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Motor neurons are progressively and predominantly degenerated in ALS, which is not only induced by multiple intrinsic pathways but
also significantly influenced by the neighboring glial cells. In particular, astrocytes derived from the SOD1 mutant mouse model of ALS
or from human familial or sporadic ALS patient brain tissue directly induce motor neuron death in culture; however, the mechanisms of
pathological astroglial secretion remain unclear. Here we investigated abnormal calcium homeostasis and altered exocytosis in
SOD1G93A astrocytes. We found that purinergic stimulation induces excess calcium release from the ER stores in SOD1G93A astrocytes,
which results from the abnormal ER calcium accumulation and is independent of clearance mechanisms. Furthermore, pharmacological
studies suggested that store-operated calcium entry (SOCE), a calcium refilling mechanism responsive to ER calcium depletion, is
enhanced in SOD1G93A astrocytes. We found that oxidant-induced increased S-glutathionylation and calcium-independent puncta
formation of the ER calcium sensor STIM1 underlies the abnormal SOCE response in SOD1G93A astrocytes. Enhanced SOCE contributes
to ER calcium overload in SOD1G93A astrocytes and excess calcium release from the ER during ATP stimulation. In addition, ER calcium
release induces elevated ATP release from SOD1G93A astrocytes, which can be inhibited by the overexpression of dominant-negative
SNARE. Selective inhibition of exocytosis in SOD1G93A astrocytes significantly prevents astrocyte-mediated toxicity to motor neurons
and delays disease onset in SOD1G93A mice. Our results characterize a novel mechanism responsible for calcium dysregulation in
SOD1G93A astrocytes and provide the first in vivo evidence that astrocyte exocytosis contributes to the pathogenesis of ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is a typical motor neuron
disease, in which the upper and lower motor neurons are pro-
gressively and predominantly degenerated. Although 90% of ALS
is sporadic, studies from the inherited forms of ALS have pro-
vided much of our current understanding of the disease patho-
genesis (Robberecht and Philips, 2013). Accumulating evidence
from transgenic SOD1 mutant models have suggested that motor
neuron degeneration is not only induced by multiple intrinsic
pathways but also significantly influenced by the neighboring

glial cells (Ilieva et al., 2009). Pathological analysis of genetically
chimeric mice, in which the SOD1 mutant is selectively excised
from different CNS cell types, demonstrated that various glial
cells significantly promote disease progression (Boillée et al.,
2006; Yamanaka et al., 2008; Kang et al., 2013). Moreover, astro-
cytes derived from the mouse SOD1 mutant model or from hu-
man familial and sporadic ALS patient brain tissue secrete toxic
factors that directly induce cell death of either primary or embry-
onic stem (ES) cell-derived motor neurons (Di Giorgio et al.,
2007; Nagai et al., 2007; Marchetto et al., 2008; Haidet-Phillips et
al., 2011). These results suggest a primary pathogenic role of
astrocytes in ALS.

In adult mammalian CNS, astrocytes form tripartite synapses
with presynaptic and postsynaptic neuronal terminals and ac-
tively modulate neuronal/synaptic functions by releasing gluta-
mate, ATP, and D-serine (Halassa et al., 2007; Barres, 2008; Woo
et al., 2012). Although many mechanisms have been found to
mediate astrocyte secretion, vesicular exocytotic release depen-
dent on soluble N-ethylmaleimide-sensitive factor attached pro-
tein (SNARE) represents a major pathway for astrocyte secretion
(Bezzi et al., 2004; Zhang et al., 2004; Pascual et al., 2005).
SNARE-dependent exocytotic secretion in astrocytes can be reg-
ulated by elevated intracellular calcium levels (Jourdain et al.,
2007; Liu et al., 2011), although the detailed mechanisms are still
under investigation (Agulhon et al., 2008; Hamilton and Attwell,
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2010). SNARE-dependent vesicular release from astrocytes is in-
volved in regulating synaptic strength (Jourdain et al., 2007),
sleep homeostasis (Halassa et al., 2009), ischemic injury (Hines
and Haydon, 2013), and major depression (Cao et al., 2013).
Whether SNARE-dependent exocytosis is dysregulated and con-
tributes to astrocyte toxicity in ALS model remains essentially
unknown.

Intracellular calcium levels in astrocytes are characteristically
elevated in response to physiological and pathological signals, as
a unique form of astrocyte excitability (Agulhon et al., 2008).
This is primarily mediated by the release of calcium from the
endoplasmic reticulum (ER) store after activation of the inositol
1,4,5-trisphosphate (IP3) receptor. However, depletion of cal-
cium from the ER store also activates a calcium refilling mecha-
nism known as store-operated calcium entry (SOCE; Smyth et al.,
2010). In this study, we investigate the abnormal calcium homeo-
stasis and altered exocytosis in SOD1G93A astrocytes. We char-
acterize the molecular mechanisms responsible for calcium
dysregulation in SOD1G93A astrocytes and demonstrate that
astrocyte exocytosis significantly contributes to SOD1G93A
astrocyte-mediated toxicity to motor neurons in ALS.

Materials and Methods
Reagents. All reagents were from Sigma, unless otherwise noted. YFP–
STIM1 construct was a gift from Dr. Tobius Mayer (Stanford University,
Stanford, CA; Addgene plasmid 18857). pDsRed2–Mito (Clontech) was
a gift from Dr. Christos Chinopoulos (Department of Medical Biochem-
istry, Semmelweis University, Budapest, Hungary).

Animals. SOD1G93A ! transgenic [B6SJL–Tg(SOD1–G93A)1Gur/J],
SOD1WT ! transgenic [B6.Cg–Tg(SOD1)2Gur/J], and F1 hybrid wild-
type (WT) (B6SJLF1/J) mice were obtained from The Jackson Labora-
tory. SOD1G93A mice were first bred with TetO– dominant-negative
SNARE (dnSNARE) mice to generate SOD1G93A ! dnSNARE ! mice.
SOD1G93A ! dnSNARE ! mice were then bred with glial fibrillary acidic
protein (GFAP)–tetracycline-controlled transactivator protein (tTA)
mice to generate SOD1G93A ! dnSNARE ! tTA ! triple transgenic mice.
Doxycycline (Dox; 40 mg/kg) was supplemented in the diet during
breeding to suppress dnSNARE expression and allow normal develop-
ment but was removed once the mice were weaned at P21. Mice of both
genders were used in all experiments. Care and treatment of animals in all
procedures strictly followed the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and the Guidelines for the Use of
Animals in Neuroscience Research and were approved by the Animal
Care and Use Committee of Tufts University and Weill Medical College
of Cornell University. We adhered to Institutional Animal Care and Use
Committee recommendations for euthanasia of end-stage SOD1G93A
mice.

Primary astrocyte cultures. Spinal cords were removed from adult mice
(P60), unless otherwise noted. Spinal cords were briefly washed in PBS
and passed through mesh filters (75 !m) with a glass pestle. Tissue ho-
mogenate was centrifuged at 1500 " g for 5 min and cultured in 25 mm 2

tissue culture flasks with a total of 5 ml of culture medium comprising
DMEM with 10% fetal bovine serum and antibiotic/antimycotic solution
(Invitrogen). Medium was changed the following day and subsequently
every 3– 4 d. After 1 week in culture, microglia were removed by shaking
the flasks at 250 rpm overnight at 37°C. Astrocytes attached to the bottom
of flasks were trypsinized and plated on glass coverslips for live-cell im-
aging or on tissue culture-coated plates for biochemical assays. Cells were
typically used within 1 week of replating. Cells were confirmed as astro-
cytes by immunofluorescence labeling with an antibody against GFAP.
For neonatal (P0 –P3) astrocyte cultures, cortices or spinal cords were
dissected, and the meninges were removed from the cortices or spinal
cords under the dissecting microscope. The tissue was then minced with
a razor blade and trypsinized (0.05% trypsin; Sigma-Aldrich) for 10 min
in a 37°C water bath and then dissociated gently by trituration with a
fire-polished Pasteur pipette. Dissociated cells were filtered through a 70
!m strainer to collect clear astrocyte cell suspension. Immunostaining

with cell type-specific markers (GFAP/Iba1/Olig2/NeuN) revealed that
the spinal or cortical astrocyte cultures had minimal contamination of
other cell types in the CNS (#5%; data not shown). For setting up astro-
cyte motor neuron cocultures, 50,000 astrocytes per well were directly
seeded on eight-well culture slides (BD Biosciences).

Calcium imaging and analyses. Astrocytes were loaded with 4 !M Fluo4
(Invitrogen) in loading buffer containing the following (in mM): 156
NaCl, 3 KCl, 2 MgSO4, 1.25 KH2PO4, 2 CaCl2, 10 glucose, and 10 HEPES,
pH 7.35. Pluronic-F127 (0.005%; Invitrogen) was supplemented for ef-
ficient Fluo4 dispersion. Cells were incubated with the dye for 30 min at
room temperature and washed three times with imaging buffer (same as
loading buffer except with additional 1 mM EGTA but no CaCl2). For mito-
chondrial membrane potential measurements, cells were loaded with te-
tramethylrhodamine (TMRM; 20 nM) in the same manner as with Fluo4
loading, with the exception that there was no Pluronic-F127 added, and cells
were washed and imaged in loading buffer. Live-cell imaging was performed
on a Leica TCS SP5 spectral confocal microscope using a water-immersion
20" [0.7 numerical aperture (NA)] lens. The objective lens, stage, and per-
fusion lines were heated to 37°C. During the recordings, cells were perfused
with reagents to release intracellular calcium stores [20 !M ATP or 1 !M

thapsigargin (TG)] and/or 1 !M trifluorocabonylcyanide phenyhydrazone
(FCCP; a mitochondria uncoupler). For SOCE, 2 mM CaCl2 containing
buffer was perfused during depletion of intracellular calcium stores with TG
or ATP. To determine involvement of TRPC channels, 2 mM SrCl2 was
substituted for CaCl2 during SOCE perfusion. Changes in Fluo4 fluores-
cence were analyzed with MetaMorph (Molecular Devices). For cytosolic
calcium changes, Fluo4 fluorescence was normalized to initial fluorescence
value and plotted against time. Peak fluorescence, time-to-peak, and clear-
ance time (time between peak and half of the peak fluorescence on the decay
curve) were assessed for each plot. Clearance rate was also examined by the
rate of fluorescence decay fitted to an exponential decay equation, expressed
as (fluorescence change/s) " 100. SOCE was determined by the difference
between the peak calcium entered and baseline after ER calcium depletion.
For each experiment, at least four coverslips prepared from three or more
independent spinal cords were analyzed.

Immunocytochemistry and labeling of mitochondria and ER. Astrocytes
were stained with 50 nM MitoTracker Red and 1 !M ERTracker Green
(Invitrogen) in culture medium for 30 min at 37°C. Z-stack images were
obtained using the Leica TCS SP5 spectral confocal microscope. Fluores-
cence intensity of MitoTracker Red and ERTracker Green after threshold
in whole cells was quantified by MetaMorph. Colocalization of the two
fluorescent probes was assessed by the colocalization function of Meta-
Morph. For immunocytochemistry, astrocytes were fixed with 4% para-
formaldehyde (PFA; 10 min), followed by three washes in PBS. Cells were
permeabilized with 0.1% Triton X-100 (10 min), blocked with buffer
containing 10% normal goat serum and 1% bovine serum albumin in
PBS (30 min). Primary antibodies were applied in blocking buffer (over-
night 4°C) and washed three times in PBS before secondary antibody
application (1:500, 1 h). Cells were washed three times in PBS. All steps
were performed at room temperature besides the primary antibody
application.

Mitochondrial swelling assays. Spinal cord astrocytes were transfected
with mitoDsRed plasmid with Lipofectamine 2000 (Invitrogen). A swell-
ing experiment was conducted 48 h after transfection. Cells were per-
fused with 100 !M ATP to induce ER calcium release, while mitoDsRed
fluorescence was monitored by live-cell imaging on the confocal micro-
scope using the 40" or 63" lens. Alamethicin was added at the end of
experiment to cause maximal swelling. Mitochondrial swelling was mea-
sured by the thinness ratio (TR) technique (Gerencser et al., 2008).
Briefly, the TR technique measures changes in average mitochondrial
diameters using algorithms in the Image Analyst MKII software (Image
Analyst Software). To calculate TR, for each time point, the mean-
intensity image was projected and spatially filtered with high- and low-
frequency bandpass spatial filters, and the absolute value of pixels was
determined. The TR was calculated as the ratio of the average fluores-
cence intensity in the high-frequency over the low-frequency bandpass
filtered image. Baseline normalized TR is given as "TR $ (TR % TR0)/
TR0. Mitochondrial swelling causes the loss of high spatial frequency
image details and therefore a decrease in the TR value. For example,
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mastoparan or alamethicin yields "TR of &0.6 – 0.7 (Gerencser et al.,
2008).

RNA extraction and quantitative real-time PCR. Total RNA was ex-
tracted from astrocytes using the RNAqueous for the PCR kit following
the instructions of the manufacturer (Invitrogen). Quantitative real-time
PCR was performed using the SYBR Green RNA master kit according to
the protocol of the manufacturer (Roche Applied Science). The relative
expression ratio of each target gene was calculated based on PCR effi-
ciency and the cross-point deviation of the mutant sample to the control
and was expressed in comparison with a reference gene, #-actin, based on
the Plaffl’s method (Pfaffl, 2001). The primers used for calreticulin in-
cluded the following: forward, TGGACGGAGATGCCTGGACCAA; re-
verse, AGCCGCCCCCACAGTCGATA.

ATP measurement. ATP released from astrocytes plated on 24-well
plates (5000 –10,000 cells per well) was measured with the ENLITEN
ATP assay (Promega). Cells were washed twice with DMEM and incu-
bated in DMEM for 30 min at 37°C. Secreted ATP was measured from the
conditioned medium before and after application of 5 !M TG for 1 min.
An equal volume of medium was mixed with the luciferin/luciferase
reagent, and bioluminescence was detected with the OPTOCOMP1 lu-
minometer (MGM Instruments). Luminescence values were converted
to femtomoles of ATP based on a standard curve. ATP released was
normalized by either number of cells or baseline ATP in the medium. For
cortical cells, cell number was estimated by calcein fluorescence. Cells
were incubated with calcein (1 !M) for 30 min at 37°C, washed with PBS,
and lysed with RIPA buffer. Calcein fluorescence measured on the spec-
trophotometer at excitation/emission wavelength of 495/516 nm on the
SpectraMAX spectrophotometer (Molecular Devices).

Glutathione measurement. Glutathione content in whole cells was
measured with monochlorbimane (MCB; Invitrogen). Astrocytes were
loaded with 40 !M MCB and 1 !M calcein for 30 min at 37°C. Cells were
washed with PBS. MCB and calcein fluorescence was measured with
excitation/emission of 355/460 and 495/516 nm, respectively, on the
SpectraMAX spectrophotometer.

Spinal cord fractionation. Spinal cords extracted from P60 mice were
homogenized in buffer containing the following (in mM): 225 mannitol,
75 sucrose, 5 Tris-HCl, pH 7.4, 0.1 EGTA, 50 N-ethylmaleimide (NEM),
and protease inhibitors (Roche) using a glass homogenizer/Teflon pestle.
Homogenates were centrifuged at 1000 " g to remove nuclei and debris.
The pellet was resuspended in half of the starting volume to repeat the
homogenization/centrifugation again. The combined supernatant was
centrifuged at 10,000 " g to enrich heavy membrane fractions. The su-
pernatant was centrifuged at 100,000 " g to enrich microsomes/ER
membranes. Membrane fractions were resuspended in the isolation buf-
fer. Protein concentration in each fraction was determined by the DC
Protein Assay (Bio-Rad). An equal amount of protein was loaded in each
lane for non-reducing SDS-PAGE for analysis.

Immunoprecipitation. P2 astrocytes were treated with 100 !M buthio-
nine sulfoximine (BSO; for nontransgenic WT cells), 10 or 100 !M butyl-
hydroxyanisole (BHA; for mutant SOD1 cells), or respective vehicle
controls overnight. Cells were lysed in RIPA buffer containing protease
inhibitors and 50 mM NEM on ice for 20 min. Debris was removed by
centrifugation at 2000 rpm for 5 min. Protein A-agarose beads were
conjugated with a monoclonal STIM1 antibody (BD Biosciences Trans-
duction Laboratories) at room temperature for 2 h. Cell lysate was added
to the antibody-conjugated beads overnight at 4°C. Beads were washed
three times in lysis buffer, and proteins were eluted by heating at 65°C for
10 min in Laemmli’s buffer without reducing agents. During brief cen-
trifugation, eluates were subjected to SDS-PAGE for analysis.

Immunoblot. Proteins were separated on 4 –12% Bis-Tris NOVEX gels
with 3-(N-morpholino)-propanesulfonic acid buffer under native
nonreducing conditions, according to the instructions of the manufac-
turer (Invitrogen). Proteins were transferred to PVDF membranes and
blocked in 5% milk in Tris-buffered saline with 0.01% Tween 20 (TBS-
T). Primary antibodies were applied in blocking buffer overnight at 4°C.
Membranes washed with TBS-T three times were incubated with appro-
priate HRP-conjugated secondary antibodies at room temperature for
1 h. After three washes in TBS-T, protein bands were visualized with
enhanced chemiluminescence substrates (Thermo Fisher Scientific). Pri-

mary antibodies used were as follows: anti-STIM1 (polyclonal; Cell
Signaling Technology), anti-STIM1 (monoclonal; BD Biosciences
Transduction Laboratories), anti-GSH (Virogen), and calreticulin (Af-
finity Bioreagents). Independent reducing Western blots were per-
formed to verify the immunoreactivity of the anti-STIM1 antibody
against monomeric denatured STIM1.

Differentiation and purification of motor neurons from mouse ES cells.
Mouse ES cells (a kind gift from Dr. Kevin Eggan, Harvard University,
Cambridge, MA) were derived from Hb9-driven eGFP transgenic mice.
Mouse ES cells were differentiated into motor neurons through methods
described previously (Di Giorgio et al., 2007; Nagai et al., 2007). Briefly,
ES cells were grown on top of mouse embryonic fibroblasts to 70 – 80%
confluence in ES cell medium (knock-out DMEM, 10% fetal calf serum,
5% knock-out serum, 1% Glutamax, 1% nonessential amino acids, 1%
penicillin/streptomycin, 0.14% 2-mercaptoethanol, and 1000 U of leu-
kemia inhibitory factor). ES cells were then dissociated to induce the
formation of embryoid bodies (EBs) in EB medium (DMEM/F-12, 10%
knock-out serum, 1% Glutamax, 1% penicillin/streptomycin, and 0.1%
2-mercaptoethanol). To differentiate EBs into motor neurons, retinoic
acid (final concentration of 0.1 !M) and smoothened agonist (final con-
centration of 1 !M) were added into the medium for 5 d. Differentiated
motor neurons were further purified through fluorescence-activated cell
sorting based on the eGFP fluorescence, driven by Hb9 promoter activa-
tion during differentiation. Purified eGFP ! motor neurons were plated
on a confluent astrocyte layer (35,000 per well) or directly (50,000 per
well) on poly-D-lysine-coated eight-well culture slides (BD Biosciences)
in motor neuron culture medium (DMEM/F-12, 5% horse serum, 1%
Glutamax, 2% B27, 1% N-2 supplement, 1% penicillin/streptomycin, 10
ng/ml GDNF, 10 ng/ml CNTF, and 10 ng/ml BDNF). Half of the motor
neuron medium was replaced with fresh medium supplemented with
growth factors every day. For BHA treatment, fresh medium replenished
with 1 or 10 !M BHA was added into the coculture daily for up to 10 d.

Preparation of astrocyte conditioned medium. Astrocyte conditioned
medium (ACM) was prepared from confluent astrocytes in 24-well
dishes. Normal motor neuron culture medium was conditioned with
confluent cortical astrocytes for 6 d to prepare the ACM. Medium was
centrifuged at 500 " g for 10 min to remove cell debris. The medium was
then supplemented with 4.5 mg/ml D-glucose, 1" penicillin/streptomy-
cin, and trophic factors (10 ng/ml GDNF, 10 ng/ml CNTF, and 10 ng/ml
BDNF) to keep consistent with normal motor neuron culture condition.
Medium was not replaced once treated with ACM to avoid dilution.

In vitro quantification of motor neurons. Mosaic images from the entire
culture well were acquired at multiple time points [7–21 d in vitro (DIV)]
and used to calculate the percentage of eGFP ! surviving motor neurons.
Images taken from three to five wells per condition were quantified.
Although SOD1G93A ! dnSNARE ! tTA ! astrocytes are also eGFP ! as
a result of dnSNARE induction, eGFP fluorescence from SOD1G93A !

dnSNARE ! tTA ! astrocytes did not interfere with motor neuron quan-
tification, because the glial monolayers are not in the same focal plane as
the neuronal layers during image acquisition. The distinct neuronal mor-
phology of ES-derived eGFP ! motor neurons (ESMNs) was also used as
a criterion for identification of motor neurons. For quantitative mea-
surement of motor neuron neurite length in cultures, confocal images
were analyzed with Imaris Software (Bitplane) using the filament tracing
tool. The local contrast threshold was set up to detect processes, as thin as
2 !m, arising from cell bodies with 20 !m diameter. Disconnected seg-
ments with a '5 !m gap were ignored. For each cell, the sum of the
filaments determined from each individual cell in Imaris software was
recorded as the total neurite length and was plotted in GraphPad Prism.

In vitro astrocyte FM1-43 imaging. FM1-43 imaging was performed
using the Leica TCS SP2 confocal scanning unit attached to a Leica
DMIRE2 microscope. Briefly, spinal cord astrocyte cultures (P0 –P3
pups) were prepared from WT, SOD1G93A !, dnSNARE ! tTA !, and
SOD1G93A ! dnSNARE ! tTA ! mice. At day 7, spinal astrocyte culture
grown on the coverslip was incubated at room temperature in HBSS, pH
7.3, containing 3 !M FM1-43 lipophilic styryl dye (Invitrogen). After a 10
min loading period, the coverslip was placed in calcium-free HBSS and
washed three times at room temperature. The astrocyte culture coverslip
was then quickly transferred to a glass-bottom dish with HBSS (MatTek)
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and mounted on the microscope. Dye-loaded astrocytes were visualized
with a 20" objective (0.7 NA). Fluorescence images were obtained using
a krypton/argon laser at 488 nm, which emitted light at a range of 610 –
700 nm. After 1 min baseline acquisition, images were acquired every 60 s
for 20 min. FM1-43 imaging was analyzed with Leica TCS SP2 software.
All values are expressed as mean ( SEM.

Immunohistochemistry and in vivo quantification of motor neurons.
Mice (P100) were perfused with 4% PFA, and the spinal cords were
dissected, fixed in 4% PFA, and cryoprotected with 30% sucrose so-
lution. Thin spinal cord sections (20 !m) were prepared using a
cryostat (Thermo Fisher Scientific). Sections were then incubated

with blocking solution (0.2% Triton X-100, 5% goat serum, and 1%
BSA) for 30 min, followed by overnight incubation with the primary
antibodies GFAP (1:500), choline acetyltransferase (ChAT; 1:100), or
NeuN (1:500) at 4°C. After overnight incubation, sections were
washed three times with PBS, and the immunostaining signal was
detected with Alexa Fluor-555-conjugated goat anti-rabbit or anti-
mouse secondary (1:2000) antibodies (Jackson ImmunoResearch).
Confocal images were captured by the Nikon A1R confocal micro-
scope using NIS-elements software under a 20" lens (for NeuN and
ChAT staining) and a 60" lens (for GFAP staining) (Nikon Instru-
ments). NeuN ! cells above a certain particle size (800 pixel 2) with the
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Figure 1. Dysregulation of intracellular calcium signaling in SOD1G93A ! astrocytes. A, Pseudocolored Fluo4 fluorescence images in spinal cord astrocytes show a prominent rise in intracellular
calcium by 30 s during stimulation with 20 !M ATP that is cleared by 180 s. Scale bars, 20 !m. B, Average traces of Fluo4 fluorescence changes in mutant and WT astrocytes from adult mice spinal
cords stimulated with 20 !M ATP in calcium-free imaging medium, followed by 1 !M FCCP to dissipate mitochondrial membrane potential. C, Average traces of Fluo4 fluorescence changes in
SOD1G93A ! and WT astrocytes derived from P2 mice cortices stimulated with 20 !M ATP. D, Cells were pretreated with an RyR inhibitor, dantrolene (25 !M), for 10 min before imaging. Average
traces of Fluo4 fluorescence changes in SOD1G93A ! and WT astrocytes stimulated with 20 !M ATP in the presence of dantrolene. Error bars indicate SEM.
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circularity between 0 and 1, as determined in NIH Image J, were
counted from the images.

Determination of disease onset and end stage. Early disease onset was
determined by the loss of 10% grip strength, as described previously
(Yamanaka et al., 2008). Because of the variability of hindlimb grip
strength, we focused on the measurement of forelimb grip strength,
which is highly consistent (Yamanaka et al., 2008). We measured the
forelimb grip strength of mice weekly, using the grip-strength meter
(model 1027 DSM; Columbus Instruments), between 60 and 120 d of
age. We first calculated the average of three peak grip-strength values as
the baseline for forelimb grip strength for each mouse. We then assessed
the 10% decreased value based on the baseline and compared it with the
measured grip-strength data to determine the age at which the grip
strength equals a 10% decrease of baseline value. The weight was mea-
sured once a week, starting at P60 until end stage. Late disease onset was
determined by the loss of 10% weight, as described previously (Ya-
manaka et al., 2008). Disease end stage was determined by a delayed (30
s) righting reflex (Solomon et al., 2011). We started to analyze the right-
ing reflex at 100 d of age. Both the measurement of grip strength and
weight was performed in a complete blind manner.

Statistical analyses. Student’s t test or one-way ANOVA, followed by
either Dunn’s or Bonferroni’s test, were used to determine statistical
significance. The log-rank analysis was used to determine the significance
for Kaplan–Meier curves. p # 0.05 was considered to be statistically
significant. All experiments were performed a minimum of three times.
Results were presented as mean ( SD, unless otherwise stated.

Results
Abnormal cytosolic calcium handling in astrocytes from
SOD1G93A ! mice
Because intracellular calcium levels are important in the regula-
tion of cell secretion processes, we studied calcium dynamics in
SOD1G93A astrocytes. We cultured primary astrocytes from
adult spinal cord of SOD1G93A! and littermate nontransgenic
(WT) mice at 60 d (presymptomatic stage) and 90 d (early symp-
tomatic stage) of age. In SOD1G93A spinal cord, although astro-
gliosis is detectable at 60 d of age, it is significantly increased at
90 d (Ringer et al., 2009). Astrocyte cultures were immunoreac-
tive for GFAP and were devoid of CD11b-positive microglial
cells, and morphology did not differ between SOD1G93A and
WT astrocytes (data not shown).

Gq-protein-coupled receptor activation on the plasma mem-
brane is a major mechanism for the elevation of intracellular calcium
levels in astrocytes, resulting from ER calcium release (Agulhon et
al., 2008). Intracellular calcium dynamics was evaluated by live-cell
imaging using the fluorescent dye Fluo4, in response to purinergic
receptor activation by ATP, which results in IP3 production at the
plasma membrane and activation of the IP3 receptor on the ER. We
stimulated astrocytes with ATP in calcium-free perfusion medium
to focus specifically on the handling of intracellular calcium stores
(Fig. 1A). ATP stimulation led to a higher release of ER calcium in
SOD1G93A spinal cord-derived astrocytes compared with WT cells,
indicated by the larger F/F0 peak (Fig. 1B, Table 1). In addition,

Fluo4 fluorescence reached peak faster in SOD1G93A! astrocytes
than nontransgenic WT astrocytes (Fig. 1B, Table 1). Cytosolic cal-
cium clearance rates were similar in SOD1G93A! and WT astro-
cytes, as indicated by the time taken for the fluorescence to decline to
half of the peak value (Table 1). In contrast, ATP stimulation of ER
calcium release in adult spinal cord astrocytes from transgenic mice
expressing WT human SOD1 did not evidence differences in peak
amplitude relative to astrocytes from their nontransgenic littermate
controls (data not shown). Stimulation with BzATP, a nonhydrolyz-
able form of ATP, showed similar ER calcium release as ATP in
SOD1G93A! and WT astrocytes (data not shown). Enhanced ATP-
induced ER calcium release was also observed in SOD1G93A! as-
trocytes derived from neonatal cortices (Fig. 1C, Table 1) and in
astrocytes derived from 90-d-old spinal cords (Table 1), suggesting a
general phenomenon affecting SOD1G93A! astrocytes in cortex
and spinal cord and at different disease stages. We focused on the
60-d-old spinal cord astrocytes in subsequent experiments, because
we deemed that astrocytes at this time point are less likely to be
affected by remodeling of the spinal cord cytoarchitecture in the
SOD1G93A model.

An initial calcium release from the ER can cause additional cal-
cium discharge through ryanodine receptors (RyRs) by a mecha-
nism known as calcium-induced calcium release (CICR). To test
whether excess RyR-mediated CICR contributed to excess ER cal-
cium release in SOD1G93A! astrocytes, we pretreated cells with the
RyR inhibitor dantrolene (25 !M) and then induced ER calcium
release by ATP. In the presence of dantrolene, cells displayed loss of
synchronicity and presence of oscillations in ER calcium release.
Nevertheless, ER calcium release was still faster and higher in
SOD1G93A! cells compared with WT (Fig. 1D, Table 1), suggesting
that CICR does not contribute to excess ER calcium release in
SOD1G93A! astrocytes.

Mitochondrial calcium uptake does not contribute to excess
cytosolic calcium release by ATP in SOD1G93A ! astrocytes
Mitochondria play a critical role in regulating cytosolic cal-
cium dynamics by actively taking up calcium in the matrix.
Calcium transport into the mitochondrial matrix is driven by
membrane potential ()*m) and the mitochondrial calcium
uniporter activity (Patron et al., 2013). Mitochondrial dys-
function and mitochondrial calcium uptake defects were de-
scribed extensively in SOD1 models of ALS (Kawamata and
Manfredi, 2010; Carri and Cozzolino, 2011), and mitochon-
drial dysfunction has been suggested in mutant SOD1 astro-
cytes (Cassina et al., 2008). For these reasons, we wanted to
determine whether mitochondrial bioenergetic defects were
present in SOD1G93A ! astrocytes.

Because )*m is the driving force for mitochondrial calcium
uptake, we first estimated )*m with the potential sensitive dye
TMRM and found that SOD1G93A! astrocytes did not show a

Table 1. Cytosolic calcium dynamics parameters
20 !M ATP,
spinal cord, P60

20 !M ATP,
spinal cord, P90 20 !M ATP, cortex, P2

1 !M FCCP3 20 !M

ATP, spinal cord, P60
1 !M TG,
spinal cord, P60

25!M dantrolene/20!M

ATP,spinalcord,P60

WT
(n $ 27)

G93A
(n $ 29)

WT
(n $ 48)

G93A
(n $ 44)

WT
(n $ 20)

G93A
(n $ 31)

WT
(n $ 12)

G93A
(n $ 13)

WT
(n $ 19)

G93A
(n $ 37)

WT
(n $ 24)

G93A
(n $ 20)

Peak F/F0 3.03 ( 0.21 4.34 ( 0.23* 3.56 ( 0.18 6.09 ( 0.49* 3.24 ( 0.32 5.13 ( 0.24* 3.89 ( 0.38 5.34 ( 0.42* 2.07 ( 0.22 3.04 ( 0.24* 4.19 ( 0.50 6.01 ( 0.75
Time-to-peak (s) 49.9 ( 2.0 39.4 ( 2.5* 34.3 ( 2.6 26.5 ( 2.6* 43 ( 2.4 26 ( 0.9* 44.3 ( 3.2 37.8 ( 1.9 69.5 ( 7.2 66.8 ( 5.5 40 ( 5.4 25.8 ( 6.2*
½ peak time (s) 56.7 ( 13.7 53.6 ( 5.1 40.1 ( 3.2 41.9 ( 2.9 22 ( 0.5 21 ( 1.4 36.3 ( 5.8 29.4 ( 2.8 77.3 ( 13.5 84.3 ( 9.7 n.d. n.d.
Clearance rate 0.83 ( 0.09 1.1 ( 0.09 1.3 ( 0.1 1.6 ( 0.2 n.d. n.d. n.d. n.d. 0.28 ( 0.03 0.35 ( 0.02 n.d. n.d.

Parameters of cytosolic calcium changes during ER and mitochondrial calcium release in spinal cord and cortical astrocytes were determined from Fluo4 fluorescence plots (for images and traces, see Fig. 1). See Materials and Methods for
determination of each parameter. *p # 0.05 by Student’s t test. Error indicates SEM, and n denotes total number of astrocytes analyzed from at least four coverslips, derived from at least three independent spinal cord preparations. n.d.,
Not determined.
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Figure 2. Lack of mitochondrial involvement in the abnormal intracellular calcium signaling in SOD1G93A ! astrocytes. A, Average intensity of COXI immunostaining in SOD1G93A !

and WT astrocytes. The right images are representative COXI immunostaining in SOD1G93A ! and WT astrocytes. B, Average traces of Fluo4 fluorescence changes in SOD1G93A ! and WT
astrocytes stimulated with 1 !M FCCP and then 20 !M ATP in calcium-free imaging medium. Despite blockage of mitochondrial calcium buffering, ATP stimulation leads to larger ER
calcium release in SOD1G93A ! astrocytes. C, The extent of ER–mitochondrial contact sites were assessed by quantification of colocalization of Mitotracker and ERtracker in SOD1G93A !

and WT astrocytes. Images are representative labeling of ER (green), mitochondria (red), and colocalization of the two organelles (yellow). Scale bars, 20 !m. All error bars indicate SEM,
and n.s. indicates a lack of statistical significance, as determined by the Student’s t test.
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decrease in )*m (data not shown), suggesting that the mito-
chondria of these cells are bioenergetically competent. We also
estimated the levels of cytochrome oxidase subunit I (COXI) in
astrocytes by immunocytochemistry, because decreased levels of
cytochrome oxidase, a crucial enzyme involved in mitochondrial
bioenergetics, have been implicated in SOD1 models of ALS
(Mattiazzi et al., 2002; Son et al., 2007, 2008). We found similar
levels of COXI in WT and SOD1G93A! astrocytes (Fig. 2A).
Together, these results demonstrated that mutant SOD1 astro-
cyte mitochondria are bioenergetically competent and do not
show mitochondrial respiratory chain abnormalities.

Next, we wanted to assess specifically whether mitochondrial
calcium uptake contributed to abnormal cytosolic calcium han-
dling in SOD1G93A! astrocytes. We perfused the astrocytes with
a mitochondrial uncoupler, FCCP (1 !M), before ATP stimula-
tion. FCCP, by dissipating the membrane potential, allows re-
lease of already accumulated mitochondrial calcium, and the
levels of FCCP-induced mitochondrial calcium release (mea-
sured by Fluo4 fluorescence increase; Fig. 2B) were similar in
SOD1G93A! and WT astrocytes. The subsequent ATP-induced
calcium release from the ER was still significantly higher in
SOD1G93A! than in WT astrocytes (Fig. 2B, Table 1). We also
noticed that, in the ATP stimulation experiments of Figure 1B,
after Fluo4 fluorescence returned to prestimulation levels, FCCP
induced similar amounts of calcium release from mitochondria
of mutant and WT astrocytes (Fig. 1B). These results suggest that
SOD1G93A! astrocyte mitochondria take up similar amounts of
calcium as WT cells, and therefore the mitochondrial component
of cytosolic calcium clearance is not the reason for excess ATP-
induced ER calcium release in SOD1G93A! astrocytes.

Another contribution of mitochondria to cytosolic calcium is
associated with the opening of a calcium-induced permeability
transition pore, which causes mitochondrial swelling and release
of mitochondrial calcium stores (Bernardi and von Stockum,
2012). This permeability transition event could potentially con-
tribute to increasing cytosolic calcium. Therefore, to test whether
the differences in ATP-induced calcium release between
SOD1G93A! and WT astrocytes were associated with mitochon-
drial permeability transition, we measured mitochondrial swell-
ing by the TR technique (Gerencser et al., 2008) after stimulation
with ATP. We did not observe mitochondrial swelling during
ATP stimulation, as revealed by a "TR of #0.05, suggesting that
mitochondrial permeability transition did not occur in WT or
SOD1G93A! astrocytes under ATP stimulation, and therefore
mitochondrial permeability transition could not be the cause of
excess ATP-induced cytosolic calcium.

Mitochondria and ER are tightly associated in the transfer of
calcium (Rizzuto et al., 2009). Mitochondrial and ER membrane
contact sites and the distance between the two organelles can
dictate calcium entry into mitochondria and thus potentially af-
fect cytosolic calcium levels, if calcium diffuses in the cytosol
instead of entering into mitochondria directly. To test whether

there were abnormal ER–mitochondria contact sites that could
influence ER–mitochondrial calcium transfer in SOD1G93A!

astrocytes, we assessed the colocalization of mitochondria and ER
by labeling them with the vital fluorescent dyes MitoTracker Red
and ERTracker Green, respectively. We did not observe a statis-
tically significant difference in ER–mitochondria colocalization
in SOD1G93A! and WT astrocytes (Fig. 2C), suggesting that the
distance between the calcium regulating organelles in astrocytes
are not altered by mutant SOD1.

In summary, all of the above results demonstrate (1) that
astroglial mitochondrial calcium uptake plays a minor role in
regulating cytosolic calcium levels and (2) that abnormalities in
bioenergetics, mitochondrial distribution relative to the ER, and
mitochondrial permeability transition do not contribute to en-
hanced ER calcium release during ATP stimulation in SOD1G93A!

astrocytes.

Increased ER calcium stores in SOD1G93A ! astrocytes
To determine whether the enhanced ER calcium release in
SOD1G93A! astrocytes was attributable to increased ER calcium
stores, we measured cytosolic calcium changes after perfusion
with the irreversible sarcoplasmic reticulum Ca 2! ATPase
(SERCA) pump inhibitor TG (1 !M), which causes a receptor-
independent leakage of ER calcium. SOD1G93A! astrocytes re-
leased higher amounts of calcium in response to TG (Fig. 3A),
indicating that the pool of releasable calcium was higher in
SOD1G93A! than in WT astrocytes. Compared with the cytoso-
lic calcium responses to ATP, TG caused a slower calcium rise,
followed by a slower calcium clearance (Fig. 3A, Table 1). From
this result, we inferred that ER uptake is a major component of
cytosolic calcium clearance in astrocytes. After TG treatment, the
cytosolic calcium clearance rate was similar in SOD1G93A! and
WT astrocytes. This, together with the relatively minor contribu-
tion of mitochondria (Fig. 2), suggests that increased ER calcium
stores are the primary cause of enhanced ER calcium release in
SOD1G93A! astrocytes.

To assess whether SOD1G93A! astrocytes had a larger ER
volume, which could explain increased calcium stores, we stained
the ER with the fluorescent dye ERTracker Green and quantified
the ER content. ER fluorescence intensity normalized by cell area
showed that it was not increased in SOD1G93A! astrocytes com-
pared with WT astrocytes (data not shown). In addition, immu-
nofluorescence of the ER calcium binding protein calreticulin
(Fig. 3B), as well as the quantification of calreticulin mRNA by
quantitative real-time PCR (Fig. 3C) did not show significant
differences between SOD1G93A! and WT astrocytes. These re-
sults indicate that there is no difference in the ER mass between
SOD1G93A! and WT astrocytes and that the capacity to bind
calcium in the ER is not affected by mutant SOD1.

Together, these results suggest that excessive ER calcium re-
lease during ATP stimulation in SOD1G93A! astrocytes is at-
tributable to ER calcium overload rather than decreased cytosolic

Table 2. Pharmacological modulation of cytosolic calcium dynamics

SOCE (2 mM Ca 2!) Peak F/F0 (1 !M TG)

Duration WT G93A WT G93A

No pretreatment 0 1.29 ( 0.12 (35) 1.83 ( 0.16* (38) 2.07 ( 0.22 (19) 3.04 ( 0.24* (37)
100 !M 2-APB 10 min 0.09 ( 0.04 (19) 0.65 ( 0.15* (21) n.d. n.d.
50 !M ML-9 10 min 0.88 ( 0.12 (30) 0.60 ( 0.08 (20) n.d. n.d.
100 !M BSO 4 h 3.06 ( 0.47 (14) 3.01 ( 0.74 (14) 5.37 ( 0.67 (14) 3.82 ( 0.71 (14)
1 mM GSHEE 4 h 1.67 ( 0.36 (14) 1.32 ( 0.35 (16) n.d. n.d.

SOCE defined as the difference between calcium influx peak (F/F0 ) and baseline during ER calcium depletion by TG (1 !M). *p # 0.05 by Student’s t test, G93A SOD1 versus WT astrocytes. Error indicates SEM. Number of astrocytes analyzed
per condition is indicated in parentheses. Astrocytes from at least four coverslips from at least three independent spinal cord preparations were analyzed. n.d., Not determined.
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calcium clearance mechanisms, increased ER volume, or in-
creased calreticulin expression.

Enhanced ATP secretion in response to ER calcium release in
SOD1G93A ! astrocytes
ER calcium release into the cytosol activates calcium-
dependent processes with multiple signaling targets, including
exocytosis (Jourdain et al., 2007; Liu et al., 2011; Zorec et al.,
2012). Secretion of small molecules could directly affect the
synaptic milieu and cause motor neuron toxicity. Thus, we
measured ATP released in the medium as an indication of
calcium-induced secretion. When ER calcium release was in-
duced with 5 !M TG, increased ATP was found in the medium
of SOD1G93A ! astrocytes relative to the amount present be-
fore stimulation, in both adult spinal cord and neonatal cor-
tical astrocytes (Fig. 3 D, E). This result suggests that ER
calcium release enhances exocytosis from SOD1G93A !

astrocytes.

SOCE dysregulation in SOD1G93A ! astrocytes
SOCE entails a calcium influx mechanism through plasma mem-
brane calcium channels in response to the depletion of ER cal-
cium (Smyth et al., 2010), which occurs in many cell types,
including astrocytes (Pivneva et al., 2008; Li et al., 2009). The
mechanisms of SOCE activation involve the complex coordina-
tion of ER and plasma membrane resident proteins, which has
been well characterized (Smyth et al., 2010). SOCE activation
begins in the ER, in which STIM1, a calcium sensor with an
EF-hand domain in the ER lumen, detects a decrease in ER cal-
cium levels. When the level of ER calcium becomes low, STIM1
goes through a conformational change that leads to its oligomer-
ization and movement toward the plasma membrane, in which
the ER and plasma membranes form puncta. In the puncta, the
cytosolic portion of STIM1 interacts with Orai channels on the
plasma membrane, which allows extracellular calcium to enter
into the cytosol and transferred into the ER by the SERCA pump.
Once calcium is refilled into the ER, STIM1 senses the increased
calcium and the STIM1–Orai1 puncta dissociate.

Because SOD1G93A! astrocytes had ER calcium overload, we
hypothesized that their SOCE regulation may be altered. SOCE
was monitored in spinal cord astrocytes during depletion of ER
calcium by TG, followed by perfusion with 2 mM calcium. The
resulting SOCE was higher in SOD1G93A! than in WT astro-
cytes (Fig. 4A, Table 2), suggesting that SOCE is enhanced and
likely to contribute to elevated ER calcium stores in SOD1G93A!

astrocytes.
The calcium current (ICRAC) underlying SOCE is well charac-

terized in many cell types (Parekh and Putney, 2005), but little is
known about the relative involvement of the interaction between
STIM1 and Orai or TRPC channels in mediating SOCE in astro-
cytes (Parpura et al., 2011). These two types of channels can be
functionally distinguished on the basis of their cation selectivity,
because TRPC, but not Orai, are also permeable to strontium and
barium. When extracellular calcium was substituted with stron-
tium, we did not detect Fluo4 fluorescence increase in either

control or SOD1G93A! astrocytes (Fig. 4B), suggesting that
TRPC channels are not active. The cells were then perfused with
calcium, confirming enhanced SOCE in SOD1G93A! astrocytes.
To validate the sensitivity of Fluo4 to strontium, cells were per-
meabilized with the ionophore A23187 that allowed entry of the
ion in the cell and the expected fluorescent response (Fig. 4B,
inset). These data indicate that SOCE is mediated through Orai
but not TRPC channels in astrocytes.

To further characterize STIM1–Orai function in astrocytes,
we tested the effects of the known SOCE inhibitors 1-aminoethoxy-
diphenylborate (2-APB) and 1-(5-chloronaphthalene-1-sulfonyl
homopiperazine HCl (ML-9) (DeHaven et al., 2008; Smyth et al.,
2008). Pretreatment with 100 !M 2-APB, which inhibits SOCE by
preventing both the ER-plasma membrane puncta formation and
Orai channel activation (DeHaven et al., 2008), reduced SOCE al-
most completely in WT astrocytes (Fig. 4C, Table 2). However, in
SOD1G93A! astrocytes, SOCE inhibition by 2-APB was incom-
plete, allowing a significant SOCE response, compared with WT cells
(Fig. 4C, Table 2). This difference indicated the existence of a 2-APB-
insensitive SOCE component and abnormal calcium entry in
SOD1G93A! astrocytes and not a difference in affinity for the in-
hibitor, because 100 !M is a saturating dose of 2-APB in both
SOD1G93A! and WT astrocytes (i.e., the same level of inhibition
was obtained with 50 or 100 !M 2-APB; data not shown). Con-
versely, pretreatment with ML-9 (50 !M), which inhibits calcium
store-independent STIM1 puncta formation (Smyth et al., 2008),
resulted in &50% decrease of SOCE in both WT and SOD1G93A!

astrocytes (Fig. 4D, Table 2). These results suggested that the en-
hanced SOCE response observed in SOD1G93A! astrocytes (Fig.
4A) could be caused by calcium-independent STIM1 puncta forma-
tion and unregulated calcium entry.

Because SOD1G93A! astrocytes showed a 2-APB-insensitive
calcium entry, we assessed the localization of STIM1 in astrocytes
using recombinant EYFP–STIM1. STIM1 distribution in
SOD1G93A! astrocytes at baseline, without the depletion of ER
calcium store, was characterized by the presence of large protein
aggregates (Fig. 5A), which closely resembled the distribution of
EF-hand mutant STIM1 close to the plasma membrane (Smyth et
al., 2008). The EF-hand domain of STIM1 contains calcium-
binding residues that sense ER calcium depletion and regulate
STIM1 localization near the plasma membrane. Thus, mutations
in the STIM1 calcium-binding residues render the protein con-
stitutively active, causing calcium store-independent calcium en-
try (Smyth et al., 2008). Therefore, our results showing calcium
store-independent STIM1 localization near the plasma mem-
brane in SOD1G93A! astrocytes suggested that these cells could
be exposed to constitutively increased calcium entry and conse-
quent ER calcium overload.

STIM1 S-glutathionylation is responsible for abnormal SOCE
in SOD1G93A ! astrocytes
Together, our findings indicated that, in mutant astrocytes, ER
calcium overload is caused by dysregulation of STIM1. Because
SOD1G93A! astrocytes do not harbor STIM1 mutations, we hypoth-
esized that there could be posttranslational modifications of STIM1
leading to dysregulation of calcium entry. S-glutathionylation is a
reversible posttranslational modification that occurs in response to
oxidative stress to protect proteins from permanent oxidative dam-
age. It was shown that mutant SOD1 causes oxidative stress in astro-
cytes (Cassina et al., 2008), and SOD1G93A mice have increased
protein glutathionylation in the spinal cord (Poon et al., 2005).
STIM1 glutathionylation in the ER intraluminal domain was shown
to induce the protein to interact with Orai1 in a calcium-

4

(Figure legend continued.) and SOD1G93A ! astrocytes transfected with YFP–STIM1, treated
with 100 !M BHA (18 h). Cells were fixed 48 h after transfection to assess YFP–STIM1 localiza-
tion. F, Cells were treated with 100 !M BSO for 4 h before imaging. BSO increased accumulation
of ER calcium in WT cells, and SOCE was enhanced to levels similar to mutant cells. G, SOCE in
cells treated with cell-permeable GSH (GSHEE; 1 mM) for 4 h. Mutant astrocytes SOCE normalized
to WT SOCE levels when treated with GSH. All error bars are SEM. *p # 0.05 by Student’s t test.
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independent manner, resulting in constitutive calcium entry
(Hawkins et al., 2010). Thus, STIM1 glutathionylation may underlie
the constitutively active calcium entry and ER calcium overload in
SOD1G93A! astrocytes. In support of this hypothesis, measure-
ments of glutathione showed reduced levels in adult SOD1G93A!

spinal cord astrocytes compared with those in WT cells (Fig. 5B).
To determine whether STIM1 is a target of S-glutathionylation

induced by oxidative stress in SOD1G93A mice in vivo, we examined
glutathionylated STIM1 in ER/microsomal fractions from spinal
cords of P60 mice by nonreducing Western blots, using an antibody
against glutathionylated proteins. In SOD1G93A! ER, we found
increased levels of a glutathionylated protein with high molecular
weight (Fig. 5C, top), consistent with STIM1 oligomers, which were
confirmed by reprobing the native Western blots with an anti-
STIM1 antibody (Fig. 5C, middle). Independent reducing Western
blots were performed using the same rabbit polyclonal anti-STIM1
antibody, which detected the expected monomeric denatured
STIM1 of &70 kDa (data not shown).

In an alternative approach, we investigated STIM1 glutathio-
nylation specifically in astrocytes. We immunoprecipitated
STIM1 from P2 cortical astrocytes and detected a number of
S-glutathionylated STIM1 species using an anti-GSH antibody,
suggesting the presence of multimeric glutathionylated STIM1
(Fig. 5D, higher and lower exposures). Notably, in SOD1G93A!

astrocytes, but not in WT astrocytes, we detected a band with an
estimated size of &240 kDa (based on a curve built according to
the migration of molecular weight markers) that corresponded to
a previously identified oxidant-induced glutathionylated STIM1
(Hawkins et al., 2010; Fig. 5D, lanes 1 and 2, higher exposure).

To test whether alteration in the GSH/glutathione disulfide
(GSSG) ratio can modify STIM1 glutathionylation, we treated
SOD1G93A! astrocytes with the antioxidant BHA (100 !M,
18 h) and WT cells with the glutathione depleting agent BSO (100
!M, 18 h) before immunoprecipitation. We found that treatment
with BHA in mutant astrocytes caused a decrease in the levels of
the oxidant-induced high-molecular-weight species (Fig. 5D,
high exposure, arrow), whereas BSO treatment in WT cells in-
creased glutathionylation of STIM1 (Fig. 5D, lanes 4 –7, high
exposure). Together, this evidence indicates that glutathionyla-
tion of STIM1 is more abundant in SOD1G93A cells.

We then examined the functional effects of modulating gluta-
thionylation of STIM1 on SOCE in spinal cord astrocytes. Treat-
ment with BHA (100 !M, for 18 h) reversed STIM1–YFP
clustering in SOD1G93A! astrocytes, and the STIM1–YFP distri-
bution appeared similar to that of WT astrocytes (Fig. 5E). Depletion
of glutathione with BSO in WT astrocytes increased SOCE and ER

calcium load to levels similar to those of SOD1G93A! astrocytes
treated with BSO (Fig. 5F, Table 2). Conversely, SOD1G93A! astro-
cytes treated with the cell-permeable glutathione ethyl ester
(GSHEE) normalized SOCE to WT levels (Fig. 5G, Table 2).

Together, these results suggest that mutant SOD1 causes STIM1
glutathionylation in astrocytes, probably by altering the redox state
of the cells. This posttranslational modification of STIM1 causes
constitutively active Orai channels, resulting in calcium entry dys-
regulation and ER calcium overload.

Selective inhibition of exocytosis in SOD1G93A ! astrocytes
prevents astrocyte-mediated toxicity to motor neurons
We next tested whether inhibition of exocytosis in SOD1G93A!

astrocytes could attenuate toxicity to motor neurons. Previous
studies had shown that selective inhibition of astroglial exocytosis
could be achieved in cultured astrocytes and Dox regulated Tet
on/off transgenic (GFAP–tTA and TetO– eGFP/dnSNARE) mice
by expression of the cytosolic portion of the SNARE protein syn-
aptobrevin 2 (Zhang et al., 2004; Pascual et al., 2005). When
overexpressed, this protein acts as a dnSNARE and suppresses
endogenous vesicular SNARE function (Zhang et al., 2004), al-
though it does not affect afferent-induced intracellular calcium
responses (Halassa et al., 2009). We generated SOD1G93A! dn-
SNARE! tTA! mice, in which the dnSNARE protein is exclu-
sively expressed in SOD1G93A! astrocytes in the absence of Dox
(Pascual et al., 2005; Halassa et al., 2009). We first examined the
effect of dnSNARE overexpression on exocytosis in cultured
SOD1G93A! spinal astrocytes using the FM1-43 dye assay. As
shown in Figure 6A, FM1-43 dye fluorescence rapidly decreased
in WT spinal astrocytes within the first 6 min of the assay, indi-
cating functional exocytosis in these astrocytes. Interestingly,
FM1-43 dye fluorescence was gradually but steadily reduced in
SOD1G93A! spinal astrocytes, although the fluorescence even-
tually decreases to the same levels observed in WT astrocytes,
suggesting that SOD1G93A expression alters the dynamics of ex-
ocytosis in astrocytes. In addition, we observed essentially un-
changed FM1-43 dye fluorescence in dnSNARE! tTA! and
SOD1G93A! dnSNARE! tTA! spinal astrocytes during the as-
say (Fig. 6A), confirming that expression of dnSNARE effectively
suppresses exocytosis from astrocytes. Furthermore, we found
that TG-stimulated ATP secretion was lower in SOD1G93A!

dnSNARE! tTA! spinal astrocytes obtained at 50 d of age com-
pared with SOD1G93A! astrocytes (Fig. 6B), indicating that
SNARE-dependent exocytosis plays a significant role in ATP se-
cretion from SOD1G93A astrocytes. It also provides additional
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evidence that expression of dnSNARE effectively inhibits exocy-
tosis in SOD1G93A astrocytes.

We then assessed whether inhibition of exocytosis in
SOD1G93A! astrocytes affects toxicity to motor neurons in culture.
To obtain a sufficient number of motor neurons, we differentiated
ES cells derived from homeobox Hb9-driven eGFP transgenic mice
and purified ESMNs as described previously (Di Giorgio et al., 2007;
Nagai et al., 2007). These motor neurons have been shown previ-
ously to display properties highly similar to primary spinal motor
neurons (Di Giorgio et al., 2007), and we also confirmed that these
ESMNs express typical motor neuron markers, including choline
acetyltransferase (ChAT) and microtubule-associated protein 1b
(data not shown). Representative fields of purified ESMNs cocul-
tured on top of spinal or cortical astrocytes derived from WT,
SOD1G93A!, or SOD1G93A! dnSNARE! tTA! mice are shown
in Figure 6C. Although SOD1G93A! dnSNARE! tTA! astrocytes
are also eGFP!, because the astrocyte monolayer is not in the
same focal plane as motor neurons, eGFP fluorescence from
SOD1G93A! dnSNARE! tTA! astrocytes caused no interference
with eGFP signals from motor neurons. In addition, the distinct
neuronal morphology of ESMNs also helped identify motor neu-
rons during quantification. The percentage (33 ( 1.9%) of surviving
motor neurons cocultured with SOD1G93A! spinal astrocytes was
significantly lower (p # 0.05) than the percentage (57 ( 8.8%) of
surviving motor neurons cocultured with WT spinal astrocytes at 14
DIV (Fig. 6D); however, the percentage (60 ( 6.7%, 14 DIV) of
surviving motor neurons cocultured with SOD1G93A! dn-
SNARE! tTA! spinal astrocytes was comparable with that of WT
cocultures (n $ 1050–1246 neurons from 4–5 independent exper-
iments) at 7 or 14 DIV. Similarly, motor neuron death was attenu-
ated in cocultures with SOD1G93A! dnSNARE! tTA! cortical
astrocytes at 14 and 21 DIV (Fig. 6E). There was no significant dif-
ference in the survival of motor neurons cocultured with spinal dn-
SNARE! tTA! (inhibition of basal exocytosis) or WT astrocytes
(61.2 ( 17.1 vs 66 ( 13.2%, 14 DIV; data not shown). Furthermore,
motor neurons cocultured with SOD1G93A! dnSNARE! tTA!

spinal astrocytes had longer neurites compared with motor neurons
cocultured with SOD1G93A! astrocytes (Fig. 6F), suggesting that
they maintained better structural integrity. Because the antioxidant
BHA significantly decreased oxidant-induced glutathionylation of
STIM1 (Fig. 5D), we determined whether BHA treatment could
improve motor neuron survival in cocultures. We first determined
that a dose of up to 10 !M BHA was sufficient to decrease STIM1
glutathionylation in SOD1G93A! astrocytes and did not cause di-
rect toxicity to motor neurons (data not shown). Therefore, motor
neuron cocultures were treated with BHA (1 or 10 !M) for up to
10 d. We found that the percentage of surviving motor neurons in
cocultures (23.7 ( 6.9% or 27.7 ( 5.2%) treated with both 1 or 10
!M BHA was significantly higher than that of untreated cocultures
(9 ( 3.8%, p $ 0.022; Fig. 6G,H). These results suggest that selective
inhibition of exocytosis in SOD1G93A! astrocytes or antioxidant
treatment to decrease ER calcium signaling can ameliorate
SOD1G93A! astrocyte-mediated toxicity to motor neurons in
culture.

Because inhibition of exocytosis in SOD1G93A! astrocytes re-
duced toxicity to motor neurons in cocultures, we wanted to con-
firm that the protective effect was indeed attributable to a reduction
in the secretion of toxic factors. Thus, we collected ACM (condi-
tioned for 6–7 d) from WT, SOD1G93A!, or SOD1G93A! dn-
SNARE! tTA! cortical astrocytes and used it to culture freshly
prepared ESMNs. We calculated the percentage of surviving motor
neurons grown in different ACM by counting eGFP! motor neu-
rons at multiple time points (3–14 DIV). As shown in Figure 7,
ESMNs treated with ACM from SOD1G93A! dnSNARE! tTA!

astrocytes had similar survival to motor neurons in WT ACM at 7
and 14 DIV, although the percentage of surviving motor neurons in
SOD1G93A! ACM was significantly lower (p # 0.05, n $ 293–508
from 3–5 independent experiments). This result further suggested
that inhibition of exocytosis in SOD1G93A! astrocytes attenuates
motor neuron death by reducing secretion of toxic factors.

Selective inhibition of exocytosis in SOD1G93A ! astrocytes
significantly delays disease onset of SOD1G93A mice
We next investigated whether selective inhibition of exocytosis
in SOD1G93A! astrocytes affects disease phenotypes in the
SOD1G93A mice. Because tTA expression alone (tTA!) does not
affect the phenotype of SOD1G93A mice (data not shown) and
dnSNARE protein is not induced in dnSNARE! mice without
tTA, we grouped the littermate offspring from our breeding as
follows: group 1, SOD1G93A! dnSNARE! tTA!; group 2,
SOD1G93A% dnSNARE! tTA!; group 3, all SOD1G93A! mice;
and group 4, all SOD1G93A% controls. Because in dnSNARE!

tTA! mice (group 2) there is no motor neuron-associated phe-
notype (Pascual et al., 2005; Halassa et al., 2009), only groups 1, 3,
and 4 were analyzed in this study.

Because previous analysis of SOD1G93A mice indicated that the
pathological changes appear as early as P30 (Alves et al., 2011; van
Zundert et al., 2012), we decided to activate the expression of dn-
SNARE right after weaning, thereby providing a wider window to
observe phenotypical alterations. By P60, eGFP/dnSNARE expres-
sion was fully induced in GFAP! astrocytes in the spinal cord of
SOD1G93A! dnSNARE! tTA! mice (Fig. 8A). Previous quantifi-
cations showed eGFP/dnSNARE induction in '80% of spinal cord
astrocytes (Foley et al., 2011). Using loss of 10% forelimb grip
strength as an early clinical sign of disease onset (Yamanaka et al.,
2008), we found a significant (p # 0.004) delay in SOD1G93A!

dnSNARE! tTA! mice (103.1 ( 2.6, n $ 15) compared with their
SOD1G93A! littermates (93.7 ( 1.1, n $ 14; Fig. 8B,C). Similarly,
the loss of 10% of body weight, an indication of late disease onset
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(Yamanaka et al., 2008), was also significantly delayed (p # 0.03) in
SOD1G93A! dnSNARE! tTA! mice (128.8 ( 3.2, n $ 12, because
three mice were killed earlier for immunohistochemical studies)
compared with littermate SOD1G93A! mice (119.3 ( 2.6, n $ 14;
Fig. 8D,E). We also examined the number of motor neurons in the
spinal cord of SOD1G93A! dnSNARE! tTA! mice during early
disease stage (P90–P100) by NeuN staining. Although ChAT is a
selective motor neuron marker, we found inconsistent ChAT im-
munostaining results, even after tested and optimized ChAT immu-
nostaining with several antibodies. In contrast, NeuN staining
consistently gave a clear labeling of all the spinal neurons. To over-
come the ChAT staining inconsistency, we identified motor neurons
based on both NeuN immunostaining and neuronal size, using a
macro function in the NIH Image J program, and validated this
approach with ChAT immunostaining. As shown in the example in
Figure 8F, ChAT! neurons are highly overlaid with motor neurons
identified based on the size-filtered image derived from the NeuN
immunostaining. Based on this validation, we are confident that our
analysis quantifies primarily motor neurons. Representative images
of NeuN staining and size-filtered images from each genotype are
shown in Figure 8G. Subsequent quantification found a significantly
higher number of motor neurons in the ventral horn of the spinal
cord of SOD1G93A! dnSNARE! tTA! mice compared with
SOD1G93A! mice (p $ 0.011, 18–24 sections from 3 mice per
group; Fig. 8H).

We continued to monitor disease progression and survival of
SOD1G93A! dnSNARE! tTA! mice. All SOD1G93A! mice
were killed when mice reached end stage, as defined by the de-
layed (30 s) righting reflex test (Solomon et al., 2011). The rate of
disease progression (time from early onset to end stage) was not
significantly different in the SOD1G93A! dnSNARE! tTA!

mice compared with SOD1G93A! mice (Fig. 9A,B). The late
disease progression phase (between late-onset to end stage) was
accelerated slightly, but not significantly, in SOD1G93A! dn-
SNARE! tTA! mice (Fig. 9C). The overall survival in
SOD1G93A! dnSNARE! tTA! and SOD1G93A! mice was not
significantly different (Fig. 9D,E). At end stage, a similar loss of
spinal motor neurons was found in SOD1G93A! dnSNARE!

tTA! and SOD1G93A! mice (Fig. 9F). These results show that
selective inhibition of exocytosis in SOD1G93A! astrocytes, de-
spite not having a protective effect on disease progression and
survival in SOD1G93A! mice, is able to delay disease onset, pro-
viding the first in vivo evidence that astrocyte exocytosis contrib-
utes to the pathogenesis of ALS.

Discussion
Although astrocytes derived from the mouse SOD1 mutant
model of ALS or from human familial or sporadic ALS patient
brain tissue directly induce motor neuron cell death in culture
(Di Giorgio et al., 2007; Nagai et al., 2007; Marchetto et al., 2008;
Haidet-Phillips et al., 2011), the mechanisms of pathological as-
troglial secretion remain unclear. Our current study character-
ized the molecular mechanisms responsible for calcium
dysregulation in mutant SOD1G93A astrocytes. We found that
oxidative stress induces S-glutathionylation of the ER resident
calcium sensor STIM1 protein and causes enhanced SOCE and
ER calcium overload, which leads to excess ER calcium release
and altered secretion from SOD1G93A astrocytes. By using ge-
netic tools that selectively inhibit astroglial exocytosis, we further
demonstrated that SNARE-dependent exocytosis in astrocytes
significantly contributes to SOD1G93A! astrocyte-mediated
toxicity to motor neurons in culture and in vivo. These results
represent the initial steps in the characterization of the biochem-

ical and molecular basis of abnormal cell secretion in ALS astro-
cytes and provide the first in vivo evidence that astrocyte
exocytosis contributes to the pathogenesis of SOD1G93A model
of ALS.

Intracellular calcium homeostasis is finely regulated at multi-
ple levels in astrocytes. In particular, depletion of the ER calcium
store activates the SOCE mechanism through the coordinated
interaction of the ER calcium sensor STIM1 protein and plasma
membrane calcium channel protein Orai1 (Smyth et al., 2008,
2010; Parpura et al., 2011). Our current results suggest that the
mechanisms underlining aberrant ER calcium filling in mutant
SOD1G93A! astrocytes involve enhanced S-glutathionylation of
STIM1. S-glutathionylation is a reversible posttranslational mod-
ification in response to oxidative stress, which protects proteins
from permanent oxidative damage. S-glutathionylation has been
observed widely in a number of pathological conditions affecting
different tissues, such as diabetes, cancer, and cardiovascular and
neurodegenerative diseases (for review, see Mieyal et al., 2008).
Previous studies have shown that mutant SOD1 causes oxidative
stress in astrocytes (Cassina et al., 2008), and SOD1G93A! mice
have increased protein glutathionylation in the spinal cord (Poon
et al., 2005). Here, we found increased STIM1 glutathionylation
in SOD1G93A! astrocytes. Because STIM1 glutathionylation in
the ER intraluminal domain was shown to induce its interaction
with plasma membrane Orai1 in a calcium-independent manner
and result in constitutive calcium entry (Hawkins et al., 2010),
STIM1 glutathionylation may underlie constitutively active cal-
cium entry and ER calcium overload in SOD1G93A! astrocytes.
This dysregulation of calcium entry results in abnormally ele-
vated cytosolic calcium levels in SOD1G93A! astrocytes during
release of ER calcium.

Enhanced STIM1 glutathionylation likely results from the ox-
idative environment of the ER, in which H2O2 is constantly pro-
duced as a byproduct of protein folding. In addition, although the
GSH/GSSG ratio is above 10:1 in the cytosol, this ratio is in the
range of 1:1 or 3:1 in the ER as a result of the preferential export of
GSH (not GSSG) out of the ER lumen (Hwang et al., 1992).
Importantly, potential mutant SOD1 protein misfolding and ag-
gregation also alter ER redox state and increase peroxide produc-
tion, which is known to rapidly oxidize GSH into GSSG. Several
other sources of oxidative stress have been implicated in mutant
SOD1 model of ALS, including NADPH oxidase (Wu et al.,
2006); (Marden et al., 2007) and inducible nitric oxide synthase
(Cassina et al., 2002, 2008). The exact sources for the oxidative
modification of the STIM1 protein remain to be investigated.
There are several different chemical reactions leading to protein
S-glutathionylation, including thionylation and S-nitrosylation,
depending on the donor of the GSH that modifies the cysteines
involved. Here, we showed that BHA, a general antioxidant that
increases GSH content, decreased SOD1G93A! astrocyte toxicity to
motor neurons (Fig. 6H). Characterization of the exact chemical
mechanisms of STIM1 glutathionylation in SOD1G93A! astrocytes
will provide more selective targets for pharmacological intervention.

Elevation of intracellular cytosolic calcium levels is critical in
mediating important astrocyte functions in the CNS. Although
the exact mechanisms are still under investigation (Agulhon et
al., 2008), a number of studies have shown that calcium-
dependent exocytotic release of active factors is a potential major
mechanism for astrocytes to modulate synaptic functions
(Bowser and Khakh, 2007; Jourdain et al., 2007; Liu et al., 2011;
Zorec et al., 2012). Exocytotic release of glutamate and ATP has
also been implicated in mouse models of ischemic injury (Hines
and Haydon, 2013), Alzheimer’s disease (Rossi et al., 2005), and
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major depression (Cao et al., 2013). Our results showing in-
creased ATP release and delayed FM1-43 dye release kinetics sug-
gest that exocytosis is altered in SOD1G93A! astrocytes. By
selectively inhibiting exocytosis from SOD1G93A! astrocytes,
we showed that SNARE-dependent exocytosis significantly con-
tributes to SOD1G93A astrocyte-dependent toxicity to motor
neurons. Interestingly, selective inhibition of basal astroglial ex-
ocytosis in dnSNARE! tTA! mice does not induce motor neu-
ron cell death in culture and has no effect on grip strength or
other motor neuron-associated phenotypes in vivo (data not
shown). This indicates that inhibition of basal exocytosis in WT
astrocytes does not affect survival of motor neurons or cause
motor neuron-associated phenotypes. In addition, the identity of
astrocyte-dependent toxic factors remains elusive, despite the
general agreement that these toxic factors are soluble and secreted
from astrocytes (Di Giorgio et al., 2007; Nagai et al., 2007). Be-
cause the selective inhibition of astrocyte exocytosis using the
dnSNARE mice significantly prevents SOD1G93A astrocyte-
dependent motor neuron cell death, our results may potentially
provide new clues to identify these secreted toxic factors from
SOD1G93A! astrocytes.

Although we observed significantly delayed disease onset in
SOD1G93A! dnSNARE! tTA! mice, we found no significant
difference in overall disease progression. The SOD1G93A mice
are considered a fast progressing ALS mouse model, typically
with a 30 – 60 d disease progression period, depending on the
mouse genetic background. Therefore, it is likely that the rela-
tively fast disease progression dampened the protective effect of
selective inhibition of the astroglial exocytosis on progression
once the mice approached disease end stage. In addition, al-
though SNARE-dependent exocytosis represents one of the ma-
jor secretory pathways in astrocytes, other secretion mechanisms,
including TREK-1 and bestrophin channels (Woo et al., 2012),
volume-regulated anion channels (Kimelberg et al., 2006), con-
nexin hemichannels (Cotrina et al., 1998), and pannexon chan-
nels (Garré et al., 2010), may also contribute to SOD1G93A!

astrocyte toxicity in ALS. Moreover, secretion of inflammatory
factors from microglia could become more dominant as the dis-
ease progresses toward end stage (Ilieva et al., 2009). Therefore,
the protective effect of selective inhibition of astroglial exocytosis
on disease phenotypes in the SOD1G93A model may become less
evident as the disease progresses.

In summary, we characterized a mechanism for abnormal
calcium signaling in SOD1G93A! astrocytes and found that
astrocyte exocytosis significantly contributes to SOD1G93A
astrocyte-dependent toxicity to motor neurons. These results
provide new mechanistic insights in the alterations of astrocytes
that contribute to the pathogenesis of ALS.
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