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Although our results were obtained from a small
sanple, nuclear accunmilation of mutant AR in the
scrotal skin appears to be a potent pathogenic biomar-
ker of SBMA. A comrelation between decline in vali-
dated clinical scales and nuclear nutant AR accurnmila-
tions nmst 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 correlates with improve-

ment on a validated clinical scale and the true clinical
outcormne events such as the need for a wheelchair, the
presence of aspiration pneurmonia, or death.
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The recent dcvclopmcnt of a rat model of amyotrophic
Iateral sclerosis (ALS) m which the rats harbor a mu-
tated human SODI1 (G93A) gene has greatly expanded
the range of potential experiments, because the rats’
large size permits biochemical analyses and therapeutic
trials, such as the mtrathecal mjection of new drugs
and stem cell transplantation. The precise nature of this
disecase model remains unclear We described three
disecase phenotypes: the forelimb-, hindlimb-, 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 variable
clinical course of this model; discase progression afier
the onset was mwore aggressive in the forelimb-type
than in the hindlimb-type. More mportantly, the disease
stages defined by our evaluation system correlated well
with the loss of spinal motor newons. In particular, the
onset of muscle weakness coincided with the loss of
approximately 50% of spmal motor neurons. This study
should provide a valuable tool for future experiments to
test potential ALS therapies. Vv 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). 1t is
characterized by progressive muscle weakness, amyotro-
phy, and death from respiratory paralysis, usually within
3-5 years of onset (Brown 1995). Although mod cases
of ALS are gporadic (SALS), approximately 10%%are fam-
ilial (FALS) (Mulder et al., 1986). Moreover, 20-25% of

* 2005 Wiley-Liss, Inc.

FALS cases are due to nutations in the gene encoding
copper-zinc superoxide dismutase (SOD1) (Deng et al.,
1993; Rosen et al, 1993). More than 100 different
mutations in the SODI1 gene have been identified in
FALS s far.

Until recently, animal models of FALS have been
various transgenic mice that expres a mutant human
SOD1 (hSOD1) gene. Of these, a transgenic mouse car-
rying the G93A (Gly-93 — Alg) nutant hSOD1 gene
was the first described (Gumney et al, 1994) and is used
all over the world because this model closely recapitulates
the clinical and higopathological features of the human
disease. To evaluate the therapeutic effects of potential
ALS treatments in this aninal, many motor-related behav-
ioral tasks are used (Chiu et al., 1995; Bameoud et al,,
1997, Garbuzova-Davis et al, 2002; Sun et al., 2002;
Wang et al., 2002; Inoue et al., 2003; Kagar et al., 2003;
Weydt et al, 2003; Azzouz et al., 2004). However, trans-
genic nuce have innate linxtations for some types of ex-
periments because of their small size.

Recently, transgenic rat models of ALS which har-
bor the hSODI1 gene containing the H46R (His-46 —
Arg) or G93A mutation were generated (Nagal et al.,
2001). The larger size of these rat models mekes 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
trangplantation of neural stem cells into the spinal cord.
The hSOD1 (G93A) transgenic rats typically present
weakness in one hindlimb first. Later, weakness pro-
gresses 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-
yees were made with regard to the clinical progression of
this ALS animal model and objective criteria for evaluat-
ing the efficacy of these new treatnents have not been
determined. For these reasons, we assesed the disease
progression quantitatively using five different measures
(body weight, inclined plane test, cage activity, SCA-
NET, and righting reflex) and egtablished an easy, non-
nvasive, and objective evaluation system that is sensitive
to small but important abnormalities in the hSOD1
(G93A) transgenic rats. In addition, we created a novel
scale, the Motor score, 1o assess disease progression in
the tranggenic rats without using special apparatuses. We
alo examined the validity of these measures as assess
ment tools for the pathology by invedtigating the nunr
ber of ginal motor neurons renwining at the disease
sages defined by each measure.

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 Medicinee. We used hSOD1 (G93A)
transgenic male rats (Naga et al., 2001) from our colony and
their age- and gender-matched wild-type littenmates as controls
Rats were housed in a specific pathogen-fiee animnal facility at
a room temperatre of 23 6 180 under a 12-hr light-dark
cycle (light on at 08:00). Food (solid feed CE-2, 30kGy; CIEA
Japan, Inc) and water were available ad lib. Transgenic rats
were bred and maintained as hemizygotes by mating transgenic
males with wild-type formales Transgenic progeny were identi-
fied by detecting the exogenous hSOD1 transgene, by amplifi-
cation of pup tail DNA extracted at 20 days of age by polyimer-
ase chain reaction (PCR). The primers and cycling conditions
were described previoudy (Nagai et al., 2001).

Exploration of Assessiment Tools to Measure Disease
Progression in the hSOD1 (G93A) Transgenic Rats

We evaluated the usefiiness of four different measures to
ases disease progression in the transgenic rats All tests 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 loss 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 logt
in the lumbar spinal cord (Nagai et al., 2001).

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

could maintain their position on the plane for 5 sec was meas-
ured. To asess the grength of both sides of hmbs 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 teg
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 lefi. The lower mean value was recorded as
the angle for that rat. Amimals (n = 9 for each genotype) were
tested weekly after 70 days of age and every second to third
day after 100 days of age.

Cage activity. Animals (n = 8 for each genotype) were
housed individually and monitored every day for all 24 hr
(except for the days the cages were changed) affer they were
70 days old. Spontancous locomotor activity in the home cage
(3453 403 3 177 nmim) was recorded by an activity-monitor-
mg sytem (NS-ASDL; Newoscience, Inc., Tokyo, Japan) as
described previoudy (Ohki-Hamazaki et al., 1999). The sensor
detects the movement of aninwls using the released inflared
rediation asociated with their body temperature. The data were
analyzed by the DAS-008 software (Neuroscience, Inc., Tokyo,
Japan). To climinate data variability owing to differences in the
baseline moverment of cach rat. the baseline value was calcu-
lated as the mean of moverment from 70-90 days of age, during
which all rats were congdered to move nonmally. We analyzed
the data at each time point as the percentage of the basline
value in defining discase onset with this test.

SCANET. For short-term activity, 10 min of spontane-
ous activity was measured with the automated motion analysis
sysem SCANET MV-10 (Toyo Sangyo Co., 1td., Toyama,
Japan) (Mikami et al., 2002). Animals (n = 4 for each geno-
type) 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 measired: small horizontal movements of 12 mm or more
(Move 1; M1), large horizontal moverments of 60 nun or more
(Move 2; M2), and the fiequency of vertical moverments caused
by rearing (RG). To distingnish RG movements from inconr
plete standing actions, the upper sensor frame was adjusted to
13 cm above the lower sensor frare.

Righting reflex. All affected aninmals were tested for
the ability to right themselves within 30 sec of being turned
on either side (righting reflex) (Gale et al., 1985). Failure was
seen when animals reached the end-stage 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 animal, 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 gatigtical analyses were carrted out with the two-
tailed unpaired Student’s t-tegt. A P-value of <0.05 was con-
sidered statigtically significant.

Motor Score

To egablish our own scoring systern for motor function,
which could be uniformly applicable to any dissase phenotype
of this rat model, we examined the common clinical findings
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Hg 1. Chart of Motor score asessment. The degree of motor dysfnction can be asessed by the
Motor score as shown in this chart. This scoring system is meant to be used after disease onset, which
can be prospectively diagnosed by the inclined plane test (muscle weakness onset). A score of 4 means
the same condition as seen for subjective onset (SO). Rats with a score of 5 seem almost as nom as
wild-type rats. The detailed tegting procedure for the Motor score is described in the text.

of the transgenic rats in detail and assessed their motor finc-
tions (n = 20). We focused on the following tests: the right-
ing reflex, the ability to stand in the cage, the extent of drag-
ging their bodies when moving, and the existence of observ-
able finctional deficits We evaluated these iterns 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 test (muscle weakness
onsct), the atfected rats were tested for righting reflex. If they
were unable to right themselves fiom either side, 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 sand in the cage as follows: Rats
were observed in the hone cage for 1 min to see if they
would stand gpontaneously (Step 1). When they moved little
in the horme cage or showed no tendency to stand during Step
1, they were stimulated by being transferred to another cage
(Step 2), and then by being returned to their home cage again
(Step 3); the wansfers were done to activate exploration moti-
vation. During Step 3, the rats were firther simudated by
lightly knocking the cage to intensify the mwotivation 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 after all three
steps.

Rats that did not stand were subjected to the next test
in the open field, where the extent to which they dragged
their bodies when moving was assesed. Those who always
dragged and could not lift some parts of their bodies except
for scroturns and tails at any time were given a score of 2. If

Journal of Neuroscience Research DOT 10,1002/ jnr

they could lift their dragging parts ofl the ground for even a
moment, they were given a score of 3. The phenotype of
dragging the forelimbs was difftrent from that of drageing
the hindlimbs As discase progressed, “forelimb-type” rats
firg began to touch the tips of their noses on the ground,
and then begm 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
forelimbs.

Finally, rats that had no abnormality in the above-men-
tioned assessments were examined in detail to see whether
they had any observable finctional deficits such as paralysis of
the limbs or symptoms of general muscle wedknes (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
inter-rater varisbility, 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 from different backgrounds (Table 1). The
scores clasified by the five observers were satigically analyzed
for inter-rater agreement using Cohen’s j statistics (Table II).
Kappa values can range from 0 (o agreement) to 1.00 (per-
fect agreement), and can be interpreted as poor (<0.00), dight
(0.00-0.20), fair (0.21~0.40), moderate (0.41-0.60), substantial
(0.61-0.80), and almog 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, sugeesting
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 II. The kappa Statistics for Inter-Rater Agreement
of Motor Score

Days after onset (days)
T2 3 4 5 6 7 8

Transgenic rat  Observer O

#1407 Eventual hindlimb type

A 5 4 4 2 2 1 90
B 4 4 4 2 2 1 0
C 4 4 4 2 2 1 0
D 4 4 4 2 21 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 20
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 2 0
Mean 4.6 4 34 22 2 2 2 0
# 1449 Pure forelimb type
A 4 3 3 3 2 1 1 0
B 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 21 1 90

Real-Time RT-PCR and Western Blot Analysis

Tissue gpecimens were dissected from the cerebral corti-
ces, cerebella, medullae, and spinal cords (cervical, thoracic,
and lumbar spinal cords) of the deeply anesthetized 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 real tme RT-PCR analyss was camed out using
Mx3000P (Statagene, La Jolla, CA) with SYBR Premix Ex
Taq (Takara Bio, Inc., Otsy, Japan). The primers used for the
analyss were human SOD1 (SCTTGGGCAATGTGACT-
GCTGAC-3° 5L AGCTAGCAGGATAACAGATGA-3%, rat
SOD1 (SLACTTCGAGCAGAAGGCAAGC-3Y, S“ACATTG-
GCCACACCGTCCTTTC-3%, and b-atin (5>CGTGGGCCG-
CCCTAGGCACCA-3, X TTGGCCTTAGGGTTCAGAGG-
GG-3%. The results are presented as ratios of MRNA expression
nonmalized to an inner control gene, b-adin. Total protein was
prepared in lysis buffer containing 10 mM Tris-HCI (pH 7.6),
30 M NaCl, 30 mM sodium pyrophosphate, 50 miM sodium
fluoride, 20 M glycerophosphate, 19% Triton X-100, and a
protease inhibitor mixture (Complete; Roche Applied Science,
Mannheim, Germany). Western blot analysis was carried out by
a method egablished previousty. In brief, a 5 1 g protein sarple
of an extract was run on 12% SDS-PAGE, transferred to nitro-
cellulose, and probed with anti-human SODI1 (1:1,000, mouse
IeG, Novocasra Laboratories Itd., Benton Lane, UK), and
anti-a~tubulin (1:2,000, mouse 1gG, Sigre-Aldrich, Inc., Sant
Louis MO). Signals were detected with HRP-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories Inc.,
Wes Grove, PA) using an ECL kit (Amersham Bioscience UK
himited, Little Chalfont, UK). Quantitative analysis was carried
out with a Scion Image (Scion Corporation, Frederick, MD).

Transgenic rat (clinical type)

# 1407 Eventual #1470 Pure # 1449 Pure
Observers hindlimb hindlimb forelimb
Avs B 0.82 0.69 1.00
Avs C 0.82 0.82 0.83
Avs D 0.82 0.81 0.83
Avs E 0.82 0.70 0.69
Bw C 1.00 0.83 0.83
BwD 1.00 0.53 0.83
Bw E 1.00 0.66 Q.69
CwD 1.00 0.64 1.00
Cw E 1.00 0.82 0.54
Dw E 1.00 (.81 0.54

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

Clinical type Subtype n %
Forelimb Pure 4 8.2
Eventual 5 10.2
Hindlimb Pure 19 38.7
Eventual 17 34.7
General 4 82
Total 49 100

The amounts of proteins loaded in cach dot were normalized to
those of a-tubulin.

Immunohistochemical Analysis

Rats were deeply anesthetized (ketamine 75 mgr'kg,
xylazine 10 mg/ ke, i.p.) and transcardially perfused with 4%
paraformaldehyde/ PBS (0.1 M PBS, pH 7.4) for higological
examination. Spinal cord tissues were dissected out and post-
fixed overnight in the same solution. Each spinal cord was
dissected into segments that included the C6, T5, and 13 lev-
els mmmersed in 15% sucrose/ PBS followed by 30% sucrose/
PBS at 48, and emmbedded in Tissue-Tek O.C.T. Compound
(Sakura Finetechnical Co., 11d., Tokyo, Japan). Fmbedded tis-
sue was immediately fiozen with liquid nitrogen and stored at
—808C. Serial transverse sections of each spinal segment were
cut on a cryostat at a thickness of 14 I m. The sections were
pre-treated with acetone for 5 min, rinsed with PBS three
times and permeabilized with TBST (Tris-buffered saline with
1% Tween 20) for 15 min at room temperature. After being
blocked in the TNB buffer (Perkin-Ehner Life Sciences, Inc.,
Boston, MA) for 1 hr at room termperature, the sections were
incubated at 48C overnight with an anti-choline acetyltrans-
ferase (ChAT) polyclonal antibody (AB144P, Goat 1gG, 1:50;
Chemicon International, Inc.,, Temecula, CA). Afier being
washed with PBS three times, the sections were incubated for
2 hr at room temperature with a biotinylated secondary anti-
body (Jackson InmmnoResearch Laboratories Inc.). Finally,
the labeling was developed using the avidin-biotin-peroxidase
complex procedure (Vectastain ABC kits, Vector Laboratories
Inc., Burlingame, CA) with 33-diaminobenzidine (DAB;
Wako Purc Chemical Industries, [td., Osaka, Japan) as the chro-
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Fig 2. Characterigtic appearance of hSODI1 (G93A) transgenic rats A: Forelimb type. The rat was
unable to raise its head and wes obligated to take a pogure 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-

mogen.  Immunochigochemical images were exammed with a
Zeiss- AxioCam microseope system.

Motor neurons bearing ChAT-immunoreactivity in
laminae VII, VIII, and IX of the ventral hom were counted
in every tenth section (5 sections total for each segment) for
each of the C6, TS5, and 13 segments Only the neurons that
showed labeling above background level and were larger than
20 1m in dianeter were counted. The nwrbers of motor
neurons in all segments (C6, T3, and L3) were sunmmed for
each 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-tailled unpaired Student’s t-tet. A P-value of
<0.05 was considered statistically significant.

RESULTS

Clinical Types of hSOD1 (G93A) Transgenic Rats

Because we noticed variations in the disease phe-
notypes expressed by the G93A rats 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 II). 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 mn Figure 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-
himb-type rats into two subtypes, the pure and eventual
types, based on the timing of the initial paralysis (Table
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aralyzed forelimbs

IiI). Rats of the pure type showed paralysis that was limr
ited to one or more of the four limbs as the initial ob-
servable deficit. Those of the eventual type initially
showed symptoms of general muscle weakness (e.g,
walking with a linp, sluggish movement), but without
unequivocal limb paralysis In the eventual type animals,
paralysis of one of the limbs became apparent later. The
ratio of each subtype is shown m Table Il

Evaluation of Disease Progression in the hSOD1
(G93A) Transgenic Rats

Although the transgenic rats varied in their clinical
types, all four measwes of discase progresson (body
weight, inclined plane test, cage activity, and SCANET)
showed sgnificant 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
ncrease 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 measurerrent, the movements of
the wild-type ratsrenmained gtable, whereas those of the trans-
genic rats dechined rapidly afier 125 days of age (Fig 3C).

In the SCANET test, even the wild-type rats
showed decreased movements for all parameters (M,
M2, RG) in the late observation period, though they
showed no abnommality in their motor fimctions. This
might be because they had acclimated to the SCANET
cage. The movement score of the transgenic rats was
congstently worse than that of the wild-type rats after
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Fig. 3. Discase progression in hSODI (G93A) transgenic rats moni-  for each genotype). D—~F: SCANET. For all parameters (M, M2,
tored by four effective measres. A: Body weight. The weight gain - RG), the movement scores of the transgenic group becanme con-
of the transgenic group stopped at around 110-120 days. The differ-  stantly worse than those of the wild-type group after 60 days of age.
ence became datistically significant at 112 days of age (n = 9 for each  The differences between the groups increased markedly after 90 days
genotype). B: Inclined plane. The wild-type group scored 75-808  of age. Significance was attained beginning at 67 days of age for Ml
throughout the period, whereas the score of the transgenic group  and M2, and at 87 days of age for RG (n = 4 for each genotype).
declined. The difference became statigtically significant at 120 days of The comparison between the wild-type and transgenic groups was
age (n = 9 for each genotype). C: Cage activity. The movements of  stopped when the first of the transgenic rats reached the end-stage of
the wild-type group were gable, whereas the scores of the transgenic  the dissase and was sacrificed. Mean 6 SEM. *P < 0.05. P <
group declined. Significance was reached a 125 days of age (n = 8 0.01; two-tailed unpaired Student’s t-test.
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Fig. 4. Schematic presentation of the results ffom the body weight
(A), mchined plane tegt (B), and cage activity (C) asessrents The
onset defined by each measure (black arrowheads) and the end-stage
of the discase (ED, black arrows) are indicated in the figures a, pre-
symptometic onset: the day the transgenic rats scored their maxinmum
body weight. b, muscle weakness onset: the earliest day the trans-
genic rats scored <708 in the inclined plane test. ¢, hypo-activity

60 days of age for all parameters (M1, M2, RG), how-
ever, even affer the wild-type animals showed the
decrease in their moverrent scores The differences
between the two groups increased markedly affer 90 days
of age for M1, M2, and RG (Fig. 3D-F). The perforn+
ance of each rat fluctuated so markedly that the SCANET
test seerrs to be mappropriate for datistical analysis.

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

Using the quantitative analysis of disease progres-
sion by body-weight measrement, 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
egtablish 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 fanctional deficits
such as paralysis of the limbs or symptons of general nuicle 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 usefil 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 I'V.

The day the transgenic rats reached their maxinmim
body weight was defined as pre-synptomatic onset
(113.6 6 4.8 days of age, black arrowhead in Fig 4A,
Table IV). This onset was judged retrogpectively 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

Baody weight and inclined

Evaluation methods

plane (n = 20)

Cage activity (n = 8)

Objective onset
Pre-symptonatic onset”
Muscle weakness onset”
Hypo-activity onset®

Subjective onset (SO

End-stage disease (EDY

12656 7.1 (113-147)
137.86 7.1 (128-155)

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

1228 6 9.2 (109-139¢
1213 6 9.8 (109-140)
134.1 6 82 (122-149)

Duration'
ED-a® 2436 6.5
ED-b" 1266 35
ED-c! 1146 13

Values are means 6 SD.
2 Maxirmum 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.

" Difference in days between ED and cach onset:
¢ between ED and pre-symptomatic onset,
f’ between ED and nuiscle wealkness 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 (n = 14) General type® (n = 2)

Pre-symptorratic onset® 11256 6.7
Muscle weakness onset® 12586 2.8
End-gage discase (EDY 13406 24
Duration®
ED-a" 21.56 85
ED-bf 836 1.0

11466 4.3 (108.5)
12676 7.3 (113.5)
14016 7.1 {129.5)
2556 6.2 @D
1346 3.0 (16)

Values are mean 6 SD.

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

& Meaximum of body weight.

b T ess than 70 degrees in the inclined plane test.

¢ Righting reflex failure.

9 Difference in days between ED and each onset:
¢ between ED and pre-symptomatic onset,
Fbetween ED and muscle weakness onset.

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

The first day the transgenic rats scored <708 in the
inclined plane tet was defined as the muscle weakness
onset (black arrowhead, Fig 4B). We could judge this
onset progpectively. Muscle weakness onset (1252 6 7.4
days of age, Table IV) was usually recorded before or at
almost the same time as the subjective onset (8 days
before to 1 day affer, 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 falure (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 6 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 afer the subjective onset
(SO, shown as the gray shaded region in Fig 4C and
121.3 6 9.8 days of age, Table IV). A 0% movement
score for cage activity was seen at almog the same time
as righting reflex falwre (black ammow, Fg  4C).
Although diseass 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 I'V).

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

Becanse we noticed variability in disease courses
among different clinical types of hSOD1 (G93A) rats,
we next asessed 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. Conmparison of onst, end-stage, and diseasz progression in
the forelimb-type (n = 4), and the hindlimb-type (n = 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 sce any differences in
the probability of the objective onsets defined by body weight neas-
urement (pre-symptormeatic onset) and the inclined plane test (muscle
weakness onst) 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 nmuscle weakness
onset), the probability of suvival 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 S5AB, 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 fiom the muscle weakness onset
was also significantly shorter in the forelimb-type (8.3 6

1.0 days) than in the hindlimb-type mats (13.4 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 < 0.05, Log-rank test). 1): Assessment of diseas
progression using the Motor score. Affected rats were evaluated after
nuscle 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 SEM. Statigically significant differences between
forelimb and hindlimb types are indicated in the figures *P < 0.05.
P < 0.01; two-tailed unpaired Student’s t-test.

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

Our results raise the question of why this variabil-
ity in the dissase 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 nmutant 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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The amounts of hunan (4) 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 hSOD!
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

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, neither forelimb-
type (#1587, Score 4 and # 15107, Score 4) nor hind-
limb-type rats (#1510, Score 2) necessarily expressed
larger amounts of the nutant hSOD1 (G93A) transgene
in the cervical cord or in the lumbar cord, respectively,
at the mRINA 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). Digribution of endogenous rat SODI1
mRNA expressed in each segment of the spinal cord
showed almost the same pattern as that of nutant

of a-tubulin (D).

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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Fig 7. The loss of motor nen-
rons in the spinad cord of
hSOD1 (G93A) transgenic rats
at different gages A Immuno-
histochemical analysis of the
spinal cord of transgenic rats
Transverse sections of the cer-
vical (C6), thoracic (T3), and
lumbar (13) spinal cord of the
transgenic rats and their wild-
type littermates were  stained
with an anti-ChAT antibody to
label viable motor neurons at
the indicated gages (Scdle bars
= 100 1 m). B: The number of
ChAT imnwnoreactive motor
neurons was counted and is
shown in the higograms as the
total number of motor neurons
in the C6, T5, and 13 g
ments. This number began to
decrease in the transgenic rats at
90 days of age, rapidly declined
after 110 days of age, and fell
to about 50%and 25% of wild-
type rats at the nuscle weakness
onseet (MO, around 125 days)
and at end-stage disease (ED,
around 140 days), respectively.
Bas=means 6 SEM (nh = 3
for each genotype). *P < 0.05.
#=p < 001 two-taled 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 (muscle weakness onset), and failed the righting
reflex. To quantify the number of spinal motor neurons,
we gained ginal cord sections of both groups with an
anti-ChAT antibody.

As dhown n Figure 74, the numbers of ChAT
immmunoreactive motor newrons in the cervical (C6),
thoracic (T5), and lumbar (13) segiments of the spinal
cord decreased with discass 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,
respectively (Fig. 7B).

DISCUSSION

Factors Underlying the Variability in Phenotypes
of hSODI1 (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 Widar
background  (SODIPYFW ) was reported  to
present two phenotypes, including forelimb-type, and a
large inter-litter variability in disease onset (Storkebaum
et al, 2003). In the same way, commmonly used FALS
model nice harboring hSOD1 (G93A) gene have been
reported to have clinical variability to some extent, and
soire 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 13 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 s because we evaluated the time point of
“death’” (end-stage discase) 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 tramsgenic 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
Sengitivity 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 appropriae; 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 nutations 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 mechanisns 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 is that there is variability in the expres-
sion of the mutant hSOD1 protem. The transcriptional
regulation of this exogenous gene could be affected by
one or 1more 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 humber
cord, possbly resulting in the forelimb type and hind-
limb type, regpectively. However, we found no definite
correlation between local expression levels of the mutant
hSOD! 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 nuscle weakness,
when the clinical type of the tramsgenic 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
nutant hSOD!1 gene and segmental loss of motor neu-
rons correlate with the clinical types of G93A rats should
be further nvestigated by analyzing younger animals at
a stage when motor neuron loss has not progressed as
much.

The third explanation involves a sructural property
of the nutant hSOD1 (G93A) protein itself It is now
thought that nuitations in the hSODI1 gene may alter
the 3-D conformation of the enzyme and, i turn, result
in the SOD1 protein acquiring toxic properties that
cause ALS (Deng et al., 1993; Hand and Rouleau 2002).
For ingance, 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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Age (days)
86 95 110 125 140 155
4 B
Iniiation of motor neauron loss
< P
Initiation of body weight loss
Fig 8. Four stages of discass progres- 4 -

sion in hSOD1 (G93A) transgenic rats
The dissase progression can be classi-
fied into four dages ss shown. The
range for each stage is about 1 month
and overlaps approxinutely 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; 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 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 GO93A rats

Taking all these findings into consderation, the
mutated hSOD1 (G93A) protemn may gain properties that
are respongble 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 mfluenced by the judg-
ment of the observer, senstive to small abnormualities,
specific to detect pathologic events that are related to
pathogenesis of the AlLS-like disease, not influenced by
the motivational tactors of rats, minimal in the require-
nents for sall m the observer, and inexpensive to carry
out. We assessed each evaluation method by the catego-
ries in regard to practical use as down in the Table 6.

The initiation of body weight loss ssens to be an
excellent marker to detect the onset and should be
highly recommended. Muscle volume might have al-
ready garted 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 of muscle waakness

% &
End-stage disease

onst. The inclined plane teg is considered to be the
least defective method of all. It could objectively and
specifically detect the decline in the nmuscle strength of
these ALS model rats as a nuscle 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 finds and
space for making the measurements. Although SCANET
test was most ensitive among these measures, it seens
mappropriate 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 gpecifically assess
disease progression of each clinical type and is valugble
in keeping the experimental codts at a ninimum.

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 datistically significant decrease in the
nuniber 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 seens 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 stage 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 newons in the trans
genic rats being reduced to about 50% of the nurmber in
wild-type rats (Fig. 7B). We presume that transgenic rats
do not present obvious rmuscle weakness until the nunr
ber of motor neurons has been reduced to approximately
half the number found in the healthy state. ““‘End-stage
discas?” as defined by righting reflex faillure 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 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 egimate the extent of ina
motor neuron loss by evaluating the dissase stage with the
measures described in this sudy.

In summary, we have described the variable phe-
notypes of mutant hSOD1 (G93A) transgenic rats and
egablished an evaluation system applicable to all clinical
types of these rats. Disease 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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Abstract

Deficient RNA editing of the AMPA receptor subunit GluR?2 at the (YR site is a primary cause of neuronal death and recently has been reported
to be a tightly linked etiological cause of motor neuron death in sporadic anyotrophic lateral sclerosis (ALS). We quantified the RNA editing
efficiency of the GluR2 (YR site in single motor neurons of rats transgenic for nutant human Cw/Zn-superoxide disnttase (SODI) as well as
patients with spinal and bulbar muscular atrophy (SBMA), and found that GluR2 mRNA was completely edited in all the motor neurons examined.
It seerrs likely that the death cascade is different among the dying motor neurons in sporadic ALS, familial ALS with mutant SOD1 and SBMA.
# 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: ALS; SODI; Spinal and bulbar muscular atrophy; Motor neuron; RNA editing; GluR2; AMPA receptor; Neuronal death

1. Introduction

Ammyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease with selective loss of both upper
and lower motor neurons, and familial cases are rare. The
etiology of sporadic ALS remains elusive but recently deficient
RNA editing of AMPA receptor subunit GluR?2 at the (YR site is
reported in motor neurons in ALS that occurs in a disease-
specific and motor neuron-selective manner (Kawahara et al.,
2004; Kwak and Kawahara, 2005). Moreover, underediting of
the GIuR2 QIR site greatly increases the Ca®* permeability of
AMPA receptors (Hume et al.,, 1991; Verdoom et al., 1991;
Burnashev et al., 1992), which may cause neuronal death due to
increased Ca®" influx through the receptor channel, hence mice
with RNA editing deficiencies at the GluR2 (YR site die young
(Brusa et al., 1995) and mice transgenic for an artificial Ca*'-

* Corresponding author. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.
E-mmil address: kwak-tky(@umin.acjp (S. Kwak).
! Present address: The Wistar Institute, Philadelphia, PA, USA.

permeable GluR2 develop motor neuron disease 12 months
after birth (Kuner et al., 2005). Such evidence lends strong
support to the close relevance of deficient RNA editing of the
GluR2 at the (YR site to death of motor neurons in sporadic
ALS. However, although we and other researchers have
dermonstrated that dying neurons in several neurodegenerative
diseases exhibit edited GluR2 (Kwak and Kawahara, 2005), it
has not yet been demonstrated whether the underediting of
GluR2 oceurs in dying motor neurons in motor neuron diseases
other than ALS. Such investigation is of particular importance
since it will help clarify whether the molecular mechanism of
motor neurons death is conmmon among various subtypes of
MOtor NEUrons.

ALS associated with the SOD1 muitation (ALS1) is the most
frequent familial ALS (Rosen et al., 1993), and mutated human
SODI transgenic animals have been studied extensively as a
disease model of ALS], yet the etiology of neuronal death in
the animals has not been elucidated. Another exaimple of non-
ALS motor neuron disease is spinal and bulbar rmuscular
atrophy (SBMA), which predominantly affects lower motor
neurons with a relatively slow clinical course. Since the CAG

0168-0102/$ — see front matter # 2005 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi: 10.1016/j.neures.2005.09.006
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Table 1
RINA editing efficiency of single motor neurons in SBMA

Case Age at death Sex No. of CAG Postmortem GluR2(+) MN with 100% editing efficiency
(year) repeats® delay (h) MNP (% of GluR2(+) MN)

SBMA, case 1 71 M 48 2.5 12 12 (100)

SBMA, case 2 78 M 42 2.5 16 16 (100)

SBMA, case 3 60 M 44 1 16 16 (100)

# Number of CAG repeats in the androgen receptor gene.
® Motor neurons in which GluR2 RT-PCR amplifying product was detected.

repeat expansion in the androgen receptor gene has been
demonstrated in SBMA (La Spada et al., 1991), and
phanmacological castration is therapeutically effective in
animal models (Katsuno et al., 2002, 2003), the death cascade
responsible for SBMA is likely different from sporadic ALS. In
this paper, an investigation is carried out into whether or not the
dying mechanism underlying sporadic ALS is the same as
ALS1 and SBMA by determining the editing status of the
GluR2 Q/R site in single motor neurons.

2. Materials and methods

The animals used in this study were SOD1%%** and SOD1™*® transgenic
male rats (Nagai et al., 2001) (n=3 each) that had exhibited progressive
neuromuscular weakness with their littenmates as the control (n=3 each)
(Table 2). The first sign of disease in these rats was weakness of their hindlimbs,
mostly exhibited by the dragging of one limb. Onset of motor neuron disease
was scored as the first observation of abnormml gait or evidence of limb
weakness. The mean age of onset of clinical weakness for the SOD1“**
and SODI™ R lines was 122.9 + 14.1 and 144.7 + 6.4 days, respectively. As
the disease progressed, the rats exhibited marked muscle wasting in their
hindlimbs, and then in the forelimbs. The mean duration after the clinical
expression of the disease in the SOD19%* and SODI™ lines was 8.3 % 0.7
and 24.2 & 2.9 days, respectively (Nagai et al., 2001). The rats were killed 3
days and 2 weeks after the onset for the SODI®*** and SODI™® [ines,
respectively, and we examined their fifth hambar cord. Animals were handled
according to Institutional Animal Care and Use Committee approved protocols
that are in line with the Guideline for Animal Care and Use by the National
Institute of Health. Spinal cords were isolated after deep pentobarbiturate
anesthesia. In addition, spinal cords were obtained at autopsy from three
genetically confirmed patients with SBMA (Table 1). Written informed consent
was obtained from all subjects prior to death or from their relatives, and the
Ethics Committees of Graduate School of Medicine, the University of Nagoya
and the University of Tokyo approved the experimental procedures used. Spinal
cords were rapidly frozen on dry ice and maintained at —80 8C until use.

Table 2
RNA editing efficiency of single motor neurons in muttated human SOD1
transgenic rats

Case (n) GluR2(H) MN with 100%
MN editing efficiency
(% of GluR2(+) MN)
SOD1%7%41 13 13 (100)
SOD19%4A2 21 21 (100)
SOD197343 21 21 (100)
SOD1HHeR 19 19 (100)
SOD1HeR 23 23 (100)
SOD1HER3 20 20 (100)
SODI®A, littermates (3) » 22 (100)
SOD1HR tittermates (3) 20 20 (100)

# Motor neurons in which GluR2 RT-PCR anplifying product was detected.

Single motor neurons were isolated and collected into respective single test
tubes that contained 200 1 of TRIZOL Reagent (Invitrogen Corp., Carlsbad,
CA, USA) using a laser microdissection system as previously described
(Kawahara et al., 2003b, 2004) (LMD, Leica Microsystenrs Ltd., Germany)
(Fig. 1a). After extracting total RNA from single neuron tissue, we analyzed the
RINA editing efficiency at the GluR2 (YR site by means of RI-PCR coupled
with digestion of the PCR anplified products with a restriction enzyme Bbv-1
(New England BioLabs, Beverly, MA, USA) (Takums et al., 1999; Kawahara
et al., 2003a, 2004), and the editing efficiency was calculated by quantitatively
analyzing the digests with a 2100 Bioanalyser (Agilent Technologies, Palo Alto,
CA, USA), as previously described (Kawahara et al., 2003a). Briefly, after gel
purification using Zymoclean Gel DINA Recovery Kit according to the man-
ufacturer’s protocol (Zymo Research, Orange, CA, USA), PCR products were
quantified using a 2100 Biocanalyser. An aliquot (0.5 mg) was then incubated at
37 8C for 12 hwith 10 X restriction buffer and 2 U of Bovl in a total volure of
20 i and inactivated at 65 8C for 30 min. The PCR products had one intrinsic
Bbvl recognition sites, whereas the products originating from unedited GluR2
mRNA had an additional recognition site. Thus, restriction digestion of the PCR
products originating from edited rat (278 bp) and human (182 bp) GluR2
mRNA should produce two bands (human GIuR2 in parenthesis) at 219
(116) and 59 (66) bp, whereas those originating from unedited GluR2 mRNA
should produce three bands at 140 (81), 79 (35), and 59 (66) bp. As the 59
(66) bp band would originate fromboth edited and unedited mRNA, but the 219
(116) bp band would originate from only edited mRNA, we quantified the
molarity of the 219 (116) and 59 (66) bp bands using the 2100 Biocanalyser and
calculated the editing efficiency as the ratio of the former to the latter for each
sample.

The following primers were used for PCR for rat and human GluR2
(amplified product lengths are also indicated): for rat GluR2 (278 bp): rF
(5-AGCAGATTTAGCCCCTACGAG-3% and R (S“CAGCACTTTCGAT
GGGAGACAC-39. for human GluR2, the first PCR (187 bp): hG2F1 (5%
TCTGGTTTTCCTTGGGTGCC-3Y) and hG2R1 (5ZAGATCCTCAGCACT-
TTCG-3%; for the nested PCR (182bp): hG2F2 (SLGGTTTTCCTIG
GGTGCCTTTAT-3%) and hG2R2 (S-ATCCTCAGCACTTTCGATGG-39%).
We confirmed that these primer pairs were situated in two distinct exons with
an intron between them and did not amplify products originating from other
GluR subunits (data not shown). PCR anplification for rat GluR2 was initiated
with a denaturation step that was carried out at 95 8C for 2 min, followed by 40
cycles of 95 8C for 30 s, 62 8 for 30 s, and 72 8C for 1 min. PCR ammplification
for human GluR2 began with a 1 min denaturation step at 95 8C, followed by 35
cycles of denaturation at 95 8C for 10s, annealing at 64 8 for 30s and
extension at 68 8C for 60 s. Nested PCR was conducted on 2 1 of the first
PCR product under the same conditions with the exception of the annealing
termperature (66 8C).

3. Results

The number of motor neurons was severely decreased in the
spinal cord of SBMA patients, and we analyzed 44 neurons
dissected from three cases (12 fromcase 1, 16 fromcases 2 and
3). Restriction digestion of the PCR products yielded only 116
and 66 bp fragments but no 81 or 35 bp fragments as seen in
ALS motor neurons in all the SBMA motor neurons examined.
Likewise, restriction digestion of the PCR products frommotor
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Fig. 1. (a) A single motor neuron from an SBMA patient before (left) and after (right) the dissection with a laser-microdissector. (b and ¢) An example of
electropherogram by a 2100 Bioanalyser. Sanmples are the Bov-1-digest of PCR product from tissues of a single motor neuron from an SBMA patient (b) and froma
muated human SOD19 transgenic mouse (¢). LM lower marker (15 bp), HM: higher marker (600 bp).

neurons of mutated human SODI transgenic rats yielded only
219 and 59 bp fragments (Fig. 1). Therefore, the values of RNA
editing efficiency at the (/R site of GluR2 were 10006 in 44
motor neurons from three SBMA cases (Table 1), 55 single
motor neurons from three SOD1%34 transgenic rats, 62
neurons from three SODI™® transgenic rats, as well as in 42
neurons from three littermate rats of each group (Table 2). The
consistent finding that the GluR2 (YR site is 100% edited in
motor neurons of SBMA patients and transgenic rats for
mutated human SODI is in marked contrast to the finding in
ALS motor neurons that the editing efficiency widely varied
among neurons ranging from 0% to 100% (Kawahara et al.,
2004).

4. Discussion

Compared to the significant underediting reported for the
GluR2 QYR site in motor newons of sporadic ALS (Kawahara
et al., 2004), GluR2 mRNA in all the examined motor neurons
of the mutated hurman SODI transgenic rats with two different
mutation sites and SBMA patients was completely edited at the
QR site. We have confirmed that postmortem delay hardly
influenced the editing efficiency at the GluR2 (YR site
(Kawahara et al., 2003b), hence the significant difference in the
postmortemdelay between the SBMA patients in this study and
ALS patients in the previous report (Kawahara et al., 2004)
would not have affected these results. We examined the motor
neurons in the spinal cord segment comresponding to the
hindlimb of mutated human SODI transgenic rats after their
hindlimbs had becorme weak, indicating that the motor neurons
examined were already pathologically affected. Likewise, we
found that only a small number of motor neurons rermained in
the spinal cord of SBMA patients. Thus our results indicate that
GIuR2 RNA editing was complete in the dying motor neurons
in both the mutated human SODI transgenic rats and SBMA
patients, implying that the neuronal death mechanism is not
due to the underediting of GluR2 mRNA seen in sporadic
ALS. Since the pathogenic mechanism underlying ALSI1 is
considered to be the same as in mutant human SODI transgenic
animals, motor neurons in affected ALS1 patients would be
expected to have only edited GluRZ mRNA. Indeed, an
association study of the SOD1 gene ina considerable number of
patients with sporadic ALS reported no significant association
with mutations of the SOD1 gene (Jackson et al., 1997). Due to

the lack of appropriate animal model for sporadic ALS, mutant
human SODI1 transgenic animals have been used as a model
for ALS in general, particularly in studies searching for
therapeutically effective drugs. However, it should be kept in
mind that mutated human SODI1 transgenic animals are merely
a suggestive model for sporadic ALS and a gain of toxic
function in mutated SODI1 kills motor neurons via mechanisims
other than the demise of RNA editing. There are likely multiple
different death pathways in motor neurons, and motor neurons
in sporadic ALS, ALS] and SBMA die by different death
cascades.
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