
Glutamine synthetase downregulation reduces astrocyte
protection against glutamate excitotoxicity to neurons

Jian Zoua, Yan-Xia Wanga, Fang-Fang Doua, He-Zuo Lüa, Zheng-Wen Maa, Pei-Hua Lua,*,
and Xiao-Ming Xua,b,*
a Department of Neurobiology, Shanghai Jiaotong University School of Medicine, Shanghai 200025,
P.R. China
b Spinal cord and Brain Injury Research Group, Stark Neurosciences Research Institute,
Department of Neurological Surgery, and Department of Anatomy and Cell Biology, Indiana
University School of Medicine, IN 46202, U.S.A.

Abstract
Although the role of astrocyte glutamate transporters in glutamate clearance is well illustrated, the
role of glutamine synthetase (GS) that influences this process remains to be elucidated. We examined
whether GS affected the uptake of glutamate in astrocytes in vitro. The glutamate uptake was assessed
by measuring the concentration of glutamate and glutamine in culture medium in the presence or
absence of glutamate. We demonstrated that inhibition of GS in astrocytes by MSO significantly
impaired glutamate uptake and glutamine release. Conversely, induction of GS expression in
astrocytes by gene transfer significantly enhanced the glutamate uptake and glutamine release. When
an inflammatory cytokine tumor necrosis factor-α (TNF-α) was applied to the cultures, it significantly
reduced GS expression and inhibited glutamate-induced GS activation resulting in increased
excitotoxicity to neurons. These results suggest that GS in astrocytes may represent a novel target
for neuroprotection against neuronal dysfunction and death that occur in many neurological disorders.
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1. Introduction
Astrocytes have been demonstrated to protect against excitotoxicity by clearing excessive
excitatory neurotransmitters from the extracellular space (Maragakis et al., 2004). The
glutamate transporters in astrocytes have been shown to be the main mediators of glutamate
clearance (Maragakis et al., 2004). Additionally, the glutamate-glutamine metabolic cycle
between astrocytes and neurons is believed to be vital for preventing neuronal excitotoxicity
(Broer and Brookes, 2001). In astrocytes, glutamate is converted rapidly into glutamine by GS

Please address the correspondence to: Xiao-Ming Xu, M.D., Ph.D., Spinal Cord and Brain Injury Research Group, Stark Neurosciences
Research Institute, Indiana University School of Medicine, 950 W. Walnut St., R2-427, Indianapolis, IN 46202, Tel: 317-274-1036 (O),
Fax: 317-278-5849, xu26@iupui.edu.
*Co-corresponding authors
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neurochem Int. Author manuscript; available in PMC 2011 March 1.

Published in final edited form as:
Neurochem Int. 2010 March ; 56(4): 577–584. doi:10.1016/j.neuint.2009.12.021.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Choi et al., 1987), an astrocyte-specific enzyme (Shaked et al., 2002). The coupling of GS
and glutamine traffic from glia to neurons permits glutamate passage in the extracellular
compartment in a non-neuroactive form (glutamine) thus avoiding toxicity (Muse et al.,
2001).

Glutamate neurotoxicity has been implicated in many neurological disorders (Vardimon,
2000). A decline in GS activity and/or expression has been reported in these disorders (Oliver
et al., 1990;Grosche et al., 1995;Robinson, 2000;Lievens et al., 2001). Considering the role of
GS in glutamate conversion, changes in GS expression may affect the concentration of
glutamate in astrocytes as well as their capacity to capture extracellular glutamate. Although
a previous report demonstrated that GS activity significantly influenced glutamate uptake by
neural retina (Shaked et al., 2002), the role of GS on glutamate uptake and metabolism in
astrocytes remains to be elucidated.

Neurodegenerative diseases often occur along with inflammation bursts, including the release
of proinflammatory cytokines which may contribute to the neurotoxicity (Kreutzberg,
1996;McGeer and McGeer, 2002;Nelson et al., 2002;Orr et al., 2002;Block and Hong, 2005).
Although astrocytes proliferation and activation are found in these diseases, glutamate is
always found at a high level which leads to neuronal death. The cause may be due to the
interaction between inflammatory cytokines and astrocytes. Previous studies have found that
tumor necrosis factor-α (TNF-α) can suppress glutamate uptake by astrocytes via negative
regulation of glutamate transporters (Wang et al., 2003;Sitcheran et al., 2005), thus potentiating
glutamate neurotoxicity (Zou and Crews, 2005). TNF-α may also have an effect on GS activity.
For example, treatment with TNF-α markedly decreased GS activity in C6 glial cells
(Kazazoglou et al., 1996) and suppressed dexamethasone induced GS in primary mouse
astrocytes (Huang and O'Banion, 1998). These results suggest that the neurotoxic effects of
TNF-α may be due, at least in part, to its interaction with astrocytes.

Although the importance of GS in glutamate-glutamine cycle has been implicated, its effect
on glutamate uptake in primary astrocytes has not been clearly demonstrated. In addition, the
relationship between TNF-α expression and GS activity in regulating glutamate metabolism
in primary astrocytes remains unclear. The present study was designed to address these issues
by testing a central hypothesis that TNF-α mediates neuronal glutamate excitotoxicity through
its interaction with astrocytes and that astrocytic GS mediates neuroprotection against
excitotoxicity.

2. Materials and methods
2.1 Culture of astrocytes and neurons

Purified astrocyte cultures were obtained from postnatal (P) day 2 Sprague Dawley (SD) rat
cerebral cortices according to a previously established protocol (Smith et al., 1990). Briefly,
cerebral cortices were isolated, freed of meninges, and digested using a fire-polished Pasteur
pipette. Cells were dissociated and plated into 75 cm2 tissue culture flasks at a density of 2.0
× 107 cells/flask. After 24 hrs, non-adherent cells were removed by shaking and the remaining
cells were incubated with DMEM/10% FBS medium (Gibco, Grand Island, NY). Once cells
reached confluence (10-14 days), microglia and oligodendrocytes were removed from the
culture after shaking. Astrocytes were purified further by more vigorous shaking. The resulting
cultures contained predominantly GFAP-immunoreactive astrocytes (>95%), and a small
number of oligodendrocytes and glial progenitors. The cultures were virtually free of neurons
and microglia. Upon reaching confluence, cells were trypsinized and replated. After the second
passage, cells were seeded into 3.5 cm dishes (Corning, NY). After reaching subconfluence,
10 μg/ml mitomycin C (Sigma Chemical Co., St. Louis) was added to cultures for 2 hrs to
avoid cell proliferation (Okada et al., 2006). Cells were maintained with serum free DMEM
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medium supplemented with TNF-α (Sigma), L-methionine-S-sulfoximine (MSO, Sigma), and
glutamate (Sigma) alone or in combination as indicated.

Rat primary neuron cultures were derived from the cerebral cortices of embryonic day (E) 18
SD rats according to a previously described protocol (Jiang et al., 2006) with minor
modifications. Briefly, cerebral cortices were dissected and freed of meninges. Cells were
dissociated by trypsinization, followed by triturating and passing through a 70 μm nylon mesh.
After adhering in 37°C for 30 minutes to eliminate the glial cells and fibroblasts, neurons
(5×104) were plated either on poly-L-lysine (Sigma) coated 12 mm glass coverslips (Becton
Dickinson Labware, USA) for co-culture experiments or poly-L-lysine-coated 24 well culture
plates for experiments with neurons alone. Neurons were maintained in neurobasal media
(Invitrogen Corp., Grand Island, NY), 2% B27 supplement (Invitrogen) and 0.5 mM glutamine
(Invitrogen) with the absence of serum, mitotic inhibitors, or antibiotics. On the third day, 5
μM arabinosylcytosin (Sigma) was added to the culture to inhibit glia. On the sixth day, the
resulting cultures contained predominantly βIII-tubulin (1:800, Sigma) immunoreactive
neurons (>95%). For the final 48 hrs, neurobasal medium was supplemented with either
glutamine, TNF-α, MSO or glutamate according to the experimental design.

For astrocyte-neuron co-culture, neuron-containing coverslips at 6–7 days in vitro were placed
into astrocyte-seeded wells in the presence of neurobasal medium supplemented with
glutamine, MSO, TNF-α, and glutamate, alone or in combination, for 48 hrs before neuron
viability assay. Neurons and astrocytes were in close apposition but with no direct cell-cell
contact. This would allow analysis of neurons and astrocytes separately.

2.2 Construction of recombinant GS plasmid and transfection
Total RNA was extracted from samples of normal rat cortical astrocytes with TRI REAGENT
(Invitrogen) and was reversed to cDNA by AMV reverse transcriptase (Promega, Madison,
WI). PCR was used to amplify GS total cDNA fragment. The amplified products were
recovered and purified using DNA Purification kit (Qiagen, Santa Clarita, CA) according to
the manufacturer's instructions. Both the amplified products and plasmid vector pEGFP-N3
(Clontech) were digested with restriction endonuclease HindIII and BamHI (TaKaRa
Biotechnology, Dalian, China) and linked with T4 DNA ligase (TaKaRa). The new
recombinant plasmid vectors were transferred into the E.Coil (DH5α) strain, analyzed using
restriction endonuclease and DNA sequencing methods.

Astrocytes were cultured in DMEM containing 10% FBS. A total of 2×105 cells per well were
seeded in 6-well plates. The cells were allowed to grow to 80% confluence and medium
removed and transfected with 2.4 μg total recombinant DNA using Lipofectamine™ 2000
(Invitrogen) according to the manufacture's protocol. The mixtures were incubated for 4 hrs
before being replaced with a fresh medium to stop the transfection. 48 hrs later, glutamate or
TNF-α was added to the wells and the cultures were maintained for an additional 48 hrs. All
transfections were performed in triplicate.

2.3 Glutamate uptake assay
To evaluate the glutamate clearance capacity, astrocyte cultures were grown in 6-well dishes
transfected as described above. Briefly, medium in each well was replaced with 1.5 ml of serum
free HBSS containing 2 mM glutamate. After incubation for 2 hrs at 37°C, the medium was
removed and 12.5 μl culture supernatant was transferred to each of the 96-well culture plates
and glutamate remaining in the medium was determined using the Glutamate Colorimetric
Assay kit (Genmed Scientific Inc., MA). The absorbance of the product was measured at 492
nm using a microplate reader. A standard curve was constructed in each assay using cell-free
culture media containing known concentrations of glutamate. The concentration of

Zou et al. Page 3

Neurochem Int. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



extracellular glutamate in the samples was estimated from the standard curve. As a control for
each experiment, serum-free medium containing 2 mM glutamate were added to empty wells
(free of astrocytes) of a 6-well dish and processed together with those containing astrocytes.
In all experiments described in Fig. 2C and E, the concentration of glutamate in dishes without
astrocytes remained at ≈1.8 mM.

For measuring glutamine, the medium was collected and measured by the colorimetric assay
(GENMED). The concentration of total cell protein was used as a reference, which was
determined using BCA protein estimation kit (Pierce, Rockland, IL). Data were expressed as
the mean percentage (± SD) of respective control value.

2.4. GS activity
The specific activity of GS was measured in cell lysates by a colorimetric assay based on the
catalysis of γ-glutamylhydroxamate from glutamine and hydroxylamine (Sher and Hu, 1990).
GS activity was expressed as micromolar c-glutamylhydroxamate per hr per mg of cell protein.
Data were presented as percentage (± SD) of respective control (0 mM) value.

2.5. Apoptosis Assay
Apoptosis of astrocytes treated with TNF-α for 2 days was assessed by terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL)
staining using R&D TdT In Situ Apoptosis Detection Kit (R&D system Inc., MN, USA). The
results were examined using a fluorescence microscope. Apoptotic cells were stained by
TUNEL staining. Propidium iodide (PI) labeled cell nucleolus.

2.6. Western blot analysis
The western blotting assay has been described previously (Yan et al., 2003). Briefly, astrocytes
at varying times or treatments (n = 4 per time point, or per treatment) were homogenized by
sonication in a lysis buffer. Twenty micrograms of protein, measured using BCA method, from
the supernatant of each sample and Full Range Rainbow marker were loaded onto 12%
polyacrylamide gel, separated by SDS/PAGE, and transferred to PVDF membranes by
electrophoresis. The membranes were blocked in 5% milk in TBST for 1 h at room temperature.
Mouse anti-GS (1:2,000; BD Biosciences, San Jose, CA) and mouse anti-GAPDH (1:1,000;
Chemicon, Temecula, CA) was added to the membrane and incubated at 4°C overnight. The
membrane was washed with TBST 3 times at 10 min intervals and incubated with the secondary
antibody, goat anti-mouse IgG conjugated with horseradish peroxidase (1:2,000; Amersham
Pharmacia Biotech, Amersham, UK) at RT for 2 hr. The membrane was then washed 3 times
with TBST at 10 min intervals and the proteins were detected by enhanced chemiluminescence
(Pierce). One-way ANOVA was used for statistical comparison of the means with the sham-
operated controls as baseline controls (100%; arbitrary unite). Significant results were followed
by Tukey's post hoc tests.

2.7. Neuronal degeneration and cell viability assays
Degenerated neurons were identified by their disrupted or reduced neurites and condensed or
fragmented nuclear DNA using a method described previously (Shin et al., 2005). Cultured
neurons were fixed and stained with an antibody against MAP-2 (1:200, Sigma) for neuronal
cells and Hoechst 33342 (Sigma) for nuclear DNA. Fluorescent images were captured and
neurons with normal or degenerative morphology were counted. To count cells after
immunocytochemistry, random 10-20 pictures of each experimental group were taken with a
20× objective. The imaged areas were chosen randomly from at least three different wells per
experimental group. The controls were neurons that had not been treated. The numbers of
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MAP-2-positive neurons and degenerative neurons were expressed as the percentage of total
neurons counted. Data were obtained from 4 independent culture experiments.

2.8. Statistical analysis
Data were expressed as mean ± standard deviation of the mean (SD) values. Two-tailed
Student's t-test was used for statistical comparison of paired data and one way ANOVA
followed by Dunnett's post hoc test was used for statistically multiple comparisons to determine
whether there were significant differences between individual groups. Statistical significance
was established when p < 0.05.

3. Results
3.1. GS influences glutamate uptake and glutamine production

Since GS is localized to astrocytes and astrocytes are the primary sites of glutamate conversion
to glutamine, we examined the effects of GS on glutamate uptake and glutamine production
in astrocytes. We used a GS inhibitor MSO or GS gene transfer approach to change GS levels
in astrocytes (Fig.1A-C). Since inflammatory cytokines were shown to have negative effects
on glutamate uptake and GS expression in astrocytes (Huang and O'Banion, 1998;Sitcheran et
al., 2005), we used TNF-α to determine whether an inflammatory cytokine could inhibit
glutamate uptake and downregulate GS expression in astrocytes. 7 day cultured astrocytes were
incubated with 1 mM MSO or 50 ng/ml of TNF-α for 30 min before the addition of 2 mM
glutamate. After 2 hrs incubation, the medium was assayed for glutamate concentration. In a
pilot study, we tested possible interaction between glutamate and MSO or TNF-α. The results
showed that, in the absence of astrocytes, neither MSO nor TNF-α had an effect on glutamate
concentration (data not show). As shown in Fig. 1D, inhibited GS activity by 1 mM MSO
weakened glutamate clearance by astrocytes. In contrast, induction of GS expression by gene
transfer enhanced the clearance of extracellular glutamate. These results demonstrate that GS
activity influences the uptake of glutamate by cortical astrocytes and suggest that this enzyme
could be an important target for neuroprotection. In physiological conditions, astrocytes
surround glutamatergic synapses and express glutamate transporters and glutamine synthetase.
Glutamate is transported into glial cells and amidated by GS into non-toxic glutamine, which
is then released by the glial cells and taken up by neurons. Thus, changes in GS level may
influence glutamine production by astrocytes. To test this possibility, the extracellular
glutamine content was determined by a colorimetric assay in astrocyte cultures incubated with
2 mM glutamate for 48 hrs (Fig. 1E). The data showed that decreased GS activity by MSO
significantly inhibited glutamine production and release. Conversely, astrocytes with high GS
level released more glutamine, indicating that GS level strongly influence astrocytic glutamine
production. These data collectively indicate that GS activity can influence glutamate uptake
and regulate glutamine production in astrocytes. Interestingly, TNF-α seems to play a role in
weakening glutamate uptake and glutamine production (Fig. 1D, E). Using neutralizing
antibody to TNF-α and TNF Receptor-I (TNFR-I), such inhibitory effects of TNF-α on
glutamate uptake in astrocytes were confirmed (Fig. 1F). Previous studies found that TNF-α
decreased glutamate clearance ability of astrocytes by negatively regulating the expression of
glutamate transporter, such as glutamate transporter-1 (GLT-1) and excitatory amino acid
transporters 1 (GLAST) (Wang et al., 2003;Sitcheran et al., 2005). Here we suggest that down-
regulation of GS activity can be another mechanism of TNF-α action on reducing glutamate
clearance. TNF-α may inhibit glutamine production through the suppression of GS activity.

3.2 TNF-α decreases GS level in astrocytes
In addition to its regulatory effects on glutamate transporters or uptake, TNF-α may influence
GS expression and/or activity. To address this issue, we first examined the response of
astrocytes to TNF-α stimulation. After 48 hrs of TNF-α exposure, astrocytes showed a marked

Zou et al. Page 5

Neurochem Int. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cytoplasm retraction and process extension, characteristic of astrocyte stellation (data not
show). However, TNF-α treatment did not influence the survival or death of astrocytes (Fig.
2E). Then, we used Western-blotting to determine whether TNF-α affects GS expression in
cultured cortical astrocytes (Fig. 2A, B). Treatment astrocytes with different concentrations of
TNF-α for 48 hrs resulted in a dose-dependent reduction of GS expression (Fig. 2A). Likewise,
TNF-α treatment also resulted in a time-dependent decrease of GS expression (Fig. 2B).
Further, we examined GS expression in astrocytes treated with or without different
concentrations of glutamate. As showed in Figure 2 C, glutamate treatments increased the
expression of GS in a dose-dependent manner. When TNF-α was added to the culture, it
resulted in a pronounced decline (≈60%) of the basal GS expression. The effect of TNF-α was
not abolished in the presence of 2 mM glutamate. Similarly, GS activity could be decreased
by TNF-α in the presence or absence of 2 mM glutamate (Fig. 2D). These effects can be further
clarified by using TNF-α and TNF RI neutralizing antibody. Collectively, these data indicate
that TNF-α inhibits GS expression in cultured cortical astrocytes both in the presence and
absence of glutamate.

3.3. TNF-α reduces astrocytic protection against glutamate excitotoxicity
To determine whether glutamine is indispensable to neuronal survival, neurons were treated
with or without glutamine for 48 hours at 6 days in vitro (DIV). In the absence of glutamine,
neurons generally showed a decrease in MAP2 staining (Fig. 3A), a neuron-specific marker
(Shin et al., 2005). Degenerating neurons with shrinking cell bodies and pyknotic nuclei (Fig.
3A, arrows) were clearly seen. In the presence of glutamine, neurotoxicity was not prominent
even after the addition of TNF-α or MSO (Fig. 3A, C). Next, we examined neuronal protection
by astrocytes and the effect of TNF-α on astrocyte-mediated neuronal protection. In this
experiment, neuron-containing coverslips at 6 days were co-cultured with astrocytes,
stimulated with glutamate for 48 hours, and stained with MAP2 (Fig. 3B). Since astrocytes
display larger nuclei than neuronal nuclei and lack MAP2 immunostaining, they can be easily
distinguished from neurons. In the absence of astrocytes, a significant decrease in the number
of MAP2-positive neurons was found when stimulated with 0.1 mM glutamate (Fig. 3B, D).
On the contrary, significant neuronal loss was not found in neurons co-cultured with astrocytes
even under the stimulation with 0.1mM glutamate (Fig. 3B, D), indicating that astrocytes can
reduce neuronal glutamate excitotoxicity in the neuron-astrocyte co-cultures. To assess the
specific protective effect of astrocytes in the metabolism of glutamate and release of glutamine,
MSO was added to inhibit GS activity 30 min prior to the stimulation of glutamate. The addition
of MSO significantly diminished the astrocytes protection on neurons. Since TNF-α was found
to weaken glutamate uptake (Fig.1 D, F) as well as glutamine release (Fig. 1E) by astrocytes,
we examined whether addition of TNF-α would reduce astrocyte-mediated neural protection.
Indeed, addition of TNF-α at 30 min prior to the glutamate stimulation significantly increased
neuronal excitotoxicity. Thus, the mechanism by which astrocytes mediate neuronal protection
may result from their capability of removing extracellular glutamate and releasing glutamine
through intracellular glutamate metabolism.

4. Discussion
The present finding suggests that GS in astrocytes plays an important role in protection against
neuronal dysfunction and excitotoxicity. GS activity or expression can influence glutamate
uptake as well as glutamine accumulation and release by astrocytes. Decreased GS activity or
expression induced by TNF-α seems to aggravate the neural excitotoxicity.

It has been suggested that glutamate uptake by glutamate transporter is regulated by the
extracellular and intracellular glutamate concentrations (Ma et al., 2006). In brain, excitatory
amino acid transporters (EAAT1 and EAAT2) are expressed in glial cells, and EAAT3 and

Zou et al. Page 6

Neurochem Int. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EAAT4 are found mainly in neurons. Although neurons also express glutamate transporters,
their glutamate sequestration capacity is incomparable to that of astrocytes (data not show).
Consequently, neurons are unable to withstand even a relatively low concentration (25 μM) of
glutamate insult whereas astrocytes can sustain much higher concentrations of glutamate
stimulation. One explanation for their difference in response to glutamate stimulation is that
neurons and astrocytes utilize glutamate for different purposes. For example, astrocytes are the
main protectors of neurons against excitotoxicity and such protection is conferred by clearance
of extracellular glutamate. Astrocytes possess two important mechanisms of maintaining the
level of extracellular glutamate. One is an uptake system located on plasma membrane and the
other is the intracellular metabolic enzyme that converts glutamate to glutamine by coupling
glutamate with ammonium cation (Broer and Brookes, 2001). The neurotransmitter glutamate,
which is released by glutamatergic neurons, can be taken up by astrocytes where it is converted
to glutamine by GS. Glutamine is then released by astrocytes and reabsorbed by neurons where
it is hydrolyzed by glutaminase to form glutamate again. Thus, the two key enzymes, GS and
glutaminase contribute to the glutamate–glutamine cycle. In the present study, we found that
excessive glutamate level induced GS activity and protein expression. In several neurological
disorders such as ischemic (Hoshi et al., 2006) and hypoxic (Sher and Hu, 1990) brain injuries
when energy levels were low, increased extracellular glutamate was found to stimulate GS
activity. Since intracellular glutamate concentration may be dependent on the activity of
glutamate metabolizing pathways, it is likely that these pathways may also influence the uptake
of extracellular glutamate.

Due to its important role in glutamate metabolism (Vardimon, 2000;Hertz and Zielke, 2004),
GS constitutes an endogenous protective mechanism against glutamate neurotoxicity by
catalyzing the conversion of a toxic amino acid glutamate to a non-toxic amino acid glutamine
(Linser and Moscona, 1979;Gorovits et al., 1997;Hoshi et al., 2006). In the present study, we
demonstrated that GS was neuroprotective and that its activation induced a clearance of
excessive glutamate. Previously, it was shown that a decrease in GS activity, caused by MSO,
led to a significant decline in glutamate uptake in retina cells (Shaked et al., 2002). When GS
expression was induced by increased uptake of glutamate, the total amount of intracellular
glutamate was not affected, but rather led to a dramatic increase in the amount of glutamine
released. Our results support the previous finding that MSO reduced GS activation which in
turn decreased the uptake of extracellular glutamate in cortical astrocytes. In our case,
overexpression of GS increased glutamate uptake at a level even higher than that seen in normal
astrocytes. This indicates that GS induction in astrocytes can modulate glutamate uptake
capacity. In cells expressing high level of GS, the metabolic conversion of glutamate to
glutamine may reduce the extracellular glutamate to hold the relative constant intracellular
glutamate concentration and thereby provide a driving force for continued uptake of
extracellular glutamate. A recent study showed that subjecting cultured cortical astrocytes to
increasing glutamate concentrations of 0.5-20 mM resulted in a prolonged increase of GS
expression in contrast to a dramatic loss of glutamate transporter protein levels (Lehmann et
al., 2009). It seems that the glutamate mediates astrocytic glutamate transporters by a glutamate
receptor-independent mechanism. Thus, maintaining a physiological glutamate concentration
gradient between the extracellular and intracellular milieu is critical in regulating glutamate
transporter and glutamate uptake.

The present study also indicates that the intracellular enzyme GS in astrocytes is a key
contributor of neuroprotection. GS exerts its function mainly by influencing the clearance of
extracellular glutamate and efflux of glutamine in cortical astrocytes. In the present study,
MSO, an analogue of glutamate, inhibited GS activity in astrocytes. In addition to its action as
an inhibitor of GS, MSO may have other actions. For example, MSO reduces an increase in
the number of swollen astrocytes in rat cortex after hyperammonemia (Tanigami et al.,
2005). However, a puzzling finding is that injection of MSO into the striatal tissue induced
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glial glutamate release (Rothstein and Tabakoff, 1985). The diversity roles of MSO may lie in
the usage of different experimental subjects, doses, or approaches. It also indicates that the
application of MSO as an inhibitor of GS should be used cautiously. In our study, astrocytes
were pre-treated with MSO before the addition of glutamate. In this case, 1 mM MSO can
effectively inhibit GS activity and protein expression. We surmise that glutamate uptake and
metabolism are two important mechanisms that interact with each other to maintain the
glutamate homeostasis.

Defect in glutamate uptake is critical to the development of glutamate-mediated excitotoxicity
(Lievens et al., 2001;Zou and Crews, 2005;Mallolas et al., 2006;Tilleux and Hermans, 2007).
Such a defect in glutamate uptake is suggested to be mediated by a decrease in EAATs (Werner
et al., 2001;Vercellino et al., 2007). Increased proinflammatory cytokines have also been
implicated in various neurodegenerative and post-traumatic disorders (Bartholdi and Schwab,
1997;Yan et al., 2003;Tilleux and Hermans, 2007) in which defects in glutamate uptake were
found (Cavaliere et al., 2007;Tilleux and Hermans, 2007). In pathological conditions,
neurological dysfunction has often been attributed to changes in amino acid neurotransmitter
metabolism (Vardimon, 2000). Although proinflammatory cytokines have been implicated in
these conditions, limited information is available concerning the effects of these cytokines on
neurotransmitter metabolism, especially on GS mediated glutamate metabolism. In the present
study, we found that TNF-α, a key cytokine mediating post-traumatic inflammation, reduced
astrocytic GS activity and expression which may lead to neuronal excitotoxicity. Previously,
it was suggested that TNF-α could enhance excitotoxicity through synergistic stimulation of
TNFR and NMDA receptor (Floden et al., 2005;Jara et al., 2007) and inhibition of astroglial
glutamate uptake via regulating glutamate transporters (Wang et al., 2003;Sitcheran et al.,
2005;Zou and Crews, 2005). Here we report another possible mechanism of TNF-α action on
neuronal excitotoxicity, by directly down-regulating GS level and reducing glutamate-induced
GS up-regulation. TNF-α may not only reduce glutamate uptake but also inhibit glutamine
accumulation and production in astrocytes. Thus, in addition to down-regulating glutamate
transporters, as reported previously, TNF-α may play an important role in glutamate
metabolism in astrocytes.

To demonstrate the protective effects of GS, we established a neuron-astrocyte co-culture
system which allows observation of a close interaction between neurons and astrocytes. We
found that in neuronal cultures, about 20% of neurons die of malnutrition in the absence of
glutamine. Addition of glutamate into neuronal culture induced further death of neurons.
However, when glutamate was added in the presence of astrocytes, the neuronal survival was
protected. These data support the previous finding that astrocytes play a key role in glutamate-
glutamine cycle. The neuroprotective role of astrocytes not only lies in the clearance of
excessive glutamate, but also in the production of glutamine for neurons via its metabolic
pathway, especially by GS. The exocytosis of glutamine from astrocytes and its uptake by
neurons are integral steps in the glutamate-glutamine cycle, a major pathway for the
replenishment of neuronal glutamate. However, once this cycle is disrupted by inhibition of
the key enzyme GS, it may lead to neuronal degeneration. Indeed, when GS activity in
astrocytes was inhibited by MSO, as shown above, the neuroprotection of astrocytes against
glutamate toxicity was diminished. Thus, GS may play a key role in the glutamate-glutamine
cycle between astrocytes and neurons. Although how TNF-α exerts neurotoxicity remains
controversial, our study suggests that a direct toxic effect of TNF-α on neurons is relatively
weak since TNF-α can also activate some neuroprotective factors such as mitogen-activated
kinase (MAPKs) and nuclear factor-κB (NF-κB) (Ghezzi and Mennini, 2001;Kamata et al.,
2005). In our neuron-astrocyte co-culture system, TNF-α not only impaired neuroprotection
of astrocytes but also intensified neuronal death when exposed to glutamate. Thus, TNF-α
induced neuronal death may be mediated, at least in part, indirectly through its action on
astrocytes. Such an effect may be mediated by two mechanisms. First, TNF-α can weaken
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astrocytic glutamate uptake activity by down-regulating glutamate transporters. Secondly,
TNF-α can down-regulate GS activity regardless of the presence or absence of glutamate. These
two mechanisms may act synergistically in mediating TNF-α induced neurotoxicity. Although
in the presence of glutamate, decreased levels of GS may be caused by TNF-α inhibition on
glutamate transporters or receptors, the possibility that TNF-α down-regulates GS in astrocytes
cannot be ruled out. In fact, the effect of TNF-α on GS activity can be an important and direct
cause of neuronal excitotoxicity. If so, regulating GS levels may lead to neuroprotection against
CNS disorders or injuries.

In physiological conditions GS expression is tightly controlled by several factors which can
be altered following CNS injuries or other neurological disorders. For example,
glucocorticoids, the endogenous activators of GS gene, can induce GS expression only in
quiescent but not proliferating glial cells (Shaked et al., 2002). This indicates that increased
proliferation of glial cells does not necessary induce increased GS expression. Such antagonism
between GS expression and glial cell proliferation appears to occur at the site of injury where
glial cell proliferation (gliosis) might cause a decline in GS expression (Kruchkova et al.,
2001). Moreover, GS expression could be affected by inflammatory cytokines, particularly
TNF-α, which has been shown to increase following CNS injuries (Xu et al., 1998;Yan et al.,
2001) or degenerative disorders (Tilleux and Hermans, 2007). Two factors may contribute to
TNF-α mediated decrease in GS expression. First, TNF-α may influence glial cell proliferation,
differentiation and maturation (Kazazoglou et al., 1996). Secondly, TNF-α may regulate GS
transcriptional activity. Since GS plays an important role in glutamate uptake, as suggested by
the present study, a decline in GS expression at the site of injury may significantly reduce the
ability of glial cells to remove extracellular glutamate, thereby exacerbating the process of
neuronal degeneration. Since astrocytes are the key producer of TNF-α after CNS injury,
understanding the relationship between the production of inflammatory cytokines and their
effects on glutamate metabolism may shed new light on the underlying mechanism of
inflammation-mediated neuronal survival or death.

In conclusion, our data suggest that the neuroprotective effects of astrocytes are not only
dependent on glutamate uptake but also on GS activity. For the latter, the capacity for storage
and release of glutamine in astrocytes is critical. It is conceivable that interrupting the
glutamate-glutamine cycle may represent an important neurotoxic mechanism that occurs in
many neuropathological conditions. Our data also suggest that the inflammatory cytokine TNF-
α has an inhibitory role on astrocyte GS. Since cytokines such as TNF-α is increasingly
expressed in many neurological disorders, the neurotoxicity induced by inflammatory
cytokines may be induced indirectly by the regulation of GS levels in astrocytes. In this regard,
research ways to increase GS at the site of CNS injuries and other neurological disorders may
offer novel strategies for neuroprotection.
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Fig.1. GS influences glutamate clearance and glutamine production by astrocytes
(A) Western-blotting results of GS over-expressed astrocytes. 1, control vector transfected
astrocytes; 2, GS expressing vector transfected astrocytes. GS immunoreactive protein bands
(45kD) were quantified by densitometry and corrected for GAPDH (36kD) levels. Values are
means ± SD (n=3). (B) The inhibitory effects of MSO on GS expression in astrocytes.
Astrocytes were stimulated with or without 1 mM MSO for 2 hrs and GS protein level were
assayed by western-blot. Values are means ± SD (n=3). (C) Astrocytes were treated with 1
mM MSO for 2 hrs or over-expressed GS (denoted as GS) for 72 hrs. GS activity was
determined by colorimetric assay of accumulated cell protein. Values are means ± SD (n=4).
(D) GS activity influenced the clearance of extracellular glutamate by astrocytes. Astrocytes
were incubated with 2 mM glutamate for 2 hrs in the absence (control) or 30 min pre-incubation
of 1 mM MSO, 50 ng/ml TNF-α or over-expressed GS. Glutamate concentration in
accumulated supernatant was determined by colorimetric assay. Values are means ± SD (n=4).
(E) GS activity affects glutamine (Gln) release by astrocytes. Astrocytes were incubated with
2 mM glutamate for 48 hrs in the presence or absence of MSO, TNF-α or over-expressed GS.
Extracellular glutamine content was determined by colorimetric assay respectively. Values are
means ± SD (n=3). (F) TNF-α impaired glutamate uptake in astrocytes. Astrocytes were
incubated in 2 mM glutamate for 2 hrs with or without 50 ng/ml TNF-α, anti-TNF-α or anti-
TNF RI-neutralizing antibody. Values are means ± SD, (n=4). *: p < 0.05; **: p < 0.01.
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Fig.2. Astrocytic GS was down-regulated by TNF-α
(A-B) Western-blotting showed that TNF-α inhibited GS expression in a dose- and time-
dependent manner. (A) A dose-dependent effect of TNF-α on GS expression in astrocytes
which were incubated with indicated concentrations of TNF-α for 48 hrs. (B) A time-dependent
effect of TNF-α on GS expression in astrocytes which were incubated with 50 ng/ml of TNF-
α for indicated time points. GS expression levels were quantified by densitometry and corrected
for GAPDH levels. GS expression levels in untreated controls were set to 1. Values are means
± SD (n=4). **: p < 0.01, ***: p < 0.001, compared to control. (C) The inhibitory effects of
TNF-α on GS expression can not be abolished in the presence of glutamate. Astrocytes were
maintained with either TNF-α (50 ng/ml) alone or in combination with glutamate (0.5-2 mM)
for 48 hrs and were analyzed for GS protein levels by Western blotting. Values are means ±
SD (n=4). *: p < 0.01, treatment vs. control, #: p < 0.01 vs 2 mM glutamate (Student-Newman-
Keuls test). (D) GS activity was decreased by TNF-α in the absence or presence of glutamate.
Astrocytes were incubated in 2 mM glutamate for 2 hrs with or without 50 ng/ml TNF-α, anti-
TNF-α-neutralizing antibody or anti-TNF RI-neutralizing antibody. Values are means ± SD
(n=4). *: p < 0.05; **: p < 0.01. (E) Astrocytes, immuno-labeled with GFAP, showed a marked
cytoplasm retraction and process extension after exposure to 50 ng/ml TNF-α for 48 hrs
compared to the control. (F) Exposure astrocytes to TNF-α (50 ng/ml) for 48 hrs did not affect
cell death or apoptosis, assessed by TUNEL staining (green), as compared to the control. PI,
a nuclear marker. Scale bars in E and F, 20 μm.
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Fig.3. Reduced astrocytic protection against glutamate excitotoxicity by TNF-α
Neuronal degeneration and viability was assayed by a neuronal marker MAP-2 counterstained
with a nuclear marker Hoechst. Degenerating neurons with shrinking cell bodies and pyknotic
nuclei (arrows showed in A and B) were clearly seen. (A) Cultured rat cortical neurons were
stimulated for 48 hours with TNF-α or MSO in the presence or absence of glutamine (Gln). In
the presence of glutamine, neurons survived after TNF-α or MSO stimulation whereas in the
absence of glutamine, more neurons degenerated and lost MAP2 staining. (B) Cultured neurons
were stimulated with 0.1 mM glutamate (Glu) for 48hrs in the presence or absence of astrocytes.
Astrocytes protected neurons from glutamate neural toxicity; however, pre-treatment with
MSO or TNF-α, showed a decrease of protection. (C, D) Percentage values of MAP2-positive
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neurons showed respectively in A and B. The control represents the number of cells without
excitotoxin stimulation. Values are means ± SD (n=4). **, p < 0.01; ***, p <0.001, as compared
with the control. Scale bars, 20 μm.
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