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Abstract Excitotoxicity, autoimmunity and free radicals
have been postulated to play arole in the pathomechanism
of amyotrophic lateral sclerosis (ALS), the most frequent
motor neuron disease. Altered calcium homeostasis has
already been demonstrated in Cu/Zn superoxide dismu-
tase transgenic animal's, suggesting arole for free radicals
in the pathogenesis of ALS, and in passive transfer exper-
iments, modeling autoimmunity. These findings also sug-
gested that yet-confined pathogenic insults, associated
with ALS, could trigger the disruption of calcium homeo-
stasis of motor neurons. To test the possibility that exci-
totoxic processes may aso be able to increase calcium
in motor neurons, we applied the glutamate anaogue
pL-homocysteic acid to the spinal cord of ratsin vivo and
analyzed the calcium distribution of the motor neurons
over a 24-h survival period by electron microscopy. Ini-
tialy, an elevated cytoplasmic calcium level, with no
morphological sign of degeneration, was noticed. Later,
increasing calcium accumulation was seen in different
cellular compartments with characteristic features of al-
teration at different survival times. This calcium accumu-
lation in organelles was paralleled by their progressive de-
generation, which culminated in cell death by the end of
the observation time. These findings confirm that in-
creased calcium also plays arole in excitotoxic lesion of
motor neurons, in line with previous studies documenting
the involvement of calcium ions in motor neuronal injury
in other models of the disease as well as elevated calcium
in biopsy samples from ALS patients. We suggest that in-
tracellular calcium might be responsible for the interplay
between the different pathogenic processes resulting in a
uniform clinicopathological picture of the disease.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a heurodegenera-
tive disorder characterized by progressive loss of upper
and lower motor neurons, leading to paralysis, respiratory
failure and death [14]. ALS occurs in both sporadic
(SALS) and familial (fALS) forms, which are clinically
and pathologically similar. Many theories have been pro-
posed to account for the selective degeneration of motor
neuronsin ALS (for review see[17, 33]), including the in-
volvement of autoimmune mechanisms [1], oxidative stress
[28], excitotoxicity [30], and cytoskeletal abnormalities
[12]. Although the cause of the disease is unknown and
there is only limited understanding of the mechanisms of
motor neuron loss, research data have suggested the im-
portance of impaired calcium homeostasis in motor neu-
ron injury. In our previous studies we found increased cal -
cium accumulation in motor nerve terminals of SALS pa-
tients [36]. Experimentally, similar changes were induced
in mice injected with immunoglobulins (1gG) isolated
from sALS patients [8]. Modification of the calcium dis-
tribution within spinal motor neurons was aso docu-
mented in a transgenic mouse model of familial ALS,
based on the G®_ A mutation of the gene encoding
Cu/Zn superoxide dismutase (SOD-1) [38]. Although sev-
era studies have demonstrated the importance of excito-
toxic mechanism in ALS [24, 29, 30, 31], so far no data
are available to show the calcium distribution at subcellu-
lar level in excitatory amino acid-induced motor neuron
degeneration. In the present experiments, ultrastructural
techniques were used to analyze whether changes in the
calcium homeostasis are associated with excitotoxic mo-
tor neuron injury. To evoke degeneration of spinal motor
neurons, rats were injected subdurally with oiL-homocys-
teic acid (DL-HCA), an excitatory amino acid anal ogue of
glutamate, which has been shown to induce severe lesions
in motor neurons over atime scale of several hours [15].



The dterations in the distribution of intracellular calcium
in the spinal motor neurons, paralleling these pathol ogical
changes, were then monitored at various survival intervals
electron microscopically using the oxalate-pyroantimonate-
glutaraldehyde fixation method [3, 4].

Materials and methods
In vivo excitatory amino acid application

Male, 21-day-old CFY rats were used for the experiments. Ani-
mals were anesthetized with intraperitoneal injection of a mixture
of xylazine (12 mg/kg) and ketamine (108 mg/kg). An incision
was made over the lower thoracic and lumbar spine, the paraspinal
muscles were dissected and, to expose the lumbar spinal cord, the
posterior arches of the upper lumbar vertebrae were removed over
two to three segments. Following the posterior laminectomy, 730 pg
DL-HCA was subdurally injected (10 pl 400 MM DL-HCA indis-
tilled water, pH adjusted to 7.4 with NaOH). Immediately after the
injection the skin was sutured and the animals were allowed to re-
cover. Control rats were operated and injected with 10 ul distilled
water (pH adjusted to 7.4) in the same way. All the experiments
were performed in accordance with institutional guidelines for an-
imal experiments and with govermental laws for animal protection
(protocol no. 72/k-6/1999).

Fig.1 A Electron micrograph of a motor neuron from the lumbar
section of spinal cords of 21-day-old untreated control rats dis-
plays no structural ateration and low level of calcium. B At 0-h
survival time the ultrastructural appearance is similar to the con-
trol, i.e., neither morphological changes nor elevated calcium are
seen (m mitochondrion, ER endoplasmic reticulum, G Golgi appa-
ratus). Oxalate-pyroantimonate reaction; bar 0.5 pm

429

Specimen preparation and electron microscopy

Animals were alowed to survive for 1, 3, 6, or 24 h following
DL-HCA injection, and then, under anesthesia, they were transcar-
dially perfused with 3% glutaraldehyde containing 90 mM oxalic
acid adjusted to pH 7.4 with KOH [3, 4]. Ten animals were used at
each survival time. Spinal cords were dissected, cut into segments
and fixed for additional 12 h in the same fixative. Following post-
fixation in 1% osmic acid containing 2% potassium pyroanti-
monate, spina cord samples were dehydrated in graded series of
ethanol, processed through propylene oxide and embedded in Dur-
cupan ACM. Blocks were polymerized for 2 days at 56°C, then
semithin sections with 0.5-pum nominal thickness were cut on a
Sorvall MT 5000 ultramicrotome, stained according to Richardson
[27] and examined under the light microscope (Olympus Vanox T)
to localize large motor neurons. After trimming the blocks to the
ventrolateral motor neuron pool, ultrathin (40-50 nm thick) sec-
tions were cut, mounted on formvar-coated single-hole copper
grids, stained with uranyl acetate [11] and lead citrate [26] and ex-
amined in aZeiss CEM 902 electron filtering microscope. The ap-
plied fixation procedure ensured good structural preservation and
resulted in electron-dense deposits (EDDs) due to the reaction with
tissue calcium. These reaction products were easily discernible un-
der the transmission electron microscope. To guarantee the speci-
ficity of the histochemical procedure, the composition of EDDs
was regularly controlled by electron spectroscopic imaging (ESI)
[2] using the digital image analysis system (IBAS 2.0, Kontron) at-
tached to the microscope. For such analysis, 20- to 30-nm un-
stained sections were prepared, significant calcium distribution
was determined in randomly selected regions of the sections, then
the calcium distribution pattern was correlated with the distribu-
tion of the EDDs. To perform the ESI analysis, individual images
were recorded at x20,000—30,000 by 80 kV accel erating voltage of
the microscope, using a 90-um objective aperture and a 650-pum
spectrometer entrance aperture with a slit width of 8-10 eV. Ele-
ment-specific (at the ionization edge of calcium) and background
image pairs were recorded at energy loss values of 355 eV and
310 eV, respectively. Between 500 and 600 video images were
recorded and averaged for each energy loss value to produce low
noise images for further calculations. Next, the net calcium distri-
bution was determined by subtracting the background image from




Fig.2A,B Electron micrographs of motor neurons from the lum-
bar section of the spinal cord of DL-HCA injected rats at 1-h sur-
vival time after the injection. A Generally, no structural alteration
is seen, but regularly an elevated level of cytoplasmic calcium is
present. B Occasiondly initial signs of degeneration can be ob-
served affecting mainly the ER, which has dilated cisterns and cal-
cium precipitates. The majority of mitochondria are uninfluenced,
with localized calcium accumulation only (DL-HCA br-homo-
cysteic acid, m mitochondrion, arrowhead calcium deposits). Ox-
alate-pyroantimonate reaction; bar 0.5 um

the “edge” image. The significant calcium distribution pattern was
visualized by color-coding the difference image according to the
mean +2.5 SD —mean +6 SD rule. Using this method, pixelsiden-
tifying a significant signal (i.e., significantly above the average)
were colored and retained in the analytical image, while non-sig-
nificant signals were eliminated. To check the correlation of the
true calcium distribution with the pattern of the EDDs, this color-
coded image was finally superimposed onto the black-and-white
fine-structural digital image of the same area, recorded at the car-
bon absorption edge (dE=250 V).

Results

Ultrastructural alterations and the accompanying changes
of the calcium distribution of spinal motor neurons were
analyzed at different time points up to 24 h following
DL-HCA injection. When the animals were killed imme-
diately after the DL-HCA application (0-h survival time),
neither degenerative alterations, nor changes in the cal-
cium distribution (Fig. 1B) compared to the untreated con-
trols (Fig.1A) were seen. Similarly, no ultrastructura
changes were observed following subdural injection of
distilled water, used as the vehicle of DL-HCA in our ex-
periments.
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By 1 h following DL-HCA injection the mgjority of
motor neurons either showed no changes, or only cyto-
plasmic calcium accumulation was present (Fig.2A).
However, in afew casesinitial signs of degeneration were
noticed, with dilatation of cisterns of the endoplasmic
reticulum (ER) and Golgi complex, paralleled with cal-
cium accumulation. In such neurons the majority of mito-
chondria showed normal ultrastructure with spatially re-
stricted calcium uptake only (Fig. 2B).

Generally, a large variance of the reactions of motor
neurons were noticed at each time point following
DL-HCA application. This heterogeneity was most appar-
ent after 3 h survival, when it ranged from a slight eleva-
tion of calcium paralleled with mild or no injury, to aro-
bust calcium increase and definite degeneration. At this
time point, according to their overall appearance, we arbi-
trarily sorted the motor neurons into three groups with
signs of either (1) modest, (2) advanced or (3) profound
degeneration. In the first group (modest injury) morpho-
logical changes were rarely noticed. At most, an increased
calcium accumulation in the cytoplasm was documented
(Fig.3A), compared to controls (Fig.1A), while intracel-
lular organelles did not show elevated levels of calcium.
In the second group (advanced lesion) morphological
changes were significant in the majority of motor neu-
rons. Although all the cytoplasmic organelles were &f-
fected in some way, large variations were observed with
regards to the distinct features of the degeneration and the
actual distribution of intracellular calcium. In some of the
neurons the degeneration involved mainly the ER and the
Golgi apparatus in such a way that they exhibited an in-
creased calcium content (Fig. 3B), while the neighboring
mitochondria displayed calcium content comparable to
controls (cf. Fig. 1A, Fig.3B). In some other motor neu-



Fig.3A-D Electron micrographs of spinal motor neurons from a
DL-HCA-injected rat in different stages of degeneration 3 h fol-
lowing injection. A Early phase of degeneration (modest stage).
While the structural integrity of motor neurons is not changed, a
cytoplasmic calcium increase can be detected. B Advanced degen-
eration. Cisterns of the ER are dilated and contain calcium de-
posits. Mitochondria are somewhat compressed, likely due to the
osmotic pressure originating from the dilatation of the neighboring
organelles;, however, their membrane structure is intact; further-
more, they contain EDDs comparable to the control only (Fig. 1A).
C Advanced degeneration. Localized mitochondrial swelling and

calcium accumulation is seen, while the neighboring swollen ER
and Golgi complex contain no, or minima amount of calcium.
D Profound degeneration. At this stage of degeneration an ad-
vanced vacuolization is seen. The vacuoles may originate from the
ER or from the fragmented Golgi system. In most of the cases
these vacuoles contain clusters of precipitates, while the shrunken
and dark mitochondria are regularly devoid of calcium (EDDs
electron-dense deposits, m mitochondrion, ER endoplasmic reticu-
lum, G Golgi apparatus, arrowhead calcium deposits). Oxal ate-py-
roantimonate reaction; bar 0.5 pm
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Fig.4A,B Electron micrographs of motor neurons from the lum-
bar section of the spinal cord of DL-HCA-injected rats at 6- and
24-h survival times after the injection. A At 6 h survival time pro-
found structural alterations are seen with advanced vacuolization
of the Golgi complex and the ER, paralleled by calcium accumula-
tion, while the mitochondria are regularly shrunken and dark with
no visible calcium. B At 24 h following DL-HCA injection a total
disintegration of the cytoplasmic structure is seen, and most of the
organelles are degenerated beyond recognition (m mitochondrion,
G Golgi apparatus, arrowhead calcium deposits). Oxal ate-pyroan-
timonate reaction; bar 0.5 pm

rons, a contrasting picture could be seen: mitochondrial
calcium accumulation and partial swelling (Fig.3C) was
paralleled by the depletion of calcium from the adjacent
organelles. Finally, arather homogeneous calcium uptake
was aso observed, with elevated calcium level in both
swollen mitochondria and dilated cisterns of the nearby
structures. In the third group (profound degeneration), the
cytoplasm of motor neurons regularly contained vacuoles
of different sizes (Fig.3D), which were identified as di-
lated fragments of the Golgi apparatus or cistern of the ER
system. In most of the cases, but not always, these vac-
uoles contained clusters of calcium precipitates. Unlike
these organelles, al the perikaryonal mitochondria ap-
peared dark and shrunken, with significantly decreased or
absent calcium content.

At 6 h after the injection, strong fragmentation and
vacuolization of both the endoplasmic reticulum system
and the Golgi apparatus was documented (Fig.4A). Vari-
ous-sized clusters of calcium precipitates were regularly
present in the enlarged, swollen cisternae of the organelles.
At this survival time mitochondria were typicaly dark
and shrunken, with no visible EDDs inside. Generally, the

ultrastructure and the calcium distribution of these neu-
rons was similar to those in the third group (profound de-
generation) of the 3-h material (Fig.3D).

By 24 h following DL-HCA injection most of the mo-
tor neurons had lost their structural integrity and only
few of the cytoplasmic organelles remained recognizable
(Fig.4B). Nearly all of the organelles had lost their nor-
mal conformation, and were fragmented and degenerated
beyond recognition. Very low calcium level was only seen
within the neurons at this stage of degeneration.

Aninteresting aspect of the present resultsis the recog-
nition that, at least in this excitotoxicity model, mitochon-
dria are able to exert a non-homogeneous volumetric re-
sponse to the environmenta stress when either the mito-
chondrial swelling or the mitochondrial calcium uptakeis
considered. We detected mitochondria with local swelling
and increased calcium in this small swollen volume frac-
tion, affecting only a very small proportion of the actua
mitochondrial volume (Fig.5A, B). In addition, mitochon-
dria in which swelling and calcium uptake extended to a
dominant proportion of the mitochondrial volume were
observed. However, in these mitochondria the remaining
volume fraction showed normal ultrastructure and low
level of calcium (Fig.5C, D). Finally, mitochondria were
also observed with increased calcium distributed homoge-
neously in the swollen mitochondrial volume (Fig.5E, F).

Discussion

In the present experiments DL-HCA, an excitotoxic ana-
logue of glutamate that interacts with both NMDA and
non-NMDA receptor subtypes, was used to trigger the de-
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Fig.5A—F Electron micrographs of mitochondria in different
stages of degeneration with various amounts of calcium. A, B Ac-
cording to the proposed sequence of alterations, during the first
phase the structural disintegration and the calcium accumulation
are local (asterisks); the majority of the mitochondrial volume has
a normal structure (arrowheads). C, D Next, a more advanced
swelling, paralleled by an increased calcium accumulation can de-
velop (asterisks), which results in a marked decrease of intact mi-

tochondrial volume (arrowhead in C). E, F Finally, mitochondria
reach a state with extensive swelling and ample calcium uptake
(asterisks). It is suggested that mitochondrial swelling does not
take places uniformly throughout the mitochondria, but propagates
aong a direction within the mitochondria; furthermore, since the
electron microscopy technique could capture these differently
evolved conditions, it is likely that they can exist for a prolonged
time. Oxalate-pyroantimonate reaction; bar 0.5 pm



Fig.6a,b Analytical proof of the calcium content of the electron-
dense precipitates obtained with the oxalate-pyroantimonate pro-
cedure. Calcium distribution was determined by the electron spec-
troscopic imaging method and exemplified in two randomly se-
lected fields. a Dilated cisterns of the ER with internal calcium
precipitates; b partially swollen mitochondrion surrounded by
scattered cytoplasmic calcium deposits. The significant calcium
signal was color coded according to the actual significance value at
each pixel above the 2.5 SD significance level (red) up to the
6.0 SD value (white). The true (colored) calcium signal can be ad-
equately correlated with the EDDs

generation of motor neurons. DL-HCA was effective in
inducing arobust injury of spinal motor neurons and, un-
like kainate or AMPA [15], was well tolerated by the ani-
mals during the 24-h survival period. Spasms of the tall
and hindlimbs were seen for 1-2 min immediately after
the subdural injection of DL-HCA, likely due to a strong
hyperactivation of lumbar motor neurons, but no further
clinical sign of the effect of the excitotoxin was noted dur-
ing the whole observed period. Several attempts have
been made to optimize the dose and the method of appli-
cation of DL-HCA. First, direct drainage of DL-HCA to
the exposed spina cord was tested, after removing the
dura[15], and then different concentrations/dosages of the
compound were examined. However, reproducible results
were obtained only using subdural injection, and only at a
dose not smaller than 700 ug DL-HCA. Furthermore, no
immediate reactions of the animals were noticed, suggest-
ing hyperexcitation, when lower doses of the drug were
injected. In control rats, injected with distilled water alone,
neither clinical signs of motor dysfunction, nor pathol ogi-
cal/ultrastructural alteration of motor neurons were ob-
served. Since the ultrastructural pathology of the spinal
cord after a similar acute and invasive application of
DL-HCA has aready been extensively described [15], we
confined our study to following the aterations of motor

neurons and to determining the concurrent changes in
their intracellular calcium distribution.

The credibility of our results, describing the modifica-
tion of the intracellular calcium distribution during degen-
eration of motor neurons following an excitotoxic insult,
depends fundamentally on the histochemical fixation. The
oxalate-pyroantimonate preparation procedure, to fix and
visualize the subcellular distribution of calcium, provides
good ultrastructural preservation and does not induce
structural alterations, as we described earlier [37]. Fur-
thermore, the specificity of the histochemical reaction for
calcium has already been confirmed with energy disper-
sive X-ray microanalysis [5], and electron spectroscopic
imaging [6, 8, 9, 35, 36]. Finally, the procedure proved to
be applicable to following function-dependent changes of
neuronal calcium distribution not only in our hands [38],
but also in other laboratories [21, 25]. Nevertheless, the
calcium content of the EDDs was regularly checked and
verified during the present study using the ESI method [2]
(Fig.6a, b).

We noticed a great diversity in the reaction of motor
neurons after subdural injection of DL-HCA when the ul-
trastructural aterations or the calcium distribution were
observed. Besides the biological variations, this hetero-
geneity might be largely attributed to methodological prob-
lems, such as unintended, dight, but nonreproducible
physical injury of the spinal cord during the removal of
the posterior arches of the vertebrae, or uneven diffusion
of the DL-HCA into the tissue. However, the time course
analysis helped to reconstruct the conceivable sequence of
the alteration of the ultrastructure and calcium distribution
from the initial step of the degeneration until the cell
death. In the earliest stage, neither calcium accumulation,
nor ultrastructural changes were seen (Fig.1B). Later,
when structural alterations still could not be noticed, ele-
vated calcium levels were detected in the cytoplasm of



motor neurons, while the organelles were unaffected, hav-
ing calcium content comparable to the controls (Figs. 2A,
3A). Next, a redistribution of the intracellular calcium
from the cytoplasm to membrane-enclosed organelles
started, mainly to the ER and mitochondria (Figs. 2B; 3B,
C), which was accompanied by a gradual conformational
change of these structures (dilatation of the cisternae,
fragmentation). Before the final disintegration and elimi-
nation of the calcium content of the cells (Fig.4B), a pro-
gressive degeneration of the organelles was seen (Figs. 2,
3). At this stage, the gravity point of the calcium distribu-
tion could be set either to mitochondria, or to the ER/
Golgi apparatus, or to both. Nevertheless, accepting that
at the time of fixation individua neurons might be at dif-
ferently advanced stages in the course of degeneration,
this scenario could be brought in accord with the cooper-
ative role of the ER and mitochondria in handling of in-
tracellular calcium [13].

As the appropriate surface receptors are activated, cal-
cium influx and release from the internal stores (due to the
activation of the inositol triphosphate receptors of the ER)
could lead to an increase of the intracellular calcium [34].
Consecutively, mitochondrial calcium uptake takes place,
even under physiological conditions [39], preferably at
those microdomains where the ER and mitochondria are
at intimate proximity (see Fig.2B) [22]. If the calcium
load is high enough, however, a biphasic mitochondrial
calcium uptake can be induced, at least in vitro [13], be-
fore the final collapse of the mitochondrial homeostasis
occurs. In the first phase, this uptake is not paraleled by
detectable mitochondrial swelling [13], which might cor-
respond to those mitochondria in our material where only
local calcium accumulation could be seen (Figs. 2B; 5A,
B). The second phase, accompanied by gradual swelling
of the organelles (Figs.3C; 5C—F) could eventually lead
to opening of mitochondrial permeability transition pore
in its high conductance state, release of matrix calcium
and disintegration of the organelles (Figs.3D, 4A). Al-
though an ATP-dependent reload of the ER stores could
take place parallel to these mitochondrial events (Fig. 3B),
the collapse of mitochondrial ATP synthesis should also
induce a secondary depletion of such stores. Finally, the
mitochondrial permeability transition leads to the release
of apoptosis-inducing factors, which results in apoptotic
or necrotic cell death, depending on the available energy
(ATP) of the actual cell [18, 23] (Fig.4B). Our results in-
dicate that a cytoplasmic calcium increase followed by a
relocation of calcium to mitochondria are essential steps
leading to excitotoxic motor neurona death. These find-
ings are also supported by in vitro experiments, in which
a similar sequence of changesin the intracellular calcium
were documented, irrespective of whether apoptotic or
necrotic type of cell death was induced [19].

Our present study has been aimed at analyzing the role
of calcium in amodel of ALS, a prototype of motor neu-
ron diseases. During previous investigations of human
biopsy material using electron microscopic histochem-
istry we documented an elevated level of mitochondrial
and vesicular calcium in motor nerve terminals from bi-
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ceps muscles of SALS patients [36]. These findings were
corroborated in subsequent experiments employing the
passive transfer model of SALS, by demonstrating a cal-
cium increase not only in motor axon terminals of the in-
terosseus muscle, but also in the cell bodies of spinal mo-
tor neurons [8]. The most authentic models for fALS are
based on transgenic animals carrying the same mutations
of the SOD-1 gene taht were detected in a subpopulation
of the ALS patients [10]. Applying the calcium histo-
chemistry technique to this model, we a'so documented a
gradual elevation of intracellular calcium in spinal, but
not in parvalbumin-rich oculomotor neurons, which was
paralleled by their different degeneration [38]. As an ex-
tension of these studies, in the present experiments we
showed an increased level of calcium in spinal motor neu-
rons after application of a glutamate analogue, suggesting
an important role of the impairment of the calcium homeo-
stasis during excitotoxicity (another well-accepted model
of SALS [16]). Assuming that ALS may be a multifacto-
rial disease [7], on the basis of the above results, we sug-
gest that alteration in the intracel lular calcium level and/or
distribution might be the crucia element in its pathomech-
anism. Appropriate changes in the subcellular calcium
concentration could result in the proliferation and syn-
chronization of a variety of distress conditions and, irre-
spective of the actual initiating element, could lead to a
uniform clinical picture of the disease. Indeed, dataare al-
ready available indicating a calcium-dependent interplay
of the excitotoxic injury and the degeneration of motor
neurons induced by the mutant SOD-1 enzyme [32]. Fur-
thermore, an increased glutamate level in the cerebro-
spinal fluid of rats was demonstrated in the passive trans-
fer model of SALS [20], suggesting an interaction of im-
mune-mediated and excitotoxic processes. Further studies
aimed at experimentally influencing the stability of motor
neuronal calcium homeostasis, e.g., through the regula-
tion of certain calcium binding proteins, like parvalbumin
or calbindin D-28K, may help to prove the pivotal role of
calcium ions in the pathomechanism of ALS.
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