Fig. 4 Serial sections of the
spinal anterior horn cells in a
patient with SALS after a
chinical course of 4 years

8 months (case 33). A In the HE
preparation, residual motor
neurons appear to be atrophic.
There is no distinction among
these atrophic neurons when
observed in the HE preparation
alone. B Immunostaining for
Prxll. The number of residual
neurons overexpressing Prxll
(arrow) is reduced in
comparison with that in the
SALS patient after a clinical
course of 2.5 years (Fig. 3). The
number of Prxll-negative
neurons is increased
(arrowheads).

C Immunostaining for GPxl.
Similarly to the Prxll
immunostaining, the number of
GPxl-overexpressing neurons is
diminished (arrow). In contrast,
the number of GPxl-
Immunonegative neurons is
increased (arrowheads). B, C No
counterstaining. Bar A (also for
B, C) 100 um

difference between the neurons positive for Prxll and
GPxl and those negative for both proteins (Figs. 3, 4, 5).

In the five FALS patients with SOD1 mutations, as
reported previously [24], neuronal LBHISs in the anterior
horn cells showed co-aggregation of Prxll/GPxl with
SODI. Although some SODI-mutated anterior horn
cells in these patients formed neuronal LBHIs, others
did not. When we focused on these residual anterior
horn cells without inclusions, the stainability and
intensity of Prxll and GPxl staining in the residual cells
without inclusions in the five FALS patients with SOD1
gene mutations were identical to those of the SALS
patients. The numbers of residual anterior horn cells in
one member of the Japanese Oki family (case 1, frame-
shift 126 mutation in SOD1 gene) and three members of
the American C family (cases 3-5, A4V substitution in
the SOD1 gene), observed within 2 years of the disease
onset, were similar, although the loss of the anterior
horn cells in the FALS patients was generally more se-
vere in contrast to that seen in the SALS patients with
the same disease duration. As in the SALS patients
within about 3 years of disease onset, some of the
residual anterior horn cells with no LBHIs overexpres-
sed Prxll/GPxl in the four short-term-surviving FALS
patients from the two different families and divergent
SOD1 gene mutations. In a long-term surviving patient
(case 2) with a clinical course of over 10 years, there

were a few residual neurons, and most were immuno-
negative for Prxll/GPxl. However, rare residual neurons
expressing Prxll/GPxl were still evident. The findings for
the long-term-surviving FALS patient with SODI1
mutation were the same as those of the long-term-sur-
viving SALS patients.

In the ALS animal models with human mutant
SODI, the inclusions exhibited co-aggregation of Prxll/
GPxl with SODI as reported previously [24]. Notice-
ably, the Prxll/GPxl-immunoreactive findings in the rat
(H46R and G93A rats) and mouse (GIH-G93A and
GIL-G93A mice) models were essentially the same
throughout the disease course for each ALS animal
model. In the preclinical stage, the Prxll/GPxl immu-
nostainability and immunointensity of the anterior horn
cells were identical to those in the anterior horn cells of
the normal littermates. Although the number of the
anterior horn cells in the ALS animal models was de-
creased after the clinical onset of disease, some of these
residual anterior horn cells showed overexpression of
Prxll/GPx], i.e., up-regulation of the redox system. In
particular, this redox system up-regulation in the resid-
ual motor neurons was prominent at 160 days of age in
HA46R rats (Fig. 6A, B), at 150 days of age in G93A rats,
at 110 days of age in G1H-G93A mice (Fig. 7) and at
215 days of age in G1L-G93A mice. At the end stage
of disease in the four different ALS animal models,
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Fig. 5 Serial sections of the spinal anterior horn cells in a patient
with SALS after a clinical course of 11 years 5 months (case 40).
A Light microscopic preparation stained with HE. Small and
atrophic motor neurons are seen. B Prxll immunoreactivity of the
section consecutive to that shown in A. Although the residual
neuron (arrow) appears to be atrophic in the HE preparation, this
residual neuron expresses Prxll. C GPxl immunoreactivity of the
section consecutive to that shown in B. The residual neuron that
appears to be atrophic in the HE preparation is stained by the anti-
GPxl antibody (arrow). Although there is no neuron overexpressing
Prxll/GPxl, a neuron expressing Prxll/GPxl can be observed
(arrow). By marked contrast, the number of neurons negative for
Prxll/GPxl is increased (arrowheads). Observation of the HE-
stained section in A shows no difference between the atrophic
neuron positive for Prxll/GPxl (arrow) and the atrophic neurons
negative for both proteins (arrowheads). B, C No counterstaining.
Bar A (also for B, C) 100 um

however, almost all of the residual motor neurons were
negative for Prxll/GPxl, in marked contrast to the
inclusions positive for PrxII/GPxI (Fig. 6C, D). As seen
for the human specimens, no difference between the
neurons positive for Prxll/GPxl and those negative for
both proteins were observed the HE-stained sections for
these animal models (Fig. 7).

Western blot analysis

When the tissue homogenate of each fresh cervical seg-
ment of the human spinal cord was examined by
immunoblotting for Prxli, a single band corresponding
to approximately 23 kDa was observed, ie., with the
same mobility as human Prxll (Fig. 8A). Immunoblot-
ting showed that the intensity of Prxll immunoreactivity

in the SALS patient with a clinical course of 2.5 years
(case 19 in Fig. 2) appeared to be almost identical to that
in a normal subject. In the SALS patient with a clinical
course of 11 years 5 months (case 40 in Fig. 2), Prxll
expression was less than that in the normal subject. This
observation supported the results of Prxll immunohis-
tochemistry. Immunoblotting for GPxl revealed a single
band corresponding to about 22 kDa in two SALS cases
and a normal subject (Fig. 8B). This molecular mass was
compatible with that of human GPxl. In the SALS case
at 2.5 years after disease onset (case 19 in Fig. 2), GPxl
was expressed with almost the same intensity as that in
the normal subject. However, the level of GPxl expres-
sion in the SALS case at 11 years 5 months after onset
(case 40 in Fig. 2) decreased below that in the normal
subject. This finding reflected the GPxl immunohisto-
chemistry results.

Discussion

Prxll is a novel organ-specific anti-oxidative enzyme that
is mainly expressed in mammalian brain [24, 29]. Itis a
member of the Prx family, the members of which directly
regulate the redox system [6, 7, 8, 17, 29 ]. Prxll is a
homodimeric protein composed of two subunits, each
with a molecular mass of approximately 23 kDa [15, 16].
Like Prxll, GPxl, one of the major cytosolic isoforms of
the GPxl family, also directly controls the redox system
[12, 27, 30]. GPxl is a homotetramer consisting of
approximately 22-kDa subunits [3]. This is consistent
with the results of Western blot analyses, where use of
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Fig. 6 Expression of Prxil and
GPxl detected by
immunohistochemistry in the
spinal anterior horn in the
transgenic rats expressing
human SOD1 with an H46R i
mutation. A, B Serial sections

of spinal anterior horn cells at

160 days of age in H46R rat
immunostained with antibodies
against Prxll (A) and GPxl (B).
Residual neurons

overexpressing Prxll/GPx], i.e.,
showing redox system up-
regulation, are observed

(arrows). An inclusion

(arrowhead with in) in the

neuropil is intensely positive for
Prxll/GPxl. The other neurons

are either faintly stained by

both antibodies, or unstained
(arrowheads). C, D Serial ;
sections of spinal anterior horn A
cells at over 180 days of age in )
H46R rat immunostained with
antibodies against PrxIl (C) and
GPxl (D). Round and sausage-
like LBHISs are strongly positive
for Prxll/GPx] (arrows). By
marked contrast, the number of
neurons negative for Prxll/GPxl
is increased (arrowheads). A—D
No counterstaining (SOD
superoxide dismutase, LBHI
Lewy body-like hyaline
inclusion). Bar A (also for B)
50 um, C (also for D) 30 um

the normal human tissue homogenate yielded a single
band of approximately 23 kDa with the two anti-Prxll
antibodies and a single band of about 22 kDa with the
anti-GPxl1 antibody.

As expected [24], Prxll/GPx! immunoreactivity in
anterior horns of the normal spinal cords of humans,
rats and mice was primarily identified in the neurons:
cytoplasmic staining was observed in almost all of the
anterior horn cells. Intranuclear localization in some
neurons was also observed with Prxll immunostaining
using the two anti-Prxll antibodies, as previously re-
ported [24]. Considering that endogenous Prxll and
GPxl within the neuronal cytoplasm are regulators of
the redox system, our finding that almost all of the
normal spinal motor neurons coexpressed Prxil/GPxl
confirms that these motor neurons maintain themselves
utilizing the intracellular Prxll/GPxl system, that is, the
redox system.

Corroborating previous findings [24], neuronal
LBHIs positive for SODI1, Prxll, and GPxl were ob-
served in both the SOD1-mutated FALS patients and
the four transgenic ALS animal models expressing hu-
man mutant SOD1. A breakdown of the redox system
was seen in the SOD1-mutated motor neurons contain-
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ing inclusions. It is possible that the intra-inclusional
co-aggregation of Prxll/GPxl with SODI, or the
sequestration of Prxll/GPxl with SOD1 into the inclu-
sions causes the intracytoplasmic reduction of Prxll/
GPxl, thereby reducing the availability of the redox
system [24]. Although inclusions were seen in some
motor neurons with the SODI1 gene mutation, other
SODI-mutated motor neurons progressed to the cell
death without forming the inclusions.

An interesting feature was the presence of certain
residual motor neurons coexpressing Prxll/GPxl
throughout the ALS disease course in SALS patients
and among SODI-mutated motor neurons without
inclusions. A particularly striking finding was that mo-
tor neurons overexpressing Prxll/GPx], i.e., with redox
system up-regulation, were commonly evident during
the clinical courses in the divergent disease subtypes:
SALS patients, SOD1-mutated FALS patients, and ALS
animal models expressing human mutant SODI.

For the SALS patients, although the number of the
residual SALS motor neurons decreased with the pro-
gression of the clinical disease, some motor neurons
overexpressing Prxll/GPxl were present usually up to
approximately 3 years after the onset, particularly in the
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Fig. 7 Expression of Prxll and GPxl detected by immunohisto-
chemistry in the spinal anterior horn in a GIH-G93A transgenic
mouse carrying the highly overexpressed human G93A mutant
SOD1 gene at 110 days of age. A Light microscopic preparation
stained with HE. A round LBHI in the neuropil can be seen
(arrowhead with in). B Prxll immunoreactivity of the section
consecutive to that shown in A. C GPxl immunoreactivity of the
section consecutive to that shown in B. Like in human ALS
(Figs. 3, 4) and H46R rat (Fig. 6), a residual neuron overexpressing
Prxll/GPxl, ie., showing redox system up-regulation, can be
observed (arrow). The other neurons are either faintly stained by
both antibodies, or unstained (arrowheads), which indicates the
breakdown of redox system. Round and sausage-like LBHIs in the
neuropil are strongly positive for Prxll/GPxl (arrowhead with in).
Observation of the HE-stained section in A reveals no difference
between the neuron showing the redox system up-regulation
(arrow) and the neurons exhibiting the redox system breakdown
(arrowheads). B, C No counterstaining. Bar A (also for B, C) 50 um

patients with no respiratory assistance. Thereafter, the
number of these overexpressing motor neurons decreased
dramatically as disease progressed. The immunohisto-
chemical features are consistent with the Western blot
findings that the levels of the Prxll/GPxl in the SALS
patient after a clinical course of 2.5 years were almost the
same levels as in normal cases in spite of loss of the motor
neurons, whereas the levels decreased in the SALS pa-
tient after a clinical course of 11 years 5 months.

In the SODI-mutated FALS patients, as in SALS
patients, certain residual motor neurons without LBHIs
also overexpressed Prxll/GPxl in the four short-term-
surviving patients within 18 months after onset. In the
ALS animal models, as in the human diseases, some
residual motor neurons showed overexpression of Prxll/
GPxl at 160 days of age in H46R rats, at 150 days of age
in G93A rats, at 110 days of age in G1H-G93A mice and
at 215 days of age in G1L-G93A mice. The presence of
this common Prxll/GPxl-overexpression mechanism
during the clinical course of ALS suggests that the redox
system up-regulation represents one of the endogenous
mechanisms that are activated by the ALS stress. At the
terminal stage of ALS, however, disruption of this
mechanism was observed. Although some residual ALS
neurons coexpressed both proteins, while many others
were negative, there was no apparent difference among
these neurons on HE preparations.

In general, the redox system is one of the most crucial
life supporting systems in living cells, serving as an
antioxidant enzyme defense system that is synchro-
nously linked to important physiological functions such
as cellular differentiation, immune response, growth
control, apoptosis, and tumor growth [4, 9, 19, 26, 31,

ab ¢ a b c

1

2

8A

Fig. 8 Western blot analyses using the antibodies against Prxll (A)
and GPxI (B). A 20-ug sample of the soluble protein extract from
each sample was applied to each lane. Molecular mass markers: /
ovalbumin (45 kDa); 2 carbonic anhydrase (31 kDa); 3 trypsin
inhibitor (21.5 kDa). A Lane a: Normal control, lane b: an SALS
patient with a clinical course of 2.5 years (case 19). lane c¢: an SALS
patient with a clinical course of 11 years 5 months (case 40). A
single band at approximately 23 kDa is observed in all samples.
The intensity of Prxll immunoreactivity in lane b (ALS case 19)
appears to be almost identical to that in lane a (normal). By
contrast, Prxll expression in lane ¢ (ALS case 40) appears to be
lower than that in lane a (normal). B A single band of about
22 kDa is detected in each sample. Expression of GPxl in lane b
(ALS case 19) shows almost the same intensity as that in lane a
(normal). However, the level of GPxl expression in lane ¢ (ALS case
40) is decreased below that seen in lane a (normal)
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34]. Although we cannot exclude the possibility that the
cells die as a result of redox stress itself, the residual ALS
neurons expressing redox system up-regulation are
thought to maintain their viability by protecting them-
selves from potentially destructive ROSs and by con-
trolling the intraneuronal redox system [1, 5, 10, 14, 34,
39]. A similar up-regulation mechanism for hepatocyte
growth factor (HGF, a novel neurotrophic factor) and
its receptor (c-Met) also occurs in the SALS and SOD1-
mutated FALS patients [22]. Considering that in the
animal experiment, overexpression of HGF attenuates
motor neuron death and prolongs the life span of GI1L-
(GI93A mice [37], motor neurons showing up-regulation
of the HGFjc-Met cell-survival system, which is nor-
mally present in neurons, are thought to show enhanced
cell survival in the presence of ALS stress in humans
[22]. Although we cannot readily compare the neuro-
trophic factor with the redox system, our finding leads
us to the conclusion that the residual ALS neurons
showing redox system up-regulation would be less sus-
ceptible to ALS stress and can protect themselves from
ALS neuronal death. Taken together with the fact that
Prxll functions not only as a member of the redox system
but also as a molecular chaperone [18], the residual ALS
neurons overexpresing Prxll/GPx] might have developed
to possess simultaneously both the enhanced antioxidant
enzyme defense mechanism as a highly-evolved redox
system, and the amplified sophisticated system for cop-
ing with misfolded proteins, such as mutant SODI or
unknown pathogenetic proteins leading to SALS. Thus,
residual ALS neurons overexpressing redox system-re-
lated enzymes could protect themselves from ALS stress.
However, it is not thought possible for residual ALS
neurons under long-term ALS stress to keep on inducing
redox system-related enzymes. Therefore, as ALS pro-
gresses, the ability of residual neurons to up-regulate the
redox system diminishes, and finally they become even
unable to maintain the redox system itself. In other
words, ALS neurons showing redox system up-regula-
tion might show enhanced cell survival in the presence of
ALS stress. In contrast, breakdown of the redox system
in ALS motor neurons that are barely viable would re-
sult in cell death, and many residual motor neurons that
are unable to coexpress Prxll/GPxl would ultimately
become moribund.

Our datamay 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 eti-
ology. It remains to be determined whether this redox
system up-regulation is a direct or an indirect effect based
on the pathogenesis of ALS itself, or whether this redox
system up-regulation plays a primary or a secondary role
in attenuating ALS-related neuronal death.
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Workshop: Recent Advances in Motor Neuron Disease

Development of a rat model of amyotrophic lateral
sclerosis expressing a human SOD/! transgene

Masashi Aoki,' Shinsuke Kato,” Makiko Nagai' and Yasuto Itoyama’
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Mutations in copper-zinc superoxide dismutase gene
(SODI) have been linked to some familial cases of ALS.
We report here that rats that express a human SODI trans-
gene with two different ALS-associated mutations (G93A
and H46R) develop striking motor neuron degeneration
and paralysis. By comparing the two transgenic rats with
different SODI mutations, we demonstrate that the time
course in these rats was similar to human SOD-mediated
familial ALS. As in the human disease and fransgenic ALS
mice, pathological analysis shews selective loss of motor
neurons in the spinal cords of these transgenic rats. In addi-
tion, typical neuronal Lewy body-like hyaline inclusions as
well as astrocytic hyaline inclusions identical to these in
human familial ALS are observed in the spinal cords. The
Iarger size of this rat model as compared with the ALS
mice will facilitate studies involving manipulations of
spinal fluid (implantation of intrathecal catheters for
chronic therapeutic studies; CSIT' sampling) and spinal cord
(e.g., direct administration of viral- and cell-mediated
therapies).

Key words: astrocytic hyaline inclusions, amyotrophic lat-
eral sclerosis, Lewy body-like hyaline inclusions, mutation,
rat, SODI, transgenic.

INTRODUCTION

ALS is a fatal neurodegenerative disease caused by the
selective death of motor neurons.! Approximately 10% of
the cases of ALS are inherited, usually as an autosomal
dominant trait. In 25% of familial cases, the disease is
caused by mutations in the gene encoding cytosolic
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copper-zinc superoxide dismutase (SODI).** Nearly 100
different mutations in the SODI gene have been identified
in familial ALS.* Why the mutations cause motor neuron
degeneration has not been fully elucidated.

In familial ALS kindred with mutations in the SODI
gene, the age of onset of weakness varies greatly but the
duration of illness appears to be characteristic to each
mutation. For example, in patients with the L84V muta-
tiomn, the average life expectancy is less than 1.5 years after
the onset of symptoms,*® whereas patients harboring the
H46R mutation have an average life expectancy of 18 years
after the disease onset.>’ In view of the evidence support-
ing the idea that familial ALS variants of SODI enzymes
acquire toxic properties, the variations in the duration of
illness in different kindred might arise because each
mutation imparts different degrees of toxicity to the
mutant protein.®

To date, several SODI mutants of transgenic mice have
been generated.”*?* These mice exhibit the ALS-like clinical
features and have importantly advanced our understand-
ing of the pathogenesis of neuronal cell death induced by
mutant SOD1 protein. They have also facilitated therapeu-
tic trials. However, some types of experimental manipula-
tions have been difficult in the ALS mice because of their
innate size limitations. It has been almost impossible, for
example, to analyze CSF from the ALS mice, even at single
time points. It has also been very difficult to use therapies
that involve administration of compounds into the CSE
There is only a single report of pump-mediated delivery of
therapies to the CSF of the ALS mice, and that approach
was intraventricular rather than intrathecal;® it is likely
that intrathecal administration will produce significantly
better therapeutic levels of compounds at the spinal cord
level than will the intraveniricular approach. It has also
been difficult to obtain sufficient tissue to perform exten-
sive biochemical analyzes, such as investigations of post-
transcriptional modifications of proteins like SOD1 itself
during disease progression. For these reasons and in order
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to reproduce the different degrees of toxicity to the mutant
protein by mutations, we have developed a rat model of
ALS by expressing a human SODI transgene with two
ALS-associated mutations: H46R and G93A."

CONSTRUCTION OF TRANSGENIC MICE
EXPRESSING MUTANT HUMAN SODI

We elected to make transgenic rats with two mutations in
the SODI genes: histidine 46 to arginine (H46R) and
glycine 93 to alanine (G93A). In patients we have encoun-
tered with these mutations, the phenotypes are quite
different. For H46R patients, progression is extremely
slow?” whereas patients with the SODI1°%* mutation dem-
onstrate a more fulminant, classical clinical course.'® More-
over, the transgenic ALS mouse with this G93A mutation
has been widely distributed and studied throughout the
world.?

To generate the transgenic rats with the H46R and the
G93A mutations, we first obtained human genomic PAC
clones encompassing the entire human SODI gene; we
then subcloned this gene within an 11.5 kb EcoRI-BamH]I
fragment. Site-directed mutagenesis was used to generate
clones with either the H46R or the G93A mutations. The
mutated 11.5 kb EcoRI-BamHI fragments were microin-
jected into fertilized eggs from Sprague Dawley (SD) rats
(Japan SLC, Hamamatsu, Japan). Twenty-five potential
transgenic H46R pups were obtained. From these, five
founders with the H46R mutant transgene were identified
using PCR and Southern blotting. Fifty-two potential
transgenic G93A pups were obtained. From these, seven
founders with the G93A mutant transgene were identified.
Levels of accumulated mutant SODI were measured for
almost all founders by quantitative protein immunoblot-
ting of spinal cord extracts using antibody against a peptide
sequence that is identical in human and rat SODI.

The transgenic rats expressing the higher levels of each
human SODI mutant (lines G93A-39 and H46R-4) have
developed motor neuron disease (Fig. 1). Clinically appar-
ent weakness, denoted by dragging of one hindlimb with-
out limb tremor, was evident somewhat later. The mean
age of onset of this clinical weakness for the G93A-39 line
was 122.9 days (n = 14); for the H46R-4 line, the age of
onset was 171.7 days (n = 11) (Fig. 1). Simultaneously with
the onset of clinical weakness, the affected rats showed
prominent weight loss. Although the initial clinical mani-
festation of weakness was unilateral leg paralysis, this pro-
gressed and became bilateral in both lines of rats. In the
early stages of the illness, another distinctive abnormality
was increased tone in the tail musculature, resulting in an
elevated, segmentally spastic tail posture. As the disease
progressed, the rats exhibited marked muscle wasting in
the hindlimbs, typically dragging themselves about the
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Fig.1 Progression of mutant superoxide dismutase-
mediated disease. From the presymptomatic stage, the ante-
rior horns of the same rats revealed decreased numbers of
large, multipolar neuronat cells (motor neurons) with prolif-
eration of small non-neuronal cells with morphological char-
acteristics of astrocytes and microglia. The ages of onset and
death for the G93A-39 and H46R-4 rats are indicated.

Fig.2 An affected transgenic rat from the H46R-4 line dem-
onstrates hindlimb weakness and abnormal posturing with
segmental spasticity of the tail.

cage using the forelimbs (Fig. 2). Thereafter, the forelimbs
also became weak, in association with further weight loss.
At end-stage, the affected rats could not drink water and
died. The mean duration of the disease in the G93A-39 and
HA46R-4 lines were 8.3 days (n = 14) and 37.2 days (n = 11),
respectively. All rats were handled according to approved
animal protocols in our institution.

HISTOPATHOLOGICAL AND
IMMUNOHISTOCHEMICAL ANALYZES

The H46R and G93A transgenic rats exihibit the same his-
topathological changes as those in human familial ALS
patients with SODI gene mutations. Therefore, at present,
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Fig.3 Histological and histopathological findings in H46R transgenic rats and littermate. (A) The anterior horn of the spinal cord
in littermate rat at the age of 160 days: approximately 15 normal anterior horn cells can be observed. (B) The anterior horn of the
spinal cord in H46R transgenic rat at the age of 160 days: approximately six anterior horn cells can be counted in the H46R trans-
genic rat of this age, that is, the number of the anterior horn cells is decreased with astrocytic gliosis, histopathologically, in com-
parison with the littermate at the same age in (A). A core and halo-type astrocytic hyaline inclusion (Ast-HI) is evident
(arrowhead). (C) The anterior horn of the spinal cord in the H46R transgenic rat at the age of 170 days: the histopathological find-
ing of this age reveals loss of the anterior horn cells and ghosis of the spinal cords. A core and halo-type Ast-HI can be observed
(arrowhead). (D) The anterior horn of the spinal cord in the H46R transgenic rat at the age of 200 days corresponding to the end-
stage: approximately two anterior horn cells can be recognized at this terminal stage; the H46R rats of the terminal stage show
severe loss of the anterior horn cells with gliosis of the spinal cords histopathologically compatible with those in ALS patients with
clinical courses of over 5 years. A core and halo-type Ast-HI can be seen (arrowhead). As in human ALS patients, small-sized
remaining anterior horn cells that appear to be normal are also observed throughout the disease courses in H46R transgenic rats

(B-D) ((A-D): HE; magnification: x400).

we think that the H46R and G93A transgenic rats are neu-
ropathologically most optimal as animal models of familial
ALS with the SODI mutations. An essential histopatho-
logical finding of the spinal cords in ALS patients is loss of
the anterior horn cells.”” When we focus on the anterior
horn cells of the spinal cords in both H46R and G93A
transgenic rats, the anterior horn cells of the H46R and
G93A transgenic rats are decreased before the develop-
ment of clinical motor deficits. At the level of cellular
pathology, the H46R and G93A transgenic rats develop
Lewy body-like hyaline inclusions (LBHI) in neurons and
astrocytes, which are morphological hallmarks of certain
human familial ALS patients with the SODI gene
mutations.!” %

With respect to the histopathological aspects of H46R
transgenic rats, the number of the anterior horn cells of the
160-day-old H46R rats that exhibit hind limb paresis is
decreased with astrocytic gliosis in the spinal cords in com-
parison with the littermates at the same age (Fig. 3A,B). At
170 days of age when the H46R rats indicate hindlimb
paraplegia sometimes associated with forelimb weakness,
the histopathological finding of this clinical stage reveals
more severe loss of the anterior horn cells and gliosis of the
spinal cords in comparison with that of 160 days of age
(Fig. 3B,C). At 200 days of age corresponding to the end-
stage when the H46R rats clinically display quadriplegia or
a moribund state, the H46R rats of this end-stage show
severe loss of the anterior horn cells with gliosis of the spi-
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Fig. 4 Neuronal Lewy body-like hyaline inclusions (LBHI) in H46R transgenic rats. (A) A typical intracytoplasmic neuronal
LBHI with a core and halo 1s indicated by double arrows (HE; magnification: x820). (B) A neuronal LBHI with a core and halo
is located from the cytoplasm to the dendrite (double arrows) (HE; magnification: x820). (C) An intracytoplasmic LBHI is positive
for SOD1; only the periphery of the neuronal LBHI is strongly immunostained (double arrows) (Immunostaining for SOD1; mag-
nification: x820). (D) An intracytoplasmic LBHI is diffusely immunostained (double arrows) (Immunostaining for SOD1; mag-
nification: x820). (Figure 4C is from Kato et al.'® and reproduced with permission from Acta Neuropathol).

nal cords histopathologically compatible with those in ALS
patients with clinical courses of over 5 years (Fig. 3D). As
in human ALS patients, small-sized remaining anterior
horn cells that appear to be normal in HE preparations are
also observed throughout the disease courses in H46R and
G93A transgenic rats (Fig. 3A-D).

As for the cell-pathological and immunohistochemical
aspects, the rodent familial ALS model of these rats has the
other important cellular pathological finding compatible
with that in human familial ALS patients with the SODI
gene mutations; typical intracytoplasmic neuronal LBHI
are observed in the remaining anterior horn cells of the
spinal cords in the rat model of familial ALS. Cell-
pathologically, the intracytoplasmic neuronal LBHI in the
rat model of ALS are identical to those in human familial
ALS. In both the rat model and human familial ALS,
neuronal LBHI are formed not only in the cytoplasm but
also in dendrites (Fig.4A,B). Immunohistochemicaily, as
in human mutant SODI-mediated familial ALS,""*% the

neuronal LBHI in the rat model of ALS with the H46R and
G93A are positive for SOD1 (Fig. 4C,D). The reaction
product deposits of the antibody against SOD1 are gener-
ally restricted to the periphery of the LBHI that show
eosinophilic cores with palor peripheral halos in HE prep-
arations (Fig. 4C). The immunostaining in intracytoplasmic
and intradendtritic ill-defind LBHI is distributed through-
out each of the inclusions (Fig. 4D). The rat model of ALS
with the H46R and G93A also develops astrocytic hyaline
inclusions (Ast-HI) that are identical structures observed
in human long-term surviving familial ALS patients with
the SODI gene mutation.** In HE preparations,
similarly in neuronal LBHI, Ast-HI are eosinophilic
(Fig. 5A) or slightly pale inclusions and sometimes show an
eosinophilic core with palor peripheral halos (Fig. 3B-D).
The Ast-HI are generally round to oval and sometimes
sausage-like in shape. As in neuronal LBHI, immunohis-
tochemically, Ast-HI are intensely immunostained by the
antibody against SOD1 (Fig. 5B).
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Fig.5 Astrocytic hyaline inclusions (Ast-HI) in H46R trans-
genic rats. (A) Typical eosinophilic Ast-HI can be seen
(arrow) (HE; magnification: x1200). (B) An Ast-HI is strongly
positive for SOD1 (arrow) (Immunostaining for SOD1; mag-
nification: x1200).

DISCUSSION

We have established lines of rats that express transgenes
for mutant SOD1 protein with two different ALS-
associated mutations: FI46R and G93A. Rats with the high-
est transgene copy numbers and levels of expression of the
mutant protein develop a paralytic disorder characterized
by fulminant motor neuron death accompanied by astro-
gliosis and microgliosis. Particularly striking in our data is
not only the earlier onset of the G93A disease but also the
much more rapid course in the G93A-39 (8 days) as com-
pared to the H46R-4 (37 days) rats. We do not understand
the basis for this difference in rate of disease progression,
but we note those factors determining the time course in
these rats are likely to be relevant to human mutant SOD]-
mediated familial ALS. The human H46R cases also
progress very slowly, with a mean survival of 16.8+6.8
years.”” By contrast, the mean survival of the G93A cases
in one report was 2.2 1.5 years.' Although it is tempting
to speculate that this shorter disease duration is a conse-
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quence of the higher retained dismutation activity in the
G93A-39 line, we cannot firmly conclude this.

A transgenic rat model of human ALS will offer several
advantages with respect to the existing transgenic mouse
ALS models.*** Given its larger size, it will facilitate ali
studies that entail CSF analysis and, in particular, those
that entail multiple, serial manipulations of CSF in the
same animal. Thus, it will be possible in this model to
obtain adequate CSF for conventional biochemical studies
as well as analyzes of small molecules and even DNA/RNA
species that may distinguish the ALS from the wild-type
CSF. Moreover, this model should be ideal for administra-
tion of therapies via chronic intrathecal pumps, a strategy
that has been employed recently in human ALS clinical tri-
als.”? Another advantage of the ALS rats is that they can
tolerate some forms of immunosuppressive therapy that
are problematic in mice, such as cyclosporine A. This point
arises in the context of an emerging interest in possible
strategies to use implanted neural stem cells as therapy in
ALS. It should now be possible to achieve appropriate
immunosuppression in the ALS rats to allow survival of
implanted cells and hence determine the efficacy of this
approach. As a corollary, we also note that the larger size of
the rat spinal cord will facilitate delivery of cells to the tar-
get spinal cord regions.

CONCLUSIONS

We have established lines of rats that express transgenes
for mutant SOD1 protein with two different ALS-
associated mutations: H46R and G93A. As in the human
disease and transgenic ALS mice, pathological analysis
demonstrates selective loss of motor neurons in the spinal
cords of these transgenic rats. In addition, typical neuronal
LBHI as well as Ast-HI identical to those in human familial
ALS are observed in the spinal cords of the rats. Therefore,
at present, we think that the H46R and G93A transgenic
rats are neuropathologically most optimal as animal mod-
els of familial ALS with the SODI-mutations.
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Motoneuron Degeneration After Facial
Nerve Avulsion Is Exacerbated in
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We investigated motoneuron degeneration after proxi-
mal nerve injury in presymptomatic transgenic (tg) rats
expressing human mutant Cu/Zn superoxide dismutase
(SOD1). The right facial nerves of presymptomatic ig
rats expressing human H46R or G93A SOD1 and their
non-tg littermates were avulsed, and facial nuclei were
examined at 2 weeks postoperation. Nissl|-stained cell
counts revealed that facial motoneuron loss after avul-
slon was exacerbated in H46R- and G93A-tg rats com-
pared with their non-tg littermates. The loss of moto-
neurons in G93A-tg rats after avulsion was significantly
greater than that in H46R-tg rats. Intense cytoplasmic
immunolabeling for SOD1 in injured motoneurons after
avulsion was demonstrated in H46R- and G83A-tg rats
but not in their littermates. Facial axotomy did not
induce significant motoneuron loss nor enhance SOD1
immunoreactivity in these tg rats and non-tg littermates
at 2 weeks postoperation, although both axotomy and
avulsion elicited intense immunolabeling for activating
transcription factor-3, phosphorylated c-dun, and phos-
phorylated heat shock protein 27 in injured motoneu-
rons of all these animals. The present data indicate
the increased vulnerability of injured motoneurons after
avulsion in the presymptomatic mutant SOD1-tg
rats. © 2005 Wiley-Liss, Inc.

Key words: axotomy; facial nerve; amyotrophic lateral
sclerosis; ALS; mutant Cu/Zn superoxide dismutase;
S0D1; transgenic rat

Since the discovery of the mutation of Cu/Zn
superoxide dismutase (SOD1) in patients with familial
amyotrophic lateral sclerosis (ALS) and the development
of transgenic (tg) mice and rats expressing human mutant
SOD1 that show clinicopathological characteristics com-

© 2005 Wiley-Liss, Inc.

parable to human familial ALS, the mutant SODI1-tg
animals have been the most widely used experimental
models for elucidating the pathomechanism of and the
therapeutic approach for familial ALS as well as sporadic
ALS (Cleveland and Rothstein, 2001). Although the
precise mechanism of motoneuron degeneration in
mutant SOD1-tg animals is largely unknown, the mutant
SOD1 is thought to have a gain of toxic function
(Cleveland and Rothstein, 2001). In another animal
model of motoneuron degeneration, peripheral nerve
avulsion exhibits extensive loss of motoneurons in adult
rats (Sereide, 1981; Wu, 1993; Koliatsos et al.; 1994;
Watabe et al.,, 2000; Sakamoto et al., 2000, 2003a,b:
Ikeda et al, 2003; Moran and Graeber, 2004). The
mechanism of motoneuron degeneration after avulsion
also remains unclear, but peroxinitrite-mediated oxida-
tive damage and perlkaryal accumulation of phosphory-
lated neurofilaments have been demonstrated in injured
motoneurons after avulsion (Martin et al., 1999). Both
of these pathological features have also been shown in
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spinal motoneurons in mutant SOD1-tg animals as well
as in patients with familial and sporadic ALS (Estévez
et al., 1998; Cleveland, 1999; Cleveland and Rothstein,
2001). If motoneuron degeneration after peripheral
nerve avulsion shares any underlying mechanisms of
motoneuron death associated with SOD1 mutation,
motoneurons in presymptomatic mutant SOD1-tg ani-
mals may be more susceptible to pathological insults fol-
lowing avulsion compared with their non-tg littermates.
If this is so, we may be able to utilize facial nerve avul-
sion as an animal model for understanding the mecha-
nisms of motoneuron degeneration in ALS. In the
present study, we examined injured motoneurons after
facial nerve avulsion in presymptomatic mutant human
SOD1-tg rats and their littermates.

MATERIALS AND METHODS

Animals and Surgical Procedures

The experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of Tokyo Metro-
politan Institute for Neuroscience and Tohoku University
Graduate School of Medicine. The tg rats expressing human
mutant SOD1 (H46R, G93A) were generated as described
previously (Nagai et al., 2001). Two types of rats with SOD1
mutations, H46R and G93A, were used for experiments. The
H46R-tg rats develop motor deficits at about 140 days of age
and die after 3 weeks, and G93A-tg rats show the clinical
signs at around 120 days of age and die after 10 days (Nagai
et al., 2001).

The presymptomatic female H46R (90 days old)- and
GO93A (80 days old)-tg rats were anesthetized with inhalation
of halothane. Under a dissecting microscope, the right facial
nerve was exposed at its exit from the stylomastoid foramen.
With microhemostat forceps, the proximal facial nerve was
avulsed by gentle traction and removed from the distal facial
nerve as described elsewhere (Sakamoto et al.,, 2000, 2003a,b;
Ikeda et al., 2003). As for axotomy, the right facial nerve was
transected at its exit from the stylomastoid foramen, and a dis-
tal portion of the nerve, 5 mm in length, was cut and
removed. The wound was covered with a small piece of gela-
tin sponge (Gelfoam; Pharmacia Upjohn, Bridgewater, NJ)
and closed by fine suture.

Motoneuron Cell Counting

At 2 weeks postoperation, rats were anesthetized with a
lethal dose of pentobarbital sodium and transcardially perfused
with 0.1 M phosphate buffer, pH 7.4 (PB), followed by 4%
paraformaldehyde in 0.1 M PB. The brainstem tissue was
excised, postfixed in the same fixative for 2 hr, dehydrated,
and embedded in paraffin, and serial transverse sections (6-{lm
thickness) were made. Every fifth section (24-pm interval)
was collected, deparaffinized, and stained with cresyl violet
(INissl staining), and facial motoneurons having nuclei contain-
ing distinct nucleoli on both sides of the facial nuclei were
counted in 25 sections as described elsewhere (Sakamoto
et al., 2000, 2003a,b; Tkeda et al, 2003). The data were

expressed as the mean * SEM, and statistical significance was
assessed by Mann-Whitney U-test.

Immunohistochemistry

Immunohistochemistry on paraffin sections was per-
formed with the following primary antibodies: sheep anti-
human SOD1 (1:1,000; Calbiochem, San Diego, CA), rabbit
anti-human SOD1 (1:10,000; kindly provided by Dr. K.
Asayama; Asayama and Burr, 1984), mouse monoclonal anti-
phosphorylated neurofilament SMI-31 (1:1,000; Sternberger
Monoclonals, Lutherville, MD), rabbit anti-ubiquitin (1:1,000;
Dako, Glostrup, Denmark), rabbit anti-glial fibrillary acidic
protein (GFAP; 1:1,000; Dako), rabbit anti-activating transcrip-
tion factor-3 (ATE3; sc-188, 1:200; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), rabbit anti-c-Jun (sc-1694, 1:200; Santa
Cruz Biotechnology), mouse monoclonal anti-phosphorylated
c-Jun (sc-822, 1:200; Santa Cruz Biotechnology), rabbit anti-
heat shock protein (Hsp) 25 that reacts with rat Hsp27 (SPA-
801, 1:200; Stressgen, Victoria, British Columbia, Canada),
and rabbit anti-phosphospecific (Ser')Hsp27 (1:200; Onco-
gene, San Diego, CA). For immunohistochemistry, deparaffi-
nized sections were pretreated with 0.3% H,O, in methanol
and preincubated with 3% heat-inactivated goat or rabbit
serum in 0.1% Triton X-100 in phosphate-buffered saline
(T-PBS). In cases of immunostaining with mouse primary
antibodies, MOM blocking kit (Vector, Burlingame, CA) was
used according to the manufacturer’s instructions to reduce
nonspecific background staining. Sections were then incubated
overnight at 4°C with the primary antibodies diluted in
T-PBS, followed by the incubation with biotinylated rabbit
anti-sheep, goat anti-rabbit, or goat anti-mouse IgG at a dilu-
tion of 1:200 and with ABC reagent (Vector), visualized by
3,3’-diaminobenzidine tetrahydrocholoride (DAB)-H,O, solu-
tion and counterstained with hematoxylin. For negative con-
trols, the primary antibodies were omitted or replaced by
nonimmunized animal sera.

RESULTS

Two weeks after avulsion of the right facial nerves
in non-tg littermates, the number of surviving facial
motoneurons declined to ~70% of that on the contrala-
teral side, similar to that in normal rats, as described pre-
viously (Sakamoto et al., 2000). In SOD1-tg rats, only
~30-50% of motoneurons survived 2 weeks after avul-
sion, indicating that the loss of motoneurons was exacer-
bated in SOD1-~tg rats compared with their non-tg lit-
termates (Fig. 1, Table I). The numbers of surviving
motoneurons in G93A-tg rats after avulsion (~35% of
contralateral side) were significantly less than those in
HA46R -tg rats (~50% of contralateral side; Table I). The
numbers of intact motoneurons at contralateral sides did
not differ between tg rats and non-tg littermates, indicat-
ing that cell loss does not happen at this moment in the
course of the disease with SOD1 mutations (Table I).
Facial nerve axotomy did not induce significant loss of
injured motoneurons in tg rats and non-tg littermates at
2 weeks postoperation (Fig. 1, Table I).
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Fig. 1. Facial motoneurons of H46R- and G93A-transgenic (tg) rats and their non-tg littermates
on the contralateral and ipsilateral (avulsion or axotomy) sides 2 weeks after facial nerve avulsion

or axotomy. Niss] stain. Scale bar = 100 um.

Examination of sections immunostained for SOD1
showed intense cytoplasmic immunolabeling for SOD1
in injured motoneurons after avulsion in H46R- and
G93A-tg rats compared with uninjured motoneurons on
the contralateral side that were not or were very faintly
immunoreactive for SOD1 (Fig. 2). We used sheep and
rabbit anti-SOD1 antibodies, both of which gave identi-
cal results. The cytoplasmic SOD1 immunolabeling pat-
terns of injured motoneurons appeared diffuse in H46R-

tg rats, whereas they were granular in G93A-tg rats. In
G93A-tg rats, there were axons and vacuolar changes in
the neuropil consistently immunoreactive for SOD1 at
both uninjured and injured sides of facial nuclei (Fig. 2).
There was no definite immunolabeling for SOD1 in
either injured or uninjured motoneurons and their axons
in non-tg littermates (Fig. 2). Facial nerve axotomy did
not increase immunoreactivity for SOD1 in injured
motoneurons of tg rats and non-tg littermates at 2 weeks
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TABLE I. Survival of Motoneurons After Facial Nerve Avulsion and Axotomy'

Ipsilateral motoneuron

Contralateral motoneuron

Rat (n) number number Survival %
Avulsion
NL (H46R) (n = 10) 508 + 18 813 + 26 737 * 1.2
H46R. (n = 8) 402 *+ 36" 839 * 27 475 + 2.8
NL (G93A) (n = 6) 637 *+ 56 822 *+ 47 767 * 3.0
GI3A (n = 7) 306 + 37" 884 + 44 347 = 3.6
Axotomy
H46R (n = 5) 751 * 19 843 *+ 23 892 * 1.4
NL (G93A) (n = 6) 743 * 15 835 + 12 88.9 = 0.6
G93A (n = 5) 741 = 42 781 £ 45 949 + 1.2

"Numbers of facial motoneurons and the percent survival at the ipsilateral (lesion) side relative to the contrala-
teral (control) side 2 weeks after avulsion or axotomy. Results are presented as mean = SEM. Statistical com-
parison was done by Mann-Whitney U-test. n = number of animals. NL. nontransgenic littermates.

*P < 0.0t vs, NL (H46R) and NL (G93A) rats after avulsion.

P < 0.05 vs:- H46R -transgenic rats after avulsion.

postoperation (Fig. 2). In contrast, immunohistochemical
examination showed perikaryal accumulation of phos-
phorylated neurofilaments in injured motoneurons both
after axotomy and after avulsion, as described previously
(Koliatsos et al., 1989, 1994; Koliatsos and Price, 1996).
There were no hyaline inclusions identifiable in HE-
stained sections or ubiquitin-immunoreactive structures
m both H46R - and G93A-tg rats and their non-tg litter-
mates on either operated or contralateral sides (data not
shown). Proliferation of astrocytes as evidenced by
immunostaining for GFAP was observed at the injured
sides in all the animals after avulsion and axotomy, and
the degree of the astrocytic response appeared to corre-
late with the extent of motoneuron loss after avulsion;
t.e., more intense GFAP immunostaining was demon-
strated when less neuronal survival was observed (Fig. 3).

[t has been shown that ATF3 is expressed, and
c-Jun and Hsp27 are up-regulated and phosphorylated,
in injured motoneurons after axotomy (Tsujino et al,,
2000; Casanovas et al., 2001; Benn et al., 2002; Kalmar
et al,, 2002). Several reports have documented that
ATF3, c-Jun, and Hsp27 cooperate to promote neuronal
survival in vitro and in vivo, suggesting neuroprotective
roles of these molecules (Pearson et al., 2003; Nakagomi
et al, 2003). We then examined the expression of
ATF3, c-Jun, and Hsp27 in injured motoneurons after
facial nerve avulsion that causes extensive neuronal loss.
In wild-type adult rats, intact facial motoneurons were
constitutively immunoreactive for ¢-Jun and Hsp27 but
not for ATF3, phosphorylated c-Jun, or phosphorylated
Hsp27, whereas injured motoneurons become immuno-
reactive for ATF3, phosphorylated c-Jun, and phos-
phorylated Hsp27 within 1 day after facial nerve avulsion
and remain positive up to 4 weeks (Watabe et al,
unpublished observations). In a similar manner, virtually
all injured motoneurons were immunostained for ATF3,
phosphorylated c-Jun, and phosphorylated Hsp27 in
HA46R - and G93A-tg rats and their non-tg littermates
2 weeks after avulsion and axotomy as examined in this
study (Fig. 3).

DISCUSSION

We demonstrated that only 50% (H46R-tg rats) or
35% (G93A-tg rats) of motoneurons in mutant SOD1-tg
rats survived 2 weeks after avulsion at their presympto-
matic stage compared with 70% survival of motoneurons
in their non-tg littermates, indicating that motoneuron
degeneration after avulsion is significantly more severe in
these presymptomatic mutant SOD1-tg rats. It is inter-
esting to note that the loss of motoneurons in G93A-tg
rats was significantly greater than that in H46R-tg rats
after avulsion, insofar as the onset of paralysis is earlier
and the disease progression is more rapid in G93A-tg rats
compared with the H46R rats used in the present study
(Nagai et al., 2001). The clinical courses of these tg rats
are also likely to be relevant to those of human mutant
SOD1-mediated familial ALS, in that the human H46R
cases progress very slowly compared with the G93A
cases (Nagail et al,, 2001; Aoki et al, 1993, 1994). In
contrast, we did not see significant motoneuron loss in
the presymptomatic SOD1-tg rats and their non-tg lit-
termates 2 weeks after facial nerve axotomy. Unlike
avulsion, axotomy does not generally induce significant
motoneuron death in adult rodents (Lowrie and Vrbova,
1992; Moran and Graeber, 2004), except that, in the
case of adult Balb/C mice, the facial nerve axotomy
leads to loss of >50% of the motoneurons at 30 days
postoperation (Hottinger et al., 2000), and C57BL mice
show late motoneuron loss (~60%) 8 weeks after facial
nerve axotomy (Angelov et al.,, 2003). Mariotti et al
(2002) axotomized facial nerves of G93A-tg mice and
their non-tg littermates at their presymptomatic stage
and observed loss of facial motoneurons that was higher
in G93A-tg mice than in non-tg hittermates at 30 days
postaxotomy; these data are relevant to our present data
acquired from avulsion, but not axotomy, in rats, which
probably is due to the use of different animal species. In
contrast, Kong and Xu (1999) described axotomy of
lumbar spinal or sciatic nerve in G93A-tg mice at the
presymptomatic stage reducing the extent of axon
degeneration at the end stage of the disease. They did
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Fig. 2. SOD1 immunohistochemistry of facial motoneurons of H46R - and G93A-tg rats and their
non-tg littermates on the contralateral and ipsilateral (avulsion or axotomy) sides 2 weeks after
facial nerve avulsion or axotomy. Counterstained with hematoxylin. Note immunostained moto-
neurons (vertical arrows), axons (horizontal arrows), and vacuoles in neuropil (arrowheads) in

H46R - and G93A-tg rats. Scale bar = 50 pm.

not evaluate the response of the cell bodies of spinal
motoneurons, so 1t remains unknown whether SOD1
mutation affects the viability of spinal motoneurons after
axotomy. In the present study, we demonstrated that
motoneuron degeneration after facial nerve avulsion, but
not after axotomy, is exacerbated in presymptomatic
mutant SOD1-tg rats at 2 weeks postoperation. These

data clearly indicate the increased vulnerability of facial
motoneurons to proximal nerve injury in the presympto-
matic SOD1-tg rats.

It has been shown that SOD1 is abundantly
expressed in cell bodies, dendrites, and axons of wild-
type mouse and rat motoneurons in vivo (Pardo et al.,
1995; Moreno et al.,, 1997; Yu, 2002). In the present
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03

Fig. 3. Immunohistochemistry for ATF3, phosphorylated c-Jun (p-c-
Jun), phosphorylated Hsp27 (p-Hsp27), and GFAP of facial nuclei in
H46R-tg rat, G93A-tg rat, and non-tg littermate on the ipsilateral
(avulsion or axotomy) and contralateral sides 2 weeks after facial
nerve avulsion or axotomy. All injured motoneurons are immuno-

Avulision

stained for ATF3, phosphorylated c-Jun, and phosphorylated Hsp27
in these rats after avulsion or axotomy. The intensity of GFAP
immunoreactivity appears parallel to the extent of motoneuron loss
(see also Fig. 1). Counterstained with hematoxylin. Scale bar =
50 pm.
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study, we did not observe immunoreactivity for SOD1
in facial motoneurons of nontransgenic littermates with
sheep and rabbit anti-human SOD1 antibodies; it is
postulated that the antibody concentrations (i.e.,
1:1,000-10,000) used in this study are below the detec-
tion levels for immunostaining rat SOD1 antigen on par-
affin sections. Instead, we demonstrated some facial
motoneurons showing very faint immunoreactivity for
SOD1 in H46R-tg rats on paraffin sections. In G93A-tg
rats, axons and vacuoles in necuropil were intensely
immunoreactive for SOD1 at both uninjured and
injured sides. The increased immunostaining for SOD1
in injured motoneurons of SOD1 (H46R and G93A)-tg
rats may therefore indicate that human mutant SODI1
protein is accumulated in the cytoplasm of facial moto-
neurons after avulsion. When several mutant SOD1
genes that include G93A were transfected to COS7 cells,
the mutant SOD1s, but not wild-type SOD1, aggregated
in association with the endoplasmic reticulum (ER) and
induced ER stress (Tobisawa et al., 2003). Accumulation
of mutant SOD1 in injured motoneurons after avulsion
may therefore potentiate ER stress and exacerbate moto-
neuron death in the presymptomatic mutant SOD1-tg
rats, although the mechanism of accumulation of SOD1
remains unknown. Whether up-regulation of cytoplas-
mic mutant SOD1 expression or retrograde accumula-
tion of mutant SOD1 from injured axons was induced
in these neurons awaits further investigations. In addi-
tion, facial nerve axotomy, as opposed to avulsion, did
not increase immunoreactivity for SOD1 in injured
motoneurons of SOD1-tg rats and their non-tg litter-
mates, which seems consistent with the absence of sig-
nificant motoneuron loss in these rats as described above.
As for wild~type SOD1, previous reports documented
no change in SOD1 mRNA levels or SOD1 immuno-
reactivity in injured motoneurons after facial or sciatic
nerve axotomy in wild-type rats (Yoneda et al., 1992;
Rosefeld et al., 1997).

It has been demonstrated that ATF3 is expressed,
and c-fun and Hsp27 are up-regulated and phosphory-
lated, in injured adult motoneurons after axotomy
(Tsujino et al., 2000; Casanovas et al., 2001; Benn et al,,
2002; Kalmar et al., 2002). As for the neuroprotective
nature of these molecules, it has been reported that
ATPE3 enhances c-Jun-mediated neurite sprouting in
PC12 and Neuro-2a cells (Pearson et al., 2003), and
ATE3 and Hsp27 cooperate with c-Jun to prevent death
of PC12 cells and superior cervical ganglion neurons
(Nakagomi et al., 2003). Hsp27 is induced and phos-
phorylated in adult, but not in neonatal, motoneurons
after axotomy, and axotomized neonatal motoneurons
that lack Hsp27 die by apoptosis, suggesting that phos-
phorylated Hsp27 is necessary for motoneuron survival
after peripheral nerve injury (Benn et al., 2002). How-
ever, there have been no reports concerning the expres-
sion of ATFE3, phosphorylated c-Jun, and phosphorylated
Hsp27 in injured motoneurons after avulsion. In the
present study, we have demonstrated that, even after
avulsion that causes extensive motoneuron death, ATF3,
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phosphorylated c-Jun, and phosphorylated Hsp27 were
fully up-regulated in both SOD1-tg and non-tg rats.
These results suggest that neuroprotective effects of
Hsp27 cannot overcome yet unidentified stress(es)
induced by facial nerve avulsion. On the other hand, a
recent report demonstrated that facial motoneurons of
c-Jun-deficient mice are resistant to axotomy-induced
cell death, suggesting that c-Jun promotes posttraumatic
motoneuron death (Raivich et al., 2004). In addition, it
has been shown that mutant SOD1 binds to Hsp27 and
forms aggregates, suggesting that this binding of Hsp27
to mutant SOD1 blocks antiapoptotic function of Hsp27
and leads to motoneuron death (Okado-Matsumoto and
Fridovich, 2002). The effects of phosphorylated c-Jun
and Hsp27 and their association with mutant SODI1
accumulation should be further investigated to elucidate
the mechanism of exacerbated motoneuron death in
SOD1-tg rats after avulsion.

In this study, we have demonstrated that moto-
neuron degeneration after facial nerve avulsion is exacer-
bated in presymptomatic mutant SOD1-tg rats compared
with their non-tg littermates. Mutant SOD1 accumula-
tion and its association with c-Jun and Hsp27 may have
a key role leading to enhanced motoneuron death. In
this context, motoneuron death after avulsion may share,
at least in part, a common mechanism with the moto-
neuron degeneration associated with SOD1 mutation.
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