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Motor Neuron Disease in Transgenic Mice With an H46R
Mutant SOD1T Gene

Shoichi Sasaki, MD, Makiko Nagai, MD, Masashi Aoki, MD, Takashi Komori, MD,
Yasuto Itoyama, MD, and Makoto Iwata, MD

Abstract

Human familial amyotrophic lateral sclerosis with an H46R
mutant Cuw/Zn superoxide dismutase (SODI) gene is characterized
by initial muscle weakness and atrophy in the legs and a very long-
term clinical course (approximately 15 years). Transgenic mice
with this mutation generated in our laboratory occasionally showed
aggregates in the anterior homs and axonal degeneration in all
white matter sections of the spinal cord on plastic sections at the

presymptomatic stages (12 and 16 weeks old), although conven-

tional staining revealed no pathologic changes. At the symptomatic
stages (20 and 24 weeks), loss of anterior horn neurons was
observed. On plastic sections, aggregates were frequently seen not
only in the anterior horns but also in the posterior horns and in all
sections of white matter. Degenerated fibers were observed in the
anterior and posterior roots as well as in white matter. Electron and
immunoelectron microscopic observation revealed human SODI-
and ubiquitin-positive aggregates consisting of intermediate fila-
ments in the anterior horn even from an early presymptomatic
stage. Thus, H46R mutant SOD/ transgenic mice are characterized
by widespread pathologic changes of the spinal cord that extend
beyond the motor system, including many aggregates lacking
vacuoles. The close pathologic similarity makes this animal model
suitable for the investigation of human familial amyotrophic lateral
sclerosis with the mutation.

Key Words: Aggregates, Amyotrophic lateral sclerosis, Cu/Zn
superoxide dismutase (SODI), H46R, Mice, Motor neuron disease,
Transgenic.

INTRODUCTION
Since the initial report of Cu/Zn superoxide dismutase
(SODI) mutation involvement in familial amyotrophic
lateral sclerosis (FALS), more than 100 mutations on all §
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exons of SODI have been identified (1). Of the more than
100 mutations in humans, 3 mutant SODI transgenic (Tg)
mice (G85R, G37R, and G93A) have been extensively
characterized as Tg mouse models of FALS (2, 3). Unlike
the variable pattern of weakness in humans, weakness
typically starts in the hindlimbs in mice between 3 and 12
months of age, depending on both the mutation and the level
to which it is expressed. On the other hand, FALS with a
novel point mutation (A to G, which results in an amino acid
substitution of histidine-46 by arginine, H46R) in exon 2 of
the SODI gene is autosomal dominant and has been reported
in the Japanese population. It has some characteristic clinical
manifestations: initial development of muscle weakness and
atrophy in the lower extremities; a very slow progression of
symptoms to the upper extremities; and bulbar muscles with
intrafamilial variation of disease severity. To a lesser extent,
pyramidal signs also develop. The average age at onset is
approximately 40 to 50 years, and the mean disease duration
is about 15 years (4-6). In 1 study, the mean + SD age at
the onset in 1 family is 49.6 + 10.9 years (n = 10) and
duration after the onset is 17.3 * 10.7 years (n = 4), and
in another family durations are 48 £ 9.5 (n = 14) and 16.8 £
6.8 years (n = 9), respectively (4). In another study, the
disease duration of the family is 17.8 + 13.2 years with the
age at onset being 42.9 + 4.7 years (n = 7) (5). In a third
study, the average + SD age at disease onset in the families
is 44.3 £+ 8.7 years (n = 17), and the mean disease duration is
12.0 £ 7.6 years (n = 17), with a range of 6 to 30 years (6).
These clinical characteristics are reminiscent of the “pseudo-
polyneuritic form” of amyotrophic lateral sclerosis (Marie-
Patrikios-type) (7). To date, no studies of pathologic changes
in H46R Tg mice have been reported, but there is a report of
an H46R mutant SODI Tg rat (8). The spinal cords of Tg
mice with the H46R mutant SOD! gene were examined from
the presymptomatic to symptomatic stages, and the findings
were compared with cases of human FALS with the H46R
mutant SOD/ gene.

MATERIALS AND METHODS

Experimental Animals and Clinical Assessment

All mice were handled according to approved animal
protocols of the Tohoku University Graduate School of
Medicine.
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We isolated a Pl-derived artificial clone (dJ100A14)
containing the full genomic human SOD/ gene. This clone
was identified by screening a human genomic PAC library
(9) using polymerase chain reaction with primer pairs
specific to the human SOD! gene. From this, we cloned an
11.5-kilobase (kb) EcoRI-BamHI fragment that contained
the entire coding sequence and promoter region of the
human SOD! gene (10, 11). The H46R mutation was en-
gineered into this fragment by site-directed mutagenesis
(Mutan-express Km, Takara, Otsu, Japan). To obtain the
H46R mutation, an Ndel-Xbal fragment involving the
second exon was subcloned into the pKF18k vector. Both
the mutagenic primer and selection primer, which restored
Km resistance, were hybridized to the vector and were
incorporated during replication. The resulting potential Km-
resistant clones were sequenced by the oligonucleotide-
directed dual amber method (12) to verify the presence of
the introduced mutation, H46R. A linear 11.5-kb EcoRI-
BamHI fragment containing the H46R mutation was micro-
injected into BDF1 (C57BL/6 x DBA/2 F1) mouse (The
Jackson Laboratory, Bar Harbor, ME) embryos. The treated
embryos were transferred to oviducts of pseudopregnant
ICR-slc female mice.

The DNA of newborn mice was extracted from their
tails for human SODI gene-specific polymerase chain
reaction amplification (forward primer: 5-TTGGGAG
GAGGTAGTGATTA,; reverse primer: 5’-AGCTAGCAG
GATAACAGATGA; 94°C for 30 seconds; 55°C for 30
seconds; 72°C for 30 seconds; 30 cycles). Founder mice
were mated with C57B/6 mice (The Jackson Laboratory).

To generate Tg mice with the H46R mutation, we first
obtained human genomic PAC clones encompassing the entire
human SODI gene; we then subcloned this gene within an
11.5-kb EcoRI-BamHI fragment. Site-directed mutagenesis
was used to generate clones with the H46R mutation. The
mutated 11.5-kb EcoRI-BamHI fragments were microinjected
into fertilized eggs from BDF! mice. Eighty-three potential
Tg H46R pups were obtained. From these, 3 founders with the
H46R mutant transgene were identified using polymerase
chain reaction and Southern blotting. One line with the H46R
mutation developed motor neuron disease. This line expressed
the highest level of the mutant SOD/.

To determine the level of the human mutant SOD/
protein that accumulated in the Tg line, spinal cord extracts
were immunoblotted. The ratios of human mutant to mouse
endogenous SODI were determined using an anti-human
polyclonal antibody against a peptide sequence identical in
human and mouse SOD! (Calbiochem, San Diego, CA). The
level of human mutant SODI protein in the line H46R-70
was 20.1 times the level of endogenous mouse SODI. To
determine the level of SODI activity, spinal cord extracts of
Tg mice as well as those of controls were electrophoresed in
native gels. SODJ activity was quantified in situ on the gels
using a well-established assay system in which dismutation
of superoxide anion by SODI inhibits the conversion by
superoxide anion of nitro blue tetrazolium to formazan,
resulting in a formazan-free clear zone in an otherwise blue
gel (13). The level of SODI activity in the H46R-70 line was
20% of the control level.
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The first sign of disease in this mutant line was weak-
ness of limbs, primarily indicated by the dragging of 1 limb.
In the H46R-70 line, all of the mice showed weakness in
their hindlimbs. The mean age at which this clinical weak-
ness appeared in the H46R-70 line was 153 + 10.0 days
(n=4). As the disease progressed, the mice exhibited marked
muscle wasting in their limbs. Thereafter, the other limbs also
became weak. At the end stage of disease, the affected mice
were unable to move toward water to drink and they died. The
mean ages at death in the H46R-70 line were 184 + 11.8 days
(n = 4). The mean duration of the clinical expression of the
disease in the H46R-70 was 27.5 + 8.2 days (n = 4). The lines
that expressed lower levels of human mutant SOD/ did not
show any clinical phenotypes at 12 months of age.

Histopathology

A total of 8 Tg mice and 8 age-matched nontransgenic
(non-Tg) mice were investigated, respectively. Eight Tg mice
were divided into 4 groups: early presymptomatic (aged 12
weeks, n = 2), late presymptomatic (16 weeks, n = 2), early
symptomatic (20 weeks, n = 2), and end-stage Tg mice (24
weeks, n = 2). Age-matched non-Tg mice served as controls
in each group (n = 8). Tg and non-Tg mice were examined
simultaneously. All mice (n = 16) were deeply anesthetized
with ether and perfused intracardially with heparinized saline
(pH 7.4), followed by perfusion with ice-cold 4% para-
formaldehyde (Katayama Chemical, Osaka, Japan) in 0.1 M
phosphate buffer (pH 7.4). The spinal cord was removed
rapidly and post-fixed by immersion in the same fixative
(5 days, 4°C). Cross-sections of the spinal cord were embed-
ded in paraffin, sectioned (4 p.m), and subsequently stained
with hematoxylin and eosin (H&E) and Kliiver-Barrera stain.

Immunohistochemistry

The following antibodies were used in this study: a
sheep polyclonal anti-human SOD/ antibody (Calbiochem;
diluted 1:1,000), a polyclonal anti-ubiquitin antibody
(diluted 1:10; Sigma), a polyclonal anti-glial fibrillary acidic
protein (GFAP) antibody (diluted 1:750; DAKO, Glostrup,
Denmark), a mouse monoclonal antibody to rat phosphory-
lated neurofilament (SMI-31, diluted 1:1000; Sternberger
Monoclonals, Lutherville, MD), a polyclonal antibody
against a synthetic peptide corresponding to amino acid
residues 124 to 134 of human a-synuclein with phosphoser-
ine 129 (PSer 129, diluted 1:1000; a gift from Dr. T.
Iwatsubo [14]), and a mouse monoclonal phosphorylated tau
(AT8) (diluted 1:1000; Innogenetics, Ghent, Belgium).
Sections (4-pum-thick) of the paraffin-embedded spinal cords
were deparaffinized and treated with nonimmune serum as
the blocking reagent, and the reaction was quenched with
3% H,0,. The samples were then incubated overnight at 4°C
with the primary antibodies. Antibody binding was visual-
ized by the avidin-biotin-immunoperoxidase complex (ABC)
method using an Elite ABC kit (Vector Laboratories,
Burlingame, CA) following the manufacturer’s recommen-
dations. 3,3’-diaminobenzidine tetrahydrochloride was the
final chromogen. Selected sections were incubated with the
antibodies against phosphorylated neurofilament, ubiquitin,
and SODI that had been preabsorbed with excess amounts of

© 2007 American Association of Neuropathologists, Inc.
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these antibodies. Sections from which the primary antibodies
had been omitted served as negative reaction controls.

Electron Microscopy

Eight Tg and 8 non-Tg wild-type mice were killed at
ages 12, 16, 20, and 24 weeks (n = 2 in each group,
respectively). All mice were perfused intracardially with
heparinized saline (pH 7.4) followed by perfusion with ice-
cold 4% paraformaldehyde (Katayama Chemical, Osaka,
Japan) and 0.2% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). Tissues of the spinal cord were incubated in 2%
osmium tetroxide in 0.1 M cacodylate for 2 hours, washed,
dehydrated, and embedded in epoxy resin. Serial semithin
sections (1 wm) of the whole transverse spinal cord stained
with tolutdine blue were examined under a light microscope.
Appropriate portions were cut into ultrathin sections, which
were subsequently stained with lead citrate and uranyl
acetate for electron microscopic study.

Immunoelectron Microscopy .

Postembedding immunogold electron microscopy was
carried out on spinal cord specimens. Late presymptomatic
(16 weeks, n = 1), early symptomatic (20 weeks, n = 1), and
end-stage (24 weeks, n = 1) mice were perfused intra-
cardially with heparinized saline (pH 7.4) followed by 100
mM phosphate buffer (pH 7.4) containing ice-cold 4%
paraformaldehyde and 0.1% glutaraldehyde. Two non-Tg
wild-type mice (20 weeks, n = 1; 24 weeks, n = 1) served as
controls. The lumbar and cervical spinal cord from fixed
mice were dissected out, dehydrated in 100% ethanol, and
embedded in hard-grade LR White resin (Electron Micro-
scopy Sciences, Fort Washington, PA) by polymerization
overnight at 60°C. Ultrathin sections were excised from the
embedded tissue using a microtome, and the sections were
collected onto grids (150 mesh). Then, the ultrathin sections
were etched in 0.1 N HCI for 5 minutes, rinsed 3 times for 5
minutes each in Tris-buffered saline (TBS) (20 mM Tris,
140 mM NaCl, and 2.7 mM KCl, pH 8.0), treated with
blocking buffer (0.1% gelatin, 1% normal goat serum, and
0.3% Tnton-X-100 in TBS) for 30 minutes, incubated with
the primary antibodies for 2 hours at room temperature,
rinsed 3 times for 5 minutes each in TBS, placed in gold-
conjugated secondary antibody (10 nm gold anti-mouse anti-
rabbit) for 1 hour, rinsed 3 times in TBS, rinsed in water,
stained with Reynold’s lead citrate followed by staining with
aqueous 2% uranyl acetate, and then dried on filter paper.
The following antibodies and sera were used: a sheep
polyclonal anti-human SOD/ antibody at 1:500, 1:1000, or
1:2000 (Calbiochem) dilution; a polyclonal anti-ubiquitin
antibody (DAKO) diluted at 1:100, 1:500, or 1:1000; a
monoclonal anti-phosphorylated neurofilament antibody
(DAKO) diluted at 1:50, 1:100, 1:500, and normal rabbit
serum (Vector Laboratories).

RESULTS
Light Microscopic Findings

In 12-week-old mice (early presymptomatic stage) the
H&E and Kliiver-Barrera staining revealed no pathologic

© 2007 American Association of Neuropathologists, Inc.

changes such as vacuolar changes or neuronal loss anywhere
in the spinal cord (Fig. 1A). The average number of large
anterior horn neurons, which measured more than 18 um in
diameter (i.e. the mean of the shortest and the largest
diameters of an anterior horn cell) per anterior horn was
15.7 £ 1.2 (n = 6 sections); thus, no significant differences
from controls were observed in the experimental mice by
either staining (H&E or Kliiver-Barrera) or by neuronal
count and measurement at this stage. Furthermore, no Lewy
body-like inclusions (LIs) were observed anywhere in the
samples by H&E staining. However, on Epon-embedded
plastic sections stained with toluidine blue, rare aggregates
and Lis were detected in the neuropil of the anterior horns
and around the central canal, but not in the posterior horns
or white matter. The anterior and posterior roots showed
no abnormalities.

In 16-week-old mice (late presymptomatic stage),
H&E and Kliiver-Barrera staining revealed no pathologic.
changes in either the gray matter or the white matter.
Aggregates and LIs were rarely observed by H&E staining.
The average number of anterior horn neurons was 14.2 + 1.5
(n = 6 sections), showing no significant difference from the
controls. On plastic sections, occasional aggregates and Lls
were seen in the neuropil in the anterior horns, as were
spheroids and cord-like swollen axons (Fig. 2A). Lls

FIGURE 1.

preserved at the age of 12 weeks (early presymptomatic
stage). Hematoxylin and eosin (H&E) staining. (B) Large an-
terior horn neurons are reduced at the age of 20 weeks (early
symptomatic stage). H&E staining. Scale bars = 100 um.
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frequently contained cores at the center. Myelin ovoids were In 20-week-old mice (early symptomatic stage), loss
only occasionally observed in all white matter examined, but ~ of anterior hom neurons with astrogliosis was observed,
the anterior and posterior roots were intact. and the average number of large anterior hom neurons was

stage) (lumbar cord). Plastic section stained by toluidine blue. (B) A Lewy body:-like inclusion (arrow) is observed in the neuropil
of the anterior horn at the early symptomatic stage (lumbar cord). Plastic section stained by toluidine blue. (€) Spheroids
(arrows) are observed in the neuropil of the anterior horn and in the white matter close to the grey matter of the anterior horn at
the early symptomatic stage (lumbar cord). Plastic section stained by toluidine blue. (D) Myelin ovoids are spotted in the anterior
column at the early symptomatic stage (lumbar cord). Plastic section stained by toluidine blue. (E) Many aggregates or Lewy
body-like inclusions (arrows) are observed in the neuropil of the anterior horn at the age of 24 weeks (end-stage) (cervical cord).
Hematoxylin and eosin (H&E) staining. (F) Myelin ovoids are observed in the anterior root at the endstage (lumbar cord). Plastic
section stained by toluidine blue. (G) A normal anterior root shown for comparison. Plastic section stained by toluidine blue. (H)
Myelin ovoids are observed in the posterior root at the end stage (lumbar cord). Plastic section stained by toluidine blue. (I) A
normal posterior root shown for comparison. Plastic section stained by toluidine blue. (J) Myelin ovoids are observed in the
posterior column including the corticospinal tract (arrows) at the end stage (lumbar cord). Plastic section stained by toluidine
blue. (K) A normal posterior column shown for comparison. Plastic section stained by toluidine blue. Scale bars = (A-C) 25 pm;
(D) 50 um; (E=G) 25 pm; (H, 1) 30 um; (J, K) 75 pm.
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6.0 £ 1.4 (n = 6 sections), which was significantly fewer
than that of the controls (p < 0.01) (Fig. 1B). Aggregates
and LIs were occasionally observed in the anterior horn by
H&E staining. On plastic sections, LIs (Fig. 2B), spheroids,
and cord-like swollen axons were frequently seen in the
neuropil of anterior homs (Fig. 2C). The white matter
exhibited slight myelin ovoid formation in the anterior,
lateral, and posterior columns (Fig. 2D). The anterior roots
showed slight myelin ovoids, whereas the posterior roots
were free of myelin ovoids.

In 24-week-old mice (end stage), loss of anterior horn
neurons accompanied by astrogliosis was remarkable. The
average number of anterior horn neurons was 4.8 + 1.5 (n =
6 sections). Aggregates and LIs were frequently observed in
the neuropil of the anterior horn by H&E staining (Fig. 2E).
On the plastic sections, LIs were frequently seen both in the
neuropil and in the cord-like swollen axons of the anterior
horns; moreover, LIs were also observed in the posterior
hormns and in the white matter of the anterior, lateral, and
posterior columns. Swollen axons (spheroids) were prom-
inent in the exit zone of the anterior roots in the anterior
columns as well as in the anterior horns. Myelin ovoids and
degenerated fibers were prominent in the anterior roots
(Fig. 2F, G) and posterior roots (Fig. 2H, I), as well as in the
white matter of the anterior, lateral, and posterior columns,
including the pyramidal tract (Fig. 2J, K). No vacuolar
changes were observed anywhere at any stage.

Immunohistochemical Findings

In mice at the early presymptomatic stage of disease,
SODI- and ubiquitin-positive granular and linear deposits
were only occasionally found in the neuropils of the anterior
horns. No immunohistochemical abnormalities were re-
vealed by antiphosphorylated neurofilament or GFAP anti-
bodies, either in the gray or the white matter.

In mice at the late presymptomatic stage, many more
SODI- and ubiquitin-positive aggregates and LIs were
observed in the neuropils of the anterior homs than at the
previous stage of disease. Phosphorylated neurofilament-
positive spheroids were only occasionally observed in the
anterior and lateral columns adjacent to the surface (lep-
tomeninx) of the spinal cord but not in the anterior and
posterior roots. The number of GFAP-positive astrocytes
increased in the anterior horn, but no such increase was
observed in the white matter.

At the early symptomatic stage, SODI- and ubiquitin-
positive aggregates and Lls were observed in the anterior
and, to a lesser extent, in the posterior homs and in the white
matter of the anterior, lateral, and posterior columns.
Phosphorylated neurofilament-positive spheroids were fre-
quently observed in the posterior column as well as in the
anterior and lateral columns and anterior roots; to a lesser
extent, phosphorylated neurofilament-positive spheroids
were observed in the posterior roots. The number of
GFAP-positive astrocytes increased in the anterior horn,
but no such increase was observed in the white matter.

In end-stage mice, SODI- and ubiquitin-positive
deposits were more predominantly observed in the white
matter (as well as in the gray matter of the anterior and
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posterior homns) than at the early symptomatic stage (Fig. 3).
Many spheroids or swollen axons showed positive immu-
nostaining of phosphorylated neurofilaments in the anterior
horns (Fig. 4) and in the anterior and posterior roots. The
number of GFAP-positive astrocytes increased in the
anterior horm and, to a lesser extent, in the anterior and
lateral columns.

Aggregates and LIs were not immunostained for
phosphorylated neurofilament (SMI-31). The spinal cord
did not show any phosphorylated a-synuclein (PSer 129) or
phosphorylated tau (AT8) immunoreactivity.

Electron Microscopic Findings

In mice at the early presymptomatic stage of disease
(12 weeks), no definite abnormalities were detected, with the
exception of tiny filamentous aggregates lacking electron-
dense cores, which were only occasionally present in the
neuronal processes in the anterior horns. In' mice at the late
presymptomatic stage (16 weeks), filamentous aggregates
were not uncommonly observed in the neuronal processes,
including the axons in the anterior homns. No aggregates
were found in the somata or proximal dendrites of the
anterior horn cells. In mice at the symptomatic stage (20 and
24 weeks), filamentous aggregates were frequently present
and were predominantly found in the neuronal processes,
including the proximal axons in the anterior horns. More-
over, aggregates were occasionally observed in the cyto-
plasm of astrocytes. The aggregates almost always consisted
of interwoven intermediate filaments (~10—15 nm in diam-
eter) that were slightly thicker than neurofilaments (Fig. 5).
These aggregates were composed of loosely or compactly
packed filaments and frequently contained electron-dense
granular or amorphous cores at the center; as such, these
aggregates with cores resembled LIs. On the other hand, the
aggregates were less frequently observed in the somata or
dendrites of the anterior horn neurons. Usually a single but
occasionally a few aggregates were observed in the soma of
a single neuron. Cord-like swollen axons with or without a
myelin sheath consisted of accumulated neurofilaments
running parallel to the longitudinal axis, which frequently

LR EEER BNTRS 1 SNt
FIGURE 3. Many SODI-positive deposits are observed in the

gray matter of the anterior horn at the end stage (lumbar
cord). Scale bar = 30 pm.
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FIGURE 4. Many spheroids show positive immunostaining
for phosphorylated neurofilament in the anterior horn at the
end stage (lumbar cord). Scale bar = 50 um.

contained filamentous aggregates and LlIs. Vacuolated
mitochondria were not found anywhere at any stage.

Immunoelectron Microscopic Findings

To determine the ultrastructural distribution of human
SOD! and ubiquitin immunoreactivity, we used postembed-
ding immunogold electron microscopy. A sheep polyclonal

FIGURE 5. (A) Aggregates in the neuropil. (B) Higher
magnification of A. An aggregate consists of interwoven
intermediate filaments (~10-15 nm in diameter) that are
slightly thicker than neurofilaments. Scale bar = 1 um.
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FIGURE 6. A high level of human SOD1-immunogold label-
ing is present in the aggregate. Scale bar = 1 pm.

anti-human SOD/ antibody (Calbiochem) at a dilution of
1:1000 and a polyclonal anti-ubiquitin antibody (DAKO) at
a dilution of 1:500 were ideal for the detection of deposits of
immunogold particles in the aggregates. Aggregates were
easily identified by their characteristic structure. High levels
of human SOD! (Fig. 6) and ubiquitin-immunogold labeling
(Fig. 7) were observed in the profiles of small to large
aggregates, even in samples obtained at the presymptomatic
stage. Compactly packed filaments and electron-dense cores
of aggregates showed more prominent SOD/- and ubiquitin-
immunogold labeling than did loosely packed filaments.
There were no significant immunogold-labeled deposits of
SODI or ubiquitin in the mitochondria. Phosphorylated
neurofilament-immunogold labeling was not detected in the

aggregates.

Nontransgenic Littermates

The average number of anterior horn neurons was 14.5 +
1.9 (n = 6). No vacuolar changes were observed. No control
mice at any age showed SOD/- or ubiquitin-positive aggre-
gates, LlIs, or cord-like axonal swelling.

FIGURE 7. A hlgh Ievel of human ubnqumn |mmunogold
labeling is present in the aggregate. Compactly packed
filaments of the aggregate show more prominent ubiquitin-
immunogold labeling than loosely packed filaments. Scale
bar = 1 pm.

© 2007 American Association of Neuropathologists, Inc.
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DISCUSSION

Two main pathologic features of human mutant SOD/
Tg mice include vacuolar formation (15-18) and the pres-
ence of SODI- and ubiquitin-positive aggregates (19-22).
Vacuolar formation has been identified as a dominant patho-
logic feature associated with motor neuron death and paraly-
sis in mice expressing G93A or G37R mutant SOD! (15-18),
although there remains some controversy regarding the ori-
gin and the site of vacuoles. Vacuolar pathology that at least
partially represents damaged mitochondria is seen in the
motor neurons of mice or rats expressing high levels of
SOD1 G93A (23-25) and SODI G37R (26), but it is not seen
in diseases associated with other mutations (8, 27). Mice
expressing high gene copy numbers of human SODI
carrying the G93A mutation developed a disease with a
relatively short course and with a pathology primarily char-
acterized by severe vacuolar changes in the anterior hom
neurons and their processes (23). On the other hand, G93A
mutant SODI Tg mice with a low transgene copy number
showed no vacuoles (28). Vacuolar changes are also less
apparent in affected H46R rats (8). The present study of
H46R mutant SOD! Tg mice has revealed an initial devel-
opment of muscle weakness and atrophy in the hindlimbs, as
well as an absence of vacuolar formation anywhere at any
stage of the disease; these features are compatible with the
clinical and pathologic manifestations of patients with FALS
who have an H46R mutant SODI gene (4-6). Our findings
suggest that vacuolar formation may not play a critical role
in the pathogenesis in H46R mutant SODI! Tg mice or pa-
tients with an H46R mutant SODI gene.

On the other hand, a feature common to all examples
of SOD! mutant-mediated disease in mice is prominent
SODI-and ubiquitin-positive aggregates. SODI-positive
aggregates have been implicated as a potential mechanism
in the pathogenesis of mutant SOD]/ Tg mice (19-22),
although discrepancies have been reported in terms of both
the location and distribution of aggregates. H46R rats have
an abundance of aggregates, particularly late in the course of
disease (8). This is the first report to demonstrate the fine
structure of aggregates in H46R mutant SODI Tg mice, in
which SODI- and ubiquitin-positive aggregates were
observed as diffusely and prominently present at quite an
early phase of the presymptomatic stage, primarily in the
anterior horns and, to a lesser extent, in the posterior horns
and the white matter, including the anterior and posterior
columns; in addition, this study showed marked increases in
the size and frequency of these aggregates with disease
progression. Another novel finding of the present study was
the electron microscopic detection of tiny aggregates in the
neuropil of the anterior horn, even at the early presympto-
matic stage of disease. The present results, taken together
with those of preceding reports, suggest that such aggregates
are characteristic of SOD/ mutant mice and rats, although
the particular site and distribution of aggregates differ
somewhat among reports. Thus, it is likely that such
aggregates are involved in the pathomechanism of motor
neuron degeneration, although it remains unclear whether or
not they play a neurotoxic or neuroprotective role.

© 2007 American Association of Neuropathologists, Inc.

Previous reports of other mutant SOD! Tg mice have
noted pathologic changes that are relatively restricted to
the anterior homs of the spinal cord (15, 26, 28, 29): in
the spinal cord of G86R SODI Tg mice, there is no
significant reduction in the number of total neurons, motor
neurons, or intemeurons in the ventral spinal cord of
presymptomatic mice (29); in the intermediate and late
stages of degeneration in the spinal cord of G37R SOD/ Tg
mice, there is no degeneration of the ventral, lateral, or
dorsal columns, and even at more advanced stages there is
no evidence of axonal degeneration in the corticospinal tract
of the dorsal column (26). In the spinal cord of G93A SOD!
Tg mice that highly express the mutated gene (the G1 line),
the main changes observed are primarily limited to the
neuronal cell body; the white matter of the anterior, lateral,
and posterior columns remains essentially normal at the
presymptomatic and early symptomatic stages, whereas at
the symptomatic stage, changes in the white matter (axonal
degeneration) are localized in the anterior and lateral
columns (15). On the other hand, in the spinal cord of
G93A SODI! Tg mice, a line of low expressors of the
mutated gene (G5/G5), the white matter of the anterior,
lateral, and the intermediate zone of the posterior columns
shows abnormalities after 200 days of age (i.e. clinical signs
develop after 300 days of age), whereas the posterior roots
are essentially normal, even at the symptomatic stage (28). It
was thus a novel finding of the present study that in the
spinal cord of H46R Tg mice, axonal degeneration extended
beyond the motor system to the entire white matter,
including the pyramidal tract of the posterior column and
the anterior and posterior roots, as detected on Epon-
embedded plastic sections by toluidine blue staining. These
neuropathologic changes are mostly consistent with those of
H46R rats (8); namely, in H46R rats at the presymptomatic
stage, an increased number of reactive astrocytes and a
reduction in the number of large anterior horn neurons are
observed, together with an increase in the number of
microglia in the anterior horn; ubiquitination of the dendrites
and axons are evident in the anterior horn of the lumbar
spinal cord, and at the symptomatic stage there is a marked
loss of large motor neurons as well as site of swelling in the
axons in the anterior horn (8). However, there is no
description of the involvement of the white matter, anterior
roots, or posterior roots in H46R rats. Aggregates and Lls
are observed after the onset of clinical signs in H46R rats,
whereas H46R mice already show such signs, primarily in
the anterior homns, even at the presymptomatic stage. In this
study, the ultrastructures of the aggregates and Lls, both of
which consisted of interwoven intermediate filaments,
showed deposits of ubiquitin- and SODI-immunogold label-
ing; these results are consistent with those described in
previous reports on other mutant SODJ/ Tg mice such as
G93A mice (22).

In autopsy cases of patients FALS who had an H46R
mutation in the SODI gene, SODI- and ubiquitin-positive
aggregates and inclusions are not present in the spinal cord,
including the neuropil and the remaining anterior horn cells
(5, 6). This feature stands in contrast to the presence of Lls
in H46R mutant SOD/ Tg mice; the difference is probably
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due to a longstanding course in affected humans with a
severe depletion of anterior horn neurons. Moreover, in 1 of
2 autopsy reports, the corticospinal tracts, posterior column,
and anterior and posterior spinocerebellar tracts were found
to be degenerated (5), whereas in the other report, the lateral
columns, including the spinocerebellar tracts and the anterior
funiculi, were atrophic, although the posterior column was
preserved (6). These previous findings are consistent with
the present findings obtained with H46R mutant SOD/ Tg
mice in that the degenerative changes extend over the entire
white matter (including the anterior, lateral, and posterior
columns) with time.

Thus, the H46R SODI mutation is clinically charac-
terized as a “pseudopolyneuritic form of ALS” with lower
motor neuron-dominant involvement developing in the
lower extremities and a markedly longstanding clinical
course, and pathologic, widespread changes extending
beyond the motor system to the entire white matter, and
the anterior and posterior roots; in this line of mutant mice,
these features are accompanied by numerous SOD/- and
ubiquitin-positive aggregates lacking vacuoles. This animal
model of H46R mutant SODI Tg mice is suitable for the
investigation of human FALS with an H46R mutant SOD!
gene because of the close pathologic similarity between the
2 diseases. Further examination is needed to locate the site at
which the aggregates predominate and originate (e.g. in the
somata of the anterior hom neurons, dendrites, axons, or
non-neuronal cells [astrocytes and microglia]). It will also be
necessary to elucidate whether these aggregates are neuro-
toxic and thereby involved in the pathomechanism in these
Tg mice or whether they are only a bystander and instead
exert some neuroprotective function.
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An In Vitro Model for Lewy Body-Like Hyaline inclusion/
Astrocytic Hyaline Inclusion: Induction by ER Stress with
an ALS-Linked SOD1 Mutation
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Neuronal Lewy body-like hyaline inclusions (LBHI} and astrocytic hyaline inclusions {Ast-Hl} containing mutant Cu/Zn
superoxide dismutase 1 (SOD1) are morphological hallmarks of familial amyotrophic lateral sclerosis (FALS) associated with
mutant SOD1. However, the mechanisms by which mutant SOD1 contributes to formation of LBHI/Ast-H! in FALS remain poorly
defined. Here, we report induction of LBHI/Ast-Hl-like hyaline inclusions (LHIs} in vitro by ER stress in neuroblastoma cells,
These LHI closely resemble LBHI/Ast-HI in patients with SOD1-linked FALS. LHI and LBHI/Ast-Hl share the following features: 1)
eosinophilic staining with a pale core, 2) SOD1, ubiquitin and ER resident protein (KDEL) positivity and 3) the presence of
approximately 15-25 nm granule-coated fibrils, which are morphological hallmark of mutant SOD1-linked FALS. Moreover, in
spinal cord neurons of L84V SOD1 transgenic mice at presymptomatic stage, we observed aberrant aggregation of ER and
numerous free ribosomes associated with abnormal inclusion-like structures, presumably early stage neuronal LBHI We
conclude that the LBHI/Ast-H! seen in human patients with mutant 50D 1-linked FALS may arise from ER dysfunction.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegen-
erative disorder in which both upper and lower motor neurons
begin to degenerate in middle-aged persons. About 10% of ALS
patients demonstrate autosomal dominant inheritance of this
disease, a disorder known as familial ALS (FALS) [1-6]. About
20% of FALS cases are associated with mutations of the Cu/Zn-
superoxide dismutase (SOD1) gene [7]. SODI is an abundant
protein of approximately 153 amino acids that accounts for
approximately 1% of total cytosolic protein. More than 100
different SOD1 mutations have been reported as risk factors in
assoclation with FALS.

The endoplasmic reticulumn (ER) is responsible for the synthesis,
initial post-translational modification, and proper folding of
protemns, as well as for their sorting export and delivery to
appropriate cellular destinations. A variety of conditions, such as
loss of the intraluminal oxidative environment or loss of calcium
homeostasis, can cause accumulation of misfolded proteins in the
ER. To cope with such accumulation, there are three possible
responses in eukaryotes. The first response is known as the
unfolded protein response (UPR), in which IREla and ATF6
recognize aberrant proteins and increase the expression of ER-
resident chaperones such as GRP78/BiP and GRP94 to promote
proper protein folding [8,9]. The second response involves
suppression of translation mediated by the serine/threonine kinase
PERK, which phosphorylates and inactivates the translation
initiation factor elF-2a to reduce the production of misfolded
proteins [10,11]. The third response is ER-associated degradation
(ERAD), in which misfolded proteins are expelled from the ER
and targeted for degradation by cytoplasmic proteasomes [12,13].
Although these three protective responses can transiently control
the accumulation of misfolded proteins within the ER, they can be
overcome by sustained ‘ER stress’ {14-16]. ‘ER stress’ is involved
in neuronal death and various neurodegenerative disorders, such

@ PLOS ONE | www.plosone.org

as Charcot-Marie-Tooth disease, and is especially related to
inclusion body diseases such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease and ALS [17-23].

Histopathologic studies have revealed that neuronal Lewy body-
like hyaline inclusions (LBHI) and astrocytic hyaline inclusions
(Ast-HI), are morphological hallmarks of mutant SODI-linked
FALS [24]. Neuronal LBHI and Ast-Hl are ultrastructually
identical and share various features, with both consisting of 15-
25 nm granule-coated fibrils, both showing immunoreactivity for
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SODI, ubiquitin, and copper chaperone for SOD (CCS), and
both appearing late in the course of the disease (i.e. at ~10 to
30 years of age in humans [24-27]). Recenily, Wate et al. reported
that neuronal LBHI are immunoreactive for GRP78/BiP,
a component of the UPR cellular response to ER stress [28].

In the present study, we show that ER stress in a neuroblastoma
line expressing mutant SOD1 can provoke SODI aggregation in
ER and formation of LBHI/Ast-HI-like hyaline inclusion bodies
(LHIs), which show SOD1, ubiquitin, GRP78/BiP and ER
resident protein (KDEL) immunopositivity similar to the shared
cytopathological features of LBHI and Ast-HI. Induced neuro-
blastoma LHI furthermore consisted of 15-25 nm granule-coated
fibrils, a hallmark of mutant SODI1-linked FALS, raising the
possibility that these acutely induced aggregations represent
a precursor to LBHI/Ast-HI seen in advanced FALS. In support
of this possibility, we observe abnormal ER and numerous free
ribosomes aggregated in the peri-nuclear region neuroblastoma
cells expressing 1.84V SOD! under ER stress condition and in
spinal cord neurons in presymptomatic transgenic mice expressing
L84V SODI. Taken together, these findings suggest a model for
early events in FALS cellular pathology, in which ER stress
promotes the aggregation of mutant SODI and is involved in the
development of LBHI/Ast-HI in patients with mutant SOD1
linked FALS.

RESULT

Aggregation and ubiquitination of mutant SOD1

under ER stress

To identify conditions which lead to the aggregation of mutant
SODI, we generated SK-N-SH human neuroblastoma cell lines
that stably expressed FLAG-tagged human SODI encoding
a leucine to valine substitution mutation (L84V) associated with
FALS [29]. Western blot analysis confirmed that expression of
endogenous and exogenous SOD1 was equal in the cell line
(Fig. 1A). Reports that neuronal LBHI contain GRP78/BiP, an
ER resident component of the UPR response, suggested that ER
stress might be a factor in the aggregation of mutant SOD1 [28].
We therefore examined localization of wild-type and mutant
SOD! under normal conditions and under conditions of ER stress
(Figure 1). Under normal conditions, wild-type and 184V SOD1
were distributed through the cytosol (Fig. 1B and D). However,
following treatment with tunicamycin, an inhibitor of N-
glycosylation which causes ER stress, small SODI-positive
aggregates (up to 3 Um in diameter) were seen in L84V SOD1-
expressing cells (22.3%, p<<0.001; Fig. 1E and F). A much smaller
percentage of wild-type SOD1 expressing cells (2.9%, n.s.) showed
non-inducible SOD! aggregation (Fig. 1C and F). To confirm
whether ER stress is required for the aggregation of SODI1, we
compared tunicamycin and thapsigargin as ER stress inducers
with etoposide as a non-ER stress inducer (causing DNA damage).
Exposure to 1 and 3 pg/ml tunicamycin (21.1% and 17.5%,
respectively) or 0.3 and 1 pM thapsigargin (27.0% and 27.2%,
respectively) significantly increased the number of cells containing
SOD1 aggregates, in L84V SOD1 expressing neuroblastoma cells.
Treatment with 100 and 300 uM etoposide did not lead to
a significant increase in aggregates (Fig. 1G). Thus mutant SOD1
forms aggregates following treatments provoking ER stress, but
not following treatment causing damage to the nucleus.

Since the SOD1-positive inclusions of FALS patients are known
to be eosinophilic [26], we performed hematoxylin-eosin (HE) and
anti-SOD1 antibody staining to determine whether the aggregates
induced in the neuroblastoma line were also eosinophilic.
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Figure 1. Eosinophilic aggregates of L84V SOD1 are induced by ER
stress. {A) Western blotting analysis of the expression of SOD1 in SK-N-
SH cells, which stably expressed FLAG tagged wild-type SOD1 or L84V
mutant SOD1. Arrowheads and arrow indicate exogenous and
endogenous SOD1, respectively. (B-D) Immunofluorescent analysis of
SOD1 aggregates in SK-N-SH cells expressing wild-type SOD1 (B, C) or
L84V SOD1 (D, E). Cells were incubated under control conditions (B, D)
or with 1 ug/ml tunicamycin (C, E) for 24 h, and then were fixed and
stained with an anti-SOD1 antibody. Tunicamycin induced aggregates
of SOD1 (arrowheads) in L84V SOD1-expressing cells, but not in wild-
type SOD1-expressing cells. Scale bar=20 pm. (F) Quantification of (B-
D). After the staining the cells with SOD1 aggregates were counted and
scored. Numbers indicate the amounts of total counted cells. Asterisks
show a significant difference from control, *p<0.001. (G) SOD1
aggregates induced by tunicamycin and thapsigargin, but not by
etoposide. SK-N-SH cells expressing L84V SOD1 were exposed to 0.3, 1
and 3 ug/ml tunicamycin, 0.3 and 1 uM thapsigargin and 100 and
300 uM etoposide. Asterisks show a significant difference from control,
*p<0.001. (H-J) Eosinophilic SOD1 aggregates induced by tunicamycin.
Celis were treated as described in (E) and then stained with HE (H), anti-
SOD1 antibody (1), or both (J). Scale bar=20 pum.
doi:10.1371/journal.pone.0001030.g001
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Figures 1H-J show that the aggregates induced by tunicamycin
treatment were positive for both eosin and SODI.

In patients with mutant SODI-linked FALS, SOD1-positive
aggregates are reported to be ubiquitinated by RING finger-type
E3 ubiquitin ligases such as dorfin [30-33]. To investigate whether
the SOD1 aggregates induced by ER stress were ubiquitinated, we
performed double immunostaining with anti-SOD! and anti-
ubiquitin antibodies (Fig. 2 A-R). After treatment with either
tunicamycin or ALLN, a specific proteasome inhibitor, wild-type
and L84V SOD-expressing cells were immunostained with anti-
SOD1 and anti-ubiquitin antibodies. As a result, mutant SOD1
aggregates induced by either tunicamycin or ALLN were clearly
colocalized with ubiquitin, suggesting the SOD1 were ubiquiti-
nated. To further examine the ubiquitination of the mutant
SODI1, a co-immunoprecipitation assay utilizing ubiquitin was
performed (Fig. 2S). As expected, L84V SODI-expressing cells

LBHi/Ast-HI-Like Inclusions

showed a positive ubiquitin ladder after ALLN treatment, but
wild-type SOD1-expressing cells did not.

Aggregates of SOD1 show positive localization to
the ER, but not to the mitochondria, lysosomes, or

Golgi apparatus

Under normal conditions, SOD1 is diffusely distributed through-
out the cytoplasm. In contrast, under the pathological condition,
SOD! aggregates are associated with specific organelles such as
the mitochondria and/or ER [34-37). Since the tunicamycin-
induced aggregates of mutant SOD1 were localized to the central
and peripheral regions of the cytoplasm (Fig. 1E, H-J), we
investigated the subcellular localization of these aggregates with
organelle specific markers. Confocal microscopy analysis clearly
showed colocalization of SODI1 and an ER retention signal
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Figure 2. Ubiquitination of mutant SOD1 aggregates. (A-R) Colocalization assay with SOD1 and ubiquitin. SK-N-SH cells expressing wild-type SOD1
(A-I) or L84V SOD1 (J-R) were incubated with 1 ug/ml of tunicamycin (D-F, M-0), 4 pg/mi of ALLN (G-I, P-R), or no agents (A-C, J-L) for 24 h. Then
the cells were fixed and stained with anti-SOD1 antibody (green; A, D, G, J, M, P) or anti-ubiquitin antibody (red; B, E, H, K, N, Q). Arrows indicate
colocalization of SOD1 aggregates and ubiquitin. Scale bar=20 pm. (S) Co-immunoprecipitation assay utilizing ubiquitin. SK-N-SH cells stably
expressing wild-type and L84V SOD1 were transfected with a myc-tagged ubiquitin expression vector. After incubation with or without ALLN, cell
lysates were prepared and assayed with anti-myc antibody of the immunoprecipitant with anti-FLAG antibody. Asterisk shows an ubiquitinated
ladder that appeared after ALLN treatment of L84V SOD1-expressing cells. IgG bands are shown as loading controls.

doi:10.1371/journal.pone.0001030.g002
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Figure 3. Positive translocation of SOD1 aggregates to ER, but not to the mitochondria, Golgi apparatus, or lysosomes. (A-l, A’-I') Stress-
dependent localization of SOD1 to the ER. L84V SOD1-expressing SK-N-SH cells were incubated for 24 h without (A-1) or with 1 pg/ml of tunicamycin
(A’-¥'). Then the cells were fixed and stained using an anti-SOD1 antibody (green; A, D, A’, D) and an anti-KDEL antibody (red; B, B') or an anti-
GRP78/BiP antibody (red; E, E'). GFP-cytochrome b5 were transfected to the cells and stained with anti-GFP (green; G, G') and anti-SOD1 (red; H, H')
antibodies. Merged images (C, F, I, C' F', I'). The aggregates of SOD1 (arrowheads) are positive for KDEL, GRP78/BiP and cytochrome b5. (J-R, J'-R’)
Analysis of SOD1 localization to the mitochondria. L84V SOD1-expressing SK-N-SH cells were treated as described in above. The locations of the
mitochondria and SOD1 were visualized in L84V SOD1-expressing SK-N-SH cells using 100 nM Mito-tracker (red; K, K’), an anti-Tim17 antibody (red; N,
N’} or an anti-Tom20 antibody (red; Q, Q') and an anti-SOD1 antibody (green; J, M, P, J’, M’, P’). Merged images (L, O, R, L, O’, R). (S-U, §'-U")
Investigation of SOD1 localization to the Golgi apparatus. L84V SOD1-expressing SK-N-SH cells were treated as described in above. Then the cells
were stained with anti-SOD1 antibody (green; S, S') and anti-GM130 antibody (red; T, T'). Merged images (U, U’). (V-X, V'-X’) Analysis of the
localization of SOD1 to the lysosomes. A GFP-tagged L84V SOD1 vector was transfected into L84V SOD1-expressing SK-N-SH cells. After 24 h of
incubation with 1 pg/mi of tunicamycin, the cells were incubated for a further 30 min with 100 nM Lyso-tracker (red; W, W’') to visualize the
lysosomes. GFP channel (V, V') Merged images (X, X’). Scale bars =20 um. Arrowheads indicate aggregated SOD1.
doi:10.1371/journal.pone.0001030.g003
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(KDEL) containing protein and GRP78/BiP, suggesting SOD1
localization in ER (Fig. 3A-F, A'-F"). In order to confirm the
SODI colocalization with ER, we utilized GFP conjugated
cytochrome b5, a typical C-terminal anchored ER membrane
protein. As expected, SOD! showed the positive staining with
cytochrome b5, indicating mutant SODI localization to ER
(Fig. 3G-1, G'-I"). In the absence of stress, ER was located to the
perinuclear region. However, treatment with tunicamycin seemed
to cause its relocation to an abnormal region near the cell
periphery. The aberrant distribution of ER following tunicamycin
treatment was not observed in cells expressing wild type SODI1
(Fig. SIC’, F' and I'). These results suggest deterioration of ER
function and localization due to aggregation of mutant SODI.

In light of previous reports identifying mutant SOD]1 coloca-
lization to the mitochondria [34,35,37], we also examined the
potential colocalization of mutant SOD! with mitochondria. In
contrast to the results with markers for ER, the SOD1 aggregates
induced by tunicamycin did not colocalize with the mitochondria
marker Mitotracker, with Tim17 which marks the mitochondrial
inner membrane nor Tom20 which marks the mitochondrial outer
membrane (Fig. 3]'-R’). The localization of these SODI
aggregates also did not correspond with the Golgi apparatus or
the lysosomes, which were stained by anti-GMI130 antibody and
Lyso-tracker, respectively (Fig. 3S'-X").

Our previous results in figure 3C’, F’ and I' revealed aberrant
redistribution of ER membranes in tunicamycin-treated mutant
SODI expressing cells to the cell periphery region. To directly
visualize the localization of ER, we performed electron micro-
scopic analysis of tunicamycin-stressed cells expressing mutant
SODI. Figure 4A and B showed abnormal aggregates of rough
ER, sac-like structures with surface ribosomes, associated with
numerous free ribosomes. Mutant SODI localization to these

o

Figure 4. ER and SOD1 co-localization in peri-cytoplasmic membrane
region. (A) Electron micrograph of L84V SCD1-expressing SK-N-SH cells
after treatment with 1 pg/ml of tunicamycin for 24 h as described in
Materials and Methods. (B} Enlargement of part of (A). Arrowheads
indicate abnormal ER aggregates, where mutant SOD1 is localized as in
Fig. 3C' and 3E’. Scale bar=1pum. (C}) SOD1 localization in peri-
cytoplasmic membrane region. Cells were treated as described in (A)
and immune electron micrograph was obtained as described in
Materials and Methods. Arrows show SOD1 immunoreactive in ER.
doi:10.1371/journal.pone.0001030.9g004
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peripheral aggregates was confirmed by immunoelectron micros-
copy (Fig. 4C), implying defective functional activities of ER and
free ribosomes in cells expressing mutant SOD1.

LBHI/Ast-HI-like Inclusions are induced by ER stress.
Wate et al. {28] reported that neuronal LBHI in G93A SODI
transgenic mice are immune reactive for GRP78/BiP, an ER
resident component of the UPR response. As shown in figures 3A"-
I' and 4C, mutant SODI localized to the ER following stress
induction by tunicamycin. These SODI aggregates shared
additional features with LBHI/Ast-HI, namely eosin positivity
and ubiquitin immune reactivity. Those observations led us to
consider whether ER stress would eventually induce the formation
of full-fledged LBH1/Ast-HI. To test this hypothesis, we examined
whether inclusion bodies containing mutant SOD] developed in
L84V SODI-expressing cells subjected to ER stress. Consistent
with this idea, eosinophilic hyaline inclusions (~10 to 20 pm in
diameter) with a pale core, which are similar to neuronal LBHI/
Ast-HI in the spinal cord of ALS patients harboring a SODI
mutation, developed within 24 hrs of exposure to tunicamycin
(Fig. 5A), but not in cells expressing wild type SOD! (data not
shown). In fact, the eosin-positive LBHI/Ast-HI-like hyaline
inclusions (LHIs) were morphologically similar to the Ast-HI seen
in the spinal cord of transgenic L84V SODI! mice at the
symptomatic stage (Fig. 5A and D). Furthermore, ultrastructual
analysis revealed that the LHIs in neuroblastoma cells were
composed of granule-coated fibrils (approximately 15-25 nm in
diameter) and granular materials, which are the typical morpho-

LHI

I

Ast-Hi

Figure 5. LHIs containing granule-coated fibrils are morphologically
identical with Ast-H! from L84V transgenic mice. (A-F) Comparison of
a LHI induced by ER stress in an L84V SOD1-expressing SK-N-SH cell (A-
C) and Ast-Hl in the spinal cord of a transgenic L84V SOD1 mouse (D-F).
(A} An eosinophilic LHI in the cytoplasm of the SK-N-SH ceil expressing
L84V SOD1 cell was induced by treatment with 1 ug/ml of tunicamycin
for 24 h (scale bar=20 um). (B} Electron micrograph of a hyaline
inclusion (arrow) obtained by the direct epoxy resin-embedding
method after decolorization of the HE-stained section shown in (A).
N, nucleus; x3000 (scale bar=1 um). (C) At a high magnification, the
inclusion is composed of granule-coated fibrils (arrows) approximately
15-25 nm in diameter and granular materials. x16000 (scale
bar=1 pm). (D) An eosinophilic Ast-HI from a transgenic L84V SOD1
mouse. (E) Electron micrograph of an Ast-HI obtained by the direct
epoxy resin-embedding method mentioned in (B). N, nucleus; x2000
(scale bar=1 um). (F) Enlargement of (E). x16000 (scale bar=1 um).
Note that the fibrils observed in (C) and (F) are ultrastructually identical.
doi:10.1371/journal.pone.0001030.g005
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logical hallmarks of mutant SODl-linked FALS, and were
identical with the Ast-HI found in L84V SODI mice (Fig. 5C,
F; [38]). These results suggest that LBHI/ Ast-HI in FALS patients
might be provoked by ER stress as we observed for LHIs.

We further explored the molecular similarity between the LHI
and LBHI/Ast-HI, using double-label immunocytochemistry. As
shown in figure 6A-D, LHIs induced by tunicamycin are
immunopositive for ant-SOD1 and anti-ubiquitin antibodies,
consistent with the LBHI/Ast-HI features. In the spinal cord
of G93A SODI! mutant mice at the symptomatic stage,
neuronal LBHI show GRP78/BiP immunoreactive, suggesting
the involvement of ER resident protein [28]. Therefore, we
examined whether LHIs also contain ER resident protein. As
expected, LHI showed anti-KDEL positivity, indicating the
involvement of ER resident proteins such as calreticulin, GRP
94, PDI and GRP78/BiP in LHI development (Fig. 6E and F).
Furthermore, Ast-HI in spinal cord of L84V SOD! transgenic
mice at symptomatic stage also showed KDEL positive (Fig. 6G
and H), meaning that the principle features of these inclusions in
neuroblastoma cells and the LBHI/Ast-HI of FALS patients are
the same and implying LHI and LBHI/Ast-HI might develop in
similar procedure.

I

Figure 6. Positive immunoreactive against ubiquitin, SOD1 and KDEL
of LHIs. (A-D) LHIs show immunoreactive against ubiguitin and SOD1.
Eosinophilic LHIs in SK-N-SH cells (arrowheads in A and C) induced by
tunicamycin were immunostained for ubiguitin (B) and SOD1 (D) after
de-colorization. (E-H) KDEL immunoreactive in both LHI and Ast-Hl.
Eosinophilic LHI in SK-N-SH cells (arrowhead in E) and Ast-HI in spinal
cord of L84V SOD1 mouse (arrowhead in G) were immunostained
against anti-KDEL antibody after de-colorization (F, H). Scale
bar=20 um

doi:10.1371/journal.pone.0001030.g006
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Abnormal ER aggregated around peri-nuclear
region with numerous free ribosomes at

presymptomatic stage of Ast-Hl in L84V SOD1 mice.
To further explore the relationship of LHI to the development of
LBHI/Ast-HI in FALS patients with mutant SODI, we
performed ultrastructual examination of transgenic L84V SODI1
mice, which show neuronal LBHI and Ast-HI at symptomatic
stage (Fig. 3D-F, 6G-H; [35]). We examined the mice at the
presymptomatic stage in the hope of detecting precursors to
hyaline inclusion bodies. In spinal cord neurons of the pre-
symptomatic 1.84V SODI transgenic mice, we observed aberrant
aggregation of electron-dense rough ER around the peri-nuclear
region with numerous free ribosomes, which were suspected to be
producing mutant SOD1 (Fig. 7). This suggests that the aberrant
SODI fibrils observed in spinal neurons of these mice at later

Figure 7. ER shows abnormal aggregation with numerous free
ribosomes in L84V SOD1 mouse at presymptomatic stage. (A-C)
Electron micrographs of a neuron obtained from an L84V SOD1
transgenic mouse containing ER aggregates. The inset in (A) shows a
cytoplasmic inclusion-like structure (arrowhead) stained with toluidine
blue. (A) x3500 (scale bars=20 um). (B} x8000 (scale bar=1 um).
(C) x15000 (scale bar=1 pum). Arrowheads indicate abnormal ER
aggregates.

doi:10.1371/journal.pone.0001030.g007

October 2007 | Issue 10 | 1030



