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Abstract In G93A mice, the most popular model of
amyotrophic lateral sclerosis (ALS), neuronal Lewy-
body-like hyaline inclusions (LBHIs) and mitochon-
dria-derived vacuoles are observed in addition to motor
neuron loss. Although LBHIs are thought to be toxic,
the significance of the mitochondria-derived vacuoles
has not been fully investigated. In this study, the
relationship between the formation of these vacuoles
and LBHIs was clarified statistically in the lumbar
segment from two phyletic lines of G93A mice (G1L,
G1H), using immunohistochemical methods. Further-
more, the distributions of vacuoles and LBHIs were
examined in the pons including the facial nucleus,
where pathological changes occur in ALS patients and
G93A mice. Numerous vacuoles 2–3 lm in diameter
were detected in the neuropil of the lumbar segment
from G1L mice euthanatized approximately 3.5 months
prior to the onset of the disease. Most of the vacuoles
disappeared, but some became larger as the disease
progressed. The number of vacuoles with a diameter
exceeding 5 lm began to decrease after disease onset,
while that of intra-neuritic LBHIs increased rapidly.
There was a strong inverse correlation between the
numbers of vacuoles and LBHIs in symptomatic mice
(P<0.01; G1L, r=�0.91; G1H, r=�0.93). In the fa-
cial nucleus of G1L mice, where the number of motor
neurons was significantly reduced, only a few LBHIs
were detected along with prominent vacuole formation.

In contrast, significantly more LBHIs with little vacu-
ole formation were evident around the facial nucleus in
G1L mice. Furthermore, the SOD1 immunoreactivity
in vacuoles initially increased and then decreased after
disease onset. Taken together, the present findings
suggest that the mitochondria-derived vacuoles might
prevent the formation of LBHIs by sequestering mu-
tated SOD1 from the cytoplasm.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal motor
neuron disease whose pathogenesis remains unknown.
About 10% of ALS cases are familial and approxi-
mately 15–20% of familial ALS patients possess the
copper/zinc superoxide dismutase (SOD1) gene muta-
tion [8, 40]. Since transgenic mice or rats carrying the
human mutated SOD1 gene (SOD1 mice or rats) de-
velop progressive motor deficits caused by loss of
anterior horn cells [3, 12, 16, 32, 39, 56], they have been
used by many researchers as a model of ALS. SOD1
mice or rats carrying different mutated SOD1 genes
have been reported to show different pathologic fea-
tures: in G93A mice or rats, many Lewy-body-like
hyaline inclusions (LBHIs) and mitochondria-derived
vacuoles are observed [6, 7, 32]; in G85R or G86R
mice, many LBHIs, but almost no vacuoles, appear
long before the onset of the disease [3, 39]; in H46R
rats, many LBHIs and very few vacuoles are found
[32]; in G37R mice, there is prominent vacuole for-
mation and almost no LBHIs [55, 56]. Although in
G85R mice the level of mutant G85R SOD1 protein
expressed is only 20% of endogenous SOD1, these mice
show very progressive motor deficits [3]. Other SOD1
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mice or rats express a mutant protein level approxi-
mately 10 times higher than that in murine SOD1 [12,
16, 32, 56]. Several lines of G93A or G37R mice with
different levels of mutant protein expression show dif-
ferent pathologic features [6, 7, 56]. Thus, the differ-
ences in neuropathology observed among SOD1 mice
or rats appear to depend on the character of the mu-
tant protein and its level of expression.

SOD1-positive LBHIs in neurons are neuropatho-
logical hallmarks of familial ALS linked with SOD1
mutation [15, 17, 22, 44]. In cell lines transfected with
mutated SOD1, aggregations of mutated SOD1 or
LBHI-like structures are formed [9, 21, 46]. In SOD1
mice or rats, such aggregates of SOD1 or LBHIs appear
before onset of the disease [3, 4]. These aggregates of
SOD1 or LBHIs, which are found specifically in the
affected spinal cord or brainstem [15, 44, 54], are resis-
tant to strong detergents or reducing agents. Although
formation of aggresomes [21] or inclusions such as Lewy
bodies in Parkinson’s disease might be considered the
result of cell-protective responses to various forms of
stress [36], aggregation of mutant SOD1 or the forma-
tion of LBHIs in SOD1-mutated ALS is reported to
have a toxic effect [4, 5, 23] due to sequestration of the
components that are essential for maintaining cell
functions [24, 25], induction of repetitive misfolding and
reduction of chaperone function [2], or reduction of the
activity of the proteasome integral for protein turnover
[20, 21, 53].

The most important function of mitochondria in
cells is the production of ATP, which is indispensable
for sustaining life. Cytochrome c oxidase (CCO), which
is located in the inner membrane of the mitochondrion
and, in mammals, is composed of 13 different subunits,
participates in electron transport within mitochondria
[50]. Cytochrome c (cyt c) is oxidised by CCO through
electron transport in the intermembrane space of the
mitochondrion [38]. The large amount of energy re-
quired for action potentials in neurons depends on the
ATP produced by mitochondria through electron
transport. In G93A mice, the most widely used animal
model of ALS, one of the very early pathologic fea-
tures is the appearance of vacuoles followed by that of
abnormal mitochondria [6, 14, 28, 42, 43], suggesting
that the vacuoles are derived from mitochondria [14,
28].

The formation of LBHIs has been thought to have
toxic effects, but the significance of the vacuoles remains
unclear. Since the vacuoles appear far earlier than the
LBHIs, an investigation of vacuoles would be important
for clarifying the pathogenesis of the disease in G93A
mice. In the study presented here, we carried out a
quantitative examination of the vacuoles using an
immunohistochemical method and analyzed the rela-
tionship between the vacuoles and the formation of
LBHIs in the lumbar segment or facial nucleus of G93A
mice in order to clarify the significance of mitochondria-
derived vacuoles.

Materials and methods

Animals

Transgenic mice expressing the G93A mutated human
SOD1 gene at a low (B6SJL-TgN[SOD1-G93A]1Gurdl,
G1L) or high (B6SJL-TgN[SOD1-G93A]1Gur, G1H)
level were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). These mice were bred and main-
tained as hemizygotes by mating with wild-type B6SJL
mice. Non-transgenic littermates were used as controls.
All animals were genotyped using polymerase chain
reaction amplification of the tail DNAs under condi-
tions that have been described previously [33]. All ani-
mals were handled in accordance with the Guidelines for
the Care and Use of Laboratory Animals at Osaka
University Graduate School of Medicine. We evaluated
the animals clinically, examining their hindlimb exten-
sion when they were suspended in the air by the tail [1,
33, 34, 49].

Tissue preparation

We examined control (260±6 days old), G1L, and G1H
mice (n=3 in each group). G1L mice were euthanatized
at the age of 90, 140 (the asymptomatic stage), 180 (the
presymtomatic stage), 230 days (the symptomatic stage)
or at the end stage when they could hardly move or
drink water because of severe paralysis (259±6 days
old, the moribund state). G1H mice were euthanatized
at the age of 66 (the asymptomatic stage), 100 (the early
symptomatic stage), or 115 days (the late symptomatic
stage). They were deeply anesthetized with sodium
pentobarbital, and perfused with phosphate-buffered
saline (PBS, pH 7.4) followed by 4% paraformaldehyde.
The brainstem and spinal cord were removed, immersed
in the same fixative overnight at 4�C, and then cryo-
protected. Ten-micrometer-thick frozen sections were
prepared and stained with hematoxylin and eosin (HE).
Small pieces of lumbar segments were fixed with 2.5%
glutaraldehyde in 0.1 M PB (pH 7.4) for 2 h at 4�C,
followed by 1% osmium tetroxide in 0.1 M PB at 4�C,
dehydrated in an ethanol series and embedded in Epon;
LUVEAK-812 (glycerol triglycidyl ether, Nakarai Tes-
que, Kyoto, Japan)/LUVEAK-DDSA (dodecylsuccinic
anhydride, Nakarai Tesque)/LUVEAK-MNA (methyl-
nadic anhydride, Nakarai Tesque)/LUVEAK-DMP-30
(2,4,6-Tris (dimethylaminomethyl) phenol, Nakarai
Tesque). Transverse sections 1 lm thick were stained
with toluidine blue.

Immunohistochemical analysis of vacuoles in lumbar
segment and brainstem

For immunohistochemical evaluations, frozen or
deparaffinized sections were incubated for 30 min with
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0.3% H2O2 to quench endogenous peroxidase activity
and then washed with PBS. Normal goat serum was
used as a blocking reagent. Mouse monoclonal anti-
bodies against cyt c (1:100 in 1% PBS containing
bovine serum albumin, clone 6H2.B4, BD PharMin-
gen, CA, USA), CCO subunit I (1:400 clone 1D6,
Molecular Probes Inc, OR, USA), human SOD1
(0.5 lg/ml, clone 1G2, MBL, Aichi, Japan) or GFAP
(ready to use, DAKO, Glostrup, Denmark) were used
as primary antibodies. Tissue sections were incubated
with each primary antibody for 18 h at 4�C. The
avidin–biotin–immunoperoxidase complex (ABC)
method was employed according to the manufacturer’s
instructions to detect each bound antibody using the
appropriate Vectastain ABC kits (Vector Laboratories,
Burlingame, CA, USA). 3,3¢-Diaminobenzidine tetra-
hydrochloride (DAKO, Glostrup, Denmark) was used
as the final chromogen. Hematoxylin was used to
counterstain cell nuclei. In control experiments, pri-
mary antibodies were omitted from the incubation
medium.

Quantitative evaluation of motor neurons, LBHIs
and cyt c-positive vacuoles in the lumbar segment

To estimate the number of neurons in the gray matter
(VII, VIII, IX Rexed areas) showing clear nucleoli and
cell bodies with a diameter greater than 25 lm [26, 28,
48], presumed to be alpha motoneurons [10, 30, 31],
video images of the anterior horns were obtained with a
digital camera (KEYENCE VB-7010, KEYENCE,
Osaka, Japan) attached to a light microscope (ECLIPSE
E800, Nikon, Tokyo, Japan) for each section, and the
areas of motor neurons showing clear nucleoli and cell
bodies were measured using image analysis software
(VH-H1A5, KEYENCE). The number of neurons with
a diameter greater than 25 lm were counted in HE-
stained sections. LBHIs with a halo and core and cyt-c-
positive vacuoles in the gray matter were also counted
(·100 objective). LBHIs were also confirmed using
antibodies against human SOD1 and GFAP. Since the
vacuoles are contained exclusively in neuronal processes
[19, 43], and not in astrocytes, only neuronal LBHIs
were counted to examine the relationship between the
vacuoles and LBHIs in neurons. LBHIs in cells pos-
sessing glial nuclei were omitted. To establish how the
size and number of vacuoles in the lumbar segments of
G1L mice changes chronologically over the clinical
course of the disease, vacuoles were divided according to
size into small (<5 lm) or large (>5 lm). Every fifth
section (40 lm interval) was obtained, and three sections
from each mouse were used to obtain the total number
of neurons, LBHIs or vacuoles. The quantitative eval-
uation was analyzed statistically. Moreover, the rela-
tionship between the number of vacuoles and LBHIs
was estimated in each symptomatic mouse (G1L,
230 days and the moribund state 259±6 days; G1H, 100
and 115 days).

Quantitative analysis of LBHIs in the pons including
the facial nucleus

For histological analyses of the facial nucleus (nVII), we
examined non-transgenic littermates (n=3,
264±7 days) and G1L mice in the moribund state (n=7,
258±7 days). Each carefully hemisected brainstem was
embedded in paraffin and sectioned transversely. The
pons including the nVII was identified in these sections,
with reference to the mouse brain atlas of Paxinos and
Franklin [37]. Six-micrometer-thick paraffin sections
were prepared and stained with HE. In the nVII, large
neurons with clear nucleoli and cell bodies were counted.
LBHIs located in three subregions of the pons (vacuole-
rich area = intra-nVII, the border zone, and vacuole-
poor area, as delineated in Fig. 1) were also counted
(·40 objective). To estimate the number of LBHIs per
unit area in each subregion, video images of the pons
were obtained with a digital camera (KEYENCE VB-
7010, KEYENCE, Osaka, Japan) attached to a light
microscope (ECLIPSE E800, Nikon, Tokyo, Japan) for
each section, and the areas of three subregions were
measured using image analysis software (VH-H1A5,
KEYENCE). Every fifth section (at 24-lm intervals)

Fig. 1 Schematic diagram of the three subregions in the pons;
vacuole-rich area (=intra-nVII), the border zone and vacuole-poor
area. The boundary of massive vacuole formation limited to the
facial nucleus (nVII) is shown at low (a) and high (b) magnification
as a yellow line, using actual microscopic fields digitized for
illustrative purposes. The definition of the vacuole-rich area
(=intra-nVII), border zone and vacuole-poor area is as follows:
vacuole-rich area (light blue) corresponds to the inner area outlined
in yellow; the border zone (white) corresponds to the surrounding
area outlined in yellow and green, 120 lm exterior to the yellow line;
the vacuole-poor area (pink) corresponds to the outer area of the
pons excluding the other two regions. N neuron
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was obtained, and three sections from each mouse were
used to obtain the total number of neurons and the
density of LBHIs. The number of motor neurons and
the density of LBHIs were analyzed statistically. All
quantitative investigations were performed indepen-
dently by three neuropathologists (HS, HF, SK).

Statistics

Data are expressed as the mean ± standard error of the
mean (SEM). All statistical analyses of histopathological
data were carried out using the Statview for Macintosh
software package (Ver5.0, SAS Institute Inc, CA, USA).
A nonparametric test, Mann–Whitney U test, was used
to analyze the number of neurons, LBHIs and vacuoles
in the lumbar segment or the number of neurons and the
density of LBHIs in the pons. The relationship between
the number of LBHIs and vacuoles in the lumbar seg-
ment was estimated by regression analysis.

Results

Morphological changes of vacuoles in the lumbar
segment of G1L or G1H mice

Many tiny vacuoles 2–3 lm in diameter were found in
neurites mainly at the edge of the anterior horn in G1L
mice at 90 days (Fig. 2a). Some of the vacuoles were
hardly distinguishable from capillary vessels. At
140 days, larger but fewer vacuoles than those at
90 days were observed in the same area (Fig. 2b). Vac-
uoles were also scattered diffusely in the anterior horn.
At 180 days, round vacuoles larger than those at
140 days (Fig. 2c) were frequently found throughout the
gray matter. At the later stages in G1L mice, the large
vacuoles appeared slightly deformed and were reduced

in number (Fig. 2d). Many LBHIs were scattered in the
gray matter. In G1H mice, more prominent vacuole
formation was observed (Fig. 4a, d) than that in G1L
mice. The vacuoles became larger and their number was
reduced by 115 days (Fig. 4d) in comparison with those
at 100 days (Fig. 4a). Although at 100 days the vacuoles
were observed mainly in the anterior horn, by 115 days
their distribution had also extended to the whole of the
gray matter.

Immunohistochemical analyses of vacuoles
in the lumbar segment of G1L mice

As a negative control, sections were incubated without
the primary antibody; this resulted in no staining in the
lumbar segments of normal and G93A low-copy
transgenic mice (G1L mice). As expected, the cyto-
plasm of motor neurons was clearly stained for cyt c or
CCO in the lumbar segment of normal mice (Fig. 3a,
b). The staining pattern with the two antibodies was
similar, showing a fine granular pattern. The neuropil
was also weakly stained for these antibodies. The
immunohistochemical analysis revealed many tiny
vacuoles, strongly positive for cyt c at the edge of the
anterior horn in G1L mice (90 days; Fig. 3c–e). Some
vacuoles were scattered in the neuropil of the anterior
horn. Axons were lined with tiny vacuoles that ap-
peared to be attached together. The rim of the vacuoles
in the neuropil was stained for cyt c (Fig. 3d, e). The
structures lying interior to the vacuolar rim were CCO-
positive, although the rim itself was CCO-negative. At
140 days, the number of vacuoles was lower than that
at 90 days. In contrast, large vacuoles (>5 lm), which
were never seen at 90 days, were frequently observed at
the edge of the anterior horn (Fig. 3f). The cyt c
immunoreactivity was reduced within the rim of these
large vacuoles (Fig. 3f, g). Small vacuoles (<5 lm) did

Fig. 2 Morphological changes
in vacuoles in the anterior horn
of G1L mice at different stages.
(Epon sections, toluidine blue,
a 90 days, b 140 days,
c 180 days, d end stage).
a Many small vacuoles
(<5 lm, arrow heads) are
evident at the edge of the
anterior horn. b The number of
vacuoles has decreased.
Vacuoles (arrows) at the edge of
the anterior horn have become
larger. c The number of
vacuoles (arrows) is smaller
than in b. Note the large
vacuoles in neurites including
axons (clear arrow). d Only a
few vacuoles (arrows) are
evident. LBHIs (clear arrow)
appear in the anterior horn. N
neuron; V vessels. Scale bar a
(also for b–d) 20 lm
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not fuse to form a large vacuole. Some small and large
vacuoles were found in the dorsal horn. Each vacuole
had CCO-positive structures lying interior to the rim
(Fig. 3h). At 180 days, there was a reduction in the
number of small vacuoles (<5 lm), and many large

vacuoles (>5 lm) were found scattered not only at the
edge of the anterior horn, but also throughout the
neuropil. These vacuoles had highly CCO-positive
structures lying interior to the rim (Fig. 3i). At later
stages, the tiny, strongly cyt c-positive vacuoles were

Fig. 3 Immunohistochemistry of vacuoles in the anterior horn of
G1L mice (a, b normal control, c–l G1L mice; a, b 263 days, c–e
90 days, f–h 140 days, i 180 days, j, k 230 days, l end stage; a, c–g,
j, l cyt c, b, h, i, k CCO). a A fine granular staining pattern is
evident in the cytoplasm of motor neurons (N, arrows). The
neuropil is also weakly stained. b Motor neurons (N, arrows) show
well-defined cytoplasmic staining for CCO. Diffusely scattered fine
dots can be seen in the neuropil. c–e Tiny, densely immunolabeled
vacuoles within the rim (arrow heads) are prominent at the edge of
the anterior horn. d is a high magnification view of c. e is a high
magnification view of d. f The number of vacuoles is lower than in
d. Large vacuoles (>5 lm, arrows), which were never seen in d. The
immunoreactivity for cyt c is reduced within the rim of large
vacuoles (arrows) compared to that of small vacuoles (<5 lm,

arrow heads). In axons, tiny vacuoles are tightly packed to form a
columnar shape (clear arrow). g is a high magnification view of f. h
Abnormal structures lying interior to the rim of vacuoles (arrows,
arrow heads) are strongly positive for CCO. Irregular CCO-positive
dots (arrow heads) are scattered in the neuropil. i Large CCO-
positive complexes lying interior to the rim of large vacuoles. j The
number of vacuoles (arrow, arrow head) is lower than that in i. Cyt-
c-positive small vacuoles (arrow head) are seen only rarely. k CCO-
positive complexes (arrows) lying interior to the vacuolar rim have
become atrophic in comparison with those in i. l Small vacuoles are
not evident. Some large vacuoles (arrows) remain. N neurons; V
vessels. Scale bars: a (also for b)50 lm, c 100 lm, d (also for f, h–l)
20 lm, and e (also for g) 10 lm
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seen only rarely (Fig. 3j, l), and some large vacuoles
were observed scattered throughout the neuropil. The
CCO-positive structures lying interior to the vacuole
rim became atrophic (Fig. 3k), especially in moribund
mice. Cyt c-positive vacuoles were never seen in the
soma of neurons from G1L mice.

Immunohistochemical analyses of vacuoles
in the lumbar segment of G1H mice

In symptomatic G1H mice (100 and 115 days), promi-
nent vacuole formation was observed (Fig. 4b, c, e, f).
The vacuolar rims were cyt-c-positive and there were

Fig. 3 (Contd.)

Fig. 4 More prominent vacuole
formation with similar
immunostaining patterns for
cyt c and CCO in the anterior
horn of G1H mice
(a–c; 100 days, b–f; 115 days,
a, d; Epon sections, toluidine
blue, b, e; cyt c, c, f; CCO).
a Abundant small (<5 lm,
arrow heads) or large (>5 lm,
arrows) vacuoles are present in
neurites. b Cyt-c-positive
staining in the rim of small
(arrow heads) and large (arrows)
vacuoles. The immunoreactivity
of the large vacuoles (arrows) is
reduced, as in G1L mice.
c CCO-positive structures are
evident in small (arrow heads)
or large vacuoles (arrows).
d The number of vacuoles is
reduced. Larger vacuoles than
those in a are frequently
evident. e Large vacuoles about
15–20 lm in diameter (arrows)
are observed more frequently
than in the G1L lumbar
segment. f Somewhat atrophic
CCO-positive structures
(arrows) lying interior to the rim
of large vacuoles. N neurons;
V vessels. Scale bar, a (also for
b–f) 20 lm
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CCO-positive structures lying interior to them, as ob-
served in G1L mice. Cyt c immunoreactivity was re-
duced in the large vacuoles (Fig. 4b, e). The structures
lying interior to the vacuolar rim, evident at 100 days
(Fig. 4c), became rather atrophic by 115 days (Fig. 4f).
At 100 days, the ratio of the number of large vacuoles
(>5 lm) to the total number of vacuoles was more than
50% (Fig. 4b); this figure had reached almost 90–100%
by 115 days (Fig. 4e). The vacuoles in G1H mice tended
to be larger than those in G1L mice.

Quantitative analysis of the vacuoles, LBHIs and motor
neurons in the lumbar segment of G1L and G1H mice

Figure 5 shows the number of small (<5 lm) and large
(>5 lm) vacuoles, and LBHIs and motor neurons
(>25 lm) in the lumbar segment during the clinical
course of the disease in G1L mice. Numerous small
vacuoles were already evident at 90 days, and their
number decreased as the disease progressed (Fig. 5a,
Table 1, P<0.05). The number of large vacuoles, which
appeared at around 140 days, were increased signifi-
cantly by 180 days but then decreased significantly by
230 days (Fig. 5a, Table 1, P<0.05). The ratio of the
number of large vacuoles to the total number of vacu-
oles was 10–20% at 140 and 180 days, and �50% in
moribund mice (Fig. 5a). In G1H mice, the total number
of vacuoles showed a tendency to decrease, but not to a
significant degree (Table 1, P=0.1266). The number of
neurons declined significantly after 180 days in G1L
mice, and after 66 days in G1H mice (Table 1, P<0.05).
LBHIs were restricted to the anterior horn at 180 and
100 days in G1L and G1H mice, respectively, becoming
more widespread at the later stages. The number of
LBHIs increased significantly in G1L or G1H mice as
the disease progressed (Fig. 5b, Table 1, P<0.05). Most
of the LBHIs were intra-neuritic.

Correlation between the numbers of vacuoles
and LBHIs in symptomatic G1L and G1H mice

Figure 6 shows the correlation between the numbers of
vacuoles and LBHIs observed in symptomatic G1L
(230 days and in the moribund state) and G1H (100 and
115 days) mice. The number of vacuoles in G1H mice
was greater than in G1L mice. Regression analysis re-
vealed a statistically significant inverse correlation be-
tween the numbers of vacuoles and LBHIs in both G1L
(r=�0.91, P<0.01) and G1H (r=�0.93, P<0.01) mice.

Quantitative analysis of LBHIs in the nVII
and the differential localization of LBHIs and vacuoles

HE staining revealed atrophic motor neurons with
prominent vacuole formation in the nVII of moribund
G1L mice. Most of the vacuoles in the nVII (Fig. 7b)

were larger than those observed in the lumbar segment.
The number of motor neurons in the nVII was signifi-
cantly reduced (Table 2, P<0.05), and LBHIs were
found only rarely in the vacuole-rich area (=intra-
nVII). In marked contrast, LBHIs were found frequently
in the border zone (see Materials and methods), but
there were very few vacuoles (Fig. 7c). Most of the
vacuoles were located in the neuropil, and not in the
soma of neurons (Fig. 7d). Most of the LBHIs were also
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Fig. 5 Time course of changes in the number of vacuoles (a),
LBHIs and motor neurons (b) in the anterior horn of G1L mice. a
Numerous small vacuoles are evident at 90 days. The number of
small vacuoles decreases significantly with disease progression
(*P<0.05). The large vacuoles are present from 140 days, and their
number then increases significantly by 180 days, followed by a
significant decrease by 230 days. b The number of neurons
(>25 lm) declines significantly after 180 days (*P<0.05) and,
conversely, the number of LBHIs increases significantly after
180 days (*P<0.05). Data are presented as mean ± SEM (n=3
for each group). c Representative hematoxylin and eosin (HE)
staining of the anterior horn in control (1) and G1L mice at the end
stage (2). The number of neurons (>25 lm, arrows) is reduced in
(2). Scale bar c 25 lm
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intra-neuritic. The LBHIs in the border zone were larger
than those in the vacuole-rich area (=intra-nVII).
Quantitative analysis of data from the three subregions
of the pons demonstrated a preferential localization of
LBHIs to the border zone, the area surrounding the
nVII (Table 2, P<0.01).

Immunohistochemical analysis of vacuoles in the facial
nucleus of G1L mice

Immunohistochemical analysis of vacuoles in the facial
nucleus (nVII) showed that abundant tiny cyt-c-positive
vacuoles appeared at the edge of the nVII at an early
stage (Fig. 8a), similar to those in the lumbar segments.
As the disease progressed, the vacuoles became larger
(Fig. 8b–f) and were distributed throughout the nVII.
Thereafter, although their number decreased progres-
sively, a considerable amount of large vacuoles remained
in the nVII even at the end stage (Figs. 7b, 8f). The
immunoreactivity for cyt-c was weaker in the larger

vacuoles than in the tiny vacuoles (Fig. 8b). Immuno-
histochemical staining for mutant SOD1 showed that
the rim of the vacuoles was stained at an early stage
(Fig. 8c, d). The SOD1 immunoreactivity of the rim
increased at 140 days (Fig. 8d). By 180 days, not only
the rim, but also the core of the vacuoles became SOD1-
positive (Fig. 8e). At the end stage, the SOD1-positive
structures inside the vacuoles decreased. Most of the
vacuoles, except for those present in axons, showed
weak immunoreactivity for SOD1 in their rim. Vacuoles
that were almost SOD1-negative were frequently ob-
served (Fig. 8f).

Discussion

In the G93A mouse, the most commonly studied model
of ALS, the characteristic neuropathological features are
LBHIs and vacuoles [6, 7]. Although scarcely found in
FALS patients associated with SOD1 gene mutation
[41], it has been considered important to investigate
vacuoles [18, 19, 28, 42, 43] because the model mice
overexpressing the mutant SOD1 protein could provide
clues for understanding the characteristics of mutant
SOD1. Also, since evaluation of LBHIs, which are the
hallmarks of FALS linked with SOD1 gene mutation, is
indispensable for pathological analysis, it is necessary to
clarify the factors that can influence their formation.

In control mice, the cytoplasm of the motor neurons
showed granular staining with antibodies against sub-
unit I of CCO, a component of the mitochondrion-
specific enzyme that is localized in the inner membrane
[50], and against cyt c, a mediator of CCO that is
localized in the intermembrane space [38]. The staining
with these antibodies in the motor neurons of control
mice corresponds to the localization of mitochondria
[11, 19]. In G93A mice, the rims of vacuoles were cyt-c-
positive and CCO-negative, and the structures lying
interior to the vacuolar rim were CCO-positive and cyt-
c-negative. The latter structures are probably non-
functional mitochondrial membrane remnants [14, 28,
43]. Since cyt c is released into the cytosol from the
permeability transition pores of injured mitochondria
[11, 27, 29, 45, 47, 57, 58], the presence of a cyt-c-positive

Table 1 Number of anterior horn cells, vacuoles and LBHIs in the lumbar segments of G1L and G1H mice (values are given as
mean ± SEM)

G1L G1H

90 days 140 days 180 days 230 days 259±6 days Non-transgenic
(260±6 days)

66 days 100 days 115 days

Anterior horn cells 43±1 43±2 39±2 8±3b 4±1b 41±1 41±2 31±3c 14±3d

Vacuoles (total) 2,243±151 1,307±188a 842±139a 314±42b 198±115b 0 ND 1,832±259 1,078±201
LBHIs 0 0 4±3 44±18b 83±6b 0 0 11±3 30±6d

G1L Mutant SOD1 (G93A) low-copy mouse; G1H mutant SOD1 (G93A) high-copy mouse; SEM standard error of the mean; LBHI
Lewy-body-like hyaline inclusion; ND not determined
aP<0.05 compared with G1L mice at 90 days; bP<0.05 compared with G1L mice at 180 days; cP<0.05 compared with G1H mice at
66 days; dP<0.05 compared with G1H mice at 100 days
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Fig. 6 Inverse correlation between the numbers of mitochondria-
derived vacuoles and LBHIs. A statistically significant inverse
correlation was observed between the numbers of LBHIs and
vacuoles in both G1L (green) and G1H (orange) mice. Numbers
shown in italics represent the age of the G93A mice at perfusion
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rim might imply that cyt c is released from the inter-
membrane space of injured mitochondria into vacuoles
to accumulate along the vacuolar rim. Since both small
(<5 lm) and large (>5 lm) vacuoles in the neuropil
exhibited the same immunostaining patterns for cyt c
and CCO, and since small vacuoles did not appear to
fuse to form large ones, it is thought that the small
vacuoles grow to become the large vacuoles [14].

According to a previous report, the appearance of
vacuoles in the lumbar segments might be related to the
onset, rather than progression of the disease, since the
number of vacuoles was found to be maximal at disease
onset, and declined thereafter [28]. Using antibodies
against mitochondrial components, we have shown here
that numerous tiny vacuoles, which are distinguishable
from cyt-c-negative capillary blood vessels, appear in the
neuropil approximately 3.5 months before disease onset
[14, 19]. In G1L mice, the number of vacuoles in both
the lumbar segment and brainstem decreased progres-
sively thereafter, irrespective of disease onset. In con-
trast with the findings of the previous study [28],
therefore, we have found that the presence of these
vacuoles appears to be unrelated to disease onset. Al-
though the number of large vacuoles (>5 lm) increased
until disease onset and decreased thereafter, they ap-

peared to be unrelated to disease onset because the de-
gree of neuron loss in the nVII, exhibiting prominent
large vacuoles, was much less marked than in the lumbar
segment. If the presence of large vacuoles had been re-
lated to disease onset, which is determined by neuron
loss, then the degree of neuronal loss in the nVII would
have been more severe.

In the lumbar segment, intra-neuritic LBHIs ap-
peared just before disease onset and increased rapidly
[55] with the progressive reduction in the number of
vacuoles in neurites [28, 42, 43]. Although the number of
vacuoles was greater in G1H mice than in G1L mice,
there was a statistically significant inverse correlation
between the number of vacuoles and LBHIs in symp-
tomatic G1L and G1H mice. In the G1L brainstem with
prominent vacuole formation, the number of motor
neurons was significantly reduced, in agreement with
previous reports [13, 35], but only a few LBHIs were
found even at the end stage. A notable observation was
the presence of many intra-neuritic LBHIs in the border
zone where there were few vacuoles. As LBHI formation
is known to occur in affected neurons [15, 44, 54], the
LBHIs around the nVII would be contained within the
neurites of motor neurons in that area. Therefore, there
was an inverse correlation between these two neuro-

Table 2 Number of motor neurons and density of LBHIs in the pons divided into three subregions; vacuole-rich area (=intra-nVII), the
border zone and vacuole-poor area (values are given as mean ± SEM)

Age (days) Number of
motor neurons

Density of LBHIs

Vacuole-rich area Border zone Vacuole-poor area

G1L 258±7 163±8a 1.6±0.5b 22±8 1.8±0.7b

Non-transgenic 264±7 242±3 0 0 0

nVII facial nucleus; G1L mutant SOD1 (G93A) low-copy mouse; SEM standard error of the mean; LBHI Lewy-body-like hyaline
inclusion
The density of LBHIs is the number of LBHIs per 1 mm2 area
aP<0.05 compared with non-transgenic mice; bP<0.01 compared with border zone

Fig. 7 Representative
hematoxylin and eosin staining
in the nVII of control
(a; 261 days) and G1L (b–d; end
stage) mice. a, b The number of
motor neurons in the G1L nVII
is reduced, and all of the
residual neurons are atrophic in
G1L mice as compared with the
controls. Note the prominent
vacuolization (arrow heads) and
lack of LBHIs inside the G1L
nVII. c Many LBHIs are
present (arrows, white arrow) in
the area surrounding the nVII.
The yellow line delineates the
vacuole-rich area (=intra-
nVII). d A large LBHI (white
arrow), more than 10 lm in
diameter, is located in a neurite,
and not in the soma. Scale bar a
(also for b) 50 lm, c 100 lm,
and d 20 lm
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pathological changes in both the lumbar segment and
the nVII.

Immunohistochemistry using anti-SOD1 antibody
revealed that mutant SOD1 accumulated in the rim of
tiny vacuoles at an early stage, and was increased in both
the rim and the core of the vacuoles [19, 43] until onset.
After onset, the intensity of SOD1 immunostaining de-
creased in both the rim and the core, and SOD1-negative
large vacuoles were frequently observed. Since the
amount of mutant SOD1 protein increases with age [19,
51], the increased SOD1 immunoreactivity in vacuoles
would suggest that more mutant SOD1 was retained in
them before onset. The fact that the SOD1 immunore-
activity in vacuoles decreased after onset suggests that
vacuoles would not be able to sequester mutant SOD1,
despite its higher level of expression in neurons. It is
possible that only well-functioning vacuoles at the early
stage might be able to retain mutant SOD1. Since mu-
tant SOD1 does not disappear, even when it leaks from
vacuoles after onset, it would still remain in the cell [52].
Mutant SOD1 that increased outside vacuoles but re-
mained within the cell would be related to the formation
of LBHIs, followed by aggregation of mutant SOD1 in
the cell.

In a study using electron and immunofluorescence
microscopy, Higgins et al. have reported that the vacu-
oles originate through expansion of the mitochondrial

intermembrane space and extension of the outer mito-
chondrial membrane and lack lysosomal signals [14].
This suggests that the vacuoles would be produced by a
nonautophagic, but still uncharacterized and unique
mechanism. In this study, we found a negative correla-
tion between the mitochondria-derived vacuoles and
LBHIs, although this does not necessarily mean that the
former prevents the latter. However, considering the
results of SOD1 immunostaining, it is not unlikely that
the mitochondria-derived vacuoles might prevent the
formation of LBHIs by sequestering mutated SOD1
from the cytoplasm.
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