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distribution of redox system-related enzymes in the
livers was immunohistochemically absent, and the
hepatocytes expressing the redox-related enzymes and
those not expressing these enzymes were intermingled in
various ratios. The hepatocytes that overexpressed the
redox system-related enzymes were evident among the
hepatocytes expressing these enzymes. In addition to
these immunohistochemical data, Western blot results
also supported the observation that the redox system-
related enzymes were overinduced in some hepatocytes.
Overinduction of redox system-related enzymes in the
hepatocytes was observed around the time of clinical
onset. By marked contrast, the SOD1-mutated motor
neurons that formed inclusions showed intra-inclusional
co-aggregation of redox proteins with SOD1, thereby
reducing the availability of the redox system (Kato et al.,
2004). Among motor neurons without inclusions, some
exposed to mutant SOD1 stress (i.e., ALS stress) are
capable of overexpressing redox system-related enzymes
as one of their vital physiological reactions, although
many SODI-mutated motor neurons showed disruption
of the redox system (Kato et al., 2005). Neurons under
long-term ALS stress no longer have the ability to
upregulate the redox system, and as ALS progresses,
these residual ALS neurons finally become unable even
to maintain the redox system itself (Kato et al., 2005).
Therefore, unlike the situation in hepatocytes,
breakdown of the redox system in SOD1-mutated motor
neurons results in cell death. The redox system-related
enzymes that are abundant in the liver (Immenschuh et
al., 2003) convert superoxide radicals into hydrogen
peroxide that is immediately converted by SOD1 to
harmless water and oxygen. Because SOD1 is rich in the
liver under physiological conditions (Marklund, 1980),
mutant SODI is also induced abundantly in the liver of
ALS model animals with the SOD1 gene mutation.
Although hepatocytes in G1H-G93A mice are exposed
to mutant SOD1 stress throughout life, in order to
protect themselves from the mutant SOD1 stress, these
hepatocytes are able to keep on inducing the redox
system-related enzymes and maintaining the redox
system. However, it is considered impossible for
hepatocytes under long-term mutant SOD1 stress to keep
on inducing these redox system-related enzymes.
Therefore, hepatocytes under long-term mutant SOD1
stress, e.g., the hepatocytes in the FALS patient with the
11-year disease course and in the end-stage G1L-G93A
mice, eventually become unable to maintain the redox
system. On the other hand, there are many reports that
diverse stresses dangerous to cell survival result in the
overinduction of redox system-related enzymes,
contributing to the regulation of signal transduction
(Andoh et al., 2003; Biteau et al., 2003; Georgiou, 2003;
Neuman et al., 2003; Wood et al., 2003; Chang et al.,
2004). This redox signal transduction is linked to
important systems such as cellular differentiation,
immune response, growth control, apoptosis, and tumor
growth (Jin et al., 1997; Berggren et al., 2001; Koo et
al., 2002; Chang et al., 2002; Mu et al., 2002; Neuman et

al., 2003). Redox system-related enzymes are
overinduced in reaponse to survival-threatening stresses
such as mutant SOD1. Our findings suggest that the up-
regulation of redox system-related enzymes may rescue
cells from death under mutant SOD1 stress. Therefore,
we postulate that our data will lead to the development
of a new therapy based on redox system up-regulation
for the treatment of ALS, which for over 130 years has
had an unknown etiology.
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Mallory Bodies in Hepatocytes of Alcoholic Liver Disease
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Mallory bodies (MBs) are intracytoplasmic bodies seen in hepatocytes of alcoholic liver
disease, primary biliary cirrhosis and hepatocellular carcinoma. However, the mecha-
nism of MB formation has not been fully understood. Proteins could be modified to ad-
vanced glycation end products (AGEs) after long-term incubation with reducing sugar.
AGEs are known to accumulate in several tissues in aging and age-enhanced disorders.
To study the possible glycation process in the formation of MBs, hepatocytes of 80 human
liver tissues with MBs were subjected to immunohistochemical analyses with five AGEs,
two markers for oxidative stress proteins (OSPs) and four stress-response proteins (SRPs).
MBs in hepatocytes of primary biliary cirrhosis and alcoholic liver disease were strongly
positive for N*-(carboxymethyl)lysine (CML) and weakly positive for pyrraline. MBs in
hepatocellular carcinomas were negative for both CML and pyrraline. No significant
immunoreactivity was detected in MBs for other AGEs, such as N*-(carboxyethyl)lysine,
pentosidine, and 3DG-imidazolone, or for OSPs and SRPs. Stainings for cytokeratin,
a major protein component of MBs, and CML were co-localized. Furthermore, immu-
noblot analysis suggested that cytokeratin of MBs was modified to AGE, since a single
protein band detected by a monoclonal anti-CML had a molecular weight identical to cy-
tokeratin. The absence of the CML signal in MBs of hepatocellular carcinoma cells could
be explained by scarce content of cytokeratin in carcinoma MBs.

Key words: advanced -glycation end product; cytokeratin; immunohistochemistry; Mallory
body; N*-(carboxymethyl)lysine

Abbreviations: ABC, avidin-biotin-immunoperoxidase complex; AEC, 3-amino-9-ethylcarbazole; AGE, advanced gly-
cation end product; BSA, bovine serum albumin; CEL, N*-(carboxyethyl)lysine; CML, N*-(carboxymethyl)lysine; DAB,
3,3-diaminobenzidine tetrahydrochloride; HCC, hepatocellular carcinoma; H&E staining, hematoxylin and eosin stain-
ing-; HNE, 4-hydroxy-2-nonenal; MB, Mallory body; PAS, periodic acid Schiff, PBC, primary biliary cirrhosis; SDS,
sodium dodecyl sulfate; SRP, stress-response protein
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Mallory first described cytoplasmic hyaline de-
generation in hepatocytes of alcoholic liver cir-
rhosis (Mallory, 1911). This cytoplasmic hyaline
inclusion has been called Mallory body (MB).
MB had been thought as specific to alcoholic liver
disease (Edmondson, 1986). However, they are
also associated with a number of non-alcoholic
hepatobiliary diseases, such as Indian childhood
cirrhosis, primary biliary cirrhosis (PBC), Wil-
son’s disease, hepatocellular carcinoma (HCC)
and adenomatous hyperplasia (Jensen and Gluud,
19944a; Terada et al., 1989). Although several
different theories have been proposed for the
formation of MBs (Jensen and Gluud, 1994b),
the mechanism of MB formation as well as their
developmental and pathological significance has
remained unknown.

Ultrastructurally MBs consist of aggregates
of filaments (Yokoo et al., 1972), and aberrant in-
termediate filaments of cytokeratin polypeptides
(Katsuma et al., 1987). Recently, hyperphos-
phorylation of cytokeratin 8 and 18 (Stumptner
et al., 2000) or ubiquitination of cytokeratin pro-
teins was revealed in MB formation (Yuan et al.,
1996). MBs were also known to be positive for
aB-crystallin immunohistochemically (Lowe et al.,
1992). Namely, MBs contain protein components
such as cytokeratin, ubiquitin or aB-crystallin.
Furthermore, the other chemical analyses dem-
onstrated that MBs possess carbohydrates (Lyon
and Christoffersen, 1971) and reducing sugar
(Luisada-Opper et al., 1977) in addition to cyto-
keratin as the major protein component.

Long-term incubation of proteins with glucose
leads, through the formation of early products
such as Schiff base and Amadori rearrangement
products, to the formation of advanced glyca-
tion end products (AGEs). Since monoclonal or
polyclonal antibodies against these AGEs have
been newly produced, immunological studies us-
ing anti-AGE antibodies have demonstrated ac-
cumulation of AGE-modified proteins in several
human tissues in association with aging (Araki
et al., 1992; Kimura et al., 1996) and several dis-
orders such as diabetic complications (Makino et
al., 1995), atherosclerosis (Kume et al., 1995) and
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Alzheimer’s disease (Smith et al., 1994). AGE-
modification is known to occur in many proteins,
especially long-lived proteins, which makes them
insoluble, thus enhancing the deposition of modi-
fied proteins inside the cells or in the extracellular
space (Makino et al., 1995; Giardino et al., 1996).
Finally, AGE-modified proteins that are accumu-
lated in the tissues exhibit direct toxic effects on
cells biologically (Vlassara et al., 1994).

AGE-structures reported so far include fluo-
rescent and cross-linking structures such as pen-
tosidine (Sell and Monnier, 1990) and crossline
(Nakamura et al., 1992), and nonfluorescent and
non-cross-linked structures such as imidazolone
(Niwa et al., 1997), N*-(carboxymethyl)lysine
(CML) (Ahmed et al., 1986) and pyrraline (Hayase
et al., 1989). The purpose of the present study
was to investigate whether AGE-modification
could play a role in MB formation. To do this
end, human liver tissues with MBs were examined
immunohistochemically using antibodies against
CML, N*-(carboxyethyl)lysine (CEL), pyrraline,
pentosidine and 3DG-imidazolone. Our results
revealed that chemical modification of cytokera-
tin by CML, a major antigenic AGE-structure, is
involved in MB formation in hepatocytes in alco-
holic liver disease and primary biliary cirrhosis
in contrast to no involvement of CML in MBs in
HCC.

Materials and Methods

Patients

Eight hundred liver tissues from autopsy, biopsy
and surgical files kept in our Department and Di-
vision were surveyed from 1973 to 2000, and MBs
were found histologically in 80 cases (8 autopsy
cases, 11 biopsy cases and 61 surgical cases). The
80 cases with MBs included three PBC cases (fe-
males, aged 37 to 68 years), 17 cases of alcoholic
liver disease (15 males and 2 females, aged 33 to
66 years) and 60 cases of HCC (52 males and 8
females, aged 29 to 80 years). Surgical and au-
topsy specimens of normal liver tissues and other



AGE-modification in Mallory bodies

Table 1. Sources of primary antibodies and dilutions

Antibody Clonality Clone Dilution Source (reference)
Anti-MB-component protein antibody
Cytokeratin, broad Monoclonal Ready-to-use  Nichirei (Tokyo, Japan)
aB-crystallin Polyclonal 1:250 J. E. Goldman (Twaki et al., 1989)
Ubiquitin Polyclonal 1:1000 S. H. Yen (Lee et al., 1989)
Anti-AGE antibody
CML Monoclonal  6D12 0.5 pg/mL S. Horiuchi (Ikeda et al., 1996)
Monoclonal CMSI0 0.5 pg/mL Kumamoto Immunochem. Lab. (Kumamoto, Japan)
Pyrraline Polyclonal 1.0 pg/mL S. Horiuchi (Hayase et al., 1989)
Pentosidine Polycional 1.0 pg/mL S. Horiuchi (Miyata et al., 1996)
CEL Monoclonal  KNH-30 0.6 pg/mL Kumamoto Immunochem. Lab. (Kumamoto, Japan)
3DG-imidazolone Monoclonal  JNH-27 0.5 ug/mL Kumamoto Immunochem. Lab. (Kumamoto, Japan)
Anti-OSP antibody
Acrolein Monoclonal 0.5 ug/mL NOF (Tokyo, Japan)
4-HNE Monoclonal 0.5 pg/mL JICA (Fukuroi, Japan)
Anti-SRP antibody
SRP27 Monoclonal Ready-to-use  BioGenex (San Rmon, CA)
SRP32 Monoclonal 1:200 Santa Cruz (Santa Cruz, CA)
SRP72 Monoclonal 1:500 Amersham (Buckinghamshire, United Kingdom)
SRP90 Monoclonal 1:5000 Affinity BioReagent (Neshanic Station, NJ)

AGE. advance glycation end product; CEL, N°-(carboxyethyDlysine: CML, N “_(carboxymethyD)lysine; 4-HNE, 4-hydroxy-2-
nonenal: MB, Mallory body: OSP, oxidative stress protein; SRP. stress response protein.

organ tissues from 10 individuals (7 males and 3
females; aged 19 to 68 years) were also examined
as controls. The protocols were approved by the
Ethics Committee in Tottori University Faculty of
Medicine (No. 761).

Histology and immunohistochemistry

After fixation in 10% buffered formalin, the spec-
imens were embedded in paraffin, cut into 4-um-
thick sections and examined by light microscopy.
Liver sections were stained by the following
routine methods: hematoxylin and eosin (H&E),
periodic acid-Schiff (PAS), digestive PAS, silver
and azan stainings. The distribution patterns of
MBs were classified according to the method of
Nakanuma and Ohta (1986). HCCs were graded
into grades I, II and IIT according to the histologi-
cal grading system of Edmondson and Steiner
(1954). Serial sections were used for immuno-
histochemical analysis. The sources of primary
antibodies and their dilutions used are listed in
Table 1. Sections were deparaffinized and endog-
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enous peroxidase activity was quenched for 30
min with 0.3% H,0,. Sections were then washed
in phosphate-buffered saline (PBS), pH 7.4. Nor-
mal sera isologous with each secondary antibody
were used as blocking reagents. Sections were
incubated with one of the primary antibodies
or PBS for 18 h at 4°C. As positive controls for
CML-immunostaining, atherosclerotic lesions in
the wall of aortae from control individuals were
used, biopsy specimens of diabetic kidney for
pyrraline or pentosidine staining and atheroscle-
rotic tissues also served as positive controls for
acrolein and HNE stainings. Some sections were
incubated with anti-CML antibody that had been
preabsorbed with 1 mg/mL of CML-modified bo-
vine serum albumin (BSA). With respect to the
preabsorption test, some sections were incubated
with anti-CML, anti-pyrraline, or anti-pentosidine
antibody that had been preabsorbed with excess
CML-, pyrraline- or pentosidine-modified BSA,
respectively. Bound antibodies were visualized
by the avidin-biotin-immunoperoxidase complex
(ABC) method using the appropriate Vectastain
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ABC kit (Vector Laboratories, Burlingame, CA)
and 3,3'-diaminobenzidine tetrahydrochloride
(DAB) (Dako, Glostrup, Denmark) as the final
chromogen. For labeling multiple antigens in
the same tissue section, normal and abnormal
structures in H&E-stained sections were identi-
fied, mapped and photomicrographed. The H&E
sections were then decolorized in 70% ethanol
containing 1% HCIl, after which the sections were
rehydrated, quenched for 30 min with 0.3% H,0,,
rinsed in PBS and incubated with the first prima-
ry antibody for 18 h at 4°C. Bound antibody was
visualized by the ABC method using 3-amino-9-
ethylcarbazole (AEC; Vector Laboratories) as the
chromogen, yielding a red product. After pho-
tographing the immunoreactive structures, AEC
sections were decolorized using 100% ethanol,
rinsed twice in PBS and incubated for 60 min at
room temperature with glycine-HCI buffer (pH
2.2) to elute the immunoreactive products. The
completeness of the elution process was veri-
fied by obtaining a negative reaction after reap-
plication of the appropriate ABC kit including a
secondary antibody and AEC on the eluted sec-
tions. The sections were subsequently incubated
with the second primary antibody for 18 h at 4°
C, and immunoreactivity was visualized by the
ABC method using DAB as the chromogen. The
proportion of positively-immunostained MBs was
classified into five different categories; category —
means negative staining, category +/— a few MBs
were stained weakly, category + less than 10%,
category ++ 10-50% and category +++ more than
50%.

Immunoblot analysis

This analysis was carried out on one fresh liver
sample of a patient with PBC (Patient 2, a 61-year-
old female) and on a liver tissue of age-matched
normal individual (a 68-year-old female). In
brief, specimens were homogenized in Laemmli
sample buffer (Bio-Rad, Hercules, CA) containing
2% sodium dodecyl sulfate (SDS), 25% glycerol,
10% 2-mercaptoethanol, 0.01% bromophenol blue
and 62.5 mM Tris-HCI, pH 6.8. The sample was
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heated at 100°C for 5 min. Soluble protein ex-
tracts from the samples were separated on a SDS-
polyacrylamide gel (10%-20% gradient, Bio-Rad)
and transferred by electroblotting onto Immobilon
PVDF (Millipore, Bedford, MA). After blocking
with 5% skimmed milk for 30 min at room tem-
perature, the blots were incubated with anti-CML
antibody (6D12) overnight at 4°C and visualized
with the Vectastain ABC kit and DAB. Appro-
priate molecular weight markers (Bio-Rad) were
included in each run.

Results

Histology and immunohistochemistry

Three cases clinically diagnosed as PBC showed
histopathologically liver cirrhosis, biliary (Table 2).
The histopathological findings of 17 cases clini-

Table 2. Clinicopathological findings of 20 cas-
es of PBC and ALD with MBs

Case Age Sex Clinical Histopathology
number diagnosis
1 37 F PBC LC/biliary
2 61 F PBC LC/biliary
3 68 F PBC LC/biliary
4 56 M ALD Fatty liver
5 44 M ALD AH
6 54 M ALD AH
7 47 M ALD AH
8 61 M ALD AH
9 37 M ALD Fibrosis
10 47 M ALD Fibrosis
11 49 F ALD Fibrosis
12 57 M ALD Fibrosis
13 65 M ALD Fibrosis
14 66 M ALD Fibrosis
15 37 F ALD LCl/septal
16 56 M ALD LC/septal
17 59 M ALD LC/septal
18 70 M ALD LC/septal
19 33 M ALD LC/septal
20 61 M ALD LC/septal

AH, alcoholic hepatitis; ALD, alcoholic liver disease; F, fe-
male; LC/biliary, liver cirrhosis of biliary type (by Havana
classification) (Sherlock, 1956); LC/septal, liver cirrhosis of
septal type; M, male; MB, Mallory body; PBC, primary bili-
ary cirrhosis.
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cally diagnosed as alcoholic liver disease, showed
fatty liver (1 case), alcoholic hepatitis (4 cases),
liver fibrosis (6 cases) and liver cirrhosis (sep-
tal type, 6 cases) by routine stainings (Table 2).
Sixty cases of HCCs were classified as the grade
I (15 cases), the grade II (41 cases) and the grade
11T (4 cases). MBs were found predominantly in
peripheral areas of regenerative nodules of liver
cirrhosis in PBC (Fig. 1A) and alcoholic liver
disease, and also in periportal areas of fibrotic al-
coholic liver disease. MBs were scattered in fatty
liver and in alcoholic hepatitis. MBs in HCCs
were found in the cancer tissues (Fig. 1B). The
ratio of MB-bearing hepatocytes to total hepato-
cytes varied from a few to ~10 percent in liver fi-
brosis, liver cirrhosis and HCCs. The distribution
patterns of MBs of PBC were classified as diffuse
type (2 cases) and sparse type (1 case). The pat-
terns of MBs of alcoholic liver disease were clas-
sified as diffuse type (2 cases) and as sparse type
(15 cases). The patterns of MBs of HCCs were as
clustering type (21 cases), diffuse type (26 cases)
and sparse type (13 cases) (Table 3).

The shape of MBs in PBC and alcoholic
liver disease showed granular (Fig. 2A), staghorn,
or circlar pattern (Fig. 2D). In contrast, the shape

Fig. 1. Hematoxylin and eosin staining of liver tissue of
i Patient 2 with primary biliary cirrthosis (PBC) (A) and
of MBs in HCCs was irregular (Fig. 1B). MBs  the patient with hepatocellular carcinoma (B), showing
of alcoholic liver disease, PBC and HCCs were  Mallory bodies (MBs) (arrows). Bar = 100 um.

Table 3. Histopathological and immunohistochemical findings of 80 cases of PBC, ALD and HCC
with MBs

Distribution ~ Number CML CML  Pyrraline Pentosidine CEL Cyto-

pattern of cases (6D12) (CMSI10) keratin

PBC Clustering 0

Diffuse 2 R I Ve - - ++

Sparse i + + - - - ++
Alcoholic liver disease Clustering 0

Diffuse 2 +~++ ot +/— - - ++

Sparse 15 + + f—mm - - ++
Hepatocellular carcinoma  Clustering 21

Diffuse 26 - - - - - =

Sparse 13 - - - - - +/—

CEL, N*-(carboxyethyl)lysine; CML, N*-(carboxymethyD)lysine; MB, Mallory body; PBC, primary biliary cirrhosis.
Distribution pattern of MBs were divided according to Nakanuma and Ohta (1986).
Proportion of MBs stained positively: +++, > 50%; ++, 10-50%; +, < 10%j; +/—, only minor portion.
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it

Fig. 2. Light microscopic characteristics of the Mallory bodies (MBs) of Patient

2 with primary biliary cirrhosis.

A:
(A-F: same magaification).

: An MB in H&E staining (arrows).

HY O W

=

DAB as chromogen showing the MB (arrows).

weakly positive for PAS histochemically (data
not shown). The PAS-positivity was confirmed
by the digestive PAS staining. MBs in PBC and
alcoholic liver disease were confirmed immuno-
histochemically by positive staining to ubiquitin
and aB-crystallin addition to H&E staining. The
reaction products within MBs in PBC by the anti-
CML antibody exhibited a granular pattern (Fig.
2B) or a circular pattern (Fig. 2E). MBs and MB-
bearing hepatic cytoplasm were also stained with
the anti-cytokeratin antibody (Figs. 2C and F).
The positive reaction products for both CML and

An MB in hematoxylin and eosin (H&E) staining (arrows). Bar = 10 um

:+ The same section as A immunostained for N°-(carboxymethyl)lysine (CML)
using 3-amino-9-ethylcarbazole (AEC) as chromogen (arrowheads).

: The section used in B was decolorized and restained for cytokeratin using
3,3"-diaminobenzidine tetrahydrochloride (DAB) as chromogen (arrows).

The section used in D was decolorized and immunostained for CML using
AEC as chromogen. A doughnut-shaped MB is stained in red (arrowheads).
The section used in E was decolorized and restained for cytokeratin using
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Fig. 3. Liver sections of the pa-
tient with hepatocellular carcino-
ma. Immunostaining for ubiquitin
(A) and CML (with monoclonal
antibody 6D12) (B). Bar = 100 um

(A and B: same magnification).

cytokeratin were co-localized on the same MBs
(Figs. 2B and C; and Figs. 2E and F, respectively).

MBs derived from three cases of PBC and
17 cases of alcoholic liver disease were posi-
tively stained to CML (both clone of 6D12 and
CMS-10) (Table 3). MBs in one case of PBC and
nine cases of alcoholic liver disease were weakly
stained with anti-pyrraline antibody. MBs of all
cases of both PBC and alcoholic liver disease
showed positive for cytokeratin. MBs were not
stained by anti-pentosidine antibody, anti-CEL
antibody or anti-3DG-imidazolone antibody.
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MBs were not stained with antibodies against
oxidative stress proteins (OSPs) such as acrolein
and HNE nor against stress response proteins
(SRPs) (27 kDa, 32 kDa, 72 kDa or 90 kDa) (data
not shown). MBs in HCCs were also identified
by positive staining to anti-ubiquitin antibody
(Fig. 3A). MBs in all cases of HCCs were weakly
stained by anti-cytokeratin antibody. By contrast,
MBs in HCCs were not stained to CML (Fig. 3B),
pyrraline, pentosidine, CEL, 3DG-imidazolone,
two types of OSPs (acrolein and HNE) nor four
types of SRPs (srp27, 32, 72 and 90). There were
no significant differences in AGE-expressions
among the histologically different specimens in
HCCs.

The proportion of positively-immunostained
MBs varied from one sample to another, rang-
ing from less than 10% to more than 50% of total
MBs (Table 3). Immunohistochemical stain-
ings of CML of PBC and alcoholic liver disease
showed that 1 out of 20 cases was of category
+++; 4 out of 20 cases were of category ++, and
15 cases out of 20 cases were of category +. Im-
munohistochemical stainings of pyrraline of PBC
and alcoholic liver disease showed that one case
of PBC was of category +/— and nine of 17 cases
of alcoholic liver disease were of category +/—.
MBs with diffuse distribution pattern were posi-
tive for CML or pyrraline more than MBs with
sparse type. All cases of PBC and alcoholic liver
disease were of category ++ about cytokeratin.
All cases of HCC were of category +/— about cy-
tokeratin.

Hepatocytes from 10 control individuals
were not stained by five anti-AGE antibodies
against either of CML, pyrraline, pentosidine,
CEL or 3DG-imidazolone. Similarly, normal he-
patocytes showed no immunoreactivities to OSPs,
SRPs, aB-crystallin nor ubiquitin. No staining
was detected when sections were incubated with
PBS. The specificity and high affinity of these
antibodies were confirmed by control tissues. As
expected (Makino et al., 1995; Kume et al., 1995;
Horie et al., 1997), CML-immunoreactivities were
observed in smooth muscle cells of atherosclerotic
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1 2
kDa
200 &
66 2
Fig. 4. Western blot analysis
using monoclonal CML (with
monoclonal antibody 6D12) in
liver tissues.
17 Lane 1: normal control liver.

Lane 2: primary biliary cirrho-
sis liver (Patient 2).

lesions, and immunoreactivities for pyrraline,
pentosidine, CEL and 3DG-imidazolone were also
noted in the thickening intimae of arteries. As re-
ported earlier (Uchida et al., 1995), macrophage-
derived foam cells in the atheromatous lesions
were positive for HNE. Anti-CML antibody pre-
treated with an excess amount of CML-modified
BSA did not stain smooth muscle cells in the ath-
erosclerotic lesions. Similarly, anti-pyrraline, or
anti-pentosidine antibody pretreated with an ex-
cess amount of pyrraline- or pentosidine-modified
BSA did not stain the thickening intimae of arter-
ies.

lmmunoblot analysis

The results of immunoblot analyses are shown in
Fig. 4. When the liver-tissue homogenate of PBC
(Patient 2, a 6l-year-old female), whose hepato-
cytes were demonstrated to contain CML-positive
MBs immunochemically, was subjected to immu-
noblotting with anti-CML antibody, a single band
with a molecular weight indistinguishable from
that of cytokeratin was detected (Fig. 4). Immu-
noblotting of the fresh autopsy liver specimen of
a normal individual (a 68-year-old female) did not
show any specific band (Fig. 4).
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Discussion

Although the frequency and the distribution of
MBs that were detected by H&E staining were
various among 80 cases examined, all of the MBs
were positive for ubiquitin, aB-crystallin and cy-
tokeratin immunohistochemically. MBs in HCCs
were weakly positive for cytokeratin, but MBs
in PBC and alcoholic liver disease were strongly
positive for cytokeratin. The present immuno-
histochemical results coincide with the previous
reports which demonstrated that MBs consisted
of aggregates of cytokeratin filaments (Yokoo et
al., 1972) or that cytokeratin protein of MBs was
ubiquitinated (Yuan et al., 1996). In the pres-
ent study, the facts that MBs contain cytokeratin,
ubiquitin and oB-crystallin as protein components
were confirmed immunohistochemically.

The novel finding of the present study is
that MBs in PBC and alcoholic liver disease were
positive for CML and pyrraline in contrast to
those of HCCs. In cases of PBC and alcoholic
liver disease, immunohistochemical results of
the same paraffin sections using anti-CML and
anti-cytokeratin antibodies, revealed that both
CML and cytokeratin were co-localized on the
same MBs. These results suggest that MBs in
PBC and alcoholic liver disease have epitopes of
CML addition to cytokeratin. No CML-positive
reactivities except MBs were found in the liver
sections of PBC, alcoholic liver disease, HCCs
and normal controls. Furthermore, immunoblot
analysis with anti-CML antibody supported the
immunohistochemical findings. Single band with
a molecular weight about 55 kDa was detected
in the liver-tissue homogenate of PBC. This re-
sult demonstrated that liver tissue-homogenate
of PBC contain CML-combined protein with
molecular weight about 55 kDa. Considering the
fact that the molecular weight of ubiquitin, one of
protein components of MBs is about 8 kDa (Lee
et al.,, 1989; Lowe and Mayer, 1990) and that of
aB-crystallin is also 22 kDa (Iwaki et al., 1989), it

90

was suggested that CML-combined protein might
be cytokeratin.

Glycation is one of biochemical reactions and
it occurs when proteins were incubated with re-
ducing sugars. Finally, CML, CEL or pyrraline-
combined proteins through several steps by glyca-
tion form AGEs. Although oxidation is necessary
for the formation of AGEs in vitro (Nagai et al.,
1997), the intention level of oxidation, the nature
of oxidative processes, and the period of oxidative
stresses are of different in vivo. At the cellular
level, living cells can induce a diverse group of
SRPs in response to different types of biological
stresses, including oxidative damage (Morimoto
et al., 1990). Since OSPs and SRPs in MBs were
not detected in the present immunohistochemical
studies, the amounts of these compounds in MBs
might be, if any, negligible, suggesting that the
oxidative stress that generates these marker com-
pounds does not contribute to the process of MB
formation in vivo.

Modification by glycation occurs in many
proteins in relation to the pathogenesis of dis-
eases such as atherosclerosis (Kume et al., 1995),
diabetic complications (Makino et al., 1995),
Alzheimers’ disease (Smith et al., 1994). Fur-
thermore, AGEs are common to be long-lived,
insoluble molecules, readily deposited in cells
that have a direct cytotoxic effect (Vlassara et al.,
1994). Although several hypotheses of MBs have
been discussed (Jensen and Gluud, 1994a, 1994b)
the results of the present study clarified that AGE-
modification of cytokeratin, a major protein com-
ponent of MBs, plays an important role in the for-
mation of MBs in hepatocytes in the PBC and the
alcoholic liver disease. Taken together with ab-
normal cytokeratin aggregation toxicity, it is con-
ceivable that the AGE modification of cytokeratin
in MBs could amplify the aggregation of cyto-
keratin and that the formation of the AGEs could
result in greater toxicity in hepatocytes-bearing
MBs in patients with the PBC and alcoholic liver
disease. Considering the facts that MBs of HCCs
contain less amount of cytokeratin protein, HCC
cells form MBs for a short disease duration of tu-
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morigenesis or have abnormal biological metabo-
lism, AGE-modification do not contribute to the
formation of the MBs in HCC cells. To elucidate
the differences between AGE-expressions of alco-
holic liver disease or PBC and AGE-expressions
of HCCs, a further complete understanding of the
molecular mechanisms of MB formation in hepa-
tocytes will be necessary. Our results suggest that
the formation of AGEs might be cytotoxic to MB-
containing hepatocytes in PBC and alcoholic liver
disease in contrast to HCCs.
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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 (GIL,
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 pm in diameter
were detected in the neuropil of the lumbar segment
from GI1L 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 um 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; GIL, 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.
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In contrast, significantly more LBHIs with little vacu-
ole formation were evident around the facial nucleus in
GI1L 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.

Keywords Vacuole - Lewy-body-like hyaline
inclusion - Mitochondria - Transgenic mice -
Amyotrophic lateral sclerosis

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 (SODI1) 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



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 SODI1, aggregations of mutated SODI1 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 SODI1-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 ¢ 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 ¢ (cyt ¢) 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.
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Materials and methods
Animals

Transgenic mice expressing the G93A mutated human
SOD1 gene at a low (B6SJL-TgN[SOD1-G93A]1Gur?,
GIL) or high (B6SJL-TgN[SODI-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 [I,
33, 34, 49].

Tissue preparation

We examined control (260 =6 days old), GIL, 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 pm 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% H-0, 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 ¢ (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 SODI
(0.5 pg/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
(VI1, VIII, IX Rexed areas) showing clear nucleoli and
cell bodies with a diameter greater than 25 pm [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-H1AS5, KEYENCE). The number of neurons with
a diameter greater than 25 um were counted in HE-
stained sections. LBHIs with a halo and core and cyt-c-
positive vacuoles in the gray matter were also counted
(x100 objective). LLBHIs were also confirmed using
antibodies against human SODI 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
GI1L mice changes chronologically over the clinical
course of the disease, vacuoles were divided according to
size into small (<35 pm) or large (> 35 pm). Every fifth
section (40 wm 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 (GIL,
230 days and the moribund state 259 £ 6 days; GI1H, 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 GIL 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-nVI1I, the border zone, and vacuole-
poor area, as delineated in Fig. 1) were also counted
(x40 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-HI1AS,
KEYENCE). Every fifth section (at 24-um intervals)

.~ $120um

vacuole-
rich area

-border zone

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 (nVI1) 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-nVI1I), border zone and vacuole-poor area is as follows:
vacuole-rich area (light bluc) corresponds to the inner area outlined
in yellow; the border zone (white) corresponds to the surrounding
area outlined in yellow and green, 120 pm 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



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.

Resuits

Morphological changes of vacuoles in the lumbar
segment of GIL or GI1H mice

Many tiny vacuoles 2-3 um in diameter were found in
neurites mainly at the edge of the anterior horn in GIL
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. 2¢) were frequently found throughout the
gray matter. At the later stages in G1L mice, the large
vacuoles appeared slightly deformed and were reduced

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,

¢ 180 days, d end stage).

a Many small vacuoles

(<5 pym, 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. ¢ 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; ¥ vessels. Scale bar a
(also for b-d) 20 pm
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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 GIL
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 ¢ 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 ¢ at the edge of the
anterior horn in G1L mice (90 days; Fig. 3c—¢). 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 ¢ (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 um), which
were never seen at 90 days, were frequently observed at
the edge of the anterior horn (Fig. 3f). The cyt ¢
immunoreactivity was reduced within the rim of these
large vacuoles (Fig. 3f, g). Small vacuoles (<5 um) did
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control
cyte
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90 days
cytc
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o 90 days
cyte

Fig. 3 Immunohistochemistry of vacuoles in the anterior horn of
GI1L mice (a, b normal control, ¢c-1 G1L mice; a, b 263 days, c-e
90 days, £-h 140 days, i 180 days, j, k 230 days, 1 end stage; a, ¢-g,
j. eyt ¢, 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. ¢—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 pm, arrows), which were never seen in d. The
immunoreactivity for cyt ¢ is reduced within the rim of large
vacuoles (arrows) compared to that of small vacuoles (<5 um,

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 (<35 wm), and many large

. 0ocyte

. 140 days
© cco :

control
CCC

90 days
cyte

140 days

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-
¢-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. 1 Small vacuoles are
not evident. Some large vacuoles (arrows) remain. N neurons; V
vessels. Scale bars: a (also for b)50 pm, ¢ 100 pm, d (also for {, h-1)
20 pm, and e (also for g) 10 pm

vacuoles (> 5 um) 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
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Fig. 3 (Contd.)

: 180 days . 230 days
cco pone

230 days Lo : v;;‘ . end stage

cCco cyte

K L

seen only rarely (Fig. 3j, 1), and some large vacuoles Immunohistochemical analyses of vacuoles

were observed scattered throughout the neuropil. The in the lumbar segment of G1H mice

CCO-positive structures lying interior to the vacuole

rim became atrophic (Fig. 3k), especially in moribund In symptomatic G1H mice (100 and 115 days), promi-
mice. Cyt c-positive vacuoles were never seen in the nent vacuole formation was observed (Fig. 4b, c, e, f).
soma of neurons from GI1L mice. The vacuolar rims were cyt-c-positive and there were

Fig. 4 More prominent vacuole
formation with similar
immunostaining patterns for
¢yt ¢ and CCO in the anterior
horn of GI1H mice

(a—c; 100 days, b—f; 115 days,
a, d; Epon sections, toluidine
blue, b, €; cyt ¢, ¢, f; CCO).

a Abundant small (<5 pm,
arrow heads) or large (> 5 um,
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.

¢ 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 pm 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 pm
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CCO-positive structures lying interior to them, as ob-
served in G1L mice. Cyt ¢ 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 pm) 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 GIL and G1H mice

Figure 5 shows the number of small (<5 pm) and large
(>5 um) vacuoles, and LBHIs and motor neurons
(>25 um) in the lumbar segment during the clinical
course of the disease in GlL 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 GIL
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 GIL and G1H mice, respectively, becoming
more widespread at the later stages. The number of
LBHIs increased significantly in GIL 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 GI1L
(230 days and in the moribund state) and GIH (100 and
115 days) mice. The number of vacuoles in GIH 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 GIL
(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 nV1I of moribund
GI1L mice. Most of the vacuoles in the nVII (Fig. 7b)
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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 G1IL mice. a
Numerous small vacuoles are evident at 90 days. The number of
small vacuoles decreases significantly with disease progression
(*P <0.05). The Jarge 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 pum) 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). ¢ Representative hematoxylin and eosin (HE)
staining of the anterior horn in control (1) and GIL mice at the end
stage (2). The number of neurons (> 25 pm, arrows) is reduced in
(2). Scale bar ¢ 25 pm

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






