GLIA 61:312–326 (2013)

Altered Astrocytic Response to Activation in SOD1G93A
Mice and Its Implications on Amyotrophic Lateral
Sclerosis Pathogenesis
CHEN BENKLER,* TALI BEN-ZUR, YAEL BARHUM, AND DANIEL OFFEN
Neuroscience Laboratory, Felsenstein Medical Research Center, Sackler Faculty of Medicine, Tel-Aviv University,
Rabin Medical Center, Petah Tikva, Israel

KEY WORDS
ALS; GLT1; EAAT2; neurotrophic factor; glutamate; reactive astrocytes; motor neurons

ABSTRACT
Amyotrophic Lateral Sclerosis (ALS) is a fatal, rapidly progressive, neurodegenerative disease caused by motor neuron degeneration. Despite extensive efforts, the underlying
cause of ALS and the path of neurodegeneration remain
elusive. Astrocyte activation occurs in response to central
nervous system (CNS) insult and is considered a double
edged sword in many pathological conditions. We propose
that reduced glutamatergic and trophic response of astrocytes to activation may, over time, lead to accumulative
CNS damage, thus facilitating neurodegeneration. We
found that astrocytes derived from the SOD1G93A ALS
mouse model exhibit a reduced glutamatergic and trophic
response to specific activations compared to their wild-type
counterparts. Wild-type astrocytes exhibited a robust
response when activated with lipopolysaccharide (LPS), G5
or treated with ceftriaxone in many parameters evaluated.
These parameters include increased expression of GLT-1
and GLAST the two major astrocytic glutamate transporters,
accompanied by a marked increase in the astrocytic glutamate clearance and up-regulation of neurtrophic factor
expression. However, not only do un-treated SOD1G93A
astrocytes take up glutamate less efficiently, but in response
to activation they show no further increase in any of the glutamatergic parameters evaluated. Furthermore, activation of
wild-type astrocytes, but not SOD1G93A astrocytes, improved
their ability to protect the motor neuron cell line NSC-34
from glutamate induced excitotoxicity. Our data indicates
that altered astrocyte activation may well be pivotal to the
pathogenesis of ALS. V 2012 Wiley Periodicals, Inc.
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INTRODUCTION
Amyotrophic Lateral Sclerosis (ALS) is a fatal, rapidly
progressive, neurodegenerative disease characterized by
loss of motor neurons in the motor cortex, brainstem,
and spinal cord. This motor neuron degeneration results
in weakness, muscle atrophy, fasciculations, and paralysis, a process culminating in death due to respiratory
failure within 2–5 years of clinical onset (Charles and
Swash, 2001; Oliveira and Pereira, 2009). The vast majority of ALS cases have no known familial history and
are classified as sporadic (sALS), the remaining approximate 10% of ALS cases are associated with familial
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genetic factors (fALS). Of those fALS cases 20% are
attributed to mutations in the zinc/copper superoxide
dismutase-1 (SOD1) gene (Valdmanis et al., 2009; Wijesekera and Leigh, 2009). Other genes linking to fALS
include alsin (ALS2), senataxin (ALS4), vesicle associated membrane protein (VAPB, ALS8), angiogenin and a
mutation in the p150 subunit of dynactin (Wijesekera
and Leigh, 2009). Recently, mutations in TARDBP gene,
encoded the TAR-DNA binding protein TDP-43, and the
hexanucleotide repeats in a noncoding region of
C9ORF72, a protein whose function and structure are
still unknown have been reported as associated with
fALS and sALS (Millecamps et al., 2012; Polymenidou
et al., 2012; Wijesekera and Leigh, 2009). The clinical
and pathophysiological similarities between the sporadic
and familial forms of ALS suggest a possible common
pathogenesis.
Despite extensive efforts the underlying cause of ALS
and the path of neurodegeneration remain elusive. The
selective motor neuron death led researchers to explore
cell autonomous mechanisms, however, studies performed in the SOD1 fALS mouse model suggest that
non-neuronal cells such as astrocytes and microglia
might be at play (Beers et al., 2006; Boill
ee et al., 2006;
Clement et al., 2003; Di Giorgio et al., 2007; Ilieva et al.,
2009; Yamanaka et al., 2008).
Astrocytes play a crucial role in the function and survival of motor neurons through numerous mechanisms,
among them are secretion of neurotrophic factors, maintenance of synaptic glutamate homeostasis and modulation of the neuronal susceptibility to glutamate excitotoxicity. Increasing evidence indicate astrocytic dysfunction in all three mechanisms may well be instrumental
in the pathogenesis of ALS (Staats and Van Den Bosch,
2009; Van Den Bosch and Robberecht, 2008).
Glutamate excitotoxicity constitutes one of the currently most prominent pathophysiological hypotheses
explaining the disease progression (Foran and Trotti,
2009; Shaw and Ince, 1997). Abnormal glutamate metabolism accompanied by selective loss of the astroglial
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glutamate transporter-1 GLT-1 (and its human counterpart EAAT2) were observed in sporadic and familial
ALS patients as well as in mutant SOD1 animal models
(Bendotti et al., 2001; Rothstein et al., 1992, 1995).
Furthermore, both in vitro and in vivo experiments demonstrate that selective loss of GLT-1 can lead to motor
neuron degeneration (Rothstein et al., 1996).
Astrocyte activation occurs in response to central
nervous system (CNS) insult and is considered a doubleedged sword in many pathological conditions including
brain trauma, ischemia, epilepsy, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and ALS (De
Lanerolle et al., 2010; Pekny et al., 2005; Maragakis et
al., 2006; Myer et al., 2006; Seifert et al., 2010; Swanson
et al., 2004). On the one hand, astrocyte activation has
been associated with a variety of deleterious effects
ranging from loss of normal astrocytic function to secretion of toxic and proapoptotic factors, such as; glutamate, nitric oxide synthase (NOS), and tumor necrosis
factor a (TNFa) (Barbeito et al., 2004; Eddleston et al.,
1993; Hamby et al., 2010).
On the other hand astrocytes have been reported to
express several protective growth factors in response to
CNS injury and neurological conditions, including brain
derived neurotrophic factor (BDNF), glia-derived neurotrophic factor (GDNF), insulin-like growth factor 1
(IGF1) and ciliaryneurotrophic factor (CNTF) (GarciaEstrada et al., 1992; Lee et al., 1992, 1997; Oyesiku et
al., 1997; Sato et al., 2009; Sendtner et al., 1990; Tokumine et al., 2003; Yamaguchi et al., 1992). All four aforementioned neurotrophic factors were found to protect
neurons in vitro and in vivo in several models of neurodegenerative diseases including ALS and are currently
been pursued in clinical trials (Benkler et al., 2010;
Dawbarn and Allen, 2003; Ekestern, 2004; Ochs et al.,
2000; Sakowski et al., 2009).
Another potential promising neuroprotective property
of astrocyte activation is the recently described increase
in GLT-1 expression, a similar phenomena has also been
described in chemically activated microglia (O’Shea
et al., 2006; Persson et al., 2005). This aspect of astrocyte activation is especially interesting in regards to
ALS where impairments in GLT-1 are well documented
(Bendotti et al., 2001; Rothstein et al., 1992, 1995,
1996).
The protective or harmful nature of the astrocytic
response to activation depends on its cause, duration,
and microenvironment.
Astrocyte activation and glutamate excitotoxicity are
well accepted features of ALS. However, the response of
mutant SOD1 astrocytes to activation regarding glutamatergic parameters appears to be missing from the literature. In this study, we compare the effect activation
exerts upon astrocytes derived from the mutant
SOD1G93A ALS mouse model and their wild-type counterparts. Astrocytes were activated using the bacterial
endotoxin lipopolysaccharide (LPS) or a cocktail of
growth factors (G5 supplement). As the b-lactam antibiotic ceftriaxone (CEF) has been reported to increase
both GLT-1 expression and glutamate uptake as well as
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improve the overall survival of SOD1G93A mice
(Rothstein et al., 2005) its effect was also evaluated as a
method of specifically activating the astrocytic glutamatergic pathway.
We used cultured astrocytes derived from newborn
mice, although at this age, SOD1G93A mice demonstrate
no in vivo disease hallmarks. However, it has been previously shown that in vitro SOD1-linked alterations in
astrocyte function appear even at this early stage (Di
Giorgio et al., 2007; Hedlund and Isacson, 2008; Scorisa
et al., 2010; Vargas et al., 2008; Vermeiren et al., 2006).
Such astrocytes were found to induce motor neuron mitochondrial deficits (Bilsland et al., 2008), they demonstrate a significant elevation in neuroinflamatory
markers (Hensley et al., 2006) and even release factors
selectively toxic to motor neurons (Nagai et al., 2006).
Furthermore, these astrocytes show many of the molecular markers and functional properties of mature astrocytes (Falsig et al., 2006; Ferraiuolo et al., 2011; Hensley
et al., 2006; Kuno et al., 2006; Saura, 2007). Using this
system of astrocytes derived from newborns enables us
to isolate the most primary astrocytic dysfunctions,
which have the greatest potential of influencing not only
disease progression but also disease initiation and
pathogenesis.
Our findings reveal that unactivated SOD1G93A astrocytes exhibit reduced glutamate uptake capacities and
unlike wild-type astrocytes in response to activation
they show no further increase in glutamate clearance or
neurotrophic factor mRNA levels.
We propose that reduced glutamatergic and trophic
response of astrocytes to activation in ALS, may, over
time, lead to disruption of glutamate homeostasis and
accumulative CNS damage, thus facilitating motor
neuron degeneration.

MATERIALS AND METHODS
Identification of Transgenic Mice Expressing the
Human Mutant Superoxide Dismutase
Mice overexpressing the human mutant superoxide
dismutase 1 (SOD1G93A) were purchased from Jackson
Laboratories (Bar Harbor, ME). The SOD1G93A transgenic mouse model was developed and characterized as
a model for ALS by Gurney et al. (1994).
The animals were housed in standard conditions: constant temperature (22 6 1°C), humidity (relative, 40%),
and a 12-h light/dark cycle and were allowed free access
to food and water. Male mice with hemizygous background were bred with control C57Bl females so that
each litter would generate hemizygous SOD1G93A transgenic mice and littermate controls. Newborn mice were
genotyped by PCR analysis using the following primers;
IL2 primers: CTAGGCCACAGAATTGAAAGATCT and
GTAGGTGGAAATTCTAGCATCATCC and the human
SOD1G93A primers: CATCAGCCCTAATCCATCTGA and
CGCGACTAACAATCAAAGTGA. Genomic DNA was
extracted from tail biopsies using the D-Tail DNA
extraction kit (Syntezza Bioscience, Jerusalem, Israel).
GLIA
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The experiments were performed in accordance with
local and international regulations, every effort was
made to reduce the number of animals used and to minimize their suffering. For all studies, control primary cultures were obtained from littermates negative for the
transgene to insure the use of an appropriate control.

Primary Cultures of Mouse Cortical Astrocytes
Astrocyte primary cultures were prepared from the cortex of newborn mouse as previously described (Apricò et
al., 2004), with minor changes. Briefly: the cortex tissue
was dissected from newborn mice (postnatal Days 1–3)
and the meninges removed. Purified tissues were
mechanically dissociated in cold PBS (Biological Industries, Beit Haemek, Israel) and digested by incubation
with 1/5 V/V trypsin (Biological Industries, Beit Haemek,
Israel) for 10 min at 37°C. The reaction was stopped by
the addition of complete medium (Dulbecco’s Modified
Eagle’s Medium (DMEM); Biological Industries, Beit Haemek, Israel), supplemented with 10% fetal bovine serum
(Biological Industries, Beit Haemek, Israel), 100 lg/mL
streptomycin, 100 U/mL penicillin, 12.5 units/mL nystatin (SPN; Biological Industries, Beit Haemek, Israel) and
2 mM L-Glutamine (Biological Industries, Beit Haemek,
Israel) and 50 lg/mL DNAse (Sigma, St. Louis, MO). At
this point, the tissue was mechanically dissociated once
more to ensure full dissociation into single cells. The cells
were washed with complete medium once and centrifuged
at 1,100 rpm for 7 min. The supernatant was removed
and the pellet was resuspended in complete medium. The
cells were plated at a density of 104 cells/cm2. Cell cultures were grown in complete medium and maintained at
37°C and 5% CO2. The cells were allowed to proliferate
until confluence was achieved, at this point microglia
cells were eliminated by shaking at 250 rpm for 18 h on
a horizontal orbital shaker followed by removal of the
microglia containing medium. After a few hours the cells
were trypsinized and replated. Astrocyte cultures from
this passage (P1) were used for all studies.

Immunocytochemistry of Primary Cortical
Astrocyte Cultures
Cells were plated on poly-D-Lysine (mw 70–150,000,
Sigma) coated 96-well plates (Corning, NY) when indicated, the cell cultures were activated 48 h prior to evaluation. Three activation methods were used; (1) Activation with the bacterial endotoxin lipopolysaccharide
(LPS, 1 lg/mL, Sigma), this concentration is commonly
used to activate a variety of cells including astrocytes
(Chung and Benveniste, 1990; Holst et al., 1996; Lin et
al., 2008; O’Shea et al., 2006; Zagami et al., 2005). (2)
Activation with the G5-supplement; G5 was diluted
1:100 [final concentrations: 5 lg/mL insulin, 50 lg/mL
human transferrin, 5.2 ng/mL selenite, 1 lg/mL biotin,
3.6 ng/mL hydrocortisone, 5 ng/mL basic fibroblast
growth factor (bFGF), and 0.01 lg/mL epidermal growth
GLIA

factor (EGF)]. As previously reported, this supplement
proved effective in triggering the in vitro activation of
astrocytes (Michler-Stuke et al., 1984; Vermeiren et al.,
2005). (3) Activation with the b-lactam antibiotic ceftriaxone (10 lM, Sigma) (Lee et al., 2008; Rothstein et
al., 2005). The cells were fixed with 4% paraformaldehyde and were then incubated in a blocking and permeabilizing solution (5% goat serum, 1% BSA, and 0.5%
Triton X-100) for 1 h. The cells were stained with rabbit
anti-glial fibrillary acidic protein (GFAP; 1:500, DAKO,
Glostrup, Denmark), mouse anti-S100 b (1:500, Sigma),
rabbit anti glutamine synthetase (GS; 1:500, Sigma) or
mouse anti vimentin (1:500, Sigma) at 4°C overnight.
After washing with PBS, the cells were incubated with
secondary antibodies for 1 h at room temperature. Secondary antibodies were goat anti-rabbit Alexa-488
(1:500, Molecular Probes, Invitrogen, Carlsbad, CA) and
goat anti-mouse Alexa-568 (1:500, Molecular Probes,
Invitrogen). Nuclear DNA was stained by 4,6-diamino-2phenylindole (DAPI, 1:1,000, Sigma). Cells were photographed by fluorescence Olympus IX70-S8F2 microscope
with fluorescent light source (excitation wavelength,
330–385 nm; barrier filter, 420 nm) and a U-MNU filter
cube (Olympus).

RNA Isolation and Real-Time Quantitative
Reverse Transcription Polymerase Chain
Reaction (qRT-PCR)
Total RNA was isolated from primary cortical astrocyte cultures derived from wild-type and SOD1G93A mice
using a commercial reagent TriReagentTM (Sigma) and
the manufacturer’s recommended procedure. The
amount of RNA was determined spectrophotometrically
using the ND-1000 spectrophotometer (Nano-drop). RNA
quality was verified by measuring OD260/OD280 ratio.
RNA was stored at 280°C until used. First-strand cDNA
synthesis was carried out using the commercial SuperScriptTM III Reverse Transcriptase kit (Invitrogen) and
the manufacturer’s recommended procedure. Samples
were stored at 220°C until used. Real-time semi quantitative PCR of the desired genes was performed in a
StepOnePlusTM Real Time PCR System (Applied Biosystems, Foster City, CA) using Sybr green PCR master
mix (Applied biosystems) and the following primers:
BDNF: CAA ACA AGA CAC ATT ACC TTC CTG C Forward, BDNF: CTT CTC ACC TGG TGG AAC ATT G
Reverse, GDNF: CCG CTG AAG ACC ACT CCC T Forward, GDNF: TAA TCT TCA GGC ATA TTG GAG TCA
CT Reverse, GLT-1: CAG TGC TGG AAC TTT GCC TG
Forward, GLT-1: GGC TAT GAA GAT GGC TGC CA
Reverse, GLAST: CAC TGC TGT CAT TGT GGG TAC A
Forward, GLAST: TTA TAC GGT CGG AGG GCA AA
Reverse, GS: GGT GCA GGC TGC CAT ACC Forward,
GS: TGG CCT CCT CAA TGC ACT TC Reverse, And
GAPDH: CCA TGG AGA AGG CTG GGG Forward,
GAPDH: CAA AGT TGT CAT GGA CC Reverse.
GAPDH served as an internal control as it is considered a valid reference gene for transcription profiling.
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Data were calculated as the ratio of mean threshold targeted gene expression to GAPDH. For each gene, the
specificity of the PCR product was assessed by verifying
a single peak on melting curve analysis. When
indicated, the cell cultures were activated 24 h prior to
evaluation. At least three independent experiments were
performed, each in triplicate.

Protein Extraction and Western Blotting
Proteins were extracted from primary cortical astrocyte cultures. The cells were washed twice with PBS
and resuspended in a lysis buffer containing 250 mM
sucrose, 25 mM Tris/HCl, pH 6.8, 1 mM EDTA, 0.05%
digitonin (a mild nonionic detergent used to solubilize
receptors and permeabilize cellular and nuclear
membranes), 1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonylfluoride, 1:100 V/V complete protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany). Samples were centrifuged at 13,000g for 3
min at 4°C. Supernatants were stored at -80°C until
used. Proteins were separated by 12% sodiumdodecyl
sulfate polyacrylamide gel electrophoreses and transferred to nitrocellulose membranes. The membranes
were probed overnight at 4°C with the following primary
antibodies; rabbit anti-GLT-1 (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-GLAST (1:500,
abcamÒ, Cambridge, UK), mouse anti-GFAP (1:2,500,
DAKO) and rabbit anti-GS (1:10,000, Sigma). Following
wash, membranes were incubated with secondary antibodies: goat anti-mouse IRDyeÒ800CW or 680CW
(1:10,000, infra-red dye, LI-CORÒ Biosciences, Lincoln,
NE) or with secondary antibodies goat anti-rabbit
IRDyeÒ800CW or 680CW (1:10,000, infra-red dye, LICORÒ Biosciences) for 1 h at room temperature. The
membranes were then developed with Odyssey Infrared
Imager (model 9120, LI-CORÒ Biosciences). As a control
for protein loading, blots were subsequently probed for
mouse anti b-actin (1:10,000; Sigma) using the same
procedures. Data were calculated as the ratio of mean
target gene intensity to b-actin intensity. Densitometric
analysis of Western blots was performed using Odyssey
2.1 software (LI-CORÒ Biosciences) to measure the area
and density of protein bands. When indicated, the cell
cultures were activated 48 h prior to evaluation. At least
three independent experiments were performed.
[3H] D-Aspartate Uptake
For uptake assays, primary cultured astrocytes were
grown on poly-D-lysine coated 24-well plates. Cells were
rinsed twice with 0.5 mL of preheated Krebs buffer (25
mM HEPES pH 7.4, 4.8 mMKCl, 1.2 mM KH2PO4, 1.3
mM CaCl2, 1.2 mM MgSO4, 6 mM glucose, and 140
mMNaCl). When indicated Na1 free Krebs buffer was
used (in which NaCl was replaced by choline chloride at
the same osmolarity). As in the majority of studies concerning glutamate transporters, L-glutamate was substi-
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tuted with aspartate, a transportable analogue, which
does not interact with glutamate receptors, and is not
metabolized. Astrocyte cultures were incubated for 20
min at 37°C with radiolabeled aspartate ([3H] D-aspartate, 40 nM, American radiolabeled chemicals, St. Louis,
MO) and unlabeled aspartate (Sigma) mixture in Krebs
buffer to obtain a final concentration of 40 lM for single
concentration assays or a range of concentrations of 5–
1,000 lM for saturation assays. These mixed solutions are
referred to as [3H] D-aspartate throughout the manuscript. When indicated, the inhibitor L-trans-Pyrrolidine2,4-dicarboxylic acid (t-PDC, 0.314 lM, Sigma) was added
15 min before the addition of [3H] D-aspartate. Uptake
was terminated by rinsing the cells three times with cold
Na1 free Krebs buffer. Cells were lysed in 1 M NaOH and
radioactivity was determined by liquid scintillation counting of the cell lysate. A fraction of the lysate was also used
to determine the protein concentration. When indicated,
the cell cultures were activated 48 h prior to evaluation.
At least three independent experiments were performed,
each in duplicates or triplicate.

Co-Cultures and NSC-34 Differentiation
NSC-34 cells were maintained in complete medium
(Dulbecco’s Modified Eagle’s Medium (DMEM); Biological
Industries), supplemented with 10% fetal bovine serum
(Biological Industries), 100 lg/mL streptomycin, 100
U/mL penicillin, 12.5 units/mL nystatin (SPN; Biological
Industries) and 2 mM L-Glutamine (Biological Industries)
at 37°C and 5% CO2. NSC-34 differentiation was
performed as previously described (Eggett et al., 2000),
in brief complete medium was replaced with differentiation medium (Dulbecco’s Modified Eagle’s Medium 1:1
plus Ham’s F12 (DMEM:F-12, Biological Industries),
supplemented with 1% fetal bovine serum (Biological
Industries), 100 lg/mL streptomycin, 100 U/mL penicillin, 12.5 units/mL nystatin (SPN; Biological Industries),
2 mM L-Glutamine (Biological Industries) and 1%
modified Eagle’s medium non essential amino acids
(Biological Industries). NSC-34 cells are considered fully
differentiated after exposure to differentiation medium
for 10 days. Differentiated NSC-34 (NSC-34D) cells
survive in differentiation medium and could be serially
passaged at least three times without loss of viability.
For co-culture experiments, astrocytes were plated on
12-well transwells (BD FalconTM, Becton, Dickinson and
Company (BD), Franklin Lakes, NJ) and the NSC-34D
cells were plated on poly-D-lysine coated 12-well plates
(BD FalconTM). When indicated, astrocyte cultures were
activated 48 h prior to co-culturing. To achieve co-culturing the astrocyte-containing transwells were inserted
into the NSC-34D containing 12-well plates. This transwell system was subsequently exposed to 4 mM glutamate (Sigma) for 24 h. Astrocyte transwells were then
removed to allow evaluation of NSC-34D viability.
Cellular viability was assessed using alamar BlueÒ
(Invitrogen). At least six independent experiments were
performed.
GLIA
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Statistical Analysis
Results are expressed as mean 6 standard error of the
means (SEM) and error bars represent SEM. We used
one way (or two way as appropriate) analysis of variance
(ANOVA) with repeated measures followed by Dunnett’s
post hoc test for all experiments with the exception of saturation curves and the effect of differentiation of NSC-34
cells sensitivity to glutamate toxicity (in point to point
comparison) in which the student’s t test was used. For
direct comparison between the wild-type control and the
SOD1G93A control groups the student’s t test was used.
Statistical analysis was performed using the SPSS software. Statistical significance is defined as P  0.05.

RESULTS
Cellular and Morphological Characterization
of Astrocyte Enriched Cultures
Astrocyte enriched primary cultures were generated
from postnatal Days 1–3 wild-type and SOD1G93A mice.
The use of appropriate culture medium combined with a
vigorous mechanical dissociation step promoted the
enrichment of astrocytes and the elimination of microglia
cells from the culture. To evaluate the purity of our cultures we employed an extensive marker analysis and
found high levels of well known astrocytic markers including glial fibrillary acidic protein (GFAP), the calcium binding protein S100b, vimentin and glutamine synthetase
(GS) (Fig. 1A–D). Astrocyte enriched cultures were found
to contain less than 4% microglia cells (as assessed by
immunocytochemical evaluation for CD11B, Fig. 1E). The
cultures obtained from transgenic animals were morphologically indistinguishable from control cultures. Prior to
activation, both wild-type and transgenic astrocyte cultures maintained a polygonal flat morphology.

Activation Induces Different Expression of
Several Key Genes in Wild-Type and SOD1G93A
Astrocytes
To characterize the unique effect activation might exert
upon SOD1G93A astrocytes, we first evaluated selected features of their individual genetic profiles following activation. To this end we selected three specific activators the
bacterial endotoxin lipopolysaccharide (LPS) which activates a variety of cell types, the G5-supplement, a cocktail
of growth factors which specifically activates astrocytes
(Michler-Stuke et al., 1984; Vermeiren et al., 2005). As the
b-lactam antibiotic ceftriaxone (CEF) has been reported to
increase both GLT-1 expression and glutamate uptake as
well as improve the overall survival of SOD1G93A mice
(Rothstein et al., 2005) its effect was also evaluated. The
expression levels of five major astrocytic genes were ascertained using quantitative real time PCR (qRT-PCR).
Secretion of neurotrophic factors is an important neuroprotective function performed by astrocytes. We first
evaluated the transcription of BDNF and GDNF, two
GLIA

neurotrophic factors with well known motor neuron protective properties (Benkler et al., 2010; Ekestern, 2004;
Gould and Oppenheim, 2011). Activation with G5, LPS
and CEF elevated both BDNF and GDNF transcription in
astrocytes derived from wild-type mice (BDNF G5: 2.89 6
0.5, LPS: 2.37 6 0.2, CEF: 5.29 6 0.8, GDNF G5: 2.90 6
0.5, LPS: 16.33 6 1.1, CEF: 9.78 6 1.2 fold of unactivated
astrocytes, P < 0.05, Fig. 2A,B). Contrary to the response
of wild-type astrocytes, activation of SOD1G93A astrocytes
with all three activators reduced the expression of both
BDNF (G5: 0.05 6 0.02, LPS: 0.11 6 0.04, CEF: 0.06 6
0.01 fold of unactivated wild-type astrocytes, P < 0.05,
Fig. 2A) and GDNF with the exception of activation with
LPS which had no effect on GDNF transcription levels
(G5: 0.16 6 0.02, CEF: 0.19 6 0.07 fold of unactivated
wild-type astrocytes, P < 0.05, Fig. 2B). Furthermore, basal expression levels of BDNF and GNDF in unactivated
SOD1G93A astrocytes were significantly lower than those
found in their wild-type counterparts (BDNF: 0.34 6 0.04,
GDNF: 0.79 6 0.08, P < 0.05, Fig. 2A,B).
Glutamate is the main excitatory amino acid neurotransmitter in the human CNS. It plays a major role in
learning, development, synaptic plasticity, cognitive functions, and behavior (Danbolt, 2001; Maragakis and Rothstein, 2001; Mattson, 2008; Molz et al., 2008). However,
overstimulation of glutamate receptors leads to neuronal
degeneration, a process commonly referred to as glutamate excitotoxicity (Danbolt, 2001; Foran and Trotti,
2009; Sonnewald et al., 2002; Van Dammeet al., 2005).
Glutamate mediated excitotoxicity due to impaired astrocytic glutamate clearance constitutes one the currently
most prominent pathophysiological hypothesis explaining
the progression of ALS (Bogaert et al., 2010; Cleveland
and Rothstein, 2001; Danbolt, 2001; Oliveira and Pereira,
2009; Van Damme et al., 2005). We evaluated the mRNA
transcription levels of three key components of the glutamate–glutamine cycle; the major astrocytic high affinity
glutamate transporters GLT-1 and GLAST (glutamate–
aspartate transporter) as well as the metabolic enzyme
glutamine synthetase which converts glutamate into glutamine. These elements are essential for glutamatergic
transmission and play an important role in preventing
excitotoxicity (Bos et al., 2006; Danbolt, 2001; Fray et al.,
2001; Hertz, 1979; Sonnewald et al., 2002). We found
that glutamine synthetase was similarly expressed in
wild-type and SOD1G93A astrocytes and maintained a
similar response to activation. Interestingly, activation
with G5 and CEF up-regulated glutamine synthetase
expression (wild-type G5: 1.60 6 0.08, CEF: 1.57 6 0.1
and SOD1G93A G5: 1.77 6 0.1, CEF: 1.26 6 0.06 fold of
unactivated wild-type astrocytes, P < 0.05, Fig. 2C),
whereas exposure to LPS resulted in slightly reduced
mRNA levels (wild-type: 0.9 6 0.02, SOD1G93A: 0.41 6
0.09 fold of unactivated wild-type astrocytes, P < 0.05,
Fig. 2C). Further analysis revealed increased transcription of the two major astrocytic glutamate transporters in
wild-type astrocytes in response to activation. GLAST
levels were most prominently elevated by exposure to
CEF but were unaltered in the presence of G5, whereas
GLT-1 levels were elevated by exposure to all three
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Fig. 1. Morphological characterization of primary astrocyte cultures. A:
Immunostaining of wild-type and SOD1G93A astrocytes for GFAP (green),
S100b (red), nuclei are marked with DAPI (blue), Scale bar: 100 lm. B:
Immunostaining of wild-type and SOD1G93A astrocytes for GS (green),

vimentin (red), nuclei are marked with DAPI (blue), Scale bar: 100 lm. C:
Immunostaining for the microglial marker CD11B (green), nuclei are
marked with DAPI (blue), Scale bar: 200 lm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

activators (GLAST LPS: 1.91 6 0.16, CEF: 2.54 6 0.12.
GLT-1 G5: 1.74 6 0.09, LPS: 2.46 6 0.18, CEF: 2.56 6
0.3 fold of unactivated wild-type astrocytes, P < 0.05,
Fig. 2D,E). Astrocytes derived from SOD1G93A mice
exhibited reduced initial GLT-1 and GLAST mRNA levels
(83 6 6.7% and 57 6 1.5% of wild-type expression levels
respectively P < 0.05, Fig. 2D,E). Remarkably, contrary
to wild-type cells in astrocytes derived from SOD1G93A
GLT-1 levels could only be elevated by activation with
LPS and reach half (53.25 6 8.5% P < 0.05, Fig. 2D) of
those found in wild-type LPS activated astrocytes.
GLAST levels remained unaltered in response to all three
activators used (Fig. 2E).

Activation Increases GLT-1 and GLAST Protein
Expression Less Potently in SOD1G93A Astrocytes
The up-regulation of GFAP is a well characterized feature of astrocyte activation. We found that all three activators significantly increased GFAP protein expression
levels in both wild-type and SOD1G93A astrocytes (Wildtype G5: 199.79 6 14.39%, LPS: 187.15 6 7.39%, CEF:
162.89 6 7.93%, SOD1G93A G5: 171.56 6 14.01%, LPS:
159.92 6 14.83%, CEF: 158.87 6 16.72% percent of
un-activated wild-type astrocytes, P < 0.05, Fig. 3A).
Much like the situation observed in GFAP immunoreactivity, GS expression levels responded similarly to
GLIA
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Fig. 2. Evaluated mRNA levels in astrocytes derived from wild-type and SOD1G93A mice following 24-h
activation with G5 (1:100), LPS (1 lg/mL), and CEF (10 lM). mRNA levels of 5 key genes; BDNF (A),
GDNF (B), GS (C), GLT-1 (D), GLAST (E). *P < 0.05, **P < 0.01, ***P < 0.001 as compared with control.

activation in astrocytes derived from wild-type and
SOD1G93A mice. GS immunoreactivity levels remained
impervious to activation with LPS and CEF. However, it
is noteworthy that upon activation with G5 Glutamine
Synthetase levels increased similarly in both wild-type
and SOD1G93A cultures (964.28 6 4.50% and 910.04 6
43.13% percent of wild-type immunoreactivity respectively, P < 0.01, Fig. 3B).
Regarding the astrocytic glutamate transporters, our
data revealed that the alterations observed in GLT-1 and
GLAST transcription levels were reflected in their protein
levels. GLT-1 and GLAST immunoreactivity increased in
GLIA

wild-type astrocytes following activation with G5, LPS,
and CEF (GLT-1 G5: 133.21 6 10.31%, LPS: 140.98 6
6.88%, CEF: 228.16 6 14.33% GLAST G5: 148.10 6 2.05%,
LPS: 141.20 6 4.20%, CEF: 213.29 6 6.15% percent of
wild-type immunoreactivity, P < 0.05, Fig. 3C,D). GLT-1
and GLAST immunoreactivity was significantly lower in
unactivated SOD1G93A astrocytes compared to their wildtype counterparts (79.68 6 7.68% and 65.60 6 7.18% percent of wild-type immunoreactivity respectively, P < 0.05,
Fig. 3C,D) and were unaltered in response to activation.
This data highlight a potential dysfunction in the
SOD1G93A astrocytic response to stress-induced activation
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Fig. 3. Modulation of GFAP (A), GS (B), GLT-1 (C), and GLAST (D)
protein levels by activation in wild-type and SOD1G93A astrocytes. Cell
cultures were activated with G5 (1:100), LPS (1 lg/mL) and CEF (10
lM) for 48 h. Upper panels show the quantification of protein levels by

densitometry of immunoreactivity compared to b-actin which served as
an internal protein control. Lower panels show representative Western
blot membranes. *P < 0.05, **P < 0.01, ***P < 0.001 as compared to
control.

signals as well as impairments in their glutamate glutamine handling.

non metabolized transportable glutamate analog which
does not interact with glutamate receptors.
Unactivated astrocytes derived from SOD1G93A mice
demonstrated a significantly lower maximal velocity
(Vmax) of substrate uptake compared with their
wild-type counterparts (Vmax wild-type: 6.45 6 0.09,
SOD1G93A: 3.51 6 0.08 nmol/min/mg, P < 0.01, Fig. 4A).
Glutamate transporters activity was considerably
reduced in the absence of Na1 and in the presence of
the glutamate uptake inhibitor t-PDC (wild-type Na1:
97.50 6 1.04%, t-PDC: 99.03 6 0.30%. SOD1G93A Na1
96.60 6 1.04%, t-PDC: 98.52 6 0.39% reduction in substrate uptake. P < 0.001, Fig. 4B). Activation of wildtype astrocytes with G5, LPS, or CEF induced a robust

Loss of Glutamate Uptake Enhancement by
Activation in SOD1G93A Astrocytes
Activation induced the up-regulation of the high affinity
glutamate transporters GLT-1 and GLAST transcript and
protein levels. To further evaluate whether this up-regulation has a functional effect on the astrocytic glutamate
clearance potential, we performed [3H] D-aspartate-based
saturation kinetics and glutamate uptake assays. Both
assays utilized [3H] D-aspartate as it is a commonly used
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Fig. 4. Activation-enhanced [3H] D-aspartate uptake in astrocytes
derived from wild-type but not SOD1G93A mice. A: Saturation curves for
[3H] D-aspartate (5–1,000 lM) uptake into astrocyte cultures prepared
from wild-type and SOD1G93A mice. B: Uptake of [3H] D-aspartate (40
lM) in wild-type and SOD1G93A astrocyte cultures and the effect of

uptake inhibition by incubation in sodium-free buffer (Na1 free) or by
exposure to the uptake inhibitor t-PDC (0.314 lM). C: The effect of activation with G5 (1:100), LPS (1 lg/mL) and CEF (10 lM) for 48 h on the
[3H] D-aspartate (40 lM) uptake in wild-type and SOD1G93A astrocyte
cultures. *P < 0.05, **P < 0.01, ***P < 0.001 as compared with control.

increase in substrate uptake (G5: 153.83 6 11.30%, LPS:
175.30 6 20.51% and CEF 200.20 6 16.67% of unactivated
astrocytes, P < 0.05, Fig. 4C). This increase paralleled the
previously observed increase in GLT-1 and GLAST mRNA
and protein levels. However, not only do unactivated
SOD1G93A astrocytes take up substrate less efficiently
(73.31 6 7.95% of wild-type astrocytes, P < 0.05), but
unlike their wild-type counterparts, in response to activation they show no further increase in substrate uptake
(Fig. 4C). The absence of Na1 and the presence of t-PDC
dramatically reduced substrate uptake in activated wildtype and transgenic astrocytes alike (Data not shown).
This observed inability of SOD1G93A astrocytes to
increase substrate uptake in response to activation signals might indicate a potential pathway contributing to
the development of glutamate induced excitotoxicity in
the SOD1G93A ALS mouse model.

neurons in many morphological and physiological aspects
and are widely used as a model system for motor neurons
(Cashman et al., 1992; Eggett et al., 2000; Matusica et al.,
2008; Weishaupt et al., 2006). Previous studies of NSC-34
cells established a differentiation protocol capable of
enhancing their motor neuron traits as well as potentiating their sensitivity to glutamate induced excitotoxicity
(Cashman et al., 1992; Eggett et al., 2000; Matusica et al.,
2008; Weishaupt et al., 2006).
To examine the sensitivity of NSC-34 cells to glutamate excitotoxicity both differentiated NSC-34 (NSC34D) cells and non differentiated NSC-34 cells were
exposed for 24 h to a range of glutamate concentrations
(1–7 mM). Cellular viability following exposure to glutamate was assessed. A significant and dose dependent
cell death was observed for NSC-34D cells beginning at
3 mM, whereas NSC-34 cells were barely affected, even
at 7 mM glutamate (Fig. 5A). Wild-type and SOD1G93A
astrocyte viability was not affected by exposure to 7 mM
glutamate or by activation (Fig. 5B,C).
The astrocytic ability to perform glutamate uptake
renders them suitable candidates for providing protection against glutamate neurotoxicity. To explore this
possibility, wild-type and SOD1G93A astrocytes were activated for 48 h with G5, LPS, or CEF prior to incubation

Activation Improves the Neuroprotective
Potential of Wild-Type but Not SOD1G93A
Astrocytes
NSC-34 is a neuroblastoma (N18TG2) 3 spinal cord
hybrid cell line. These cells closely resemble motor
GLIA

Fig. 5. Activation increases the neuroprotection provided by wildtype but not SOD1G93A astrocytes. A: Effect of exposure to 1–7 mM
glutamate on differentiated NSC-34 cells (NSC-34D) and non differentiated NSC-34 cells. Differentiated cells are significantly more sensitive
to glutamate excitotoxicity than nondifferentiated cells under these conditions. Astrocyte viability is not affected by activation (B) or by exposure to 7 mM glutamate (C). NSC-34D cells were co-cultured with
unactivated (control, D), G5 activated (E), LPS-activated (F) or CEF
activated (G) astrocytes. Astrocytes were activated for 48 hours and
were then inserted into the co-culture system which was immediately

challenged with 4 mM glutamate for 24 h in the absence or presence of
the glutamate uptake inhibitor t-PDC (0.314 lM). The astrocytes were
then removed from the co-culture system and the viability of the NSC34D cells was evaluated. Percent of cell viability was calculated as the
percentage of NSC-34D viability exposed to activated or un-activated
astrocytes and 4mM glutamate as compared with NSC-34 cell viability
when not exposed to astrocytes or glutamate. *P < 0.05, **P < 0.01,
***P < 0.001 as compared with control. In co-culture experiments, #P
< 0.05, ##P < 0.01, ###P < 0.001 for astrocytes exposed to t-PDC compared to astrocytes not exposed to t-PDC.
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with NSC-34D. This transwell co-culture system was
then immediately challenged with 4 mM glutamate for
24 h. Astrocytes were then removed to enable the evaluation of the viability of the motor neuron cell line (NSC34D) without interference from the astrocytic viability
signals. The presence of both wild-type and transgenic
astrocytes significantly reduced glutamate induced NSC34D injury (63.94 6 1.39% survival of NSC-34D cells
alone, 80.17 6 2.24% survival of NSC-34 cells co-cultured with wild-type astrocytes and 77.49 6 1.22%
survival of NSC-34 cells co-cultured with SOD1G93A
astrocytes, P < 0.01, Fig. 5D). Activation of wild-type
astrocytes with LPS or CEF but not G5 significantly
improved their protective potential (LPS: 90.50 6 1.37%,
CEF: 94.56 6 0.74% and G5: 82.79 6 1.12% compared
with 80.17 6 2.24% survival provided by non activated
astrocytes, P < 0.05, Fig. 5D–G). The activation induced
increase in the astrocytic protective potential stands in
direct correlation with the activators effect on the astrocytic glutamate uptake abilities as well as the GLT-1
and GLAST mRNA and protein levels. On the other
hand, when evaluating the effect of activation on astrocytes derived from SOD1G93A mice, activation with all
three activators did not potentiate their protective
potential (Fig. 5D–G).
To investigate the extent to which glutamate uptake
participated in the astrocytic neuroprotection we added
the glutamate uptake inhibitor t-PDC to the astrocyteNSC-34D co-culture system during the glutamatergic
insult. Inhibiting glutamate uptake reduced the protection provided by wild-type and transgenic astrocytes by
 60% (inhibited astrocytes provide 34.76 6 4.98%
(wild-type) and 39.25 6 3.83% (SOD1G93A) of the added
protection provided by uninhibited unactivated wildtype astrocytes, P < 0.05, Fig. 5D). Furthermore,
exposure to t-PDC completely abolished the increase in
neuroprotection induced by activation as well as the difference between wild-type and SOD1G93A astrocytes
(Fig. 5E–G). These results suggest that the entire
increase in the neuroprotective potential of activated
wild-type astrocytes is attributed to their increased glutamate clearance potential.
Taken together these results indicate a severe impairment in SOD1G93A astrocytes response to activation
which may well play a crucial role in the pathogenesis
of ALS.

DISCUSSION
ALS is a dreadful disease due to its relentlessly progressive degeneration of motor neurons. Despite extensive efforts the underlying cause of neurodegeneration
remains elusive. However, over the past few years, accumulating evidence indicates that the pathogenesis of
ALS entails more than the simple dysfunction of motor
neurons, but further involves non-neuronal cells such as
astrocytes and microglia (Ilieva et al., 2009; Lasiene and
Yamanaka, 2011). In fact, the role of astrocytes in ALS
pathology is now widely recognized (Ilieva et al., 2009;
GLIA

Lasiene and Yamanaka, 2011) and several astrocytic
functions have been described as compromised in both
patients and animal models (Barbeito et al., 2004; Ilieva
et al., 2009; Vargas and Johnson, 2010). Reactive astrocytes were once thought of as detrimental agents responsible for neuronal demise, however, recent studies
challenge this view and they are now considered a double-edged sword in many pathological conditions with
innate neuroprotective capabilities (Eddleston and
Mucke, 1993; Hamby and Sofroniew, 2010; Pekny and
Nilsson, 2005). Reduced activation or dysfunction of
reactive astrocytes has the potential to contribute to, or
be the primary cause of CNS pathologies, either through
loss of normal astrocytic function or gain of neurotoxic
effects. Moreover, astrocytes that fail to gain the added
neuroprotective functions induced by activation render
the neurons susceptible to injury and over time promote
accumulative damage which might lead to progressive
neurodegeneration. Here we identify altered astrocytic
response to activation as an unexpected potential pathway that may contribute to the pathogenesis of ALS.
In this study we evaluated the response of SOD1G93A
and wild-type astrocytes to chemical activation. To this
end, we selected three treatments, the bacterial endotoxin LPS, which is known to cause acute astroglial and
microglial activation, the G5-supplement a cocktail of
growth factors designed to specifically activate astrocytes in a manner resembling mature type-II astrocytes
(Michler-Stuke et al., 1984; Vermeiren et al., 2005). The
third activator selected was the b-lactam antibiotic
ceftriaxone, which specifically affects the astrocytic
glutamatergic pathway. In a screening study of 1,040
pharmacological substances, ceftriaxone was found to
increase astrocyte glutamate transport by stimulating
the expression of GLT-1 and prolonged the overall survival of SOD1G93A mice (Rothstein et al., 2005).
Although SOD1G93A is the most commonly used ALS
animal model, it dose possess limitations which should
be taken under account, this model was designed based
on a familial rather than the more common sporadic
form of ALS and the transgene must be highly overexpressed for the disease to develop.
SOD1 is a massively expressed protein which provides
cellular protection from oxidative stress by converting
superoxide to hydrogen peroxide. As it plays such a
major role in cellular survival and function the mere
over expression of even the wild type SOD1 could have
a functional effect in the cellular response to a variety of
signals, including astrocytic activation signals. As the
SOD1G93A ALS mouse model massively over-expresses
the mutated form of the SOD1 enzyme, we cannot rule
out the possibility that some of the phenomenas
observed in this study do not stem from the mere overexpression of such a ubiquitous protein. Further
research would have to be conducted to conclusively
refute this possibility. However, the likelihood of this
hypothesis is drastically reduced due to the gain of function nature of this widely used ALS mouse model.
Expression of mutant human SOD1 in transgenic mice
at sufficient levels causes motor neuron disease, while
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expression of wild-type human SOD1 at similar levels or
knock out of the endogenous SOD1 does not (Audet
et al., 2010; Chiu et al., 1995; Dal Canto and Gurney,
1995; Gurney et al., 1994; Lalonde et al., 2004; Ripps et
al., 1995; Reaume et al., 1996; Wong et al., 1995). The
G93A mutation has little effect on SOD1 enzymatic activity and both wild-type and mutant transgenic lines
show similar elevation in total dismutase activity
(Borchelt et al., 1994; Gurney et al., 1994; Wong et al.,
1995; Wiedau-Pazos et al., 1996). Yet, only the human
mutant transgenic lines develop the disease which
implies that the mutation has caused some pathogenic
alteration in the protein.
As for the familial rather than sporadic nature of this
animal model, the clinical and pathophysiological similarities between both forms of ALS suggest a possible
common pathogenesis. Neuronal and glial SOD1 positive
inclusions, as well as glutamatergic dysfunctions are
well documented in patients with both familial and sporadic ALS (Bendotti et al., 2001; Chattopadhyay et al.,
2009; Forsberg et al., 2011a,b; Guo et al., 2011; Lin
et al., 1998; Rothstein et al., 1995). Furthermore, astrocytes derived from both forms of ALS induce similar
neurotoxic effects (Haidet-Phillips et al., 2011).
When considering the neuroprotective potential of
astrocytes in ALS two key elements are often addressed:
neurotrophic support and glutamate clearance. To evaluate the effect of activation upon the neurotrophic potential of astrocytes we examined the expression levels of
BDNF and GDNF, two prominent neurotrophic factors
with well-established motor neuron protective properties
(Benkler, et al., 2010; Ekestern, 2004; Gould and Oppenheim, 2011). Activation of wild-type astrocytes with G5,
LPS, and CEF increased BDNF and GDNF transcript
levels which were decreased or unchanged by activation
in SOD1G93A astrocytes. This kind of neurotrophic support is particularly essential when neurons are challenged with injury or exposed to stressful conditions
which trigger astrocyte activation. By not increasing
BDNF and GDNF expression levels in response to activation, SOD1G93A astrocytes withhold support which
otherwise could promote motor neuron survival, thus
rendering them more susceptible to injury and neurodegeneration (Gim
enez y Ribotta et al., 1997).
Little is known about alterations in glutamate transporter expression and function in response to reactive
changes in glia which occur in a range of acute and
chronic neurodegenerative conditions (Doble, 1999; Lipton and Rosenberg, 1994). It has been recently demonstrated that astrocyte activation or treatment with
inflammatory mediators, growth factors or co-culturing
with neurons increased the expression and function of
the glial glutamate transporters (Cassina et al., 2005;
Figiel et al., 2003; Okada et al., 2005; O’Shea et al.,
2006; Schlag, et al., 1998; Vermeiren et al., 2005). However, the effect of these treatments on astrocytes derived
from animal models of ALS, where the involvement of
glutamate excitotoxicity is widely accepted appears to be
sorely missing from the literature. In this study we
address several aspects of this issue. We observed that
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although activation of wild-type astrocytes with G5, LPS
and CEF increased the glutamate transporters GLT-1
and GLAST transcript and protein levels, activation of
SOD1G93A astrocytes yielded no such increase. Although
treatment with CEF was found to up-regulate GLT-1
mRNA levels in SOD1G93A mice by Rothstein et al.
(2005), we observed such an effect only in our wild-type
but not in transgenic cultures. We postulate that this
discrepancy may be due to the duration of CEF treatment. We employed an acute 24 hour activation protocol
in astrocyte cultures, whereas Rothstein et al. (2005)
chronically treated SOD1G93A mice with CEF. At this
time, we cannot rule out the possibility that providing
prolonged exposure of SOD1G93A astrocyte cultures to
CEF might result in increased GLT-1 mRNA levels.
Regarding the effect of activation on glutamatergic parameters it should also be noted that Vermeiren et al.
(2006) observed no differences in GLT-1 and GLAST
mRNA, immunolabelling or glutamate uptake saturation
kinetics between wild-type and SOD1G93A rat astrocytes
chronically exposed to G5. Indeed, the smallest differences in these parameters observed here between astrocytes derived from SOD1G93A mice and their wild-type
littermates were obtained by acute activation with G5.
In accordance with the increased mRNA and protein levels of the astrocytic glutamate transporters, activation of
wild-type astrocytes with all three activators significantly enhanced substrate uptake. On the other hand,
not only do SOD1G93A astrocytes exhibit reduced substrate uptake and saturation kinetics compared with
their wild-type counterparts, but they show no further
increase in substrate uptake in response to activation.
This results in a considerably reduced potential for glutamate clearance provided by SOD1G93A astrocytes
under activation conditions.
It is suggested that chronic glutamate neurotoxicity
due to non-effective glutamate uptake participates in
various pathological conditions (Danbolt, 2001; Sonnewald et al., 2002) including the selective loss of motor
neurons in ALS (Rothstein et al., 1992; 1996). Therefore,
it stands to reason that increasing glutamate clearance
might protect motor neurons damaged in ALS from excitotoxicity. Here we found that enhancing glutamate
uptake by activation with LPS and CEF improved the
protection provided by wild-type astrocytes towards the
motor neuron cell-line NSC-34 from glutamate induced
excitotoxicity. However, the impaired capacity of
SOD1G93A astrocytes to gain the neuroprotective functions induced by activation rendered the NSC-34 cells
under their protection far more susceptible to glutamate
neurotoxicity. Furthermore, by inhibiting glutamate
uptake, we found that approximately 60% of the protection provided by astrocytes was attributed to glutamate
clearance. Furthermore, we found that the entire
increase in the neuroprotective potential of wild-type
astrocytes in response to activation resulted from their
increased glutamate clearance capacities.
Taken together these results suggest that the protective potential of SOD1G93A astrocytes towards motor
neurons is extremely compromised. This is due not only
GLIA
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to the limited up-regulation of glutamate clearance in
response to stress signals from their surroundings but
also to decreased BDNF and GDNF transcription. The
combination of the neuroprotective effect of LPS
observed here (and elsewhere, (Faulkner et al., 2004;
Fischeret al., 2011)) and its neurotoxic effect reported by
others (Cassina et al., 2002; Skaper et al., 1995), stress
the extreme importance of the activations timing, duration and nature. It further emphasizes how narrow the
border between beneficial and detrimental astrocyte
activation might be.
Cell transplantation strategies are emerging as potentially promising therapeutic targets in ALS. One such
approach focuses on transplantation of cells which can
mitigate the hostile environment surrounding the
affected motor neurons. These cell therapy approaches
may particularly benefit from understanding the altered
response of SOD1G93A astrocyte to environmental cues.
Several different cellular sources are being investigated
in this respect, among those are glial restricted progenitors, neural stem cells, mesenchymal stem cells and genetically altered cells (Benkler et al., 2010; Kim et al.,
2010; Lepore et al., 2008; Mohajeri et al., 1999; Suzuki
et al., 2007; Xu et al., 2011). When considering the cellular source for transplantation therapies, many studies
concentrate on cells suitable for autologous transplantation. However, the limitations of cells obtained from
patients should also be taken into account. In the present study we found that astrocytes derived from
SOD1G93A mice exhibit reduced response to activation
thus limiting their neuroprotective potential. Furthermore, several studies, including this one documented a
drastic loss of glutamate transporters in the motor cortex and spinal cord of sALS and fALS patients as well
as in several transgenic animal models (Bendotti et al.,
2001; Howland et al., 2002; Rothstein et al., 1995;
Sasaki et al., 2000). Riluzole, the only neuroprotective
agent used clinically to slow the progression of ALS,
enhanced spinal cord glutamate uptake in wild-type and
early-stage SOD1G93A rats, but lost its effectiveness in
end-stage animals (Dunlop et al., 2003). Additionally,
mesenchymal stem cells derived from SOD1G93A rats
were deficient in their capacity to gain neuroprotective
properties; they show limited function of glutamate
transporters and do not increase GDNF secretion when
treated with riluzole (Boucherie et al., 2008). The deficits observed in cells derived from transgenic animal
models of ALS raise questions regarding the suitability
of autologous stem cell grafts, especially in patients with
familial ALS.
Neurodegenerative disorders represent some of modern medicines greatest challenges as most remain not
only incurable but mostly untreatable. Our results suggest that altered astrocyte activation may well be pivotal to the pathogenesis of ALS. We postulate that
improving the astrocytic response to activation or
transplanting more responsive cells could possibly be a
first step towards slowing the disease progression and
alleviating the symptoms of patients suffering from
ALS.
GLIA
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Apricò K, Beart P, Crawford D, O’Shea R. 2004. Binding and transport
of [3H](2S,4R)-4-methylglutamate, a new ligand for glutamate transporters, demonstrate labeling of EAAT1 in cultured murine astrocytes. J Neurosci Res 75:751–759.
Audet JN, Gowing G, Julien JP. 2010. Wild-type human SOD1 overexpression does not accelerate motor neuron disease in mice expressing
murine Sod1 G86R. Neurobiol Dis 40:245–250.
Barbeito L, Pehar M, Cassina P, Vargas M, Peluffo H, Viera L, Est
evez
AG, Beckman JS. 2004. A role for astrocytes in motor neuron loss in
amyotrophic lateral sclerosis. Brain Res Brain Res Rev 47:263–274.
Beers DR, Henkel JS, Xiao Q, Zhao W, Wang J, Yen AA, Siklos L,
McKercher SR, Appel SH. 2006. Wild-type microglia extend survival
in PU.1 knockout mice with familial amyotrophic lateral sclerosis.
Proc Natl Acad Sci USA 103:16021–16026.
Bendotti C, Tortarolo M, Suchak S, Calvaresi N, Carvelli L, Bastone A,
Rizzi M, Rattray M, Mennini T. 2001. Transgenic SOD1 G93A mice
develop reduced GLT-1 in spinal cord without alterations in cerebrospinal fluid glutamate levels. J Neurochem 79:737–746.
Benkler C, Offen D, Melamed E, Kupershmidt L, Amit T, Mandel S,
Youdim MBH, Weinreb O. 2010. Recent advances in amyotrophic lateral sclerosis research: Perspectives for personalized clinical application. EPMA 1:343–361.
Bilsland LG, Nirmalananthan N, Yip J, Greensmith L, Duchen MR.
2008. Expression of mutant SOD1 in astrocytes induces functional
deficits in motoneuron mitochondria. J Neurochem 107:1271–1283.
Bogaert E, d’Ydewalle C, Van Den Bosch L. 2010. Amyotrophic lateral
sclerosis and excitotoxicity: From pathological mechanism to therapeutic target. CNS Neurol Disord Drug Targets 9:297–304.
Boill
ee S, Vande Velde C, Cleveland DW. 2006. ALS: A disease of motor
neurons and their nonneuronal neighbors. Neuron 52:39–59.
Borchelt D, Lee M, Slunt H, Guarnieri M, Xu Z, Wong P, Brown R,
Price D, Sisodia S, Cleveland D. 1994. Superoxide dismutase 1 with
mutations linked to familial amyotrophic lateral sclerosis possesses
significant activity. Proc Natl Acad Sci USA 91:8292–8296.
Bos I, Hoogland G, Meine Jansen C, Willigen G, Spierenburg H, van
den Berg L, de Graan PN. 2006. Increased glutamine synthetase but
normal EAAT2 expression in platelets of ALS patients. Neurochem
Int 48:306–311.
Boucherie C, Caumont A, Maloteaux J, Hermans E. 2008. In vitro evidence for impaired neuroprotective capacities of adult mesenchymal
stem cells derived from a rat model of familial amyotrophic lateral
sclerosis (hSOD1(G93A)). Exp Neurol 212:557–561.
Cashman N, Durham H, Blusztajn J, Oda K, Tabira T, Shaw I,
Dahrouge S, Antel JP. 1992. Neuroblastoma x spinal cord (NSC)
hybrid cell lines resemble developing motor neurons. Dev Dyn
194:209–221.
Cassina P, Peluffo H, Pehar M, Martinez-Palma L, Ressia A, Beckman
JS, Est
evez AG, Barbeito L. 2002. Peroxynitrite triggers a phenotypic
transformation in spinal cord astrocytes that induces motor neuron
apoptosis. J Neurosci Res 67:21–29.
Cassina P, Pehar M, Vargas M, Castellanos R, Barbeito A, Est
evez A,
Thompson JA, Beckman JS, Barbeito L. 2005. Astrocyte activation by
fibroblast growth factor-1 and motor neuron apoptosis: Implications
for amyotrophic lateral sclerosis. J Neurochem 93:38–46.
Charles T, Swash M. 2001. Amyotrophic lateral sclerosis: Current
understanding. J Neurosci Nurs 33:245–253.
Chattopadhyay M, Valentine JS. 2009. Aggregation of copper-zinc
superoxide dismutase in familial and sporadic ALS. Antioxid Redox
Signal 11:1603–1614.
Chiu A, Zhai P, Dal Canto M, Peters T, Kwon Y, Prattis S, Gurney M.
1995. Age dependent penetrance of disease in a transgenic mouse
model of familial amyotrophic lateral sclerosis. Mol Cell Neurosci
6:349–362.
Chung I, Benveniste E. 1990. Tumor necrosis factor-alpha production
by astrocytes. Induction by lipopolysaccharide, IFN-gamma, and IL-1
beta. J Immunol 144:2999–3007.
Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boill
ee S, Rule M,
McMahon AP, Doucette W, Siwek D, Ferrante RJ, Brown RH Jr,
Julien JP, Goldstein LS, Cleveland DW. 2003. Wild-type nonneuronal
cells extend survival of SOD1 mutant motor neurons in ALS mice.
Science 302:113–117.
Cleveland D, Rothstein J. 2001. From Charcot to Lou Gehrig: Deciphering selective motor neuron death in ALS. Nat Rev Neurosci 2:806–
819.
Dal Canto M, Gurney M. 1995. Neuropathological changes in two lines
of mice carrying a transgene for mutant human Cu,Zn SOD, and in
mice overexpressing wild type human SOD: A model of familial
amyotrophic lateral sclerosis (FALS). Brain Res 3; 676:25–40.
Danbolt N. 2001. Glutamate uptake. Prog Neurobiol 65:1–105.

THE ASTROCYTIC RESPONSE TO ACTIVATION IN ALS
Dawbarn D, Allen SJ. 2003. Neurotrophins and neurodegeneration.
Neuropathol Appl Neurobiol 29:211–230.
De Lanerolle NC, Lee TS, Spencer DD. 2010. Astrocytes and epilepsy.
Neurotherapeutics 7:424–438.
Di Giorgio FP, Carrasco MA, Siao MC, Maniatis T, Eggan K. 2007.
Non-cell autonomous effect of glia on motor neurons in an embryonic
stem cell-based ALS model. Nat Neurosci 10:608–611.
Doble A. 1999. The role of excitotoxicity in neurodegenerative disease:
Implications for therapy. Pharmacol Ther 81:163–221.
Dunlop J, Beal McIlvain H, She Y, Howland D. 2003. Impaired spinal
cord glutamate transport capacity and reduced sensitivity to riluzole
in a transgenic superoxide dismutase mutant rat model of amyotrophic lateral sclerosis. J Neurosci 23:1688–1696.
Eddleston M, Mucke L. 1993. Molecular profile of reactive astrocytes—Implications for their role in neurologic disease. Neuroscience 54:15–36.
Eggett C, Crosier S, Manning P, Cookson M, Menzies F, McNeil C,
Shaw PJ. 2000. Development and characterisation of a glutamatesensitive motor neurone cell line. J Neurochem 74:1895–1902.
Ekestern E. 2004. Neurotrophic factors and amyotrophic lateral sclerosis. Neurodegener Dis 1:88–100.
Falsig J, P€
orzgen P, Lund S, Schrattenholz A, Leist M. 2006.
The inflammatory transcriptome of reactive murine astrocytes and
implications for their innate immune function. J Neurochem 96:893–
907.
Faulkner J, Herrmann J, Woo M, Tansey K, Doan N, Sofroniew M.
2004. Reactive astrocytes protect tissue and preserve function after
spinal cord injury. J Neurosci 24:2143–2155.
Ferraiuolo L, Higginbottom A, Heath PR, Barber S, Greenald D, Kirby
J, Shaw PJ. 2011. Dysregulation of astrocyte-motoneuron cross-talk
in mutant superoxide dismutase 1-related amyotrophic lateral sclerosis. Brain 134:2627–2641.
Figiel M, Maucher T, Rozyczka J, Bayatti N, Engele J. 2003. Regulation
of glial glutamate transporter expression by growth factors. Exp Neurol 183:124–135.
Fischer I, Alliod C, Martinier N, Newcombe J, Brana C, Pouly S. 2011.
Sphingosine kinase 1 and sphingosine 1-phosphate receptor 3 are
functionally upregulated on astrocytes under pro-inflammatory conditions. PLoS One. 6:e23905.
Foran E, Trotti D. 2009. Glutamate transporters and the excitotoxic
path to motor neuron degeneration in amyotrophic lateral sclerosis.
Antioxid Redox Signal 11:1587–1602.
Forsberg K, Andersen PM, Marklund SL, Br€
annstr€
om T. 2011. Glial
nuclear aggregates of superoxide dismutase-1 are regularly present
in patients with amyotrophic lateral sclerosis. Acta Neuropathol
121:623–634.
Forsberg K, Jonsson PA, Andersen PM, Bergemalm D, Graffmo KS,
Hultdin M, Jacobsson J, Rosquist R, Marklund SL, Br€
annstr€
om T.
2010. Novel antibodies reveal inclusions containing non-native SOD1
in sporadic ALS patients. PLoS One 5:e11552.
Fray A, Dempster S, Williams R, Cookson M, Shaw P. 2001. Glutamine
synthetase activity and expression are not affected by the development of motor neuronopathy in the G93A SOD-1/ALS mouse. Brain
Res Mol Brain Res 94:131–136.
Garcia-Estrada J, Garcia-Segura L, Torres-Aleman I. 1992. Expression
of insulin-like growth factor I by astrocytes in response to injury.
Brain Res 592:343–347.
Gim
enez y Ribotta M, Revah F, Pradier L, Loquet I, Mallet J, Privat A.
1997. Prevention of motoneuron death by adenovirus-mediated neurotrophic factors. J Neurosci Res 48:281–285.
Gould T, Oppenheim R. 2011. Motor neuron trophic factors: Therapeutic use in ALS? Brain Res Rev 67:1–39.
Guo Y, Li C, Wu D, Wu S, Yang C, Liu Y, Wu H, Li Z. 2010. Ultrastructural diversity of inclusions and aggregations in the lumbar spinal
cord of SOD1-G93A transgenic mice. Brain Res 1353:234–244.
Gurney M, Pu H, Chiu A, Dal Canto M, Polchow C, Alexander D, Caliendo J, Hentati A, Kwon YW, Deng HX, Chen W, Zhai P, Sufit RL,
Sidd T. 1994. Motor neuron degeneration in mice that express a
human Cu,Zn superoxide dismutase mutation. Science 264:1772–
1775.
Haidet-Phillips AM, Hester ME, Miranda CJ, Meyer K, Braun L,
Frakes A, Song S, Likhite S, Murtha MJ, Foust KD, Rao M, Eagle A,
Kammesheidt A, Christensen A, Mendell JR, Burghes AH, Kaspar
BK. 2011. Astrocytes from familial and sporadic ALS patients are
toxic to motor neurons. Nat Biotechnol 29:824–828.
Hamby M, Sofroniew M. 2010. Reactive astrocytes as therapeutic targets for CNS disorders. Neurotherapeutics 7:494–506.
Hedlund E, Isacson O. 2008. ALS model glia can mediate toxicity to
motor neurons derived from human embryonic stem cells. Cell Stem
Cell 3:575–576.
Hensley K, Abdel-Moaty H, Hunter J, Mhatre M, Mou S, Nguyen K,
Potapova T, Pye QN, Qi M, Rice H, Stewart C, Stroukoff K, West M.

325

2006. Primary glia expressing the G93A-SOD1 mutation present a
neuroinflammatory phenotype and provide a cellular system for studies of glial inflammation. J Neuroinflammation 25; 3:2.
Hertz L. 1979. Functional interactions between neurons and astrocytes
I. Turnover and metabolism of putative amino acid transmitters.
Prog Neurobiol 13:277–323.
Holst O, Ulmer A, Brade H, Flad H, Rietschel E. 1996. Biochemistry
and cell biology of bacterial endotoxins. FEMS Immunol Med Microbiol 16:83–104.
Howland D, Liu J, She Y, Goad B, Maragakis N, Kim B, Erickson J,
Kulik J, DeVito L, Psaltis G, DeGennaro LJ, Cleveland DW, Rothstein JD. 2002. Focal loss of the glutamate transporter EAAT2 in a
transgenic rat model of SOD1 mutant-mediated amyotrophic lateral
sclerosis (ALS). Proc Natl Acad Sci USA 99:1604–1609.
Ilieva H, Polymenidou M, Cleveland D. 2009. Non-cell autonomous toxicity in neurodegenerative disorders: ALS and beyond. J Cell Biol
187:761–772.
Kim H, Kim HY, Choi M, Hwang S, Nam K, Kim H, Han JS, Kim KS,
Yoon HS, Kim SH. 2010. Dose-dependent efficacy of ALS-human mesenchymal stem cells transplantation into cisterna magna in SOD1G93A ALS mice. Neurosci Lett 468:190–194.
Kuno R, Yoshida Y, Nitta A, Nabeshima T, Wang J, Sonobe Y, Kawanokuchi J, Takeuchi H, Mizuno T, Suzumura A. 2006. The role of TNFalpha and its receptors in the production of NGF and GDNF by astrocytes. Brain Res 1116:12–18.
Lalonde R, Dumont M, Paly E, London J, Strazielle C. 2004. Characterization of hemizygous SOD1/wild-type transgenic mice with the
SHIRPA primary screen and tests of sensorimotor function and anxiety. Brain Res Bull 64:251–258.
Lasiene J, Yamanaka K. 2011. Glial cells in amyotrophic lateral sclerosis. Neurol Res Int 2011:1–7.
Lee M, Deller T, Kirsch M, Frotscher M, Hofmann H. 1997. Differential
regulation of ciliary neurotrophic factor (CNTF) and CNTF receptor
alpha expression in astrocytes and neurons of the fascia dentata after
entorhinal cortex lesion. J Neurosci 17:1137–1146.
Lee M, Kim C, Shin S, Moon S, Chun M. 1998. Increased ciliary neurotrophic factor expression in reactive astrocytes following spinal cord
injury in the rat. Neurosci Lett 255:79–82.
Lee S, Su Z, Emdad L, Gupta P, Sarkar D, Borjabad A, Volsky DJ,
Fisher PB. 2008. Mechanism of ceftriaxone induction of excitatory
amino acid transporter-2 expression and glutamate uptake in primary human astrocytes. J Biol Chem 283:13116–13123.
Lepore A, Rauck B, Dejea C, Pardo A, Rao M, Rothstein J, Maragakis
NJ. 2008. Focal transplantation-based astrocyte replacement is neuroprotective in a model of motor neuron disease. Nat Neurosci
11:1294–1301.
Lin CL, Bristol LA, Jin L, Dykes-Hoberg M, Crawford T, Clawson L,
Rothstein JD. 1998. Aberrant RNA processing in a neurodegenerative
disease: The cause for absent EAAT2, a glutamate transporter, in
amyotrophic lateral sclerosis. Neuron 20:589–602.
Lin S, Wang Y, Xue Y, Feng D, Xu Y, Xu L. 2008. Tetrandrine
suppresses LPS-induced astrocyte activation via modulating IKKsIkappaBalpha-NF-kappaB signaling pathway. Mol Cell Biochem
315:41–49.
Lipton S, Rosenberg P. 1994. Excitatory amino acids as a final common
pathway for neurologic disorders. N Engl J Med 330:613–622.
Maragakis N, Rothstein J. 2001. Glutamate transporters in neurologic
disease. Arch Neurol 58:365–370.
Maragakis N, Rothstein J. 2006. Mechanisms of disease: Astrocytes in
neurodegenerative disease. Nat Clin Pract Neurol 2:679–689.
Mattson M. 2008. Glutamate and neurotrophic factors in neuronal plasticity and disease. Ann NY Acad Sci 1144:97–112.
Matusica D, Fenech M, Rogers M, Rush R. 2008. Characterization and
use of the NSC-34 cell line for study of neurotrophin receptor trafficking. J Neurosci Res 86:553–565.
Michler-Stuke A, wolff J, Bottenstein J. 1984. Factors influencing astrocyte growth and development in defined media. Int J Dev Neurosci
2:575–584.
Millecamps S, Boill
ee S, Le Ber I, Seilhean D, Teyssou E, Giraudeau
M, Moigneu C, Vandenberghe N, Danel-Brunaud V, Corcia P, Pradat
PF, Le Forestier N, Lacomblez L, Bruneteau G, Camu W, Brice A,
Cazeneuve C, Leguern E, Meininger V, Salachas F. 2012. Phenotype
difference between ALS patients with expanded repeats in C9ORF72
and patients with mutations in other ALS-related genes. J Med
Genet 49:258–263.
Mohajeri M, Figlewicz D, Bohn M. 1999. Intramuscular grafts of myoblasts genetically modified to secrete glial cell line-derived neurotrophic factor prevent motoneuron loss and disease progression in a
mouse model of familial amyotrophic lateral sclerosis. Hum Gene
Ther 10:1853–1866.
Molz S, Decker H, Dal-Cim T, Cremonez C, Cordova F, Leal R, Tasca
CI. 2008. Glutamate-induced toxicity in hippocampal slices

GLIA

326

BENKLER ET AL.

involves apoptotic features and p38 MAPK signaling. Neurochem Res
33:27–36.
Myer DJ, Gurkoff GG, Lee SM, Hovda DA, Sofroniew MV. 2006. Essential protective roles of reactive astrocytes in traumatic brain injury.
Brain 129:2761–2772.
Nagai M, Re DB, Nagata T, Chalazonitis A, Jessell TM, Wichterle H,
Przedborski S. 2007. Astrocytes expressing ALS-linked mutated
SOD1 release factors selectively toxic to motor neurons. Nat Neurosci
10:615–622.
Ochs G, Penn RD, York M, Giess R, Beck M, Tonn J, Haigh J, Malta E,
Traub M, Sendtner M, Toyka KV. 2000. A phase I/II trial of recombinant methionyl human brain derived neurotrophic factor administered by intrathecal infusion to patients with amyotrophic lateral
sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord
1:201–206.
Okada K, Yamashita U, Tsuji S. 2005. Modulation of Na(1)-dependent
glutamate transporter of murine astrocytes by inflammatory mediators. J UOEH 27:161–170.
Oliveira A, Pereira R. 2009. Amyotrophic lateral sclerosis (ALS): Three
letters that change the people’s life. For ever. Arq Neuropsiquiatr.
67:750–782.
O’Shea R, Lau C, Farso M, Diwakarla S, Zagami C, Svendsen B,
Feeney SJ, Callaway JK, Jones NM, Pow DV, Danbolt NC, Jarrott
B, Beart PM. 2006. Effects of lipopolysaccharide on glial phenotype and activity of glutamate transporters: Evidence for delayed
up-regulation and redistribution of GLT-1. Neurochem Int 48:604–
610.
Oyesiku NM, Wilcox JN, Wigston DJ. 1997. Changes in expression of
ciliary neurotrophic factor (CNTF) and CNTF-receptor alpha after
spinal cord injury. J Neurobiol 32:251–261.
Pekny M, Nilsson M. 2005. Astrocyte activation and reactive gliosis.
Glia 50:427–434.
Persson M, Brantefjord M, Hansson E, R€
onnb€
ack L. 2005. Lipopolysaccharide increases microglial GLT-1 expression and glutamate uptake
capacity in vitro by a mechanism dependent on TNF-alpha. Glia
51:111–220.
Polymenidou M, Lagier-Tourenne C, Hutt KR, Bennett CF, Cleveland
DW, Yeo GW. 2012. Misregulated RNA processing in amyotrophic lateral sclerosis. Brain Res 1462:3–15.
Reaume A, Elliott J, Hoffman E, Kowall N, Ferrante R, Siwek D, Wilcox H, Flood D, Beal M, Brown R, Scott R, Snider W. 1996. Motor
neurons in Cu/Zn superoxide dismutase-deficient mice develop normally but exhibit enhanced cell death after axonal injury. Nat Genet
13:43–47.
Ripps M, Huntley G, Hof P, Morrison J, Gordon J. 1995. Transgenic
mice expressing an altered murine superoxide dismutase gene provide an animal model of amyotrophic lateral sclerosis. Proc Natl Acad
Sci USA 92:689–693.
Rothstein J, Martin L, Kuncl R. 1992. Decreased glutamate transport
by the brain and spinal cord in amyotrophic lateral sclerosis. N Engl
J Med 22:1464–1468.
Rothstein J, Van Kammen M, Levey A, Martin L, Kuncl R. 1995. Selective loss of glial glutamate transporter GLT-1 in amyotrophic lateral
sclerosis. Ann Neurol 38:73–84.
Rothstein J, Dykes-Hoberg M, Pardo C, Bristol L, Jin L, Kuncl R,
Kanai Y, Hediger MA, Wang Y, Schielke JP, Welty DF. 1996. Knockout of glutamate transporters reveals a major role for astroglial
transport in excitotoxicity and clearance of glutamate. Neuron
16:675–686.
Rothstein J, Patel S, Regan M, Haenggeli C, Haenggeli C, Huang Y,
Bergles DE, Jin L, Dykes Hoberg M, Vidensky S, Chung DS, Toan
SV, Bruijn LI, Su ZZ, Gupta P, Fisher PB. 2005. Beta-lactam antibiotics offer neuroprotection by increasing glutamate transporter expression. Nature 433:73–77.
Sakowski SA, Schuyler AD, Feldman EL. 2009. Insulin-like growth factor-I for the treatment of amyotrophic lateral sclerosis. Amyotroph
Lateral Scler 10:63–73.
Sasaki S, Komori T, Iwata M. 2000. Excitatory amino acid transporter
1 and 2 immunoreactivity in the spinal cord in amyotrophic lateral
sclerosis. Acta Neuropathol 100:138–144.
Sato Y, Chin Y, Kato T, Tanaka Y, Tozuka Y, Mase M, Ageyama N, Ono
F, Terao K, Yoshikawa Y, Hisatsune T. 2009. White matter activated
glial cells produce BDNF in a stroke model of monkeys. Neurosci Res
65:71–78.
Saura J. 2007. Microglial cells in astroglial cultures: A cautionary note.
J Neuroinflammation 15; 4:26.
Schlag B, Vondrasek J, Munir M, Kalandadze A, Zelenaia O, Rothstein
J, Robinson MB. 1998. Regulation of the glial Na1-dependent glutamate transporters by cyclic AMP analogs and neurons. Mol Pharmacol 53:355–369.

GLIA

Scorisa JM, Duobles T, Oliveira GP, Maximino JR, Chadi G. 2010. The
review of the methods to obtain non-neuronal cells to study glial
influence on Amyotrophic Lateral Sclerosis pathophysiology at molecular level in vitro. Acta Cir Bras 25:281–289.
Seifert G, Carmignoto G, Steinh€
auser C. 2010. Astrocyte dysfunction in
epilepsy. Brain Res Rev 63:212–221.
Sendtner M, Kreutzberg GW, Thoenen H. 1990. Ciliary neurotrophic
factor prevents the degeneration of motor neurons after axotomy. Nature 345:440–441.
Shaw P, Ince P. 1997. Glutamate, excitotoxicity and amyotrophic lateral
sclerosis. J Neurol 2:S3–S14.
Skaper S, Facci L, Leon A. 1995. Inflammatory mediator stimulation of
astrocytes and meningeal fibroblasts induces neuronal degeneration
via the nitridergic pathway. J Neurochem 64:266–276.
Sonnewald U, Qu H, Aschner M. 2002. Pharmacology and toxicology of
astrocyte-neuron glutamate transport and cycling. J Pharmacol Exp
Ther 301:1–6.
Staats K, Van Den Bosch L. 2009. Astrocytes in amyotrophic lateral
sclerosis: Direct effects on motor neuron survival. J Biol Phys
35:337–346.
Suzuki M, McHugh J, Tork C, Shelley B, Klein S, Aebischer P, Svendsen CN. 2007. GDNF secreting human neural progenitor cells protect
dying motor neurons, but not their projection to muscle, in a rat
model of familial ALS. PLoS One 2:e689.
Swanson RA, Ying W, Kauppinen TM. 2004. Astrocyte influences on ischemic neuronal death. Curr Mol Med 4:193–205.
Tokumine J, Kakinohana O, Cizkova D, Smith D, Marsala M. 2003.
Changes in spinal GDNF, BDNF, and NT-3 expression after transient
spinal cord ischemia in the rat. J Neurosci Res 74:552–561.
Valdmanis P, Daoud H, Dion P, Rouleau G. 2009. Recent advances in
the genetics of amyotrophic lateral sclerosis. Curr Neurol Neurosci
Rep 9:198–205.
Van Damme P, Dewil M, Robberecht W, Van Den Bosch L. 2005. Excitotoxicity and amyotrophic lateral sclerosis. Neurodegener Dis 2:147–159.
Van Den Bosch L, Robberecht W. 2008. Crosstalk between astrocytes
and motor neurons: What is the message? Exp Neurol 211:1–6.
Vargas MR, Johnson JA. 2010. Astrogliosis in amyotrophic lateral sclerosis: Role and therapeutic potential of astrocytes. Neurotherapeutics
7:471–481.
Vargas MR, Pehar M, Dıaz-Amarilla PJ, Beckman JS, Barbeito L.
2008. Transcriptional profile of primary astrocytes expressing ALSlinked mutant SOD1. J Neurosci Res 86:3515–3525.
Vermeiren C, Najimi M, Maloteaux J, Hermans E. 2005. Molecular and
functional characterisation of glutamate transporters in rat cortical
astrocytes exposed to a defined combination of growth factors during
in vitro differentiation. Neurochem Int 46:137–147.
Vermeiren C, Hemptinne I, Vanhoutte N, Tilleux S, Maloteaux J, Hermans E. 2006. Loss of metabotropic glutamate receptor-mediated regulation of glutamate transport in chemically activated astrocytes in a
rat model of amyotrophic lateral sclerosis. J Neurochem 96:719–731.
Weishaupt J, Bartels C, P€
olking E, Dietrich J, Rohde G, Poeggeler B,
Mertens N, Sperling S, Bohn M, H€
uther G, Schneider A, Bach A,
Sir
en AL, Hardeland R, B€
ahr M, Nave KA, Ehrenreich H. 2006.
Reduced oxidative damage in ALS by high-dose enteral melatonin
treatment. J Pineal Res 41:313–323.
Wiedau-Pazos M, Goto J, Rabizadeh S, Gralla E, Roe J, Lee M, Valentine J, Bredesen D. 1996. Altered reactivity of superoxide dismutase
in familial amyotrophic lateral sclerosis. Science 271:515–518.
Wijesekera L, Leigh PN. 2009. Amyotrophic lateral sclerosis. Orphanet
J Rare Dis 3: 4:3.
Wong P, Pardo C, Borchelt D, Lee M, Copeland N, Jenkins N, Sisodia
S, Cleveland D, Price D. 1995. An adverse property of a familial
ALS-linked SOD1 mutation causes motor neuron disease characterized by vacuolar degeneration of mitochondria. Neuron 14:1105–1116.
Xu L, Shen P, Hazel T, Johe K, Koliatsos V. 2011. Dual transplantation
of human neural stem cells into cervical and lumbar cord ameliorates
motor neuron disease in SOD1 transgenic rats. Neurosci Lett
494:222–226.
Yamaguchi F, Itano T, Miyamoto O, Janjua NA, Ohmoto T, Hosokawa
K, Hatase O. 1991. Increase of extracellular insulin-like growth factor I (IGF-I) concentration following electrolytical lesion in rat hippocampus. Neurosci Lett 128:273–276.
Yamanaka K, Chun SJ, Boillee S, Fujimori-Tonou N, Yamashita H,
Gutmann DH, Takahashi R, Misawa H, Cleveland DW. 2008. Astrocytes as determinants of disease progression in inherited amyotrophic
lateral sclerosis. Nat Neurosci 11:251–253.
Zagami C, O’Shea R, Lau C, Cheema S, Beart P. 2005. Regulation of
glutamate transporters in astrocytes: Evidence for a relationship
between transporter expression and astrocytic phenotype. Neurotox
Res 7:143–149.

