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Fig. 4. Schematic presentation of the results from the body weight
(A), inclined plane test (B), and cage activity (C) assessments. The
onset defined by each measure (black arrowheads) and the end-stage
of the disease (ED, black arrows) are indicated in the figures. a, pre-
symptomatic onset: the day the transgenic rats scored their maximum
body weight. b, muscle weakness onset: the earliest day the trans-
genic rats scored <70° in the inclined plane test. ¢, hypo-activity

60 days of age for all parameters (M1, M2, RG), how-
ever, even after the wild-type animals showed the
decrease in their movement scores. The differences
between the two groups increased markedly after 90 days
of age for M1, M2, and RG (Fig. 3D-F). The perform-
ance of each rat fluctuated so markedly that the SCANET
test seems to be inappropriate for statistical analysis.

Onset, End-Stage, and Duration of Disease
in hSOD1 (G93A) Transgenic Rats

Using the quantitative analysis of disease progres-
sion by body-weight measurement, the inclined plane
test, and cage activity, as described above, we defined
three time points of “objective onset,” as shown in
Figure 4. The SCANET results did not allow us to
define a time of objective onset, because we could not
establish a stable baseline level using the data from the
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onset: the earliest day the transgenic rats scored <75% of the mean
movements from 70-90 days of age in the cage activity measure. SO,
subjective onset: the earliest day that observable functional deficits
such as paralysis of the limbs or symptoms of general muscle weak-
ness were observed subjectively in the open field (the gray shaded
region in A—-C).

highly variable measurements we obtained, even for
wild-type rats. The righting reflex failure was useful for
detecting the time point of end-stage disease, which we
defined as the generalized loss of motor activity in
affected rats. A total of 20 transgenic rats assessed by
body weight and the inclined plane test were analyzed
for the day of objective onset, end-stage, and duration
of the disease. The cage activity data from the eight
transgenic rats were obtained simultaneously. The
results are shown in Table IV.

The day the transgenic rats reached their maximum
body weight was defined as pre-symptomatic onset
(113.6 £ 4.8 days of age, black arrowhead in Fig. 4A,
Table 1V). This onset was judged retrospectively and
always preceded the subjective onset (gray shaded
region, Fig. 4A), which was determined by observable
functional deficits in the open field, such as paralysis of
limbs and symptoms of general muscle weakness. The
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TABLE IV. Onset, End-Stage, and Duration in Days of Disease in hSOD1 (G93A) Transgenic Rats

Body weight and inclined

Evaluation methods

plane (n = 20)

Cage activity (n = 8)

Objective onset
Pre-symptomatic onset”
i
Muscle weakness onset”

113.6
125.2
Hypo-activity onset®

Subjective onset (SO)* 1265 £ 7
End-stage disease (ED)* 1378 = 7
Duration’
ED-a* 24.3
ED-b" 12,6
ED-¢’

* 4.8 (103-124)
* 7.4 (110-144)

122.8 *+ 9.2 (109-139)°

1 (113-147) 121.3 = 9.8 (109-140)
1 (128-155) 134.1 *+ 8.2 (122-149)
* 6.5
* 35

114 £ 13

Values are means = SD.
! Maximum of body weight.
P Less than 70 degrees in the inclined plane rest.

“ Less than 75% in the mean movements of 70-90 days in the cage activity.

4 Observable functional deficits.

¢ Righting reflex failure.

" Difference in days between ED and each onset;
& between ED and pre-symptomatic onset,
b between ED and muscle weakness onset,
' between ED and hypo-activity onset.

TABLE V. Comparison of the Onset, End-stage, and Duration in Days of Disease in the Forelimb-

type and the Hindlimb-type Rats

Forelimb type (n = 4)

Hindlimb type (1 = 14) General type* (n = 2)

Pre-symptomatic onset" 1125 * 6.7
Muscle weakness onset” 1258 * 2.8
End-stage disease (ED)* 134.0 = 2.4
Dutration®
ED-a® 21.5 = 8.5
ED-b’ 83 = 1.0

1146 + 43 (108.5)
1267 + 7.3 (113.5)

1401 + 7.1 (129.5)
255 * 6.2 @1
13.4 * 3.0

Values are mean * SD.

* Values of general-type rats are listed in parenthesis for reference.

* Maximum of body weight.

® Less than 70 degrees in the inclined plane test.

¢ Righting reflex failure.

4 Difference in days between ED and each onset;
¢ between ED and pre-symptomatic onset,
"between ED and muscle weakness onset.

pre-symptomatic onset was the most sensitive of all the
onset measures described in this study (Table V).

The first day the transgenic rats scored <70° in the
inclined plane test was defined as the muscle weakness
onset (black arrowhead, Fig. 4B). We could judge this
onset prospectively. Muscle weakness onset (125.2 * 7.4
days of age, Table 1V) was usually recorded before or at
almost the same time as the subjective onset (8 days
before to 1 day after, gray shaded region, Fig. 4B and
126.5 £ 7.1 days of age, Table IV). The day the trans-
genic rats scored 35° or less on the inclined plane test
coincided with the day of righting reflex failure (black
arrow, Fig. 4B).

The first day the transgenic rats scored <75% of
their baseline movements in the cage activity test was
defined as hypo-activity onset (black arrowhead, Fig. 4C
and 122.8 = 9.2 days of age, Table IV). We could also
judge this onset prospectively. Hypo-activity onset was

recorded 1 day before to 4 days after the subjective onset
(SO, shown as the gray shaded region in Fig. 4C and
121.3 = 9.8 days of age, Table IV). A 0% movement
score for cage activity was seen at almost the same time
as righting reflex failure (black arrow, Fig. 4C).
Although disease onset and end-stage could be objec-~
tively defined with these methods, they had a wide
range, of about 1 month, because of the diversity of the
phenotypes (Table 1V).

Differences in Disease Courses Between
the Forelimb- and Hindlimb-Type Rats

Because we noticed variability in disease courses
among different clinical types of hSOD1 (G93A) rats,
we next assessed disease progression in 20 transgenic rats
with forelimb- (n = 4), hindlimb- (» = 14), and gen-
eral- (n = 2) type, using the probability of objective
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Fig. 5. Comparison of onset, end-stage, and disease progression in
the forelimb-type (n = 4), and the hindlimb-type (1 = 14) rats. Data
from the general-type rats are also shown as dotted lines. A,B: The
probability of the objective onsets. We did not see any differences in
the probability of the objective onsets defined by body weight meas-
urement (pre-symptomatic onset) and the inclined plane test (muscle
weakness onset) between the forelimb- and hindlimb-type rats.
C: The probability of survival as defined by end-stage disease. Sur-
vival was significantly shorter in the forelimb-type than in the hind-

onsets (pre-symptomatic onset and muscle weakness
onset), the probability of survival defined by end-stage
disease (failure in righting reflex), and the Motor score
(Table V, Fig. 5). We did not see any differences in the
objective onsets between the forelimb- and hindlimb-
type rats (Fig. 5AB, Table V). However, survival as
defined by end-stage disease was significantly shorter in
the forelimb-type than in the hindlimb-type rats (P <
0.05, Log-rank test, Fig. 5C). Moreover, the duration of
the disease calculated from the muscle weakness onset
was also significantly shorter in the forelimb-type (8.3 =
1.0 days) than in the hindlimb-type rats (13.4 &= 3.0
days) (see ED — b, P < 0.01, two-tailed unpaired Stu-
dent’s ttest, Table V).
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limb-type rats (P < 0.05, Log-rank test). D: Assessment of disease
progression using the Motor score. Affected rats were evaluated after
muscle weakness onset. The forelimb type worsened more quickly
than the hindlimb type. Score decline correlated well with the exac-
erbation of symptoms in both clinical types, clearly and objectively.
Bars means = SEM. Statistically significant differences between
forelimb and hindlimb types are indicated in the figures. *P < 0.05.
#*P < 0.01; two-tailed unpaired Student’s f-test.

The courses of functional deterioration evaluated by
the Motor score after onset (muscle weakness onset) for
each clinical type were well represented by the declines in
their scores (Fig. 5D). The assessment by the Motor score
also showed that disease progression in the forelimb type
was more rapid than that in the hindlimb type (Fig. 5D).

Our results raise the question of why this variabil-
ity in the disease course of each clinical type was
observed. We speculated that there might be correla-
tion between clinical type in G93A rats and the amount
of locally expressed mutant hSOD1 (G93A) gene prod-
uct. Therefore, we next investigated expression of the
mutant hSOD1 gene in each segment of the spinal cord
(cervical, thoracic, and lumbar) in the forelimb- and
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Fig. 6. The expression of mutant hSOD1 mRNA and protein in the cerebral cortex, cerebellum,
medulla, and spinal cord (cervical, thoracic, and lumbar) of forelimb- and hindlimb-type rats. A,B:
The amounts of human (A) and endogenous rat (B) SOD1 mRNA normalized to those of f-aciin
were quantified by real time RT-PCR analysis. C,D: Western blot analysis of the mutant hSOD1
protein was carried out in the same rats. Quantitative analysis was carried out with a Scion Image.
The amounts of proteins were normalized to those of a-tubulin (D).

hindlimb-type rats by real time RT-PCR and Western
blot analysis. However, at least at the stages after the
apparent onset of muscle weakness, neither forelimb-
type (#1587, Score 4 and #15107, Score 4) nor hind-
limb-type rats (#1510, Score 2) necessarily expressed
larger amounts of the mutant hSOD1 (G93A) transgene
in the cervical cord or in the lumbar cord, respectively,
at the mRNA and the protein level (Fig. 6). We also
investigated the expression of endogenous rat SODI1
mRNA in the same rats by REAL TIME RT-PCR
(Fig. 6B). Distribution of endogenous rat SODI1
mRINA expressed in each segment of the spinal cord
showed almost the same pattern as that of mutant

hSOD1 mRNA. The expression of endogenous rat
SOD1 mRNA was lower than that of mutant hSOD1
mRNA. Thus, we could not detect any definite corre-
lation between the hSOD1 (G93A) transgene local
expression profile in the spinal cord and the phenotypes
of G93A rats for either the forelimb-type or the hind-
limb-type rats (Fig. 6).

Reduction in the Number of Spinal Cord Motor
Neurons at Different Disease Stages

We examined histo-pathological changes in the spi-
nal cords of the transgenic rats in comparison with those
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of their wild-type littermates at 70, 90, and 110 days of
age, when the transgenic rats scored <70° in the inclined
plane test (muscle weakness onset), and failed the righting
reflex. To quantify the number of spinal motor neurons,
we stained spinal cord sections of both groups with an
anti-ChAT antibody.

As shown in Figure 7A, the numbers of ChAT
immunoreactive motor neurons in the cervical (C6),
thoracic (T5), and lumbar (L3) segments of the spinal
cord decreased with disease progression. Quantitative
analysis of the residual motor neurons showed that the
total number of motor neurons in the transgenic rats
began to decrease at 90 days of age, rapidly declined
after 110 days of age, and fell to about 50% and 25% of
the numbers in age-matched wild-type littermates at the
time the score was <70° in the inclined plane test
(muscle weakness onset) and of righting reflex failure,
respectively (Fig. 7B).-

DISCUSSION

Factors Underlying the Variability in Phenotypes
of hSOD1 (G93A) Transgenic Rats

In previous studies of this G93A rat, only the hind-
limb-type has been described, and the variety of pheno-
types and variable clinical courses have not yet been
mentioned (Nagai et al., 2001). Recently, however,
another line of G93A rats_backcrossed onto a Wistar
background (SOD1PAWr i) was  reported  to
present two phenotypes, including forelimb-type, and a
large inter-litter variability in disease onset (Storkebaum
et al., 2005). In the same way, commonly used FALS
model mice harboring hSOD1 (G93A) gene have been
reported to have clinical variability to some extent, and
some of them dominantly show forelimb paralysis (Gur-
ney et al, 1994). In this study, we recognized various
clinical types, including forelimb-, hindlimb-, and gen-
eral-type and established quantitative methods to evalu-
ate disease progression that can be applied to any of the
clinical types of this ALS model. We have also shown
the variability in disease progression to depend on clini-
cal types, that is, disease progression after the onset was
faster in forelimb-type than in hindlimb-type rats. This
difference may be due to the aggressiveness of the dis-
ease per se because we evaluated the time point of
“death” (end-stage disease) according to righting reflex
failure (Howland et al., 2002) to exclude the influence
of feeding problems (bulbar region) and respiratory fail-
ure (level C2-C4).

These findings give rise to the next question; why
is this variety of phenotypes and variability in the clinical
course observed in the same transgenic line? There are at
least three possible explanations. One is that the variation
is due to the heterogeneous genetic background of the
Sprague-Dawley (SD) rat (i.e., the strain used to generate
this transgenic line), which might have led to different
phenotypes. This idea is supported by the fact that the
SD strain shows a large inter-individual disease variability
in other models of neurodegenerative disorders, such as

TABLE VI. Adequacy of Evaluation Methods in Regard to
Practical Use*

Body Inclined Cage Motor

weight  plane  activity SCANET  score
Objectivity A B A A B
Sensitivity A B C A) -
Specificity C B C C A
Motivation independence A B B D B
Skill requirements A B A A B
Cost of apparatus B B D D A

*A, more appropriate; B, appropriate; C, less appropriate; D, inappropriate.

Huntington’s disease (Ouary et al., 2000). Similar phe-
notypic variability takes place in human FALS carrying
the same mutations in hSOD1 gene (Abe et al.,, 1996;
Watanabe et al., 1997; Kato et al., 2001), which could
be explained by heterogeneous genetic backgrounds.
Thus, the present transgenic ALS model rats may be
highly useful to understand the mechanisms of bulbar
onset, arm onset, or leg onset that are seen in human
disease. There may be modifier genes of these pheno-
types, which should be identified in the future study.

The second 1s that there is variability in the expres-
sion of the mutant hSOD1 protein. The transcriptional
regulation of this exogenous gene could be affected by
one or more unknown factors, such as epigenetic regula-
tion, and may not be expressed uniformly throughout
the spinal cord of each animal. Therefore, some rats
might express mutant proteins more in the cervical spi-
nal cord and others might express more in the lumber
cord, possibly resulting in the forelimb type and hind-
limb type, respectively. However, we found no definite
correlation between local expression levels of the mutant
hSOD1 mRNA/protein in the spinal cord and the phe-
notypes of these animals, using real time RT-PCR and
western blot analysis after the onset of muscle weakness,
when the clinical type of the transgenic rats could be
defined (Fig. 6). Moreover, the pathological analysis
showed no correlation between the number of residual
motor neurons in each segment and the phenotypes of
end-stage animals. However, because >50% of spinal
motor neurons have already degenerated at the stage of
muscle weakness onset, whether local expression of the
mutant hSOD1 gene and segmental loss of motor neu-
rons correlate with the clinical types of G93A rats should
be further investigated by analyzing younger animals at
a stage when motor neuron loss has not progressed as
much.

The third explanation involves a structural property
of the mutant hSOD1 (G93A) protein itself. It is now
thought that mutations in the hSOD1 gene may alter
the 3-D conformation of the enzyme and, in turn, result
in the SOD1 protein acquiring toxic properties that
cause ALS (Deng et al., 1993; Hand and Rouleau 2002).
For instance, the hSOD1 (G93A) mutant protein has
been reported to be susceptible to nonnative protein—
protein interactions because of its mutation site and
unfolded structure (Shipp et al.,, 2003; Furukawa and
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sion in hSOD1 (G93A) transgenic rats.
The disease progression can be classi-
fied into four stages as shown. The
range for each stage is about 1 month
and overlaps approximately 2 weeks
with the next stage.

O’Halloran, 2005), suggesting that the G93A mutation
might accelerate the formation of SOD1 protein aggre-
gates, which may ultimately sequester heat-shock pro-
teins and molecular chaperones, disturb axonal transport
or protein degradation machineries, including the ubiq-
uitin-proteasome system (Borchelt et al., 1998; Bruening
et al., 1999; Williamson and Cleveland 1999; Okado-
Matsumoto and Fridovich 2002; Urushitani et al., 2002).
Curiously, the mutated hSOD1 (G93A) protein is more
susceptible to degradation by the ubiquitin-proteasome
system and has a shorter half-life than other mutants
(Fujiwara et al., 2005), suggesting that it may cause more
unstable toxic aggregates in the spinal cord than other
mutations. The degradation rate is also aftected by envi-
ronmental factors unique to each animal, such as the
progressive decline of proteasome function with age
(Keller et al.,, 2000), and these factors could contribute
to the variability of the clinical course of G93A rats.

Taking all these findings into consideration, the
mutated hSOD1 (G93A) protein may gain properties that
are responsible for a variety of phenotypes and variability
in the clinical course of the affected animals.

Characteristics of Different Methods for Assessing
hSOD1 (G93A) Transgenic Rats

The ideal measure is not influenced by the judg-
ment of the observer, sensitive to small abnormalities,
specific to detect pathologic events that are related to
pathogenesis of the ALS-like disease, not influenced by
the motivational factors of rats, minimal in the require-
ments for skill in the observer, and inexpensive to carry
out. We assessed each evaluation method by the catego-
ries in regard to practical use as shown in the Table 6.

The initiation of body weight loss seems to be an
excellent marker to detect the onset and should be
highly recommended. Muscle volume might have al-
ready started to decrease, even in the period of continu-
ous weight gain, as reported for hSOD1 (G93A) trans-
genic mice (Brooks et al., 2004). As a result, it could
detect an abnormality relatively earlier than subjective
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onset. The inclined plane test is considered to be the
Jeast defective method of all. It could objectively and
specifically detect the decline in the muscle strength of
these ALS model rats as a muscle weakness onset almost
at the same time of the subjective onset. The cage activ-
ity measurement and SCANET require very expensive
apparatus, and are limited by the availability of funds and
space for making the measurements. Although SCANET
test was most sensitive among these measures, it seems
inappropriate for the statistical analysis, and does not add
any more information than that obtained through simple
observation of the rats because the performances of the
rats might be severely affected by the extent of their
motivation to explore. Motor score can specifically assess
disease progression of each clinical type and is valuable
in keeping the experimental costs at a minimum.

Correlation Between the Loss of Spinal Motor
Neurons and Disease Stages

This study clearly shows the variable clinical course
of G93A rats. According to our behavioral and histologi-
cal analyses, we can divide the disease course of this
transgenic model into four stages, whose durations have
a range of about 1 month, as shown in Figure 8. Fur-
thermore, we have established the pathological validity
of the performance deficits detected by each measure of
disease progression. “‘Initiation of motor neuron loss”
was defined as a statistically significant decrease in the
number of spinal motor neurons, which was found at
around 90 days of age, but not 70 days of age (Fig. 7B).
This coincides with, and seems to be sensitively detected
by the marked difference in SCANET scores that begins
at around 90 days of age (Fig. 3D-F). The “initiation of
body weight loss” was usually detected at around 110
days of age as the peak body weight (pre-symptomatic
onset, 113.6 = 4.8 days of age, range = 103-124, Table
IV). This stage coincides with the initiatdon of a rapid
decline in the number of motor neurons at around 110
days of age (Fig. 7B). “Onset of muscle weakness” was
detected at around 125 days of age, as assessed by the
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inclined plane test (muscle weakness onset, 125.2 £ 7.4
days of age, range = 110-144, Table IV). This coincides
with the number of spinal motor neurons in the trans-
genic rats being reduced to about 50% of the number in
wild~type rats (Fig. 7B). We presume that transgenic rats
do not present obvious muscle weakness until the num-
ber of motor neurons has been reduced to approximately
half the number found in the healthy state. “End-stage
disease” as defined by righting reflex faillure was re-
corded at around 140 days of age (137.8 £ 7.1 days of
age, range = 122-155, Table 1V). At this stage, the
affected rats had only about 25% of the spinal motor neu-
rons of age- and gender-matched wild-type rats (Fig. 7B),
and showed a generalized loss of motor activity. Thus,
our findings allow us to estimate the extent of spinal
motor neuron loss by evaluating the disease stage with the
measures described in this study.

In summary, we have described the variable phe-
notypes of mutant hSOD1 (G93A) transgenic rats and
established an evaluation system applicable to all clinical
types of these rats. Discase stages defined by this evalua-
tion system correlated well pathologically with the
reduction of motor neurons. Our evaluation system of
this animal model should be a valuable tool for future
preclinical experiments aimed at developing novel treat-
ments for ALS.
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Development of a rat model of amyotrophic lateral
sclerosis expressing a human SOD/ transgene
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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 SOD1 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 SODI1 mutations, we demonstrate that the time
course in these rats was similar to human SODI-mediated
familial ALS. As in the human disease and transgenic ALS
mice, pathological analysis shows 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 those in
human familial ALS are observed in the spinal cords. The
larger 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; CSF 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-
tion, 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 SOD1 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 CSF.
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 SOD]I transgene with two
AL S-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-BamHI
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

M Aoki et al.

Motor Neuronal
Loss
r~[oma]
Death

122.9d approximately 131d

Niotor Neuronal
Loss
o]

178.7d approximately 208d

H46R

Death

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 neuronal 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 Anaffected transgenicrat 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
H46R-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 Histologicalandhistopathologicalfindingsin H46R transgenicratsandlittermate.(A) The anteriorhornofthespinalcord
inlittermate 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 transgenicrat at the age of 160 days: approximately six anterior horn cells can be counted in the H46R trans-
genicrat 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 inthe H46R transgenic rat at the age of 170 days: the histopathological find-
ing of this age reveals loss of the anterior horn cells and gliosis 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 transgenicrat 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
severeloss 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 transgenicrats

(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
GI3A 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 is indicated by double arrows (HE; magnification:
islocated from the cytoplasmto the dendrite (double arrows) (HE;magnification:

x820). (B) A neuronal LBHI with a core and halo
x820).(C) Anintracytoplasmic LBHIis positive

for SOD1;0nly the peripheryofthe neuronal LBHI is stronglyimmunostained (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). Immunohistochemically, 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. SA) 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, immunobhis-
tochemically, Ast-HI are intensely immunostained by the
antibody against SOD1 (Fig. 5B).
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Fig.5 Astrocytichyaline inclusions (Ast-HI)in H46R trans-
genic rats. (A) Typical eosinophilic Ast-HI can be seen
(arrow) (HE;magnification: x1200).(B) AnAst-HIisstrongly
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: H46R 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 discase 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 SODI-
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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quernce 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 all
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
CSE. 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 SODI1 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
Presymptomatic Transgenic Rats
Expressing Human Mutant Cu/Zn
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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 tg
rats expressing human H46R or G93A SOD1 and their
non-tg littermates were avulsed, and facial nuclei were
examined at 2 weeks postoperation. Nissi-stained cell
counts revealed that facial motoneuron loss after avul-
sion 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 G93A-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
franscription factor-3, phosphorylated c¢-Jun, 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-ig
rats. © 2005 Wiley-Liss, Inc.

Key words: axotomy; facial nerve; amyotrophic lateral
sclerosis; ALS; mutant Cu/Zn superoxide dismutase;
SO0D1; 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 SOD1-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; Kolatsos 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 perikaryal 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 (Nagat 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
G93A (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-pm
thickness) were made. Every fifth section (24-pm interval)
was collected, deparaffinized, and stained with cresyl violet
(Nissl staining), and facial motoneurons having nuclet 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; lkeda 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, deparathi-
nized sections were pretreated with 0.3% H,0, 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 1). The numbers of surviving
motoneurons in G93A-tg rats after avulsion (~35% of
contralateral side) were significantly less than those in
H46R-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 GY3A-transgenic (tg) rats and their non-tg littermates
on the contrafateral and ipsilateral (avulsion or axotomy) sides 2 weeks after facial nerve avulsion

or axotomy. Nissl stain. Scale bar = 100 pun.

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. Sutvival of Motoneurons After Facial Nerve Avulsion and Axotomy'

Ipsilateral motoneuron

Contralateral motoneuron

Rat (n) number number Survival %
Avulsion
NL (H46R) (n = 10) 598 *£ 18 8§13 + 26 737 £ 1.2
H46R (n = 8) 402 = 36" 839 x 27 475 = 2.8
NL (G93A) (n = 6) 637 * 56 822 *+ 47 76.7 £ 3.0
G93A (n = 7) 306 * 37" 884 * 44 347 *+ 3.6""
Axotomy
H46R (n = 5) 751 = 19 843 + 23 89.2 * 1.4
NL (G93A) (n = 6) 743 *+ 15 835 *+ 12 88.9 * 0.6
G93A (n = 5) 741 £ 42 781 + 45 949 *+ 1.2

TNumbers 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 < 0.01 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
in 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;
i.e., more intense GFAP immunostaining was demon-
strated when less neuronal survival was observed (Fig. 3).

It 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 c-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 ¢-Jun, and phosphorylated Hsp27 in
H46R- 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 omnset 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 GY3A
cases (Nagai 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 littermates 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



non-tg(H46R)

Contralateral

Nerve Avulsion in Mutant SOD1-Tg Rats 67

GQSA non-tg(G93A)

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 it remains unknown whether SODI1
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



