as described for light nicroscopic ivmmunohistochenisiry,
and then fixed with 2% osmium tetroxide in 0.1M phos-
phate bufler at pH 7.4, dehydrated in graded alcohol-water
solutions, and embedded in epoxy resin. Ultrathin sections
were cut for observation under an electron microscope (H-
7100; Hitachi High-Technologics Carporation, Tokyo, Ja-
pan).

Quantification of Cdl Populatian with Diffuse

Nudear Staining

For gquantitative assessment of scrotal skin cells, the fre-
quency of diffuse nuclear staining was caleulated from counts
of more than 500 nuclel in 5 randomly selected fields of
cach section photographad at 400X nugnification (BXS1TE;
Olympus. Tokyo, Japan). To assess the nuclear accumulation
of mutant AR in spinal cord motor neurons, we prepared at
least 100 transverse seetions cach from the carvical, thoracic,
and lumber spinal cord for anti-expanded polyQ antibody
staming with 1C2. The numbers of 1C2-positive cells in the
ventral horm on both the right and lefl sides were counted on
evary 10th section under the light microscope with a
computer-assisted  inage analyzer (BXSITE:, Olympus), as
described previously. ' Populations of 1C2-positive «dls
were expressed as percentages of the total skin cell or neuro-
nal count.

Statigical Analyss

We analyzed the data by Pearson’s cocflicient, Spearmart’s
ank corrclation, and Student’s paired  test as appropriate
using Stat View sofiwere (version 5; Hulinks, Tokyo, Japan)
and oonsidering p values less than 0.05 to be indicative of
significance.

Results

Mutant Androgen Receprar Nudear Accumuilation in
the Saatal Skin and Spinal Matar Neuran

In the five autopsied cases, mutant AR nuclear accu-
mulations were clearly visualized with anti-expanded
polyQ immunostaining with 1C2 in the scrotal skin
and spinal cord specimens (Fig 1A4). Pathological accu-
mulation of mutant AR was distributed in all layers of
the epithelium. Diffuse nudear accumulations were
predominantly observed, and the ocaurence of Nis
was less frequent. This was also the case In the spinal
cord specimens. Electron microscopic  inmumnohisto-
chemistry with the 1C2 antibody demonstrated granu-
lar dense and amorphous ageregates corresponding to
diffiise nudlear staining in both gpinal motor neurons
and epithelial cells of scrotal san (see Figs 1B, C). Fil-
aventous structures such as those reported in Hun-
tington’s disease,™ dentatorubal-pallidoluysian atrophy
(DRPI_A),% and Machado-Joseph disease®™ were not
seen. No diffiise nuclear staining was seen in the con-
trol subjects. The extent of mutant AR accunmilation
in the scrotal skin epithelial cells showed a tendency to
correlate with that in the anterior horn cells (r = 0.84;
p = 0.08; see Fig 1D). Mutant AR accunrmilation was
remarkable in both the spinal motor neurons and the

522 Annals of Neurology Vol 59 No 3 March 2006

scrotal skin of Patient 1., but was far less remarkable in
Patient 2 (see Figs 1A D).

Cardations of the Mixtant Androgen Receptar
Acomadation in the Saatal Skin to CAG Repeat
Length and Ansotrophic Lateral Sderods Saxe

Mutant AR nuclear accurrmlations in scrotal skin biop-
sies from the 13 SBMA patients who did not receive
leuprorelin were assessed by 1C2 antibody staimng of
expanded PolyQ. The 1C2-positive cell population in
the scrotal skin biopsies was significantly correlated
with CAG repeat length (r = 0.61; p = 0.03; FHg2A)
and was inversely correlated with the functional scale
assessed by the Norris score on limbs (r = —0.63; p=
0.02; see Fig 2B).

Leuprardin Treatiment Depletes Mutant Androgm
Raoptar Accunudation in the Saratal Slan

In all five patients in which leuprorelin was adminis-
tered (see the Table), both the intensity and the fie-
quency of diftuse nuclear 1C2 staining i the scrotal
epithelial cells was decreased after the first 4 weeks of
administration compared with the preadmimstration
values, and this effect was markedly enhanced after 12
weeks of treatment (Figs 3A, B). Quantitative analysis
demonstrated a significant decrease in the frequency of
1C2-paositive cells both 4 and 12 weeks after the initi-
ation of leuprorelin treatment (p < 0.01) (see Fig 3C).
Serum testosterone levels decreased to the castration
level after 1 to 2 months of treatiment (see Fig 3D),
and serum CK values were also significantly decreased
in all patients (secc Fig 3D).

None of the patients showed the hot flush or obesity
often reported in leuprorelin trials for prostate cancer.
Although a loss of sexual function including erectile
disorder was observed in all patients, no patients expe-
renced depression. No marked exacerbations were ob-
served in total cholesterol, triglyeeride, fasting blood
suggr, or HbAlc (data not shown). We could not find
significant motor finction changes assessed by anmyo-
trophic lateral sclerosis functional scores n 24 weeks,
but three of the five enrolled patients expressed appar-
ent subjective nmprovernent.

Discussion

This study demonstrated that scrotal skin biopsy with
anti-expanded polyQQ staining is a strong candidate for
an appropriate biomarker with which to monitor
SBMA pathogenic processes. Previous studies showed
that the severity and progression of motor dysfunction
and abaterment of abnonmalities in mice that were cas-
trated or given leuprorelin paralleled the exent of dif
fuse nuclear mutant AR accumulation in their spinal
motor neurons.'*'® Furthermore, we demonstrated
previously a significant, close correlation between the
length of CAG repeat expansion and frequency of dif-
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Fig 2. Cardation of the fraquency of sorctal skin gtaining to
CAG repeats and linb Naris sore The fraquency of 1C2-
postive cdls in the syatal shin bigsies cardated sgnificantly
with (A) CAG repeat lengh and (B) inverssly aorrelated with
the armyarraphic lateral sdarasis flindional sale asesad by the
Naris sare on linbs (CAGIn = nunber of eqanded CAG
repeats in the spinal and bulbar nusaular atrephy allde

fuse nuclear mutant AR accunmilation, but not that of
Nis, in the spinal cord.'® Accordingly, neuronal dys-
function is likely to be cansed by diffuse nuclear accu-
rmudation of mutant AR in the affected tissues. In this
study, the extent of mutant AR nuclear accunulation
in scrotal skin cells paralleled that in the anterior homn
cells in autopsied cases. Electron microscopic mmimuno-
histochemistry for 1C2 anti-expanded PolyQ) demon-
strated granular dense and amorphous aggregates cor-
responding to diffuse nuclear staining in both spinal
motor newrons and epithelial cells of scrotal skin. Fuar-
thermore, the fine structure of the aggregates in spinal
motor newrons and epithelial cells was quite simular.
Biopsy analyses in this study also suggested that scrotal
skin findings were correlated with the motor functional
scores of SBMA patients.

OCuwr findings sugeest that nuclear mutant AR as-
sessed by 1C2 immmunostaining in the scrotal skin 1s a
practical procedure to estimate the severity of SBMA
pathogenesis in the nervous system. In support of this
view, decreases in mutant AR accumulation in the mo-
tor neurons paralleled that in nonneuronal cells in the
androgen deprivation therapy tested in the mouse
model of SBMA. In addition, leuprorelin treatment
markedly reduced serum testosterone levels, as well as
nuclear accummulation of nutant AR in the scrotal skin,
suggesting that medical castration with leuprorelin in-
tervenes in the pathogenic process of human SBMA, as
demonstrated in the ammal study. Moreover, serum
CK levels were significantly decreased i this leuprore-
lin study. Because high CK values are common m
SBMA patients and histopathological examiations
have shown myogenic changes together with neuro-
genic findings in this disease,' presumably, a decrease
in CK values with leuprorelin treatment implies mus-
adar protection. Serum CK levels, however, did not
significantly correlate with the Noris score on limbs or
with scrotal skin biopsy findings in our cross-sectional
study.
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As defined by the Biomarkers Definitions Working
Group, a disease biomarker should be objectively mea-
sureble and evaluated as an indicator of pathogenic
processes or pharmacological responses to a therapeutic
intervention.” Based on the observations described
earlier, 1C2-stained mutant AR accunrulation in the
biopsied scrotal skin is likely to be a potent biomarker
reflecting pathogenic processes of SBMA. Particularly,
the correlation of the extent of mutant AR nuclear ac-
curmulation in the spinal motor netwons with that in
scrotal skin biopsies in the autopsied cases suggests that
findings in the scrotal skin can predict pathogenic pro-
cesses in the motor neurons.

Although its precise natural history has not been
evaluated, SBMA is a slowly progressive disease.'
Thus. extramely longterm clinical trials are necessary
to assess whether certain drugs can alter the natural dis-
ease progression by targeting clinical end points such as
occurrence  of aspiration  pneumonia or  becoming
wheelchair bound. Suitable sirrogate end points, which
reflect the pathogenesis and severity of SBMA, are sub-
stantial to assess the therapeutic efficacy in drug trials.
Although it is not practical to obtain biopsy specimens
from the central nervous system (CNS), a punch bi-
opsy of the scrotal sin enables a safe and accessible
examination for patients.

It has also been suggested that reliance on surrogate
end points can be misleading because they may not
accurately predict the actual effects that treatments
have on the health of a patient, as was scen with the
CD4 counts in human immunodeficiency virus trials,
the bone mineral density in osteoporosis trials, and
others.” However, several factors have been suggested
to consider the decision to rely on a surrogate.”” In
SBMA, mutant AR accumulation assessed by scrotal
skin biopsy can be a candidate for a swrrogate end
point in light of several pieces of evidence. First, a
credible SBMA animal mode!l demonstrated dramatic
functional motor recovery in response to testosterone
deprivation therapy that depleted mutant AR accu-
mulation in the central nervous system, as well as in
nonneuronal tissues.'*'® Second, the degree of dif-
fuse nuclear accimudation of mutant AR in both the
CNS and scrotal skin correlates well with CAG repeat
length and disease severity, indicating that it is a nat-
ural phenomenon of and reflects the underlying pa-
thology of the disease. Third, autopsy studies show
that levels of nuclear AR accuimulation in the scrotal
skin are correlated with those in the CNS. Moreover,
levels of nuclear translocated mutant AR in the scro-
tal skin decreased significantly in response to drug
therapy that has been shown to deplete such accumu-
lations i the CNS of SBMA mice, to significantly
rescue motor dysfunction in these mice, and to par-
tially stabilize neurological symptoms in one reported
case of human SBMA*'
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Although our results were obtained from a small
sample, nuclear accumuilation of muttant AR in the
scrotal skin appears to be a potent pathogenic biomar-
ker of SBMA. A correlation between decline in vali-
dated clinical scales and nuclear muttant AR accumuila-
tions must be demonstrated in a longitudinal study to
verify this histopathological feature as a biomarker for
clinical severity. Similarly, validation of the scrotal skin
biopsy findings as a surrogate end point in clinical tri-
als will require a longitudinal study verifying that sup-
pression of nuclear staining comelates with improve-

ment on a validated clinical scale and the true clinical
outoome events such as the need for a wheelchair, the
presence of aspiration pnetrmonia, or death.
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The recent dcvciopmcnt of a rat model of amyotrophic
lateral sclerosis (ALS) in which the rats harbor a mu-
tated human SODI (G93A) gene has greatly expanded
the range of potential experiments, because the rats’
large size permits biochemical analyses and therapeutic
trals, such as the mtrathecal injection of new drugs
and stem cell iz mspl‘mtdhon The precise nature of this
discasc model remams unclear We described three
discasc phenotypes: the forclimb-, hindlinb-, and gen-
eral-types. We also established a simple, non-invasive,
and objective evaluation system using the body weight,
inclined plane test, cage activity, automated motion
analysis system (SCANET), and righting reflex. More-
over, we created a novel scale, the Motor score, which
can be used with any phenotype and does not require
special apparatuses. With these methods, we uniformly
and quantitatively assessed the onset, progression, and
disease duration, and clearly presented the varable
clinical course of this model; discase progression after
the onset was more aggressive in the forelimb-type
than in the hindlimb-type. More importantly, the disease
stages defined by our evaluation system conelated well
with the loss of spinal motor newons. In particular, the
onset of muscle weakness comcided with the loss of
approximately 50% of spinal motor newrons. This study
should provide a valuable tool for future experiments to
test potential ALS therapies. v 2005 Wiley-Liss. Inc.

Key words: amyotrophic lateral sclerosis; evaluation
system; behavioral analyses; phenotype; variability

Amyotrophic lateral sclerosis (ALS) is a fatal neuro-
degenerative disorder that mainly affects the upper and
lower motor neurons (de Belleroche et al., 1995). It is
characterized by progressive muscle weakness, amyotro-
phy. and death from regpiratory paralysis usually within
3-5 years of onset (Brown 1995). Although most cases
of ALS are sporadic (SALS), approximately 10%are fan-
ilial (FALS) (Mulder et al., 1986). Moreover, 20-25% of

© 2005 Wiley-Liss, Inc.

FALS cases are due to mutations in the gene encoding
copper-zine superoxide dismutase (Q,JODI) (Deng et al.,
1993; Rosen et al., 1993). More than 100 diﬁ“‘erent
mutations in the SOD1 gene have been identified in
FALS o far,

Until recently, animal models of FALS have been
various transgenic mice that express a nmutant human
SODI (hSOD1) gene. Of these, a tranggenic mouse car-
rying the G93A (Gly-93 — Alg) nutant hSODI gene
was the firg described (Gumey et al., 1994) and is used
all over the world because this model closely recapitulates
the clinical and histopathological features of the human
disease. To evaluate the thergpeutic effects of potential
ALS treatiments in this animal, nany motor-related behav-
ioral tadss are used (Chiu et al., 1995; Bameoud et 4l
1997, Garbuzove-Davis et al, 2002; Sun et dl., 2002;
Wang et al., 2002; Inoue et al., 2003; Kaypar et al., 2003;
Weydt et al,, 2003; Azzouz et al., 2004). However, trans-
genic nice have mnnate linutations for some types of ex-
periments because of their small gze.

Recently, transgenic rat models of ALS, which har-
bor the hSOD1 gene containing the H46R (His-46 —
Arg) or G93A mutation were generated (Nagai et al.,
2001). The larger size of these rat models nekes certain
experiments easier, such as biochemical analyses that re-
quire large amounts of sample, intrathecal administration
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of drugs. and, especially, therapeutic trials including the
transplantation of neural gtem cells into the spinal cord.
The hSODI1 (G93A) transgenic rats typically present
wedkness in one hindhimb first. Later, weakness pro-
greses to the other hindlimb and to the forelimbs
Finally, the rats usually become unable to eat or drink,
and eventually die. Only subjective and ambiguous anal-
yses were made with regard to the clinical progression of
this ALS animal model and objective criteria for evaluat-
ing the efficacy of these new treatiments have not been
determined. For these reasons we assessed the disease
progression  quantitatively using five different measures
(body weight, inclined plane test, cage activity, SCA-
NET, and righting reflex) and established an easy, non-
invasive, and objective evaluation system that 1s sensitive
to small but important abnormalities in the hSOD1
(G93A) transgenic rats In addition, we created a novel
scale, the Motor score, to asess disease progression in
the transgenic rats without using special apparatuses. We
also examined the validity of thee nmeasures as asess
ment tools for the pathology by investigating the num-
ber of spinal motor neurons renmaining at the disease
stages defined by each measare.

MATERIALS AND METHODS
Transgenic Rats
All animal experiments were conducted according to the
Guidelines for the Care and Use of Laboratory Animals of Keio
University School of Medicine. We used hSOD1  (G93A)
ansgenic nale rats (Nagad et al., 2001) ffom our colony and
their age- and gender-matched wild-type littenmates as controls
Rats were housed in a specific pathogen-fiee animal facility at
a room temrperatre of 23 6 18C under a 12-hr hight-dark
cycle (light on at 08:00). Food (solid feed CE-2, 30kGy; CLEA
Jpan, Inc) and water were available ad lib. Transgenic rats
were bred and maintained as hemizygotes by imating transgenic
males with wild-type fermales Transgenic progeny were identi-
fied by detecting the exogenous hSODI transgene, by anphifi-
cation of pup tail DNA extracted at 20 days of age by polymer-
asxe chain reaction (PCR). The primers and cycling conditions
were described previoudy (Nagai et al., 2001).

Exploration of Assessinent Tools to Measurc Discase
Progression in the hSOD1 (G93A) Transgenic Rats

We evaluated the usefiilness of four different measures to
asess discase progression in the transgenic rats All tegts were
carried out between 12:00-16:00 and in a double-blind fashion.

Body weight. Animals (n = 9 for each genotype) were
weighed weekly after 30 days of age with an electronic scale.
To avoid overlooking the beginning of weight losy the ani-
mals were weighed every second or third day after 90 days of
age, the age at which motor neurons are reported to be lost
in the lumbar pinal cord (Nagai et al., 2001).

Inclined plane. This teg was initially established
mainly to assess the total strength of the forelimbs and hind-
limbs in a model of gpinal cord jury (Riviin and Tator,
1977). Briefly, rats were placed laterally againg the long axis
of the inclined plane, and the maximum angle at which they

could maintain their pogtion on the plane for 5 sec was meas-
ured. To asess the srength of both sides of limbs equally, ani-
mals were placed on the inclined plane with the right side of
the body to the downhill side of the incline, and then with
the left side of the body facing downhill. For each rat, the test
was carried out three times for each side, and the mean value
of the angles obtained for the right side was compared to that
obtained for the lefl. The lower mean value was recorded as
the angle for that rat. Animals (n = 9 for each genotype) were
tested weekly affer 70 days of age and every second to third
day after 100 days of age.

Cage activity. Animals (1 = 8 for each genotype) were
housed individually and monitored every day for all 24 hr
(except for the days the cages were changed) after they were
70 days old. Spontaneous locomotor activity in the home cage
(345 3 403 3 177 mam) was recorded by an activity-monitor-
ing syern (NS-ASOL; Newroscience, Inc., Tokyo, Japan) as
described previoudy (Ohki-Hamazaki et al., 1999). The sensor
detects the movement of anfirels using the released infrared
radiation asociated with their body tenmperature. The data were
analyzed by the DAS-008 software (Neuroscience, Inc., Tokyo,
Japan). To climinate data variability owing to differences in the
bagline movement of each rat, the baseline value was calcu-
lated as the mean of moverment from 70-90 days of age, during
which all rats were considered to move normally. We analyzed
the data at each tine point as the peroentage of the bascline
value in defining discase onsct with this tedt.

SCANET. For short-term activity, 10 tan of gpontane-
ous activity was measured with the automated motion analysis
system SCANET MV-10 (Toyo Sangyo Co., Ltd., Toyama,
Japan) (Mikami et al., 2002). Animals (v = 4 for each geno-
tvpe) were tesed weekly affer 30 days of age and every second
or third day after 100 days of age. Fach rat was individually
placed in the SCANET cage for 10 min. Three parameters
were measned: small horizontal moverments of 12 mm or more
(Move 1; M), large horizontal movements of 60 mm or more
(Move 2; M2), and the flequency of vertical movements caused
by rearing (RG). To distinguish RG moverments from imcom-
plete sending actions, the upper sensor frame was adjusted to
13 am above the lower sensor fiame.

Righting reflex. All affected animals were tested for
the ability to right themselves within 30 sec of being tumed
on either 9de (righting reflex) (Gale et al., 1985). Failure was
seen when animals reached the end-gage of disease (Howland
et al., 2002), and was regarded as a generalized loss of motor
activity. We used this time point, which we call “end-stage,”
as “death’” rather than the actual death of the ammal, to
exclude the influence of poor food intake and respiratory
muscle paralysis on the survival period. All end-stage animals
were sacrificed after being deeply anesthetized.

All gatigical analyses were carried out with the two-
tailed unpaired Student’s t-tegt. A P-value of <0.05 was con-
sidered statistically significant.

Motor Score

To establish our own scoring system for motor finction,
which could be uniformly applicable to any disease phenotype
of this rat model, we examined the common clinical findings
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Fig. 1. Chart of Motor score assesament. The degree of motor dvsfunction can be assessed by the
Motor score as shown in this chart. This scoring systemn is meant to be used after disease onszt, which
can be progpectively diagnosed by the inclined plane teg (muscle weakness onset). A soore of 4 means
the same condition as seen for subjective onset (30). Rats with a score of 5 seerm almost as nonmal as
wild-type rats The detailed testing procedure for the Motor score is deseribed in the text.

of the transgenic rats in detail and assessed their motor fune-
tions (n = 20). We focused on the Pllowing tests: the right-
ing reflex, the ability to sand in the cage, the extent of drag-
ging their bodies when moving, and the existence of observ-
able fimctional deficits We evaluated these items sequentially
along with the discase progression and classified the rats into
six groups by giving them scores between 0 and 5. The scor-
ing chart (Motor score) is shown in Figure 1.

When discase onset in the rats was diagnosed by their
scoring <708 on the inclined plane tex (muscle weakness
onset), the affected rats were tested for righting reflex. If they
were unable to right themselves from either sde, they were
given a score of 0. If they could right themselves from only
one side but not the other, they were given a score of 1.

Rats that could right themselves from both sides were
examined for the ability to stand in the cage as ollows: Rats
were observed in the home cage for 1 min to see if they
would gtand spontaneoudy (Step 1). When they moved little
in the home cage or showed no tendency to stand during Step
I, they were stimulated by being transferred to another cage
(Step 2), and then by being returned to their home cage again
(Step 3); the transfers were done to activate exploration moti-
vation. During Step 3, the rats were further gimulated by
lightly knocking the cage to intensify the motivation to
explore. Each step was carried out for 1 min and the test was
stopped when the rat stood once. Rats were judged as
“unable to stand” if they did not stand, even affer all three
seps

Rats that did not stand were subjected to the next teg
in the open field, where the extent to which they dragged
their bodies when moving was asesed. Those who always
dragged and could not Iift some parts of their bodies except
for scrotuims and tails at any time were given a score of 2. If
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they could lift their dragging parts off the ground for even a
moment, they were given a score of 3. The phenotype of
dragging the forelimbs was different fiom that of dragging
the hindlimbs. As discase progressed, “forelimb-type™ rats
first began to touch the tips of their noses on the ground,
and then began to drag their head and upper trunk as they
moved backward with their hindlimbs. “Hindlimb-type” rats
dragged their lower trunk and moved forward with their
forelinmbs.

Finally, rats that had no abnormality in the above-men-
tioned asesments were examined in detail to sce whether
they had any observable functional deficits such as paralysis of
the limbs or synptoms of general muscle weakness (e.g,
walking with a limp, sluggish movement) in the open field.
This condition could be judged subjectively and was defined
as subjective onset. Rats with any of these symptoms were
given a score of 4; otherwise they were given a score of 5.

Because the scores were based on subjective judgiment,
they might vary depending on the examiner. To examine
mter-rater variability, three transgenic rats of different clinical
types were examined according to the method described
above, recorded on video tape, and subsequently scored by
five observers fiom different backgrounds (Table I). The
scores classified by the five observers were satigically analyzed
for mnter-rater agreement using Cohen’s j datigtics (Table II).
Kappa values can range from 0 (no agrecment) to 1.00 (per-
fect agreement), and can be interpreted as poor (<0.00), dight
(0.00-0.20), far (0.21-0.40), moderate (0.41-0.60), substantial
(0.61-0.80), and abmost perfect (0.81-1.00) (Landis and Koch,
1977). The scores for the three transgenic rats were, on the
whole, quite consistent among the five observers, suggedting
that the Motor score can be used as an objective method for
asessing disease progression.
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TABLE 1. Motor Score of Transgenic Rats Assessed by Five
Different Observers

TABLE I. The kappa Statistics for Inter-Rater Agreement
of Motor Score

Days after onset (days)

Transgenic rat Observer 0 1 2 3 4 5 6 7 8
#1407 Eventual hindlimb type
A 5 4 4 2 21 0
B 4 4 4 2 2 10
C 4 4 4 2 2 1 0
D 4 4 4 2 2 1 0
E 4 4 4 2 2 1 0
Mean 42 4 4 2 2 1 0
#1470 Pure hindlimb type
A 5 4 4 2 2.2 2 0
B 5 4 3 3 2 2 2 0
C 5 4 3 2 2.2 20
D 4 4 4 2 2 2 2 0
E 4 4 3 2 2 2 20
Mean 4.6 4 34 22 2 2 20
# 1449 Pure forelimb type
A 4 33 3 2 1 1 0
B3 4 3 3 3 2 1 1 0
C 3 3 3 3 2 1 1 0
D 3 3 3 3 2 1 1 0
E 4 3 2 2 2 1 1 0
Mean 36 3 28 28 2 1 1 0

Real-Time RT-PCR and Western Blot Analysis

Tissue gpecimens were dissected from the cercbral corti-
ces, cercbella, medullae, and spinal cords (cervical, thoracic,
and Turnbar spinal cords) of the deeply @nesthetized rats and
divided into two portions for total RNA and total protein
preparation. Total RINA was isolated and first strand cDNA
was synthesized as described previoudy (Okada et al, 2004).
The red tme RT-PCR analysis was camied out usng
M3000P (Sratagene, 1a Jolla, CA) with SYBR Premix Ex
Taq (Takara Bio, Inc., Otsu, Japan). The primers used for the
analysis were human SOD1 (A TTGGGCAATGTGACT-
GCTGAC-3" SLAGCTAGCAGGATAACAGATGA-3%, rat
SOD1 (LACTTCGAGCAGAAGGCAAGC-3Y, SXACATTG-
GCCACACCGTCCTTTC-3%, and b-adin (> CGTGGGCCG-
CCCTAGGCACCA-3Y, SLTTGGCCTTAGGGTTCAGAGG-
GG-3%. The results are presented as ratios of MRNA expresson
nonmalized to an inner control gene, b-adin. Total protein was
prepared in lysis buffer containing 10 mM Tris-HCI (pH 7.6),
50 mivi NaCl, 30 mM sodium pyrophosphate, 50 miM sodium
fluoride, 20 MM gyeerophogphate, 196 Triton X-100, and a
protease inhibitor mixture (Complete: Roche Applied Science,
Mannheim, Gernany). Wegiem blot analysis was carried out by
a method egablished previoudy. In brief, a 5 1 g protein sample
of an extract was run on 12% SDS-PAGE, transferred to nitro-
cellulose, and probed with anti-lwiman SODI1 (1:1,000, mouse
1gG, Novocatra Laboratories, 1id., Benton Lane, UK), and
anti-a-tubulin (1:2,000, mouse IgG, Sigma-Aldrich, Inc., Samt
Louis MO). Signals were detected with HRP-conjugated sec-
ondary antibodics (Jackson ImmunoRescarch Laboratories Inc.,
Wes Grove, PA) using an ECL kit (Amersham Bioscience UK
Timited, Little Chalfont, UK). Quantitative analysis wes carried
out with a Scion Image (Scion Corporation, Frederick, MD).

Transgenic rat (clinical type)

#1407 Eventual #1470 Pure #1449 Pure
Observers hindiimb hindlimb forelimb
Avs B 0.82 0.69 1.00
Aw C 0.82 0.82 0.83
Avs D 0.82 0.81 0.83
Avs E 0.82 Q.70 0.69
Bw C 1.00 0.83 0.83
Bvws D 1.00 0.53 0.83
Bw E 1.00 0.60 0.69
Cw D LOO 0.64 1.00
Cws E 1.00 0.82 0.54
Dw E 1.0O (.81 0.54

TABLE Iil. Clinical Types of hSOD1 (G93A) Transgenic Rats

Clinical type Subtype n Yo
Forchmb Pure 4 82
Eventual 5 10.2
Hindlimb Pure 19 38.7
Eventual 17 34.7
General 4 82
Totdl 49 100

The amounts of proteins loaded mn cach dot were nommalized to
those of a-tubulin.

Immunohistochemical Analysis

Rats were decply anesthetized (ketamine 75 mg/ kg,
xylazine 10 mg/ kg, i.p.) and transcardially perfused with 4%
paraformaldehyde/ PBS (0.1 M PBS, pH 7.4) for higological
examination. Spinal cord tissucs were dissected out and post-
fixed overnight in the samec solution. Fach spinal cord was
dissected into segments that inchuded the €6, TS5, and 13 lev-
els, immersed in 15% sucrose/ PBS followed by 30% sucrose/
PBS at 48C, and embedded in Tissue-Tek O.C.T. Compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan). Embedded tis-
sue was immediately frozen with liquid nitrogen and stored at
—808C. Senial transverse sections of each pinal segment were
cut on a cryostat at a thickness of 14 1 mm. The sections were
pre-treated with acctone for 5 min, rinsed with PBS thice
times and permeabilized with TBST (Tris-buflered saline with
1% Tween 20) for 15 min at room temperature. Affer being
blocked in the TNB buffer (Perkin-Elimer Life Sciences, Inc.,
Bogton, MA) for 1 hr at room temperature, the sections were
ncubated at 48C overmight with an anti-choline acetylrans-
ferase (ChAT) polyclonal antibody (AB144P, Goat 1gG, 1:50;
Chemicon Intemational, Inc., Temecula, CA). Affer being
washed with PBS three times. the sections were incubated for
2 hr at room temperature with a biotinylated secondary anti-
body (Jackson ImmumoResearch Laboratories, Inc.). Finally,
the labeling was developed using the avidin-biotin-peroxidase
cormplex procedure (Vectastain ABC kits, Vector Laboratories,
Inc., Burlingame, CA) with 3,3-diaminobenzidine (DAB;
Wako Pure Chemical Industries [td., Oska Jpan) as the chro-
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Fig 2. Characteristic appearance of hSODI (G93A) transgenic rats. A: Forelimb type. The rat was
unable to raise its head and was obligated to take a posture of raising the lumbar region, as indi-
cated, because of the paralyzed forelimbs B: Hindlimb type. The rat showed paraplegia, but was
able to raise its head and upper trunk with its non-paralyzed forelimbs

mogen.  Immunohigochemical images were examined with a
Zeiss- AxioCam nucroscope sysent

Motor ncuwrons bearing ChAT-immunoreactivity  in
laminae VII, VIII, and IX of the ventral horn were counted
in every tenth section (5 sections total for each segment) for
each of the C6, TS, and L3 segments. Only the neurons that
showed labeling above background level and were larger than
20 I'm in diameter were counted. The numbers of motor
neurons in all ssgments (C6, TS, and 13) were summed for
cach animal to evaluate not only the local motor neuron loss,
but the generalized loss of motor neurons throughout the spi-
nal cord of each animal (n = 3 for each genotype at each time
point). We next examined the correlation between the num-
ber of residual motor neurons and the results of the functional
analyses described in this study. Statistical analysis was carried
out with two-tailed unpaired Student’s t-test. A P-value of
< (.05 was considered gatistically significant.

RESULTS
Clinical Types of hSOD1 (G93A) Transgenic Rats

Because we noticed variations in the disease phe-
notypes expressed by the GO93A raty we classified 49 rats
into three clinical categories according to the location of
initial paralysis The clinical types were: the forelimb
type, hindlimb type, and general type (Table 1II). Rats
whose paralysis started in the forelimbs and progressed to
the hindlimbs were defined as the “forelimb type.” In
contrast, rats whose paralysis started from the hindlimbs
and progressed to the forelimbs were defined as the
“hindlimb type.” A typical appearance for the forelimb
and hindlimb types is shown in Fguwe 2. Other rats
which showed simultaneous paralysis in the forelimbs
and hindlimbs were categorized as the ““general type”.

In addition, we classified the forelimb- and hind-
hmb-type rats into two subtypes, the pure and eventual
types based on the timing of the initial paralysis (Table
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HI). Rats of the pure type showed paralysis that was lim-
ited to one or more of the four limbs as the initial ob-
servable deficit. Those of the eventual type mitially
showed symptoms of general muscle weakness (e.g.,
walking with a limp, sluggish movement), but without
unequivocal limb paralysis. In the eventual type animals,
paralysis of one of the limbs becane apparent later. The
ratio of each subtype is shown in Table II1.

Evaluation of Disease Progression in the hSODI1
(G93A) Transgenic Rats

Although the transgenic rats varied in their clinical
types, all four measures of disease progresson (body
weight, inclined plane test, cage activity, and SCANET)
showed significant differences between the transgenic
and wild-type rats (Fig. 3).

In contrast to the continuous weight gain in wild-
type rats, the body weight in the affected rats ceased to
increase and gradually decreased, with peak body weight
attained around 110-120 days of age (P < 0.05, after
112 days of age) (Fig. 3A).

In the inclined plane test, mitially both the trans-
genic and wild-type rats uniformly scored 75-80 de-
grees, affer several training trials However, the trans-
genic rats showed a significant decline in performance
compared to their wild-type littermates from 120 days of
age (Fig. 3B).

In the cage activity measurement, the movements of
the wild-type rats remained stable, whereas those of the trans-
genic ratsdeclined rapidly affer 125 days of age (Fig. 3C).

In the SCANET test, even the wild-type rats
showed decreased movements for all parameters (M1,
M2, RG) in the late observation period, though they
showed no abnormality in their motor functions. This
might be because they had acclimated to the SCANET
cage. The movement score of the transgenic rats was
consigtently worse than that of the wild-type rats after
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Fig 3. Discase progression in hSODI (G93A) transgenic rats moni-
tored by four effective measures. A Body weight. The weight gain
of the transgenic group stopped at around 110-120 days The differ-
ence becane gatigically significant at 112 days of age (n = 9 for each
genotype). B Inclined plane. The wild-type group scored 75-808
throughout the period, whereas the score of the transgenic group
declined. The difference became gatistically sighificant at 120 days of
age (n = 9 for each genotype). C: Cage activity. The movements of
the wild-type group were stable, whereas the scores of the transgenic
group declined. Significance was reached at 125 days of age (n = 8
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for each genotype). D-F: SCANET. For all parameters (M1, M2,
RQG), the movement scores of the transgenic group became con-
santly worse than those of the wild-type group after 60 days of age.
The differences between the groups increased markedly after 90 days
of age. Significance was attained beginning at 67 days of age for Ml
and M2, and a 87 days of age for RG (n = 4 for each genotype).
The comparison between the wild-type and transgenic groups was
stopped when the firg of the transgenic rats reached the end-stage of
the dissase and was sacrificed. Mean 6 SEML *P < 0.05, P <
0.01; two-tailed unpaired Student’s t-test.
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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 measwe (black arrowheads) and the end-stage
of the discase (ED, black arrows) are indicated in the figures &, pre-
symptomatic onset: the day the transgenic rats scored their maxinum
body weight. b, muscle weakness onset: the earliest day the trans-
genic rats scored <C708 in the mclined plane test. ¢, hypo-activity

60 days of age for all parameters (M1, M2, RQG), how-
ever, even affer the wild-type animals showed the
decreas in their movenment scores The differences
between the two groups increased merkedly affer 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 seerrs to be appropriate for gatidtical analysis

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

Using the quantitative analysis of disease progres-
sion by body-weight measwrenment, 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 earlies day the transgenic rats scored <2 75% of the mean
movenents 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 symptons of general muscle weak-
ness were observed subjectively in the open ficld (the gray shaded
region in A-C).

highly variable measurerments we obtained, even for
wild-type rats. The righting reflex failure was usefiil 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 fiom the eight
transgenic rats were obtained simultaneously. The
results are shown in Table I'V.

The day the transgenic rats reached their maximum
body weight wes defined as pre-symptomatic onset
(113.6 6 4.8 days of age, black arowhead in Fg 4A,
Table IV). 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 symptons 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-symptonxtic onset”
Muscle weakness onset”

113.6 6 4.8 (103-124)
12526 7.4 (110-144)

Hypo-activity onset®
Subjective onset (SO)!
End-stage disease (EDY”

Duration’
ED-a 24.
ED-b" 12.
ED-¢

12656 7.1 (113-147)
1378 6 7.1 (128-155)

3w
[e2Re N

12286 9.2 (109-139)
121.3 6 9.8 (109-140)
134.1 6 8.2 (122-149)

W

6.
3.

W

1146 1.3

Values are means 6 SD.
* Maximum of body weight.
b [ ess than 70 degrees in the inclined plane test.

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

4 Observable finctional deficits

¢ Righting reflex failure.

" Ditference in days between FD and cach onset:
¥ between ED and pre-symptomatic onset,
" between ED and muscle weakness onset.
U hetween 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

Forchimb type = 4)

Hindlimb type n = 14) CGeneral type® (n = 2)

Pre-gymptomatic onset” 11256 67
Muscle weakness onset” 12386 2.8
End-gage disease (EDY 134.06 24
Duration”
ED-a" 2156 85
ED-b 836 1.0

11466 43 (108.5)
12676 7.3 (113.5)
140.16 7.1 (129.5)
2556 6.2 (#2))
1346 30 (16)

Values awe mean 6 SD.

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

& Maxirmum of body weight.

" Less than 70 degrees in the inclined plane test.

¢ Righting reflex failure.

4 Difference in days between FD and each onset:
¢ between ED and pre-synptoratic onset.
"between ED and muscle weakness onset.

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

The firgt day the transgenic rats scored <708 in the
inclined plane test was defined as the muscle weakness
onset (black arowhead, Fig 4B). We could judge this
onset progpectively. Muscle weakness onset (1252 6 7.4
days of age, Table V) was usually recorded before or at
amog the same tine as the subjective onset (8 days
before to 1 day after, gray shaded region, Fig 4B and
126.5 6 7.1 days of age, Table IV). The day the trans-
genic rats scored 358 or less on the inclined plane test
coincided with_ the day of righting reflex fallure (black
arrow, Fig 4B).

The firg day the transgenic rats scored <75% of
their basline movements in the cage activity test was
defined as hypo-activity onset (black airowhead, Fg 4C
and 122.8 6 9.2 days of age, Table 1V). We could also
judge this onset prospectively. Hypo-activity onsst was

recorded 1 day before to 4 days affer the subjective onset
(SO, shown as the gray shaded region n Fig 4C and
121.3 6 9.8 days of age, Table IV). A 0% movement
score for cage activity was seen at almodt the same time
as righting reflex flure (black arow, Fig 4C).
Although disease onset and end-gtage could be objec-
tively defined with thess 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
arong different clinical types of hSOD1 (G93A) rats
we next assesed disease progression in 20 transgenic rats
with forelimb- (n = 4), hindlimb- (n = 14), and gen-
eral- (n = 2) type, using the probability of objective
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Fig 5. Compaison of onet, end-stage, and discaxe progression in
the forelimb-type (n = 4), and the hindlivb-type (n = 14) rats Data
from the general-type rats arc aloo shown as dotted lines A.B: The
probability of the objective onsets We did not soe any differences in
the probability of the objective onsets defined by body weight meas-
urement (pre-symptomatic onset) and the inclined plane tegt (muscle
wealness 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 swvival 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 discase calculated from the nuscle weakness onset
was also significantly shorter in the forelimb-type (8.3 6

1.0 days) than in the hindimb-type rats (134 6 3.0
days) (see ED — b, P < 0.01, two-tailed unpaired Stu-
dent’s t-test, Table V).
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limb-type rats (P <0 0.05, Log-rank test). D: Asessment of discas
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 6 Statistically significant differences between
forelimb and hindlimb types are indicated in the figures *P < 0.05.
P < 0.01; two-tatled unpaired Student’s t-teg.

The coursss of finctional deterioration evaluated by
the Motor score affer onset (nuscle weakness onset) for
each clinical type were well represented by the declines in
their soores (Fig. 5D). The assessment by the Motor score
also showed that disease progression in the forelinb type
was nore rapid than that in the hindlimb type (Fig. 5D).

Ouwr results raise the question of why this variabil-
ity in the disase 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 hSODI1 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 hSOD! mRNA and protein in the cercbral cortex, cerebellum,
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The amounts of human (A) and endogenous rat (B) SOD1 mRNA normalized to those of b-adin
were quantified by real time RT-PCR analysis C,D: Western blot analysis of the mutant hSODI
protein was caried out in the same rats. Quantitative analysis was carried out with a Scion Inage.
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 affer the

apparent onset of muscle weakness, nelther forelimb-
type (#1587, Score 4 and # 15107, Score 4) nor hind-
hmb-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 expresson of endogenous rat SODI1
mRNA in the same rats by REAL TIME RT-PCR
(Fig. 6B). Distribution of endogenous rat SODI
mRNA expressed in each segment of the spinal cord
showed almosgt the same pattern as that of mutant

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

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

We examined higo-pathological changes in the spi-
nal cords of the transgenic rats in comparison with those
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Fig. 7. The loss of motor neu-
rons in the spinal cord of
hSODI1 (G93A) transgenic rats
at different gages A Imimuno-
higtochemical analysis of the
pinal cord of transgenic rats
Transverse sections of the cer-
vical (C6), thoracic (T5), and
tumbar (13) spinal cord of the
transgenic 1ats and their wild-
type littermates were  stained
with an anti-ChAT antibody to
label vieble motor neurons at
the indicated stases (Scale bars
= 100 1 m). B: The number of
ChAT immunoreactive motor
neurons was counted and s
shown in the higograms as the
total number of motor newrons
in the C6, T5, and 13 sg-
ments. This number began to
decrease in the transgenic rats at
90 days of age, rapidly declined
after 110 days of age, and feli
to about 50%%and 25% of wild-
type rats at the nuscle weakness
onset MO, around 125 days)
and at end-stage discass (ED.
around 140 days), regpectively.
Bas = neans 6 SEM (n = 3
for each genotype). *P < 0.05.
=P o< 001 two-tailed un-
paired Student’s t-test.
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of their wild-type littermates at 70, 90, and 110 days of
age, when the transgenic rats scored <708 in the inclined
plane test (nuscle 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 (T3), and lumbar (1.3) 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 <708 in the inclined plane test
(muscle weakness onset) and of righting reflex failure,

regpectively (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 backcrosed onto a Widtar
background (SODIZPYPWT 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 egablished quantitative methods to evalu-
ate discase 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 afier the onset was
fagter in forelimb-type than in hindlimb-type rats. This
difference may be due to the aggressiveness of the dis-
ease per s because we evaluated the time point of
“death’”” (end-stage disease) according to righting reflex
faillure (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 V1. Adequacy of Evaluation Methods in Regard to
Practical Use™

Body Inclined Cage Motor

weight  plane  activity SCANET  sore
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
Cogt 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 hSOD!1 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, am 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 is that there is variability in the expres-
sion of the mutant hSODI1 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 expresed uniformly throughout
the spinal cord of each animal. Therefore, some rats
might express mutant proteins more in the cervical i-
nal cord and others might express more in the lumber
cord, possibly resulting m the forelimb type and hind-
limb type, respectively. However, we found no definite
correlation between local expression levels of the mutant
hSODI mRNA/ protein in the spinal cord and the phe-
notypes of these animals using real time RT-PCR and
western blot analysis affer the onset of muscle weakness,
when the clinical type of the transgenic rats could be
defined (Fig 6). Moreover, the pathological analysis
dhowed no correlation between the number of residual
motor neurons in each segment and the phenotypes of
end-stage aninals 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 newron loss has not progressed as
much.

The third explanation involves a structural property
of the nutant hSODI1 (G93A) protein itself It is now
thought that mutations in the hSOD1 gene may alter
the 3-D conformation of the enzyime and, in turn, result
in the SOD1 protein acquiring toxic properties that
cause ALS (Deng et al., 1993; Hand and Rouleau 2002).
For ingance, the hSOD1 (GS93A) nutant 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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Age (days)
86 95 110 125 140 155
« B
initiation of motor neuron loss
4 &
Initiation of body weight loss
Fig 8. Four stages of disease progres- « o
sion in hSOD! (G93A) transgenic rats
The discase progression can be class- Ounset of muscle weakness
fied into four sages as shown. The
range for each stage is about 1 month < i

and overlaps approximately 2 weeks
with the next stage.

O’Halloran, 2005), suggeding that the G93A mutation
might accelerate the formation of SODI protein aggre-
gates, which may ultimately sequester heat-shock pro-
teins and molecular chaperones, disturb axonal transport
or protein degradation machineries, including the ubig-
uitin-proteasome system (Borchelt et al., 1998; Bruening
et al., 1999; Willlamson and Cleveland 1999; Okado-
Matsumoto and Fridovich 2002; Urushitani et al., 2002).
Curioudly, the mutated hSOD1 (G93A) protein is more
susceptible to degradation by the ubiquitin-proteasome
system and has a shorter halflife than other nmutants
(Fujiwara et al., 2005), suggesting that it may cause more
unstable toxic aggregates in the spmal cord than other
mutations. The degradation rate is also affected 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 responsble 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 jude-
ment of the observer, sndtive to snall 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 dall 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 mitiation of body weight loss seens to be an
excellent marker to detect the onset and should be
highly reconmmmended. Muscle volume might have al-
ready started to decrease, even in the period of continu-
ous weight gain, as reported for hSODI1 (G93A) trans-
genic mice (Brooks et al., 2004). As a result, it could
detect an abnormality relatively earlier than subjective

Journal of Neuroscience Research DOI 10,1002/ jor

End.stage disease

onget. The inclined plane tegt is considered to be the
least 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 fimds and
space for making the measurements. Although SCANET
test was most sensitive among these measures, it seems
inappropriate for the gatistical 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 nmimum

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 dissase course of this
transgenic model into four stages, whose durations have
a range of about 1 month, as shown in Figwe 8 Fu-
thermore, we have established the pathological validity
of the performence deficits detected by each measure of
disease progression. “Initiation of motor neuron loss”
was defined as a satistically significant decrease in the
nuntber 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 seerns 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 6 4.8 days of age, range = 103-124, Table
IV). This sage coincides with the initiation of a rapid
decline in the number of motor neurons at around 110
days of age (Fig 7B). “Onset of nuscle weakness’ was
detected at around 125 days of age, as assessed by the
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inclined plane test (muscle weakness onset, 1252 6 7.4
days of age, range = 110-144, Table I'V). 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 nun»
ber of motor neurons has been reduced to approximately
half the nurber found in the healthy state. “End-gage
disease” as defined by righting reflex fallure was re-
corded at around 140 days of age (137.8 6 7.1 days of
age, range = 122-155, Table IV). At this stage, the
affected rats had only about 25% of the pinal motor neu-
rons of age- and gender-natched wild-type rats (Fig. 7B),
and showed a generalized loss of motor activity. Thus
owr findings allow us to estimate the extent of ginal
motor neuron loss by evaluating the disease stage with the
measres 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 Disease sages 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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