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Mutations in the Cu/Zn-superoxide dismutase (SOD-1) gene
are responsible for a subset of familial cases of amyotrophic
lateral sclerosis. Using a primary culture model, we have dem-
onstrated that normally nontoxic glutamatergic input, particu-
larly via calcium-permeable AMPA/kainate receptors, is a major
factor in the vulnerability of motor neurons to the toxicity of
SOD-1 mutants. Wild-type and mutant (G41R, G93A, or N139K)
human SOD-1 were expressed in motor neurons of dissociated
cultures of murine spinal cord by intranuclear microinjection of
plasmid expression vector. Both a general antagonist of AMPA/
kainate receptors (CNQX) and a specific antagonist of calcium-
permeable AMPA receptors (joro spider toxin) reduced forma-
tion of SOD-1 proteinaceous aggregates and prevented death
of motor neurons expressing SOD-1 mutants. Partial protection
was obtained by treatment with nifedipine, implicating Ca21

entry through voltage-gated calcium channels as well as glu-
tamate receptors in potentiating the toxicity of mutant SOD-1 in

motor neurons. Dramatic neuroprotection was obtained by co-
expressing the calcium-binding protein calbindin-D28k but not
by increasing intracellular glutathione levels or treatment with
the free radical spin trap agent, N-tert-butyl-a-phenylnitrone.
Thus, generalized oxidative stress could have contributed in
only a minor way to death of motor neurons expressing the
mutant SOD-1. These studies demonstrated that the toxicity of
these mutants is calcium-dependent and provide direct evi-
dence that calcium entry during neurotransmission, coupled
with deficiency of cytosolic calcium-binding proteins, is a major
factor in the preferential vulnerability of motor neurons to
disease.
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Amyotrophic lateral sclerosis (ALS) is an adult-onset disease
involving loss of motor neurons in the cerebral cortex, brainstem,
and spinal cord. Approximately 10% of ALS cases are familial
(FALS), and a subset of these are a result of dominantly inherited
mutations in the gene encoding the enzyme Cu/Zn-superoxide
dismutase (SOD-1) (Rosen et al., 1993). Over 60 different muta-
tions have been identified that are associated with clinical disease
that is phenotypically indistinguishable from sporadic ALS (Pra-
matarova et al., 1994, 1995; De Belleroche et al., 1996; Shaw et al.,
1998). We have created a culture model by expressing human
SOD-1 with mutations found in FALS patients in primary motor
neurons in dissociated cultures of murine spinal cord (Durham et
al., 1997). Expression of individual mutant enzymes is induced by
intranuclear microinjection of plasmid expression vector and re-
sulted in cell death over a period of 2 weeks. As in humans and
transgenic mice, motor neurons in culture were preferentially
vulnerable to mSOD-1 toxicity (i.e., compared with dorsal root
ganglion neurons and hippocampal neurons). In studies described
here, we used our culture model to investigate mechanisms by

which glutamatergic input might contribute to the vulnerability of
motor neurons to mSOD-1 toxicity.

Several studies have supported the importance of excitotoxic
mechanisms in motor neuron diseases. Motor neurons have a
high level of glutamatergic input and are extremely vulnerable to
excitotoxic cell death (Regan and Choi, 1991; Stewart et al., 1991;
Rothstein and Kuncl, 1995). Elevated levels of excitatory amino
acids have been measured in serum and cerebrospinal fluid in
ALS patients (Plaitakis, 1991); glutamate transport is decreased
in brain and spinal cord in ALS (Rothstein et al., 1992), and loss
of the glial glutamate transporter GLT-1 has been implicated in
human patients with sporadic ALS (Rothstein et al., 1995; Aoki
et al., 1998) and in transgenic mice expressing G85R mutant
SOD-1 (mSOD-1) (Bruijn et al., 1997b). Together, these studies
implicate increased glutamate receptor activation, in some cases
as a consequence of impaired glutamate uptake, in motor neuron
death.

Glutamate receptor activation can result in increased intracel-
lular calcium ions and in generation of reactive oxygen species
(Choi, 1994; Dugan and Choi, 1994). That motor neurons are
deficient in both cytosolic calcium-binding proteins and the im-
portant antioxidant, reduced glutathione, could increase their
susceptibility to damage by either mechanism (Ince et al., 1993;
Alexianu et al., 1994; Beiswanger et al., 1995; Elliott and Snider,
1995; Reiner et al., 1995; Junttila et al., 1995). We examined the
involvement of Ca21 influx in mSOD-1 toxicity both by treating
cultures with antagonists of calcium-permeable glutamate recep-
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tor subtypes or L-type voltage-gated calcium channels and by
coexpressing the cytosolic calcium-binding protein, calbindin-
D28k. The contribution of generalized free radical generation
was tested by increasing intracellular glutathione (GSH) levels
using glutathione ethyl ester or by treatment with the free radical
binding agent N-tert-butyl-a-phenylnitrone (PBN). Our results
implicate Ca21 entry during glutamatergic neurotransmission as
a major mechanism contributing to the toxicity of SOD-1 mutants
in motor neurons.

MATERIALS AND METHODS
Tissue culture
Primary cultures of dissociated spinal cord (along with dorsal root
ganglia) were prepared from embryonic day 13 (E13) CD1 mouse em-
bryos. After dissociation in trypsin, cells were plated at a density of
200,000 per well in four-well Nunclon culture dishes containing round
glass 13 mm coverslips (Fisher Scientific, Montreal, Quebec, Canada)
coated with poly-D-lysine (Sigma, St. Louis, MO) plus Matrigel basement
membrane matrix (Collaborative Research, Bedford, MA). The culture
medium was minimum essential medium enriched with 5 gm/l glucose
(EMEM) and supplemented with 2% horse serum, 10 mg/ml bovine
serum albumin, 26 hg/ml selenium, 20 mg/ml triiodothyronine, 10 mg/ml
insulin, 200 mg/ml transferrin, 32 mg/ml putrescine, 9.1 ng/ml hydrocor-
tisone, 13 ng/ml progesterone, and 10 ng/ml nerve growth factor. Tri-
iodothyronine was purchased from Calbiochem (San Diego, CA); all
other growth factors and hormones were purchased from Sigma. On days
4–6, cultures were treated with 1.4 mg/ml cytosine-b-D-arabinoside (Cal-
biochem) to minimize growth of non-neuronal cells. The cultures were
maintained at 37°C in 5% CO2.

Identification of motor neurons
Cultures were used in experiments 4–7 weeks after dissociation. At this
age in vitro, motor neurons can be distinguished from other types of
neurons and glia in the cultures because they have developed to resemble
their counterparts in intact spinal cord, both morphologically and by
expression of biological markers. They have much larger cell bodies (.20
mm in diameter) relative to other spinal neurons and large, tapering,
highly branched dendrites with a fibrillar appearance (Fig. 1 A). The
fibrillar appearance is caused by the high content of neurofilaments that
are labeled by antibodies to neurofilament proteins such as SMI32 (Fig.
1C). That these neurons are motor neurons has been validated in studies
showing that they express properties of motor neurons in situ; i.e., by
intracellular recording of trains of action potentials (Ransom et al., 1977;
Kohn et al., 1995) and by immunocytochemical demonstration of choline
acetyltransferase (Carriedo et al., 1996), calcitonin gene-related peptide
(Carriedo et al., 1996), glutamate receptors (H. Durham and S. Minotti,
unpublished results), and an extensive network of neurofilaments extend-
ing into dendrites (Durham, 1992). The sensitivity of these neurons to
glutamate excitotoxicity has been shown in several studies (Regan and
Choi, 1991; Stewart et al., 1991; Regan, 1996; Carriedo et al., 1996; this
study). Also, separate culture of ventral and dorsal spinal cord has
demonstrated that the large SMI32-positive neurons originate from the
ventral cord, further supporting their motoneuronal identity (Carriedo
et al., 1996).

Motor neurons are readily distinguishable from large sensory DRG
neurons in culture that also retain the morphology characteristic of these
neurons in spinal ganglia; they have large, rounded cell bodies and axonal
processes, but lack dendrites (Fig. 1 B, C).

Expression vectors
FALS-associated point mutations [Gly 413Arg (G41R), Gly 933Ala
(G93A), Asn 1393Lys (N139K)] were introduced by site-specific mu-
tagenesis in the wild-type human SOD-1 cDNA (wtSOD-1), and cDNAs
were cloned into the expression vector pCEP4 under control of the CMV
promoter (pwtSOD-1, pG93A, pG41R, pN139K ) (Durham et al., 1997).

Calbindin-D28k was cloned from 4 week-old mouse cerebellar RNA.
Total RNA was isolated using Tri-Reagent (Molecular Research Cen-
ter). Reverse transcription was performed using SuperScript II RNase
H-Reverse Transcriptase. PCR was performed using 10 pm of both sense
and antisense primers, 5 U of Taq DNA polymerase with proofreading
activity (Sigma); and otherwise standard conditions for 35 cycles: 94°C
for 30 sec; 55°C for 30 sec; and 72°C for 3 min. (Primer sequences:

CAGGGGTACCTCCGCGCACTCTCAAACT and GCGGGGATC-
CAGTACAATTGAGTTTAATC.) After purification of the PCR prod-
uct, the calbindin-D28k cDNA and pCEP4 expression vector (Invitrogen,
San Diego, CA) were both double digested with BamHI and KpnI (Life
Technologies, Gaithersburg, MD). After ligation, 5 ml of the ligation mix
was used to transform Top 10 competent cells. Colonies were screened
using standard minipreps. Several inserts were purified and completely
sequenced at the University of Rochester automated sequencing facility.

To verify expression of the calbindin-D28k protein, PC12 cells were
transfected and subsequently selected by addition of hygromycin to the
media (200 mg/ml). We observed strong immunostaining for calbindin-
D28k in stably transfected cells (data not shown) and in motor neurons
microinjected with expression vector (see Fig. 5A). Persistent expression
in motor neurons over 2 weeks without cytotoxicity was obtained with
microinjection of 30 mg/ml pcalbindin-D28k.

Microinjection
Expression vectors (in tris-EDTA) were microinjected into the nuclei of
motor neurons; 70 kDa dextran-FITC (Molecular Probes, Eugene, OR;
15 mg/ml) was included in the injectate as a marker of injected cells
(Durham et al., 1997). The concentration of each expression vector
resulting in expression of detectable protein by immunolabeling in .90%
of injected cells was determined in preliminary studies. All SOD-1
constructs (mutant and wild-type) were injected at 200 mg/ml (Durham
et al., 1997).

Evaluation of toxicity
Viability was assessed microscopically each day by counting the number
of motor neurons containing the marker. The number of neurons was
normalized to the number present on day 1 after microinjection to
exclude any neurons dying from the injection procedure (Durham et al.,
1997). Of ;40–70 injected, 15–40 motor neurons per coverslip survived
the injection (Durham et al., 1997). At the end of the experiment,
expression of transgenic protein in remaining neurons was verified by
immunolabeling. Formation of cytoplasmic aggregates reactive with an-
tibody to human SOD-1 is consistently observed in motor neurons
expressing several different mutants, but not wild-type SOD-1 (Durham
et al., 1997). To determine the percentage of motor neurons in which
mutant SOD-1 was incorporated into aggregates, cultures were fixed on
the specified day after microinjection and labeled with mouse monoclo-
nal antibody specific for human SOD-1 (see below). Labeled motor
neurons were counted under visualization by epifluorescence micros-
copy, and the distribution was categorized as diffuse or aggregated (i.e.,
the majority of immunoreactive protein in the cell body was in
aggregates).

Statistics
Data were analyzed by Student’s t test, with statistical significance
established at p , 0.05 (unpaired, two-tailed).

Immunocytochemistry
Cultures were fixed for 10 min in 3% paraformaldehyde in PBS, pH 7.2,
and permeabilized in 0.5% Nonidet-P40 for 1 min, followed by an
additional 2 min in paraformaldehyde and blocking in 3% skim milk.
Transgenic human SOD-1 protein was visualized by immunolabeling
with mouse antibody specific to human SOD-1 (S2147, clone SD-G6;
Sigma). Sheep polyclonal anti-SOD1 from the Binding Site (Birming-
ham, UK) was used when cultures were double-labeled with monoclonal
antibody to calbindin-D28k (Sigma, clone CL-300). Secondary antibodies
(anti-sheep IgG-FITC, anti-mouse IgG-Texas Red) were from Jackson
ImmunoResearch (West Grove, PA). To label with SMI32 antibody to
neurofilament proteins (Sternberger Monoclonals, Baltimore MD; di-
luted 1:2000), cultures were fixed in methanol for 4 min, then acetone for
2 min, both at 220°C. Antibody labeling was visualized using the ABC
kit (Vector Laboratories, Burlingame, CA) with diaminobenzidine as
substrate.

Exposure to pharmacological agents
Various blocking agents were added to the culture medium ;5 hr after
microinjection and maintained throughout the experiment, with replen-
ishment every 3 d, unless otherwise indicated.
Glutamate receptor blockers. Kynurenic acid (nonspecific ionotropic glu-
tamate receptor blocker; Sigma); D-2-amino-5-phosphonovaleric acid
(APV; NMDA receptor blocker; Sigma); 6-cyano-7-nitroquinoxaline-
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2,3-dione disodium (CNQX; AMPA/kainate receptor blocker; Research
Biochemicals, Natick, MA); and synthetic joro spider toxin (JSTX-3;
blocker of inward rectifying, Ca 21-permeable AMPA receptors that lack
the GluR2 subunit; Research Biochemicals) were used as glutamate
receptor blockers.

L-type voltage-gated calcium channel blocker. Nifedipine (Sigma) was
diluted 1:2000 in culture medium from a stock in dimethylsulfoxide
(DMSO) to give a final concentration of 1 mM. Higher concentrations
were toxic to the cultures after 3 d exposure. Control cultures were
treated with an equivalent concentration of DMSO (0.05%).

Free radical scavengers. Glutathione ethyl ester (Sigma) and PBN
(Sigma) were used as free radical scavengers.

Controls to demonstrate effectiveness of various blocking agents
Effective concentrations of blocking agents were obtained from the
literature; the ability of specific agents to prevent toxicity of glutamate
receptor agonists or superoxide, generated by the redox cycling com-

pound paraquat, were tested as follows. Motor neurons were microin-
jected with the dextran-FITC marker. The following day, marked cells
were counted and antagonist was added to the culture medium. Five
hours later, 50 mM glutamic acid (Sigma), 5 mM AMPA (ICN Biochemi-
cals, Montréal, Québec, Canada), or 25 mM paraquat (Sigma) was added
to the culture medium. Surviving dextran-FITC-injected motor neurons
were counted after an additional 24 or 48 hr. To evaluate the protective
effect of calbindin-D28k, agonists were added to the culture medium 24
hr after microinjection of expression vector plus dextran-FITC into
motor neuronal nuclei.

Qualitative analysis of reduced GSH
GSH levels were estimated using the fluorescent probe, Cell Tracker
Green (chloromethylfluorescein diacetate, Molecular Probes), a
membrane-permeant, thiol-reactive compound that reacts with GSH to
form a membrane-impermeant GSH-fluorescent dye adduct. Although
such probes may also react with protein thiols, 95% of the adducts should

Figure 1. Phase-contrast micrographs of a motor neuron (A) and DRG sensory neurons (B) in living spinal cord–DRG cultures. C, Lower magnification
view of spinal cord–DRG culture 4 weeks in vitro labeled with antibody SMI32 against neurofilament proteins. Arrowhead points to cell identified as a
motor neuron (see Materials and Methods). Also visible are small spinal neurons and larger DRG neurons. Scale bars, 20 mm. D–F, Distribution of
wild-type human SOD-1 (D) and G93A mutant SOD-1 (E, F ) in motor neurons after intranuclear microinjection of plasmid expression vector (200
mg/ml). Three days after microinjection, cells were immunolabeled with antibody specific to human SOD-1 (Sigma) followed by anti-mouse IgG-Texas
red. Two general patterns of mSOD-1 distribution are observed: diffuse distribution of mSOD-1 throughout the motor neuron similar to that observed
with wild-type human SOD-1 (E) and localization in punctate aggregates (F). Scale bar, 20 mm.
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be with GSH (Molecular Probes). Cultures were loaded with a 5 mM
concentration of this procompound for 15 min in the incubator. The
medium was exchanged, and the cultures were incubated for an addi-
tional 30 min. Cultures were then washed twice with PBS and fixed in 3%
paraformaldehyde in PBS for 15 min. Cell Tracker Green was visualized
by epifluorescence microscopy using filters for fluorescein.

RESULTS
Blockade of AMPA/kainate receptors prevents death
of motor neurons expressing mutant SOD-1
As in previous studies with our model system (Durham et al.,
1997), expression of human SOD-1 with the G93A mutation was
lethal to cultured motor neurons compared with expression of
wtSOD-1 (Fig. 2A). Viability of motor neurons microinjected
with pwtSOD-1 expression vector was not significantly different
from those injected with “empty” pCEP4 (Fig. 2B). To determine
whether activation of particular subtypes of ionotropic glutamate
receptor subtypes contributes to the toxicity of mutant SOD-1 in
motor neurons, cultures were treated with the following blocking
agents beginning 5 hr after microinjection of wtSOD-1 or G93A
expression vector: kynurenic acid (antagonist of both NMDA and
non-NMDA ionotropic glutamate receptors), CNQX (AMPA/
kainate receptor antagonist), or APV (NMDA receptor antago-
nist). Treatment of cultures with the broad spectrum antagonist
kynurenic acid completely prevented the loss of viability caused
by G93A expression over the 12 d observation period. Similar
neuroprotection was observed by treatment with CNQX, but not
APV (Fig. 2A). Thus, the neuroprotection exerted by kynurenic
acid on G93A-induced death of motor neurons must have been
mediated predominantly through blockade of AMPA/kainate
receptors. Similar results were obtained in motor neurons ex-
pressing two other SOD-1 mutants, N139K or G41R (Fig. 2C,D).

In the absence of mSOD-1 expression, the level of activation of
glutamate receptors on motor neurons did not affect viability.
Receptor antagonists had no effect on the normal attrition of
neurons from the culture over the period of observation [i.e.,
viability of motor neurons injected with pCEP4 (empty vector) or
with pwtSOD-1 was neither increased nor decreased by treatment
with kynurenic acid or by a combination of CNQX and APV
(Fig. 2B)].

Formation of SOD-1 aggregates is reduced by
ionotropic glutamate receptor antagonists
In previous studies (Durham et al., 1997), an abnormal distribu-
tion of mSOD-1 proteins in punctate or globular cytoplasmic
aggregates was observed in motor neurons expressing SOD-1
with the G93A mutation as well as several other mutations
(G37R, G41R, G93C, I113T, and N139K). At various times
during the first week after microinjection of G93A expression
vector, immunocytochemistry with antibody specific to human
SOD-1 revealed that the mutant SOD-1 was present in small
punctate aggregates in one-quarter to one-half of the mSOD1-
expressing motor neurons remaining at each time of observation
(Fig. 1F). This was in contrast to the diffuse distribution (Fig. 1E)
that always was observed with wild-type transgenic human SOD-1
(Fig. 1D). Formation of mSOD-1 aggregates was linked to apo-
ptotic cell death because all neurons with aggregates were
TUNEL-positive by day 5 after microinjection, and TUNEL
labeling/chromatin condensation were only observed in motor
neurons with aggregates (Durham et al., 1997). Similar aggrega-
tion of G93A SOD-1 was observed in the present study. By 3 d
after microinjection of expression vector, G93A SOD-1 was ag-

gregated in 28% of expressing motor neurons, and at 5 d this
percentage was increased to 46% (Table 1).

Because blockade of AMPA/kainate receptors had dramati-
cally reduced loss of viability induced by SOD-1 mutants, we
tested the effectiveness of various ionotropic glutamate receptors
in preventing formation of aggregates, a prelethal endpoint of
toxicity. All three ionotropic glutamate receptor blockers
(kynurenic acid, APV, and CNQX) significantly reduced the
percentage of motor neurons containing cytoplasmic anti-SOD-
1-immunoreactive aggregates at 3 d after microinjection (Table
1). These results indicated that activation of either non-NMDA
or NMDA ionotropic glutamate receptor activation could pro-
mote mSOD-1 aggregation; however, protection by APV was
short-lived compared with CNQX; i.e., on day 5 after microin-
jection, the treatment with APV made no difference to the per-
centage of G93A-expressing motor neurons with aggregates (Ta-
ble 1). Thus, AMPA/kainate receptor blockade dramatically
reduced two endpoints of G93A toxicity in motor neurons, for-
mation of mSOD-1 aggregates, and cell death. That the delay of
aggregate formation by APV was so transient is consistent with
the inability of this compound to protect against motor neuron
death.

Joro spider toxin, an inhibitor of Ca21-permeable
AMPA receptors, reduces G93A toxicity in
motor neurons
Because many classes of neurons that receive glutamatergic input
are resistant to the toxicity of mSOD-1, the preferential vulner-
ability of motor neurons may result from a differential expression
of specific glutamate receptor subtypes (Tölle et al., 1993; Ja-
kowec et al., 1995; Carriedo et al., 1996; Regan, 1996; Tomiyama
et al., 1996; Williams et al., 1997). AMPA/low-affinity kainate
receptors mediate fast neurotransmission to motor neurons and
are formed by homo-oligomeric or hetero-oligomeric assembly of
subunits termed GluR1–4 (for review, see Tölle et al., 1993;
Hollmann and Heinemann, 1994; Seeburg, 1996). The conduc-
tance properties of AMPA receptor channels vary with the sub-
unit composition of the receptor; those channels that lack the
Q/R-edited GluR2 subunit are permeable to Ca 21 and exhibit an
inwardly rectifying current–voltage relationship (for review, see
Hollmann and Heinemann, 1994; Seeburg, 1996). Although mu-
rine motor neurons do express GluR2 (Morrison et al., 1998),
there is physiological evidence that a population of Ca21-
permeable AMPA/kainate receptors is present on motor neurons
(Carriedo et al., 1996; Regan, 1996). We used JSTX-3, which
selectively blocks inwardly rectifying and Ca21-permeable
AMPA receptors in a use- and voltage-dependent manner
(Blaschke et al., 1993; Iino et al., 1996), to determine whether
excitation of Ca21-permeable AMPA receptors potentiated the
toxicity of mSOD-1. JSTX-3 [0.5 mM, the IC90 (Blaschke et al.,
1993)] preserved viability of motor neurons expressing G93A
mSOD-1 (Fig. 3B) and reduced formation of aggregates (Fig. 3C),
indicating that activation of such receptors was largely responsi-
ble for potentiating G93A mSOD-1 toxicity in these cells. JSTX-3
also prevented motor neuron death induced by the agonist,
AMPA (5 mM), although not quite as effectively as 5 mM CNQX
(Fig. 3A). Under the experimental conditions, AMPA toxicity
was caused by selective activation of AMPA receptors; experi-
ments were performed in the presence of APV, to exclude
NMDA receptor activation, and the concentration of AMPA
used does not induce current flow through kainate receptors,
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Figure 2. A, Motor neuron death induced by mSOD-1 expression was prevented by blockade of non-NMDA ionotropic glutamate receptors but not
NMDA receptors. Motor neurons were microinjected with pwtSOD-1 or pG93A (200 mg/ml) plus the fluorescent marker, 70 kDa dextran-FITC. Survival
of injected neurons was evaluated at days 1, 3, 6, 9, and 12 after injection by counting cells containing the marker. Experiments were conducted in the
presence and absence of kynurenic acid (antagonist of both NMDA and non-NMDA ionotropic receptors; 1 mM), CNQX (non-NMDA ionotropic
receptor blocker; 5 mM), or APV (NMDA receptor antagonist; 100 mM). For additional details, see Materials and Methods. B, Blockers of ionotropic
glutamate receptors were neither generally neuroprotective nor toxic to motor neurons in culture. Motor neurons were microinjected with pCEP4 vector
or pwtSOD-1 alone plus dextran-FITC. The usual attrition of cells normally observed in cultures of this age was not affected by kynurenic acid (1 mM)
or by a combination of CNQX and APV. C, D, CNQX also protected motor neurons from death induced by different human SOD-1 mutants (200 mg/ml)
pN139K (C) or pG41R (D). Shown are means 6 SD of results from four to seven different cultures; *significant reduction of cell death; Student’s t test
(unpaired, two-tailed; p , 0.05).
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which also can carry calcium current (Egebjerg et al., 1991;
Sommer et al., 1992).

Inhibition of L-type voltage-gated calcium channels
partially prevents toxicity of mutant SOD-1
In addition to entry of Ca21 through glutamate receptor chan-
nels, calcium also can enter through voltage-gated calcium chan-
nels (VGCC), particularly L-type channels that are activated
after depolarization of the postsynaptic membrane, but have
minimal effects on neurotransmitter release in motor neurons (for
review, see Krieger et al., 1994; Ghosh and Greenberg, 1995).
Treatment of cultures with nifedipine (1 mM), an antagonist of
L-type VGCC, delayed the death of motor neurons expressing
mutant SOD-1 (Fig. 4), although this antagonist was not as
effective as AMPA receptor blockade.

Coexpression of calbindin-D28k prevents toxicity of
mutant SOD-1 in motor neurons
The vulnerability of motor neurons resulting from Ca21 influx
may be compounded by their low native levels of calcium-binding
proteins (CaBP) such as calbindin, parvalbumin, calretinin, and
neurocalcin (Ince et al., 1993; Alexianu et al., 1994; Elliott and
Snider, 1995; Junttila et al., 1995; Reiner et al., 1995). If this is the
case, increasing expression of a cytosolic CaBP should be protec-
tive. Neither motor neurons injected with pCEP4 (Fig. 5A, middle
and bottom panels) nor uninjected motor neurons (data not
shown) were labeled by antibody to calbindin, confirming that
expression of this CaBP is as low in our model as it is in motor
neurons of intact spinal cord. Strong immunolabeling by anti-
calbindin was observed after microinjection of 30 mg/ml expres-
sion vector encoding calbindin-D28k (Fig. 5A, top panel). Coex-
pression of pcalbindin-D28k with the G93A expression vector was
markedly protective; viability of motor neurons was indistinguish-
able from controls (Fig. 5B), and the formation of SOD-1 aggre-
gates was substantially reduced (Fig. 5C).

Calbindin protected motor neurons from exogenous glutamate,
as previously reported for hippocampal neurons (Mattson et al.,
1991), and from the redox cycling compound paraquat, indicating
that calbindin can protect neurons from a variety of toxic insults
by improving the ability of the cell to regulate intracellular
calcium (Fig. 5D). That calbindin rescued motor neurons from

Table 1. Ionotropic glutamate receptor antagonists reduce the
formation of mSOD-1 aggregates

Treatment of
pG93A-microinjected
motor neurons

% motor neurons with mSOD-1 aggre-
gates (change relative to G93A alone)

Day 3 after
injection

Day 5 after
injection

28 6 8 46 6 6
Kynurenic acid (1 0mM) 11 6 3* (261%) ND
APV (0.1 mM) 17 6 5* (239%) 41 6 10 (211%)
CNQX (5 mM) 15 6 8* (245%) 20 6 7* (256%)

cDNA encoding the mutant human SOD-1, G93A, was expressed in motor neurons
in primary cultures of murine spinal cord by intranuclear microinjection of plasmid
construct (pCEP4) at 200 mg/ml. On day 3 or day 5 after microinjection, cultures
were labeled with antibody specific for human SOD-1 to visualize the distribution of
mSOD-1 protein. To determine any involvement of glutamate receptor excitation on
formation of SOD-1 aggregates, cultures were treated with kynurenic acid (nonspe-
cific ionotropic glutamate receptor antagonist; 1 mM), APV (NMDA receptor
antagonist; 0.1 mM), or CNQX (AMPA/kainate receptor antagonist; 5 mM). The
percentage of cells in which mSOD-1 aggregates were present was determined and
means 6 SD calculated (5–22 coverslips per treatment group). *Significantly differ-
ent from pG93A alone; p , 0.05. ND, Not determined.

Figure 3. JSTX-3, an inhibitor of Ca 21-permeable AMPA receptors,
prevented motor neuron death induced by both AMPA and the G93A
SOD-1 mutant. A, The day after microinjection of motor neurons with 15
mg/ml dextran-FITC, marked neurons were counted, and the various
glutamate receptor blockers were added to the culture medium (0.1 mM
APV 6 5 mM CNQX or 0.5 mM JSTX-3). Five hours later, cultures were
challenged with 5 mM AMPA. Viability was assessed by counting surviv-
ing marked neurons after an additional 24 hr. B, pG93A (200 mg/ml) was
injected into motor neuronal nuclei along with dextran-FITC, and viabil-
ity was assessed daily. We added 0.5 mM JSTX-3 to the culture medium 5
hr after microinjection and replenished it every 3 d. C, JSTX-3 reduced
formation of aggregates in motor neurons expressing G93A SOD-1. On
day 3, cultures were immunolabeled with antibody specific to human
SOD-1, and the percentage of cells in which most of the immunoreactive
mutant SOD-1 was localized in punctate aggregates was determined.
Shown are means 6 SD for results obtained from three or four cultures
per treatment group; *significant difference in the absence and presence
of JSTX-3, unpaired, two-tailed Student’s t test; p , 0.05.
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massive oxidative stress induced by paraquat affirms the central
role played by calcium in motor neuron death.

Free radical scavengers fail to protect motor neurons
from mutant SOD-1 toxicity
Most cells maintain strongly reducing conditions by the action of
radical scavenging molecules such as GSH and associated en-
zymes. GSH is a tripeptide (glycine–cysteine–glutamic acid) that
serves as a general free radical scavenger in cells as well as being
required for the detoxification of hydrogen peroxide by glutathi-
one peroxidase. Using a vital probe for intracellular free thiols
(Cell Tracker Green), it was demonstrated that motor neurons in
culture do not contain significant reserves of reduced GSH,
relative to glial cells (Fig. 6A,B); this is similar to what is
observed in spinal cord in situ (Beiswanger et al., 1995). Gluta-
thione ethyl ester is a cell membrane-permeant analog of GSH
that has been used to increase intracellular free radical scaveng-
ing ability of cells and to protect neurons from methylmercury
toxicity (Sarafian et al., 1994; Kruman et al., 1997). Exposure to
1 mM glutathione ethyl ester resulted in an obvious increase in
Cell Tracker Green fluorescence in motor neurons (Fig. 6C) and
protected motor neurons from death induced by superoxide,
generated by the redox cycling compound paraquat (Fig. 7A).
Partial protection against glutamate toxicity was also observed,
consistent with a combination of free radical and calcium-
mediated mechanisms of cell death with this excitotoxicant (Fig.
7A). However, inclusion of 1 mM glutathione ethyl ester in the

culture medium had no significant effect on the viability of motor
neurons expressing G93A mSOD-1 (Fig. 7B) or on formation of
mSOD-1 aggregates (Fig. 7C). Cell Tracker Green fluorescence
remained high throughout the experiment indicating that reduced
thiols were not depleted. The membrane-permeant agent PBN
forms stable adducts with transient free radicals, and 50 mM has
been shown to attenuate glutamate toxicity in other neuronal
culture models (Cheng and Sun, 1994; Mattson et al., 1995);
however, this concentration of PBN was ineffective in preventing
motor neuron death induced by G93A mSOD-1 (Fig. 7D).

DISCUSSION
This study provides strong evidence that influx of calcium ions,
particularly through Ca21-permeable AMPA/kainate receptors
and to a lesser extent voltage-gated calcium channels, is a key
mediator in the ability of glutamatergic neurotransmission to
potentiate the toxicity of SOD-1 mutants. JSTX-3, a specific
inhibitor of Ca21-permeable AMPA receptors, (Blaschke et al.,
1993; Iino et al., 1996), was almost as effective as CNQX, a
general AMPA/kainate receptor antagonist, in preventing motor
neuron death induced by G93A mSOD-1 and precipitation of the
mutant protein into aggregates. Because JSTX-3 does not block
calcium-permeable kainate receptors, our experiments do not
exclude their contribution to mSOD-1 toxicity; however, the
almost complete rescue of motor neurons from cell death after
treatment with JSTX-3 suggests that AMPA receptor activation
was the major contributor. Moreover, the results with JSTX-3
confirm that cultured motor neurons express Ca21-permeable
AMPA/low-affinity kainate receptors, implying that a population
of these receptors lack GluR2, the subunit that confers Ca 21-
impermeability to these channels (for review, see Hollmann and
Heinemann, 1994; Seeburg, 1996). Previous studies demonstrated
Ca21 influx after stimulation of cultured motor neurons by kai-
nate (Carriedo et al., 1996; Regan, 1996).

The degree of GluR2 expression in motor neurons has been
controversial (Tölle et al., 1993; Jakowec et al., 1995; Tomiyama
et al., 1996; Temkin et al., 1997; Williams et al., 1997); however,
in a recent study using a monoclonal antibody to GluR2, protein
was detected in murine spinal motor neurons and observed at
synaptic densities (Morrison et al., 1998). Our studies in spinal
cord cultures using this antibody are consistent with this finding;
GluR2 was detected at a population of motor neuron dendritic
synapses, but with a more restricted distribution compared with
GluR4 (Durham and Minotti, unpublished data).

Increased intracellular Ca21 might also result from activation
of NMDA receptors or VGCC or by release from intracellular
stores. A minor role for NMDA receptor activation in mSOD-1
toxicity is indicated by the transient reduction in formation of
mSOD-1 aggregates, but this was too short-lived to preserve
viability significantly. In contrast, nifedipine significantly delayed
death of motor neurons expressing G93A mSOD-1, implicating
influx of Ca21 through VGCC.

By what mechanisms could calcium potentiate the toxicity of
mutant SOD-1 in motor neurons? One possibility is that handling
of calcium is compromised as a consequence of sublethal
mSOD-1 toxicity, and motor neurons are not able to cope with
additional Ca21 load resulting from neurotransmission, precipi-
tating cell death. This will be tested in future studies by imaging
of calcium fluxes and concentrations in intracellular compart-
ments. Mitochondria are important regulators of intracellular
free Ca21 concentration, and there is evidence of mitochondrial
damage in some lines of transgenic mice and SH-SY5Y cells

Figure 4. Blockade of voltage-gated calcium channels by nifedipine (1
mM) delayed loss of viability of motor neurons expressing mutant SOD-1.
pG93A (200 mg/ml) was injected into motor neuronal nuclei along with
dextran-FITC, and viability was assessed daily. Shown are means 6 SD
for results obtained from four cultures per treatment group; *significant
difference between G93A SOD-1 alone and G93A SOD-1 plus nifedipine,
unpaired, two-tailed Student’s t test; p , 0.05.
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expressing G93A mSOD-1 (Gurney et al., 1994; Carri et al., 1997;
Kong and Xu, 1998). Release of calcium from mitochondrial
stores was measured in G93A-expressing SH-SY5Y cells, but
whether this occurs early or is a late, nonspecific event remains to
be determined.

The consequences of increased intracellular Ca21 may be
compounded by the low levels of CaBP such as calbindin, parv-
albumin, calretinin, and neurocalcin in motor neurons (Ince et al.,
1993; Alexianu et al., 1994; Elliott and Snider, 1995; Junttila et al.,
1995; Reiner et al., 1995). Because motoneuronal pools that are
preserved in patients with ALS (oculomotor and abducens nu-

clei) do express significant levels of one or more CaBP, it has
been proposed that sparing of these motor neurons is related to
their expression of these Ca21-chelating proteins (Ince et al.,
1993; Alexianu et al., 1994; Elliott and Snider, 1995; Reiner et al.,
1995). If so, increasing CaBP levels in vulnerable motor neurons,
either by gene therapy or pharmacological treatment (Alexianu et
al., 1998), should be protective. Our finding that increasing ex-
pression of calbindin dramatically protected cultured motor neu-
rons from G93A mSOD-1 toxicity supports this hypothesis. Cal-
bindin could protect motor neurons by chelating Ca21 entering
the cell during neurotransmission or calcium that has been re-

Figure 5. Calbindin-D28k protected motor neurons from the toxicity of G93A SOD-1. A, Top panel, Increased level of calbindin-D28k was demonstrated
3 d after microinjection of pcalbindin-D28k (30 mg/ml) by immunolabeling with antibody specific to calbindin-D28k. Middle panel, Motor neuron injected
with control vector pCEP4 was not labeled (phase micrograph of this neuron is presented in bottom panel ). Scale bar, 20 mm. B, C, Motor neuronal nuclei
were injected with pG93A or pwtSOD-1 6 pcalbindin-D28k along with dextran-FITC. B, Coexpression of calbindin-D28k dramatically preserved the
viability of motor neurons expressing mutant SOD-1. C, Coexpression of calbindin-D28k reduced the percentage of motor neurons with aggregated
SOD-1 on day 3 after microinjection by 56%. D, Calbindin-D28k protected motor neurons from death induced by both glutamate and paraquat. See
Materials and Methods for details. Shown are means 6 SD for results obtained from three to six cultures per treatment group; *significant difference
in the absence and presence of pcalbindin-D28k, unpaired, two-tailed Student’s t test; p , 0.05.
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leased from intracellular stores or leaked through the plasma
membrane secondary to free radical damage.

Other studies have suggested that production of damaging free
radicals may be responsible for the toxicity of mSOD-1. In cell
free systems, a number of mutants exhibited altered metal-
binding properties (Carri et al., 1994; Lyons et al., 1996; Crow et
al., 1997; Hart et al., 1998); enhanced peroxidative activity rela-
tive to wild-type enzyme was reported in two studies (Wiedau-
Pazos et al., 1996; Yim et al., 1996), but not in a third (Singh et
al., 1998). In addition, vitamin E slightly delayed onset of symp-
toms in G93A SOD-1 transgenic mice (Gurney et al., 1996); free
radical scavengers reduced the toxicity of V148G mSOD-1 in

PC12 cells (Ghadge et al., 1997); fibroblasts from FALS patients
are more sensitive to free radical-generating agents in culture
(Aguirre et al., 1998); some oxidative DNA damage and in-
creased nitrotyrosine were detected in spinal cord of FALS
patients (Abe et al., 1997) and free, but not protein, nitrotyrosine
was increased in G37R transgenic mice (Bruijn et al., 1997a).
However, generation of hydroxyl radicals was not evident in tissue
from G85R SOD-1 transgenic mice (Bruijn et al., 1997a), and no
significant increase in protein carbonyls was detected in FALS
patients (Bowling et al., 1993; Shaw et al., 1995; Ferrante et al.,
1997). Another source of motor neuron vulnerability that needed
to be considered was the low level of reduced GSH available in
these cells to scavenge free radicals and reactive intermediates.
Depletion of GSH promotes oxidative stress, and increasing GSH
levels protects neuronal cell lines or primary neurons from
oxidant-induced injury (Ratan et al., 1994; Kruman et al., 1997).
However, neither increasing intracellular GSH levels nor treat-
ment with the free radical spin trap agent PBN ameliorated the
effect of G93A mSOD-1 on motor neurons, as assessed by either
loss of viability or formation of cytoplasmic aggregates. These
two cell membrane-permeant scavengers demonstrated effective-
ness in protecting motor neurons from toxicants known to induce
free radical-mediated injury, indicating that generalized produc-
tion of free radicals was not primarily responsible for mSOD1-
mediated motor neuron death.

In contrast to our results in primary motor neurons, free radical
scavengers were more protective than calbindin in PC12 cells
transduced with adenoviral recombinants encoding V148G
mSOD-1 (Ghadge et al., 1997). This discrepancy could reflect
differences in the mechanism of toxicity of different mutants or
could reflect important differences in pathways leading to cell
death in clonal cell lines versus primary motor neurons.

The key properties of mutant SOD-1 molecules that initiate
toxicity remain uncertain. Whether catalysis of free radical gen-
eration at the active site is important is controversial (vide supra),
but could not be assessed in living motor neurons because neither
glutathione ethyl ester (GSHEE) nor PBN would penetrate into
the active site channel of the enzyme as do small, membrane-
impermeant molecules such as DMPO (Wiedau-Pazos et al.,
1996; Yim et al., 1996, 1997). It is possible that local generation of
reactive species could have consequences other than generalized
free radical damage throughout the cell, such as post-translational
modifications to the mutant SOD-1 protein itself or other mole-
cules in the vicinity. In other studies, we demonstrated that
upregulation of stress proteins with chaperoning activity protects
cells from toxicity of SOD-1 mutants (Bruening et al., 1998).
These proteins are important for refolding modified proteins and
targeting them for degradation in proteosomes. Excitation of
neurons by glutamate also stresses chaperoning systems (Rordorf
et al., 1991). The various stresses to which a particular cell type is
subjected relative to the ability of protective mechanisms to
counteract harmful effects will influence the homeostatic mech-
anisms that are disturbed and the relative vulnerability of the cell
to expression of toxic protein. That many pathways are sensitive
to Ca21 reinforces the importance of mechanisms to regulate its
distribution among intracellular compartments.

In ALS, the therapeutic use of drugs that reduce presynaptic
release of glutamate (riluzole, gabapentin) is based on observa-
tions of increased extracellular glutamate and decreased glial
transporter function in spinal cord of ALS patients. In this study,
the mutant proteins were expressed only in motor neurons, not in
astrocytes; therefore, it is unlikely that decreased glial glutamate

Figure 6. Increase in GSH levels in cultured motor neurons by treatment
with glutathione ethyl ester. GSH was visualized using the fluorescent
probe, Cell Tracker Green. A, Untreated cultures. Note minimal fluores-
cence (i.e., reduced GSH) in the two motor neurons indicated by arrows
and in B by phase contrast. C, Culture treated with 1 mM glutathione ethyl
ester in the medium for 3 d showing marked increase in Cell Tracker
Green fluorescence relative to control. Scale bar, 20 mm.
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uptake and increased excitation of receptors contributed to motor
neuron death (although secondary effects on glial cells by mSOD-
1-expressing motor neurons cannot be ruled out entirely). Thus,
in this model, postsynaptic mechanisms mediated potentiation of
mSOD-1 toxicity in motor neurons downstream of glutamate
receptor activation. If these postsynaptic mechanisms are operant
with physiological levels of glutamatergic input to motor neurons
in vivo, therapies that target neurotransmitter release may be of
limited benefit because levels required to significantly protect
motor neurons would also impair neurotransmission and motor
function.

In summary, this study directly demonstrates that excitation of
glutamate receptors on motor neurons, particularly Ca21-
permeable AMPA/kainate receptors, potentiates the toxicity of
SOD-1 mutants by postsynaptic mechanisms. That increasing the
expression of a cytosolic CaBP protein, calbindin, was highly
protective supports the theory that the normally low levels of such
proteins in motor neurons is a highly significant factor in their
vulnerability to destruction in FALS. These results suggest im-
portant new therapeutic strategies for ALS and demonstrate the
central role that dysregulation of calcium homeostasis plays in the
death of motor neurons.

Figure 7. Glutathione ethyl ester failed to protect motor neurons from toxicity of G93A SOD-1. A, 1 mM glutathione ethyl ester (GSH EE) completely
protected motor neurons from death induced by paraquat and provided partial protection against glutamate-induced death. See Materials and Methods
for details. B, pCEP4 or pG93A (200 mg/ml) was injected into motor neuronal nuclei along with dextran-FITC (15 mg/ml). Addition of 1 mM GSH EE,
beginning 5 hr after microinjection, failed to preserve the viability of motor neurons expressing G93A SOD-1 or (C) to alter the percentage of motor
neurons in which most of the immunoreactive mutant SOD-1 was localized in punctate aggregates. D, The free radical spin trap agent, 50 mM PBN failed
to protect motor neurons from death induced by expression of G93A mSOD-1. Shown are means 6 SD for results obtained from four cultures per
treatment group; *significant difference in the presence or absence of GSH EE, unpaired, two-tailed Student’s t test; p , 0.05.
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