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Abstract The purpose of this study was to examine mi-
tochondrial changes in the spinal cord of transgenic mice
of a relatively low transgenic copy number (gene copy 10)
expressing a G93A mutant human Cu/Zn superoxide dis-
mutase (SOD1) that were generated in our own laborato-
ries by electron and immunoelectron microscopy from pre-
symptomatic to symptomatic stages. Age-matched non-
transgenic mice served as controls at each stage. Ultra-
structurally, at the early presymptomatic stage, many mi-
tochondria in large myelinated axons exhibited swelling
with an increased number of cristae, and bore small vac-
uoles in the matrix, cristae or both, in the anterior root exit
zone, anterior root, and in the neuropils of the ventral por-
tion of the anterior horn. At the late presymptomatic stage,
vacuoles of various sizes (including large ones) were ob-
served in the same regions as in the previous stage. The
intermembrane space of mitochondria was also vacuo-
lated. In mitochondria with advanced vacuolation, the vac-
uolar space was filled with a granular or amorphous sub-
stance. At the symptomatic stage, mitochondrial vacuola-
tion seen in the late presymptomatic stage persisted, al-
though to a lesser extent. These vacuolated mitochondria
were predominantly seen in the axons, but not in the so-
mata of normal-looking neurons or dendrites at any stage,
which differs from that described in other reports. Non-
transgenic littermates occasionally exhibited vacuolar
changes in the axons of anterior horns. However, they were
smaller both in size and number than those in transgenic
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mice. By immunoelectron microscopy using an immuno-
gold labeling method, at the presymptomatic and symp-
tomatic stages both SOD1 and ubiquitin determinants
were localized in vacuolated mitochondria, particularly in
the granular or amorphous substance of large vacuoles,
but were not detected in most normal-appearing mito-
chondria. The SOD1-immunoreactive mitochondria were
exclusively observed in the axons, and not in proximal
dendrites or somata. These findings suggest that the toxi-
city of mutant SOD1 directly affects mitochondria in the
axons and increases with the disease progression. Thus,
the mutant SOD1 toxicity might disrupt axonal transport
of substrates needed for neuronal viability, leading to mo-
tor neuron degeneration. The localization of both ubiqui-
tin and SODI1 in vacuolated mitochondria indicates that
protein degradation by ubiquitin-proteasomal system may
be also disrupted by several pathomechanisms, such as
decreased processing of ubiquitinated proteins due to im-
pairment of mitochondrial function or of proteasomal
function, both of which are caused by mutant SOD1. More-
over, giant mitochondrial vacuoles occupying almost the
entire axonal caliber could be another contributing factor
in motor neuron degeneration, in that they could physi-
cally block axonal transport.

Keywords Amyotrophic lateral sclerosis - SOD1
mutation - G93A transgenic mice - Mitochondria -
Vacuolation

Introduction

There is accumulating evidence that mitochondria are a ma-
jor target of mutant Cu/Zn superoxide dismutase (SOD1)
toxicity. In mice possessing high copy numbers of the
G93A transgene and G37R mutant SOD1 (animal models
of human familial ALS), mitochondrial swelling and vac-
uolation begin at early stages [13, 40] and peak at the on-
set of muscle weakness [23]. In cultured neuroblastoma
cells or motor neurons, expression of mutant SOD1 causes
mitochondrial damage and dysfunction [8, 21]. Further-
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more, mitochondrial electron transport chain activities are
decreased in the anterior horn prior to the disease onset
and during the course of disease progression [30]. Thus,
mitochondrial abnormalities may play an early role in
pathways leading to cell death, or may occur as a conse-
quence of other subtle impairments, and may contribute to
mechanisms of chronic neurodegeneration [11]. However,
little information is available about morphological changes
in mitochondria in SOD1 mutant mice [13, 23, 40]. Previ-
ous reports on G93A SOD1 mutant mice show that vac-
uolated mitochondria are predominantly located in somata
or dendrites of motor neurons [13, 20]. In the present
study using G93A SODI1 transgenic (Tg) mice with fewer
copies (gene copy 10) that were generated in our own lab-
oratories, we report a new finding: mitochondrial vacuo-
lation occurs predominantly in the proximal axons, but
not in the somata and dendrites of anterior horn neurons.

Materials and methods

Experimental animals and clinical assessment

Tg mice expressing the G93A mutant human SOD1 [17] were ob-
tained from the Jackson Laboratory (B6SJL-TgN [SOD1-G93A]
1 Gurd, Bar Harbor, Me., USA) and were backcrossed to a C57BL/6
background strain by mating hemizygote males with inbred
C57BL/6 females (C57BL/6CrSlc, Nihon SLC, Shizuoka, Japan),
to produce Tg and non-Tg littermates. Backcrossing to the black 6
background entirely eliminated the SJL (dysferlin gene-associated
FSH dystrophy) background from the mice used for these studies.
The Tg progeny were identified by polymerase chain reaction
(PCR) amplification of tail DNA with specific primers for exon 4
[31]. The G93A SODI1 mutant mice expressed relatively low lev-
els of mutant protein (gene copy, 10).

At around 32 weeks of age, the G93A Tg mice developed pro-
gressive muscle weakness and spasticity in one or more limbs, be-
ginning in a posterior limb. After 1-2 weeks, they could not feed
themselves, due to severe paralysis involving hyperextension of
their hind limbs. A total of 14 Tg mice and 12 age-matched non-
Tg mice were investigated. The mice were treated in accordance
with the declaration of Helsinki and the guiding principles in the
care and use of animals.

Histopathological analysis

The Tg and non-Tg mice were examined simultaneously. The Tg
mice were divided into three groups: early presymptomatic Tg
(age, 24 weeks; n=2), late presymptomatic Tg (age, 28 weeks; n=2),
and early symptomatic Tg (age, 32 weeks; n=2). Age-matched non-
Tg mice served as controls for each of these groups (n=6). All
mice were deeply anesthetized with ether and perfused intracar-
dially with heparinized saline (pH 7.4), followed by perfusion with
ice-cold 4% paraformaldehyde (Katayama Chemical, Osaka, Japan)
in 0.1 M phosphate buffer (pH 7.4). The spinal cords were removed
rapidly and post-fixed by immersion in the same fixative (5 days,
4°C). Cross-sections of the spinal cord were embedded in paraffin,
sectioned (4 um), and stained with hematoxylin and eosin (HE),
and Kliiver-Barrera stain.

Electron microscopy

Six Tg and six non-Tg wild-type mice were killed at ages ranging
from 24 to 32 weeks. All mice were deeply anesthetized with ether
and perfused intracardially with heparinized saline (pH7.4) fol-
lowed by perfusion with ice-cold 4% paraformaldehyde (Kata-

yama Chemical, Osaka, Japan) and 0.2% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4). The spinal cords were rapidly removed
and post-fixed by immersion in the same fixative (5days, 4°C).
Tissues were incubated in 2% osmium tetroxide in 0.1 M cacody-
late for 2h, washed, dehydrated, and embedded in epoxy resin
(Epon). Serial semithin sections (1 pm) of whole transversed spi-
nal cords stained with toluidine blue were examined by light mi-
croscopy. Appropriate portions of cervical and lumbar spinal cords
were cut into ultrathin sections and were stained with lead citrate
and uranyl acetate for electron microscopy.

Immunoelectron microscopy

Post-embedding immunogold electron microscopy was performed
on spinal cord specimens. Presymptomatic (30 weeks) and symp-
tomatic (35 weeks) mice were deeply anesthetized with ether and
perfused intracardially with heparinized saline (pH7.4) followed
by 100 mM phosphate buffer (pH 7.4) containing ice-cold 4% para-
formaldehyde and 0.1% glutaraldehyde. Lumbar and cervical spi-
nal cords from fixed mice were removed, dehydrated in 100%
ethanol, and embedded in hard grade LR White resin (Electron Mi-
croscopy Sciences, Fort Washington, PA) by polymerization over-
night at 60°C. Ultrathin sections were cut from the embedded tis-
sue using a microtome, and were collected onto grids (150 mesh).
Ultrathin sections were etched in 0.1 N HCI for 5 min, rinsed three
times for 5min each in TBS (20mM TRIS, 140 mM NaCl, and
2.7mM KCl, pH 8.0), treated with blocking buffer (0.1% gelatin,
1% normal goat serum, and 0.3% Triton-X-100 in TBS) for 30 min,
incubated with the primary antibodies for 2 h at room temperature,
rinsed three times for 5 min each in TBS, immersed in gold-conju-
gated secondary antibody (10-nm gold anti-mouse anti-rabbit) for
1h, rinsed three times in TBS, rinsed in water, stained with Rey-
nold’s lead citrate followed by aqueous 2% uranyl acetate, and dried
on filter paper. The following antibodies and sera were used: a rabbit
polyclonal anti-human SODI1 antibody [3] at a dilution of 1:500,
1:1,000 or 1:5,000; polyclonal anti-ubiquitin antibody (DAKO) at
a dilution of 1:100, 1:500 or 1:1,000; normal rabbit serum (Vector
Laboratories).

Results

At the early presymptomatic stage (24 weeks), HE and
Kliiver-Barrera staining revealed no pathological changes
such as vacuolar changes or neuronal loss in the anterior
horn neurons. However, on Epon-embedded plastic sec-
tions stained with toluidine blue, slight vacuolar changes
were observed in the neuropil of the ventral portion of the
anterior horn, in the axons of the anterior horn, around the
central canal, and in the axons of the anterior root exit
zone of the anterior column. Almost all of these vacuoles
were small. The lateral and posterior column and the pos-
terior roots showed no abnormality on plastic sections
stained with toluidine blue, from either of the two mice.
At the late presymptomatic stage (28 weeks), slight neu-
ronal loss of anterior horn cells was recognized at the cer-
vical (28.0+3.4) and lumbar levels (27.615.2), showing
significantly lower values than those of the controls (36.1%
2.9, 35.4+2 8, respectively) (P<0.01). On plastic sections,
prominent vacuolar changes were observed in the same
regions as those remarked in the previous stage (Fig. 1).
Proximal swollen axons with prominent vacuolar changes
characterized by a sausage or string-of-beads shape were
frequently observed in a longitudinal section. Moderate
myelin ovoid formation was observed in the anterior, lat-



Fig.1 Vacuolar changes are
observed in the axons of the

anterior horn and in the neu-

ropil of the ventral portion of
the anterior horn (Tg mouse,

lumbar cord, 28 weeks)

(Tg transgenic). X350

Fig.2 Normal-appearing mitochondria are visible in the axon of At the symptomatic stage (32 weeks), the anterior horns
the anterior root in a non-Tg littermate (lumbar cord, 24 weeks). showed a moderate neuronal loss of anterior horn cells at
Bar 1um the cervical (21.8£11.7) and lumbar levels (25.414.6); these

values were significantly lower than those obtained with
the controls (37.442.2, 32.9+5.2, respectively) (P<0.01).
eral, and posterior white matter. The anterior roots had de- Most remaining anterior horn neurons showed degenera-
generated, with vacuolar changes and myelin ovoids, tion; e.g., central chromatolysis. On plastic sections, vac-
whereas the posterior roots showed no abnormality. uolar changes were less prominent, with the exception of
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Fig.3 Tg mouse (lumbar cord, 28 weeks). A Largely swollen mitochondria with an increased number of tubular or vesicular cristae in the axon
of the anterior column. B Swollen mitochondria with an increased number of tubular cristae in the soma of an anterior horn cell. Bar 1 um



Fig.4 Tg mouse (lumbar cord,
24 weeks). Vacuolar changes in
the inner compartment of mito-
chondria at the early presympto-
matic stage. A Dilatation of
both the matrix and cristae.

B Partial vacuolation in the in-
ner compartment. C Almost
completely disorganized vacuo-
lation in the inner compartment
of the matrix and cristae.

Bar 1 um




466

Fig.5 Tg mouse (lumbar cord,
28 weeks). Vacuolar changes in
the intermembrane space at the
late presymptomatic stage. The
vacuolar space contains a gran-
ular or amorphous substance.
A Dilatation of the intermem-
brane space (arrowhead) with
microvacuolation of the inner
compartment. B Non-vacuo-
lated and vacuolated mitochon-
dria are closely attached to the
inner part of the vacuole.

Bar 1 um

some that persisted in the anterior root exit zone of the an-
terior column. Myelin ovoid formation was prominent
over white matter of the anterior, lateral (especially at the
outer zones of the spinal cord), and posterior columns. In
anterior roots, there was marked degenerative change, with
marked fiber loss and myelin ovoids, which were defi-
nitely worse than in the late presymptomatic stage. To a
lesser extent, myelin ovoids were also found in the poste-
rior roots.

Electron microscopic findings

Non-Tg littermates

Mitochondria in perikarya, dendrites and axons were fun-
damentally similar in structure, although they varied in
size and shape. In perikarya and dendrites, they were gen-
erally small, rounded, sausage-shaped or slender rodlets.
In axons, slender mitochondria predominated, but, in the
transverse sections, small globular mitochondria, about



Fig.6 Tg mouse (lumbar cord, 28 weeks). A giant vacuole occu-
pies the almost entire axonal caliber. The vacuolated space con-
tains a granular or amorphous substance. Mitochondria accumulate
in the vicinity of the large vacuole. Bar 1 um

0.1-0.5 um in diameter, were the most common type (Fig. 2).
The mitochondria were surrounded by an outer smooth
unit membrane and an inner folded membrane that formed
the cristae, which was filled with dense matrix. Spherical
or ovoid electron-dense granules were occasionally seen
in the matrix. The intermembrane space between the two
membranes, the outer mitochondrial compartment, gener-
ally had a lucent content. Vacuolar changes were occa-
sionally observed in the axons of anterior horns. These
vacuoles were almost always small, and were clearly less
common than in Tg mice.

Tg mice

At the early presymptomatic stage, in the anterior root
exit zone and anterior root, and in the neuropil of the ven-
tral portion of the anterior horn, the inner compartment of
mitochondria exhibited swelling with an increased num-
ber of cristae, about 1.7 pm in diameter, frequently in large
myelinated axons (Fig. 3A) or, to a lesser extent, in the so-
mata (Fig. 3B) or dendrites. Vacuolar changes (Fig.4) in
the matrix, cristae or both were also observed; these vac-
uoles consisted of empty spaces of various sizes. Most of

these vacuoles were relatively small. In contrast, almost
all of the mitochondria in the small myelinated axons in
these regions had a normal appearance.

At the late presymptomatic stage, mitochondria were
frequently swollen with an increased number of cristae
(Fig.3), and vacuoles were seen in the large myelinated
axons in the same regions as in the early presymptomatic
stage. Various stages of vacuolar changes, from small focal
vacuolar formation in the matrix or cristae to large vac-
uoles, were observed in these axons. The vacuoles tended
to be larger than those of the early presymptomatic stage.
The intermembrane space between the inner and outer
membranes was also vacuolated (Fig. 5A), with large vac-
uoles frequently observed. In advanced stages, occasion-
ally non-vacuolated or vacuolated mitochondria were closely
attached to the inner part of large single-membrane vac-
uoles (Fig. 5B). In mitochondria with advanced vacuola-
tion, the vacuolar space was filled with a granular or
amorphous substance (Fig.5). Occasionally, giant vac-
uoles occupied almost the entire axonal caliber blocking
the axonal transport such as mitochondria (Fig.6). No
vacuoles contained intermediate filaments in their interior.
In some mitochondria, both the inner compartment and
intermembrane space were vacuolated. Abnormal accu-
mulation of vacuolated or non-vacuolated mitochondria
was also found in focal regions of some proximal axons
(Fig.7), swollen proximal axons (spheroids) and somata
of degenerated anterior horn cells (Fig. 8). Rough endo-
plasmic reticulum and Golgi apparatus in somata were not
vacuolated.



Fig.7 Tg mouse (lumbar cord, 28 weeks). Abnormal accumulation
of vacuolated and non-vacuolated mitochondria in a swollen axon
of the anterior root, which contains higher levels of neurofila-
ments. Bar 1 um

At the symptomatic stage, mitochondrial vacuolation
seen in the late presymptomatic stage persisted, although to
a lesser extent. Accumulation of vacuolated or non-vac-
uolated mitochondria was frequently observed in accumu-
lated neurofilaments running parallel to the longitudinal
section.

Most mitochondria in the somata of normal-looking
anterior horn cells, proximal dendrites, axon hillock, initial
segment and presynaptic terminals (Fig.9) on the surface
of the anterior horn cells showed no vacuolar changes at
any stage.

Immunoelectron microscopic findings

To determine the ultrastructural distribution of human
SOD1 and ubiquitin immunoreactivity, we used post-em-
bedding immunogold electron microscopy. A rabbit poly-
clonal anti-human SOD1 antibody [3] at a 1:1,000 dilu-
tion and a polyclonal anti-ubiquitin antibody (DAKO) di-
luted at 1:500 were ideal for detection of deposits of im-
munogold particles in mitochondria. Mitochondria were
easily identified by their characteristic structure. A high
level of human SODI1-immunogold labeling was present
in swollen and vacuolated mitochondria, even at presymp-

tomatic stages (Fig. 10), but SOD1 determinants were un-
detectable in most normal-appearing mitochondria, except
some that showed a small amount of labeling. In large
vacuoles, human SOD1-immunogold labeling was pre-
dominantly observed within the electron-dense granular
or amorphous material (Fig. 11). SOD1-immunogold-pos-
itive vacuolated mitochondria were almost exclusively seen
in the axons; most mitochondria in proximal dendrites or
somata of the anterior horn neurons were immunonega-
tive for SOD1. Vacuolated mitochondria, or the granular
or amorphous substance in vacuolated mitochondria, oc-
casionally showed a small amount of immunogold label-
ing for ubiquitin (Fig. 12). Using a high dilution of anti-
human SODI1 antibody (1:5,000) and anti-ubiquitin anti-
body (1:1,000), only granular or amorphous substance of
the vacuolated space showed SOD1 and ubiquitin-immuno-
gold deposits. In contrast, using a low dilution of these an-
tibodies (anti-human SOD1 antibody 1:500; anti-ubiquitin
antibody 1:100), not only granular or amorphous substance
but also vacuolated or non-vacuolated mitochondria showed
SOD1 and ubiquitin-immunogold deposits, as did other
tissues occasionally and non-specifically, although to a lesser
degree (Figs. 10, 11).

Discussion

Recent studies have found increasing substantial evidence
for involvement of mitochondrial damage in motor neu-
ron degeneration in familial ALS with SOD1 mutation [2,



Fig.8 Tg mouse (lumbar cord, 28 weeks). Abnormal accumula-
tion of mitochondria is visible in the soma of a degenerated ante-
rior horn cell. Microvacuoles are seen in the inner compartment of
some mitochondria. Bar 1 um

6, 14, 23, 40] and in sporadic ALS [33, 34, 39]. Morpho-
logical abnormalities of mitochondria such as bizarre gi-
ant mitochondria in liver biopsy specimens [25, 29], ab-
normal accumulation of mitochondria in the proximal ax-
ons [32], conglomeration of dark abnormal mitochondria
at presynaptic terminals [33], and mitochondria with in-
creased volume [34] have been reported in patients with
sporadic ALS. Biochemical studies on ALS have reported
functional abnormalities of mitochondria, such as changes
in activity of complex I of the mitochondrial respiratory
chain in familial ALS patients [6, 7], and decreased com-
plex IV activity in patients with sporadic ALS [16]. An
out-of-frame mutation of mitochondrial DNA encoding
subunit I of cytochrome c¢ oxidase has been also detected
in a patient with motor neuron disease [9].

Vacuolar formation has been identified as the dominant
pathological feature associated with motor neuron death
and paralysis in mice expressing G93A or G37R mutant
SODI1 [13, 23, 40]. However, there is a controversy re-
garding the origin and the site of vacuoles. Some reports
propose that, in G93A SODI1 mutant mice (G1H/+ and
G1L/+ lines), vacuoles originate from dilatation of rough
endoplasmic reticulum in perikarya or degenerating mito-
chondria [12, 13], while others indicate that, in G37R and

G93A SODI1 mutant mice, vacuoles are derived from de-
generating mitochondria [23, 40]. With regard to the site
of vacuoles, in G93A SOD1 mutant mice, vacuolated mi-
tochondria are predominantly located in somata and their
neuronal processes [13], dendrites and axons [23], or den-
drites of motor neurons [20]. In G37R SOD1 mutant mice,
the most clearly visible cellular abnormalities are mito-
chondrial vacuoles in axons and dendrites [40]. In the pre-
sent study, the earliest and most prominent changes were
mitochondrial swelling and vacuolar formation in the in-
ner compartment of mitochondria, and the intermembrane
space was also dilated with splitting of the outer and inner
membranes, often expanding into large vacuoles, which is
consistent with previous reports [12, 13, 20, 23, 39]. As a
new finding, tubular or vesicular cristae increased in the
somata or neuronal processes in our study. The present re-
sults, i.e., lack of vacuolar changes in mitochondria in cell
body and dendrites, are intriguing and differ from other
results [13, 20, 23]. It may be that an interaction between
mitochondria and the cytosol is being overlooked. Proba-
bly the somatic environment is somehow more protective
against the very severe changes present in the axon. Whether
it is explained by fewer copies of the G93A transgene af-
ter crossing into the C57BL/6 line, or is an effect of the
C57BL/6 line itself remains unknown. Actual experiments
with varying transgene copy number would be required to
prove this point.

Localization of SOD1-immunogold labeling of mito-
chondria is also open to debate. Results of some immuno-



Fig.9 Tg mouse (lumbar cord, 28 weeks). Non-vacuolated nor-
mal-appearing mitochondria in the presynaptic terminal on the sur-
face of an anterior horn neuron. Bar 1 um

electron microscopic studies indicate that SOD1 is distrib-
uted throughout the cytoplasm, in the nucleus and in per-
oxisomes, but not in mitochondria [10, 35]. However,
other studies provide strong evidence that SODI is pre-
sent inside mitochondria [18, 30, 36, 37], and that mutant
SOD1 is associated with abnormal mitochondria in the cen-
tral nervous system of mice [12, 24]. Higgins et al. [18]
reported that endogenous mouse SOD1 and wild-type and
mutant human SODI1 in Tg mice were located in mito-
chondria in the spinal cord; the intermembrane space of
these mitochondria were positively stained for SODI.
They also found that far more SODI-immunogold parti-
cles were present in mitochondria of G93A mutant mice
and mice expressing wild-type human SOD1 than in mi-
tochondria of their non-Tg littermates, and that very few,
if any, SOD1-immunogold particles were present in the
matrix compartment. Jaarsma et al. [20] found that a high
level of SOD1-immunogold labeling was localized in swollen
and vacuolated mitochondria of G93A mutant mice, and
that no SOD1-immunogold labeling was present in nor-
mal-appearing mitochondria. In the present study, density
of SOD1-immunogold particles increased with the pro-
gression of vacuolation in the intermembrane space and
the inner compartment of vacuolated mitochondria in ax-
ons, predominantly in the granular or amorphous substance

within large vacuoles, whereas no significant SOD1-im-
munogold particles were detected in normal-appearing
mitochondria. This suggests that mitochondria are closely
associated with SOD1-induced motor neuron degenera-
tion. Differences in mutant SOD1 expression of mito-
chondria including non-vacuolated mitochondria may be
mainly due to differences in dilution of SOD1 antibody, or
in the transgene copy number.

How then does mutant SOD1 damage motor neurons?
The mechanism of mitochondrial degeneration in mutant
SOD1 Tg mice still remains to be elucidated, but it has
been linked to correlation between oxidative damage and
excitotoxicity [13, 23, 40]. Enzymatically active SOD1 is
detectable in mitochondria from brain and liver of non-Tg
(wild-type) animals, suggesting that SOD1 is a normal
protein component of the intermembrane space [26], in
which SOD1 protects mitochondria against oxidative dam-
age, as evidenced by an increase in oxidative damage to
mitochondrial proteins in yeast lacking SOD1 [30, 36].
The toxicity of mutant SOD1 may involve increased pro-
duction of reactive oxygen and nitrite species, such as hy-

Fig.10 A Tg mouse (cervical cord, 30 weeks). Human SOD1-im- p
munogold labeling is present in vacuolated mitochondria at the
presymptomatic stage. A small amount of labeling was also ob-
served in adjacent areas such as non-vacuolated mitochondria and
filamentous structure. B Control for comparison: almost none of
the non-vacuolated mitochondria exhibit SOD1-immunogold de-
posits. Bar 1 um
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Fig.11 Tg mouse (cervical cord, 30 weeks). In large vacuoles,
prominent human SODI1-immunogold labeling is present in the
electron-dense granular or amorphous substance. A low level of
SOD1-immunogold deposits was also observed in adjacent areas.
Bar 1 um

droxyl radicals and peroxynitrite [15, 38]. Mitochondrial
dysfunction also increases production of reactive oxygen
species, which damage major cellular components, such
as nucleic acids, lipids and proteins [1]. Mitochondrial
damage results in energy deficiency, leading to reduced
activity of ATP-dependent ionic pumps, which in turn is
responsible for ionic imbalance in cells [4]. Thus, one
mechanism by which mutant SOD1 causes motor neuron
injury may involve inhibition of specific components of
the mitochondrial respiratory chain [28]. Mitochondrial
dysfunction can lead to increased cytosolic calcium levels
as a result of cellular depolarization [27], probably result-
ing in motor neuron death, because large motor neurons
do not contain calcium-binding proteins such as parvalbu-
min and calbindin D-28k and are less able to buffer cal-
cium [19]. Of particular interest is the finding that vul-
nerability of motor neurons to excitotoxicity is selec-
tively enhanced when mitochondrial function is impaired
[22].

Our results show the disruption of the inner membrane
to which the enzymes of the respiratory chain attach, and
the expansion of the intermembrane space, predominantly
in the proximal axons, even at the early presymptomatic
stage. The expansion of the intermembrane space in our

study is consistent with the previous report that mutant
SOD1 damages mitochondrial membranes, causing exten-
sion and leakage of the outer membrane and expansion of
the intermembrane space [41]. This study also reveals that
SOD1 activity increases in mitochondrial vacuoles with
disease progression, but it is not detected in normal-ap-
pearing mitochondria. Although we can not rule out the
possibility that SOD1 expression within mitochondria is
simply leaking in from the cytosol in damaged organelles,
it is likely that mitochondria acquire increased SOD1 ac-
tivity due to the overexpression of mutant SOD1, result-
ing in cellular toxicity and vacuolar formation. In other
words, the toxicity of mutant SOD1 directly affects mito-
chondria, which causes a decrease in ATP that in turn dis-
rupts the axonal transport of substrates needed for neu-
ronal viability, thus leading to motor neuron degeneration.
Abundant SOD1-immunogold labeling in mitochondrial
vacuoles may be associated with disturbed SOD1 protein
turnover in vacuoles, causing the gradient of mutant
SOD1 protein concentration between the inside and the
outside of mitochondria. The localization of ubiquitin
with SOD1 in some vacuolated mitochondria also sug-
gests that protein degradation by ubiquitin-proteasomal
system may be also disrupted by several pathomechanisms,
such as decreased processing of ubiquitinated proteins
due to impairment of mitochondrial function or of protea-
somal function, both of which are caused by mutant SODI1.
Moreover, giant vacuoles occupying almost the entire ax-
onal caliber could be another contributing factor in motor
neuron degeneration, in that they physically block axonal
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Fig.12 Tg mouse (lumbar cord, 30 weeks). Degenerated or vac-
uolated mitochondria and granular substance of a large vacuola-
tion show a small amount of immunogold labeling for ubiquitin.
Bar 1 um

transport. Thus, whether it is a primary or secondary event,
mitochondrial dysfunction appears to play a pivotal role
in the processes of selective motor neuron death in the
present animal model.
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