haughey NJ, Nath A, Geiger JD: Role of Na+/H+
exchangers, excitatory amino acid receptors and voltage-
operated Ca2+ channels in human immunodeficiency virus
type 1 gp120-mediated increases in intracellular Ca2+ in
human neurons and astrocytes.  Neuroscience 1999,
91:1369-1378.

39. Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq E, Ves-
covi A, Bagetta G, Kollias G, Meldolesi J, Volterra A: CXCR4-acti-
vated astrocyte glutamate release via TNFa: amplification
by microglia triggers neurotoxicity.  Nat Neurosci 2001,
4:702-710.

40. Ma M, Geiger JD, Nath A: Characterization of a novel binding
site for the human immunodeficiency virus type 1 envelope
protein gp120 on human fetal astrocytes.  J Virol 1994,
68(10):6824-6828.

41. Muscoli C, Visalli V, Colica C, Nisticò R, Palma E, Costa N, Rotiroti
D, Nisticò G, Mollace V: The effect of inflammatory stimuli on
NMDA-related activation of glutamine synthase in human
cultured astroglial cells.  Neurosci Lett 2005, 373(3):184-8.

42. Ohkawa H, Ohishi H, Yagi K: Assay for lipid peroxides in animal
tissue by thiobarbituric acid reaction.  Anal Biochem 1979,
95:351-358.

43. Scorziello A, Florio T, Bajetto A, Schettini G: Intracellular signal-
ling mediating HIV-1 gp120 neurotoxicity.  Cell Signal 1998,
10(2):75-84.

44. Corasaniti MT, Maccarrone M, Nisticò R, Malorni W, Rotiroti D, Bag-
getta G: Exploitation of the HIV-1 coat glycoprotein, gp120, in
neurodegenerative studies in vivo.  J Neurochem 2001, 79(1):1-8.

45. Bagetta G, Corasaniti MT, Paoletti AM, Berliocchi L, Nisticò R, Giam-
marioli AM, Finazzi-Agrò A: HIV-1 gp120-induced apoptosis in
the rat neocortex involves enhanced expression of cyclo-
oxygenase type 2 (COX-2).  Biochem Biophys Res Commun 1998,
244:819-824.

46. Mollace V, Nottet HSLM, Clayette P, Turco C, Muscoli C, Salvemini
D, Perno CF: Oxidative stress and neuroAIDS: triggers, mod-
ulators and novel antioxidants.  Trends Neurosci 2001,
24:411-416.

47. Sacktor N, Haughey N, Cutler R, Tamara A, Turchan J, Pardo C, Var-
gas D, Nath A: Novel markers of oxidative stress in actively
progressive HIV dementia.  J Neuroimmunol 2004,
157(1–2):176-84.

48. Szatkowski M, Attwell D: Triggering and execution of neuronal
death in brain ischaemia: two phases of glutamate release by
different mechanisms.  Trends Neurosci 1994, 17(9):359-65.

49. Van der berg CJ, Garfinkel D: A stimulation study of brain com-
partments. Metabolism of glutamate and related substances
in mouse brain.  Biochem J 1971, 123:211-218.

50. Oliver CN, Starke-Reed PE, Stadtman ER, Liu GJ, Carney JM, Floyd
RA: Oxidative damage to brain proteins, loss of glutamine
synthetase activity, and production of free radicals during
ischemia\reperfusion-induced injury to gerbil brain.  Proc Natl
Acad Sci 1990, 87:5144-147.

51. Gorovits R, Avidan N, Avisar N, Shaked I, Vardimon L: Glutamine
synthetase protects against neuronal degeneration in
injured retinal tissue.  Proc Natl Acad Sci U S A 1997,
94(13):7024-7029.

52. Huang TL, O'Banion MK: Interleukin-1β and Tumor Necrosis
Factor-α Suppress Dexamethasone Induction of Glutamine
Synthetase in Primary Mouse Astrocytes.  J Neurochem 1998,
71:1436-1442.
Page 8 of 9
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9639073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9639073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9639073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9501225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9501225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9501225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10786999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10786999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10786999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10982368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10982368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10982368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10751368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10751368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10751368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16790532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16790532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16790532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12167619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12167619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12167619
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15630704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16206161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16206161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16206161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7536422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7536422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7536422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11781381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11781381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11781381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12032861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775419
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775419
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12775419
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8290553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8290553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8290553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12890621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12890621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12890621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11369436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8663435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8663435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8663435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10391443
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11426226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11426226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11426226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8084022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8084022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8084022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15619540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15619540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15619540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=36810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9481481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9481481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11595751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11595751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9535750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9535750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9535750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11410272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11410272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15579295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15579295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7529438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7529438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7529438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5164952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5164952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5164952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1973301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1973301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1973301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9192685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9192685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9192685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9751175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9751175


BMC Neuroscience 2007, 8:106 http://www.biomedcentral.com/1471-2202/8/106
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

53. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA: Appar-
ent hydroxyl radical production by peroxynitrite: implica-
tion for endothelial injury from nitric oxide and superoxide.
Proc Natl Acad Sci 1990, 87:1620-1624.

54. Levine RL: Oxidative modification of glutamine synthetase. II.
Characterization of the ascorbate model system.  J Biol Chem
1983, 258:11828-11833.

55. Rivett AJ: Preferential degradation of the oxidatively modified
form of glutamine synthetase by intracellular mammalian
proteases.  J Biol Chem 1985, 260:300-305.

56. Rivett AJ: Purification of a liver alkaline protease which
degrades oxidatively modified glutamine synthetase. Char-
acterization as a high molecular weight cysteine proteinase.
J Biol Chem 1985, 260:12600-12606.

57. Roseman JE, Levine RL: Purification of a Protease from
Escherichia coli with Specificity for oxidized Glutamine Syn-
thetase.  J Biol Chem 1987, 262(5):2101-2110.
Page 9 of 9
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2154753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2154753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6137484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6137484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2856920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2856920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2856920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2864341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2864341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2880842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2880842
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Discussion
	Conclusion
	Methods
	Astrocyte cultures
	Gp120
	Flow cytometric analysis (FACS)
	TUNEL reaction
	Glutamine assay
	Western blotting analysis
	Immunocytochemistry
	Malondialdehyde Determinations
	Statistical analysis

	Authors' contributions
	Acknowledgements
	References

