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TABLE IV. Onset, End-Stage, and Duration in Days of Disease in h§OD1 (G%3A) Transgenic Rats

Body weight and inclined

Evaluation methods

Cage activity (n = 8)

Objective onset
Pre-symptomatic onset’
Muscle weakness onset®
Hypo-activity onset®

Subjective onset (SO)*

End-stage disease (ED)®

Duration
ED-a® 2
ED-b" 1
ED-c!

SO
W

plane (n = 20)

1265 7.1 (113-147)
137.8 = 7.1 (128-155)

M+

113.6 £ 4.8 (103-124)
125.2 + 7.4 (110-144)

122.8 + 9.2 (109-139)°
121.3 *+ 9.8 (109-140)
134.1 * 8.2 (122-149)

wr

6.
3.

wr

114 £ 1.3

Values are means * SD.
* Maximum of body weight.
b Less 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 functional deficits.

¢ Righting reflex failure.

f Difference in days between ED and each onset;
E between ED and pre-symptomatic onset,
b hetween BED and muscle weakness onset,
" between ED and hypo-activity onset.

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

type and the Hindlimb-type Rats

Forelimb type (n = 4)

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

Pre-symptomatic onset” 112.5 = 6.7 114.6 = 4.3 (108.5)
Muscle weakness onset® 1258 = 28 126.7 = 7.3 (113.5)
End-stage disease (ED)° 1340 £ 24 1401 = 7.1 (129.5)
Duration®
ED-a® 21.5 + 85 255 * 6.2 21
ED-b" 8.3 * 1.0 13.4 £ 3.0 (16)

Values are mean * SD.

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

* Maximum of body weight.
P Less than 70 degrees in the inclined plane test.
© Righting reflex failure.
4 Difference in days between ED and each onset;
© between ED and pre-symptomatic onset,
f 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 first day the transgenic rats scored <70° in the
inclined plane test was defined as the muscle weakness
onset (black arrowhead, Fig. 4B). We could judge this
onset prospectively. Muscle weakness onset (125.2 £ 7.4
days of age, Table IV) was usually recorded before or at
almost the same time as the subjective onset (8 days
before to 1 day after, gray shaded region, Fig. 4B and
126.5 = 7.1 days of age, Table IV). The day the trans-
genic rats scored 35° or less on the inclined plane test
coincided with the day of righting reflex failure (black
arrow, Fig. 4B).

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

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

phenotypes (Table IV).

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

Because we noticed variability in disease courses
among different clinical types of hSOD1 (G93A) rats,
we next assessed disease progression in 20 transgenic rats
with forelimb- (# = 4), hindlimb- (» = 14), and gen-
eral- (n = 2) type, using the probability of objective
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Fig. 5. Comparison of omnset, end-stage, and disease progression in
the forelimb-type (# = 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 see any differences in
the probability of the objective onsets defined by body weight meas-
urement (pre~symptomatic onset) and the inclined plane test (muscle
weakness onset) between the forelimb- and hindlimb-type rats.
C: The probability of survival as defined by end-stage disease. Sur-
vival was significantly shorter in the forelimb~type than in the hind-

onsets (pre-symptomatic onset and muscle weakness
onset), the probability of survival defined by end-stage
disease (failure in righting reflex), and the Motor score
(Table V, Fig. 5). We did not see any differences in the
objective onsets between the forelimb- and hindlimb-
type rats (Fig. 5AB, Table V). However, survival as
defined by end-stage disease was significantly shorter in
the forelimb-type than in the hindlimb-type rats (P <
0.05, Log-rank test, Fig. 5C). Moreover, the duration of
the disease calculated from the muscle weakness onset
was also significantly shorter in the forelimb-type (8.3 =
1.0 days) than in the hindlimb-type rats (13.4 = 3.0
days) (see ED — b, P < 0.01, two-tailed unpaired Stu-
dent’s t-test, Table V).

Journal of Neuroscience Research DOI 10.1002/jnr

ALS Model Disease Progression 127

oG

Muzcle weakness onset

8.4 -
8.2
4.3

0.4
4.5 4

4.7 -
88
0.8 4

Probability of onset

124 136 140 150

Age af onsol idays)

o

Motor score

sl

days afler onset

limb-type rats (P < 0.05, Log-rank test). D: Assessment of disease
progression using the Motor score. Affected rats were evaluated after
muscle weakness onset. The foreimb type worsened more quickly
than the hindlimb type. Score decline correlated well with the exac-
erbation of symptoms in both clinical types, clearly and objectively.
Bars = means * SEM. Statistically significant differences between
forelimb and hindlimb types are indicated in the figures. *P < 0.05.
**P < 0.01; two-tailed unpaired Student’s f~test.

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

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

hindlimb-type rats by real time RT-PCR and Western
blot analysis. However, at least at the stages after the
apparent onset of muscle weakness, neither forelimb-
type (#1587, Score 4 and #15107, Score 4) nor hind-
limb-type rats (#1510, Score 2) necessarily expressed
larger amounts of the mutant hSOD1 (G93A) transgene
in the cervical cord or in the lumbar cord, respectively,
at the mRNA and the protein level (Fig. 6). We also
investigated the expression of endogenous rat SODI1
mRNA in the same rats by REAL TIME RT-PCR
(Fig. 6B). Distribution of endogenous rat SOD1
mRINA expressed in each segment of the spinal cord
showed almost the same pattern as that of mutant

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

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

We examined histo-pathological changes in the spi-
nal cords of the transgenic rats in comparison with those

Journal of Neuroscience Research DOI 10.1002/jnr

-81 -



ALS Model Disease Progression 129

Cervical cord {(C8)

Thoracic cord (T5) || Lumbar cord (L.3)

MO

ED

Fig. 7. The loss of motor neu-
rons in the spinal cord of
hSOD1 (G93A) transgenic rats
at different stages. A: Immuno-
histochemical analysis of the
spinal cord of transgenic rats.
Transverse sections of the cer-
vical (C6), thoracic (T5), and
lumbar (L3) 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 stages (Scale bars
= 100 pm). B: The number of
ChAT immunoreactive motor
neurons was counted and is
shown in the histograms as the
total number of motor neurons
in the C6, T5, and L3 seg-
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 muscle weakness
onset (MO, around 125 days)
and at end-stage disease (ED,
around 140 days), respectively.
Bars = means £ SEM (n = 3
for each genotype). *P < 0.05. o . ; , \ \ |
**p < 0.01; two-tailed un~ ) J }

paired Student’s f-test. 70 days 80 days 110 days MO £ED

Control (Wt 160days)|

v

800 r

400 -

3o -

200

00 -

immunoresslive for ChAT

Totsl number of molor neurons

Journal of Neuroscience Research DOI 10.1002/jnr

-82.-



130 Matsumoto et al.

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

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

DISCUSSION

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

In previous studies of this G93A rat, only the hind-
limb-type has been described, and the variety of pheno-
types and variable clinical courses have not yet been
mentioned (Nagai et al, 2001). Recently, however,
another line of G93A rats backcrossed onto a Wistar
background (SOD1%*AF¥™  14t5) was reported to
present two phenotypes, including forelimb-type, and a
large inter-litter variability in disease onset (Storkebaum
et al., 2005). In the same way, commonly used FALS
model mice harboring hSOD1 (G93A) gene have been
reported to have clinical variability to some extent, and
some of them dominantly show forelimb paralysis (Gur-
ney et al, 1994). In this study, we recognized various
clinical types, including forelimb-, hindlimb-, and gen-
eral-type and established quantitative methods to evalu-
ate disease progression that can be applied to any of the
clinical types of this ALS model. We have also shown
the variability in disease progression to depend on clini-
cal types, that is, disease progression after the onset was
faster in forelimb-type than in hindlimb-type rats. This
difference may be due to the aggressiveness of the dis-
ease per se because we evaluated the time point of
“death” (end-stage disease) according to righting reflex
failure (Howland et al., 2002) to exclude the influence
of feeding problems (bulbar region) and respiratory fail-
ure (level C2-C4).

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

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

Body Inclined Cage Motor

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

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

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

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

The third explanation involves a structural property
of the mutant hSOD1 (G93A) protein itself. It is now
thought that mutations in the hSOD1 gene may alter
the 3-D conformation of the enzyme and, in turn, result
in the SOD1 protein acquiring toxic properties that
cause ALS (Deng et al., 1993; Hand and Rouleau 2002).
For instance, the hSOD1 (G93A) mutant protein has
been reported to be susceptible to nonnative protein—
protein interactions because of its mutation site and
unfolded structure (Shipp et al., 2003; Furukawa and
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O’Halloran, 2005), suggesting that the G93A mutation
might accelerate the formation of SOD1 protein aggre-
gates, which may ultimately sequester heat-shock pro-
teins and molecular chaperones, disturb axonal transport
or protein degradation machineries, including the 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 varability of the clinical course of G93A rats.

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

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

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

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

Correlation Between the Loss of Spinal Motor
Neurons and Disease Stages

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

In summary, we have described the variable phe-
notypes of mutant hSOD1 (G93A) transgenic rats and
established an evaluation system applicable to all clinical
types of these rats. Disease stages defined by this evalua-
tion system correlated well pathologically with the
reduction of motor neurons. Qur 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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Spinal and bulbar muscular atrophy (SBMA} is an adult-onset
motor neuron disease caused by the expansion of a trinucleotide
CAG repeat encoding the polyglutamine tract in the first exon of
the androgen receptor gene (AR). The pathogenic, polyglutamine-
expanded AR protein accumulates in the cell nucleus in a ligand-
dependent manner and inhibits transcription by interfering with
transcriptional factors and coactivators. Heat-shock proteins (HSPs)
are stress-induced chaperones that facilitate the refolding and,
thus, the degradation of abnormal proteins. Geranylgeranylac-
etone (GGA), a nontoxic antiulcer drug, has been shown to po-
tently induce HSP expression in various tissues, including the
central nervous system. In a cell model of SBMA, GGA increased the
levels of Hsp70, Hsp90, and Hsp 105 and inhibited cell death and the
accumulation of pathogenic AR, Oral administration of GGA also
up-regulated the expression of H5Ps in the central nervous system
of SBMA-transgenic mice and suppressed nuclear accumulation of
the pathogenic AR protein, resulting in amelioration of polyglu-
tamine-dependent neuromuscular phenotypes. These observa-
tions suggest that, aithough a high dose appears to be needed for
clinical effects, oral GGA administration is a safe and promising
therapeutic candidate for polyglutamine-mediated neurodegen-
erative diseases, including SBMA.

spinal and bulbar muscular atrophy | geranylgeranylacetone | androgen
receptor | heat-shock factor-1

E xpansion of a trinucleotide CAG repeat encoding the polyglu-
tamine tract causes inherited neurodegenerative disorders,
including spinal and bulbar muscular atrophy (SBMA), Hunting-
ton’s disease, dentatorubral pallidoluysian atrophy, and several
forms of spinocerebellar ataxia (1, 2). All these polyglutamine
diseases show progressive and refractory neurological symptoms
with selective neuronal cell loss within the susceptive regions of the
nervous system. SBMA is a lower motor neuron disease exclusively
affecting males and characterized by adult-onset proximal muscle
atrophy, weakness, fasciculations, and bulbar involvement (3, 4).
The molecular basis of this discase is elongation of a polyglutamine
tract in the androgen receptor (AR) protein (5), the toxicity of
which is considered a major cause of ncurodegeneration in SBMA
(6, 7). It has been postulated that pathogenesis in SBMA results
from testosterone-dependent accumulation of pathogenic, polyglu-
tamine-expanded AR in the cell nucleus (8, 9). This hypothesis is
strongly supported by the observation that intranuclear accumula-
tion of disease-causing protein leads to transcriptional dysregula-
tion, a supposed pathway of neurodegeneration in polyglutamine
diseases (10, 11).

Accumulated polyglutamine-containing protein is commonly
seen as diffuse nuclear staining or as inclusion bodies, the his-
topathological hallmarks of polyglutamine diseases. Although in-
clusion bodies appear to represent a cellular defensive response,
diffusely accumulated polyglutamine-containing protein in the
nucleus possesses a distinctly toxic property (12~14). Accumulation
of pathogenic protein is, thus, a major target of therapeutic
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strategies for polyglutamine diseases. This view is supported by
animal studies showing that hormonal interventions lowering se-
rum testosterone levels successfully prevents nuclear accumulation
of pathogenic AR and, thereby, rescue the phenotypes of mouse
models of SBMA (8, 15, 16).

Heat-shock proteins (FHSPs) are stress-induced molecular chap-
erones that play a crucial role in maintaining correct folding,
assembly, and intracellular transport of proteins (17, 18). Under
toxic conditions, HSP synthesis is rapidly up-regulated and nonna-
tive proteins are refolded. There is increasing evidence that HSPs
abrogate polyglutamine toxicity by refolding and solubilizing patho-
genic proteins (19-21). Overexpression of Hsp70, together with
Hsp40, inhibits toxic accumulation of abnormal polyglutamine
protein and suppresses cell death in a variety of cellular models of
polyglutamine diseases including SBMA (22-24). Hsp70 has also
been shown to facilitate proteasomal degradation of abnormal AR
protein in a cell culture model of SBMA (25). The salutary effects
of Hsp70 have been verified in studies by using mouse models of
polyglutamine diseases (26, 27). However, clinical applications
based on these studies have certain limitations because they used
genetic overexpression of Hsp70.

Geranylgeranylacetone (GGA) is an acyclic isoprencid com-
pound with a retinoid skeleton that induces HSP synthesis in various
tissues including the gastric mucosa, intestine, liver, myocardium,
retina, and central nervous system (28~32). Oral administration of
GGA rapidly up-regulates HSP expression in response to a variety
of stresses, although this effect is weak under nonstress conditions
(29). With an extremely low toxicity, this compound has been widely
used as an oral antiulcer drug. The aim of the present study is to
investigate whether oral GGA induces HSP expression and thereby
suppresses polyghitamine toxicity in cell culture and mouse models
of SBMA.

Materials and Methods

Adenovirus Vector. Adenovirus vectors were constructed with the
BD Adeno-X Expression system according to the manufacturer’s
protocol (Invitrogen). Briefly, truncated AR constructs containing
GFP (24 CAG repeats, 215 N-terminal amino acids of AR or 97
CAG repeats, and 442 N-terminal amino acids of AR) (23) were
cloned into the pShuttle vector between the Nhel and Xbal sites.
pShuttle vectors with truncated AR24 or AR97 were digested with
I-Ceul and PI-Scel. After in vitro ligation, recombinant adenovirus
vector constructs containing the respective transgenic fragments
were used to transfect HEK293 cells, and the vectors were isolated
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by using the freeze—thaw method. Finally, virus titer was deter-
mined by using the BD Adeno-X Rapid Titer kit (Invitrogen).

Cell Culture. The human neuroblastoma cell line (SH-SY5Y, Amer-
ican Type Culture Collection No. CRL-2266) was maintained with
DMEM/F12 (Invitrogen) supplemented with 10% FCS. After
neural differentiation in differentiation medium (DMEM/F12
supplemented with 5% FCS and 10 pM retinoic acid) for 4 days,
SH-SY5Y cells were infected with the recombinant adenovirus
vectors containing truncated AR24 or AR97 at a multiplicity of
infection of 20 for 1 h and then treated with GGA. At each time
point (0, 2, 4, and 6 days) after infection, cells were fixed with 4%
paraformaldehyde for 10 min at room temperature, counterstained
with propidium iodide (Molecular Probes), and mounted in Gel-
vatol. A confocal laser scanning microscope (MRC1024, Bio-Rad)
and a conventional fluorescent microscope were used to determine
the degree of neuronal cell death and the presence of GFP-labeled
AR24 or AR97 protein in diffuse nuclear aggregates or in inclusion
bodies. Quantitative analyses were made from triplicate determi-
nations. Duplicate slides were graded blindly in two independent
trials as described in ref. 23.

immunocytochemistry. Cells were fixed with 4% paraformaldehyde
and incubated with an anti-HSF-1 (HSF-1, heat-shock factor-1)
antibody (1:5,000, Stressgen, Victoria, Canada) and anti-rabbit
Alexa Fluor 568 antibody (1:1,000, Molecular Probes), then coun-
terstained with Hoechst 33342 (Molecular Probes).

Animals. AR-24Q and AR-97Q mice were generated by using the
pCAGGS vector as described in 8 and 33. The mouse rotarod task
was performed with an Economex rotarod (Colombus Instruments,
Columbus, OH), and cage activity was measured with the AB
system (Neuroscience, Tokyo) as described in ref. 34. Each cage
contained three mice, which were subjected to a 12-h light/dark
cycle. All animal experiments were approved by the Animal Care
Committee of Nagoya University Graduate School of Medicine.

GGA Treatment. GGA was a gift from Eisai, Inc. (Tokyo). For
treating cultured SH-SYSY cells, GGA was dissolved in absolute
ethanol supplemented with 0.2% a-tocopherol, and ethanol with
a~tocopherol alone was used as vehicle. For oral administration to
mice, GGA granules were mixed with powdered rodent chow at
concentrations of 0.25%, 0.5%, 1%, and 2%. GGA was adminis-
trated to mice from 6 weeks of age until the end of the analysis
without withdrawal or dose reduction. All mice had unlimited
access to food and water. Net consumption of GGA was deter-
mined based on the amount of food consumed in each cage.

Western Blotting. SH-SY5Y cells were lysed in CellLytic lysis buffer
(Sigma—Aldrich) containing a protease inhibitor mixture (Roche
Diagnostics). Mouse tissues were homogenized in buffer containing
50 mM Tris (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, and 1 mM 2-mercaptoethanol with 1 mM
PMSF, and 6 ug/ml aprotinine and then centrifuged at 2,500 X g
for 15 min. To extract the nuclear and cytoplasmic fractions, mouse
tissues were treated with NE-PER nuclear and cytoplasmic extrac-
tion reagents (Pierce); cultured cells were lysed in buffer containing
10 mM TrissHCI (pH 7.4), 10 mM NaCl, 3 mM MgCl2, and 0.5%
Nonidet P-40 and then suspended in buffer containing 50 mM
TrissHCI (pH 6.8), 2% SDS, 6% glycerol, and protease inhibitor
mixture (Roche Diagnostics). Equal amounts of protein were
separated by 5-20% SDS/PAGE and transferred to Hybond-P
membranes (Amersham Pharmacia Biotech). Primary antibodies
and concentrations were as follows: AR (H-280, 1:1,000, Santa Cruz
Biotechnology) Hsp70 (1:1,000, Stressgen Biotechnologies, Victo-
ria, Canada), Hsc70 (1:5,000, Stressgen Biotechnologies), Hsp25
(1:5,000, Stressgen Biotechnologies), Hspd0 (1:5,000, Stressgen
Biotechnologies), Hsp60 (1:5,000, Stressgen Biotechnologies),
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Grp78 (1:5,000, Stressgen Biotechnologies), Hsp90 (1:1,000, Stress-
gen Biotechnologies), Hsp105 (1:250, Novocastra Laboratories,
Newcastle, U.K.), HSF-1 (1:5,000, Stressgen Biotechnologies), and
thioredoxin (1:2,000, Redox Bioscience, Kyoto, Japan). Primary
antibody binding was probed with horseradish peroxidase-
conjugated secondary antibodies at a dilution of 1:5,000, and bands
were detected by using immunoreaction enhance solution (Can Get
Signal, Toyobo, Japan) and enhanced chemiluminescence (ECL
Plus, Amersham Biosciences, which is now GE Healthcare). An
LAS-3000 imaging system (Fuji) was used to produce digital images.
Signal intensities of three independent blots were quantified with
IMAGE GAUGE software version 4.22 (Fuji) and expressed in arbi-
trary units. Membranes were reprobed with anti-a-tubulin (1:5,000,
Santa Cruz Biotechnology), or anti-histone H3 (1:500, Upstate
Biotechnology, Lake Placid, NY) antibodies for normalization.

Immunohistochemistry. Mice anesthetized with ketamine-xylazine
were perfused with 4% paraformaldehyde fixative in phosphate
buffer (pH 7.4). Tissues were dissected, postfixed in 10% phos-
phate-buffered formalin, and processed for paraffin embedding,
Sections to be stained with anti-polyglutamine antibody 1C2 were
treated with formic acid for 5 min at room temperature; those to be
incubated with anti-HSF-1 antibody were boiled in 10 mM citrate
buffer for 15 min. Primary antibodies and dilutions were as follows:
polyglutamine (1:20,000, Chemicon, Temecula, CA), Hsp70 (1:500,
Stressgen Biotechnologies), and anti-HSF-1 (1:5000, Stressgen Bio-
technologies). Primary antibody binding was probed with a labeled
polymer of secondary antibody as part of the Envision+ system
containing horseradish peroxidase (DakoCytomation, Gostrup,
Denmark). The number of 1C2-positive cells in the spinal cord and
muscle were determined as described in ref, 27.

Statistical Analyses. We analyzed data by using the Kaplan-Meier
and log-rank test for survival rate, ANOVA with Dunnett’s post hoc
test for multiple comparisons, and an unpaired ¢ test from STATVIEW
software version 5 (Hulinks, Tokyo).

Results

GGA Suppresses Polyglutamine Toxicity in Cellular Model of SBMA. To
test whether GGA suppresses cellular toxicity induced by expanded
polyglutamine, we generated a cultured cell model of SBMA.
Adenovirus vector-mediated expression of a truncated AR with 97
CAGs (tAR97Q) resulted in the formation of inclusion bodies in
the nucleus and cytoplasm as well as eventual cell death in human
neuroblastoma cell line SH-SY5Y, whereas expression of AR
containing only 24 CAGs (tAR24Q) showed no such toxicity (Fig.
1 A4 and B). GGA administration reduced neuronal cell death as
detected by propidium iodide staining in the cells expressing
tAR97Q, the strongest effect occurring at a dose of 107° M (Fig. 1
B and C). Although GGA failed to decrease the number of the cells
containing inclusion bodies, Western blot analysis using an anti-AR
N terminus antibody demonstrated that GGA significantly dimin-
ished the amount of a high-molecular-weight complex, which likely
corresponds to oligomers of tAR97Q (Fig. 1 D and E) (35). Thus,
GGA treatment suppresses cytotoxicity caused by accumulation of
AR with elongated polyglutamine without inhibiting inclusion body
formation.

GGA Induces HSPs in Cellular Model of SBMA. To determine whether
the GGA-mediated mitigation of polyglutamine toxicity is due to
HSP expression, we determined HSP levels in the cell culture model
of SBMA after GGA treatment. GGA up-regulated expression of
Hsp70, Hsp90, and Hsp105 in the cells with tAR97Q but did not in
those with tAR24Q (Fig. 2 A and B). Cycloheximide treatment
eliminated GGA-mediated HSP induction and suppression of cell
death (Fig. 2 C and D). Expression of Hsc70, a constitutively
expressed HSP, was not increased by GGA treatment; no GGA-
mediated up-regulation was detected for other HSPs tested, such as
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Fig. 1. Effects of GGA on polyglutamine toxicity in cultured cell. (A) Punc-
tuated aggregates visualized with GFP (arrowhead) are formed in SHSY-5Y
cellsinfected with an adenovirus vector containing truncated AR with 97 CAGs
(tAR97Q-GFP) but not in those bearing tAR24Q. (B) Frequency of cell death 6
days after infection as detected by propidium iodine staining (¥, P < 0.05
compared with untreated tAR97Q cells). (C) Suppression of cell death by GGA.
(D) Frequency of cells bearing aggregates. (£) Anti-AR analysis of Western
blots of extracts from cells infected with tAR97Q. Error bars indicate SD.

Hsp40 and Hsp60, or for thioredoxin, a redox-regulating protein
(data not shown). Western blotting (Fig. 2 E and F) and immuno-
cytochemistry (Fig. 2G) revealed that GGA increased the nuclear
uptake of hyperphosphorylated HSF-1, a transcription factor reg-

- ulating HSP expression in the nucleus. Given that activated HSF-1
forms a hyperphosphorylated trimer and translocates into the
nucleus, these findings suggest that GGA activates HSF-1, leading
to HSP up-regulation.

GGA Ameliorates Symptomatic Phenotypes of SBMA Mouse. To
examine whether pharmacological induction of HSPs alleviates
polyglutamine-dependent neuronal dysfunction, oral GGA was
administrated to transgenic mice bearing human AR with 97 CAGs
(AR-97Q). The actual amount of GGA was constant in each
treatment group during the treatment period (see Table 1, which is
published as supporting information on the PNAS web site). Oral
GGA ameliorated muscle atrophy, gait disturbance, rotarod dis-
ability, and body weight loss in AR-97Q mice at both doses of 0.5
and 1% of food, which correspond to =600 and 1,200
mgkg~*day, respectively (Fig. 3 A~E and Table 1). The life span
of AR-97Q) mice treated orally with 0.5 or 1% GGA was signifi-

cantly extended compared with that of untreated AR-97Q mice.

(P < 0.001) (Fig. 3F). GGA failed to alleviate motor dysfunction in
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Fig.2. GGA-mediated HSP induction in cultured cell. (4) Anti-HSP analysis of
Western blots from cells infected with tAR97Q and treated with GGA. (B)
Quantification of the levels of HSPs from tAR97Q-infected cells after 2 days of
GGA treatment. (C) Anti-Hsp70 analysis of Western blots from tAR97Q cells
treated with or without cycloheximide. (D) Frequency of cell death 2 days after
infection as detected by propidium iodine staining (*%, P < 0.05 compared
with tAR97Q cells treated with GGA but not with cycloheximide). (£ and F)
Anti-HSF-1 analysis of Western blots of the cellular nuclear fraction () and
that of total cell lysate {(F). Upper bands'correspond to-the hyperphosphory-
lated, active form of HSF-1. {G) Immunocytochemistry for HSF-1. Error bars
indicate SD.

AR-97Q mice at a dose of 0.25%. A higher dose of GGA, 2% of
food, inhibited body growth and had no beneficial effects on the
neurological phenotypes of the AR-97Q mice. Although no hepatic
or renal toxicity was demonstrated at other doses, this high dose
caused liver enlargement and dysfunction in wild-type and trans-
genic mice (see Table 2, which is published as supporting informa-
tion on the PNAS web site).

GGA Induces HSP Expression in SBMA Mice Through HSF-1 Activation.
To examine whether the GGA-induced improvement in the phe-
notypes of AR-97Q mice was due to induction of HSPs, the
expression levels of HSPs were determined. Oral GGA increased
the expression of Hsp70, Hsp90, and Hsp105 in the central nervous
system and in the skeletal muscle of AR-97Q mice at the doses (0.5
and 1% of food) that were shown to improve symptomatic pheno-
types of AR-97Q mice (Fig. 4 A-C and Fig. 6 A and B, which is
published as supporting information on the PNAS web site). The
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atrophy of 13-week AR-97Q mice. (B) Footprints of 13-week AR-97Q mice.
Front paws are shown in red, and hind paws are shown in blue. (€} Stride
distance of 13-week AR-97Q mice (n = 3 for each group). (D-F) Rotarod task
(D), body weight (£}, and cumulative survival (F) of male AR-97Q mice treated
with GGA {n = 12 for each group) and untreated counterparts (n = 15).
Rotarod performance significantly improved after GGA at doses of 0.5% and
1.0% (P < 0.0001 at both doses compared with nontreated mice at 20 weeks),
and body weight increased significantly at a dose of 0.5% (P < 0.005 at 0.5%
and P < 0.05 at 1.0%, at 14 weeks). Error bars indicate SD.

induction of HSPs was not clearly observed in the central nervous
system until 3 weeks after treatment initiation, but it continued for
at least 4 weeks thereafter (see Fig. 74, which is published as
supporting information on the PNAS web site). HSP induction by
GGA was undetectable at a dose of 0.25% and was not significant
at 2%, in agreement with the lack of therapeutic effect on motor
function at these doses. Grp78, Hsp25, Hsp40, Hsp60, and thiore-
doxin were not induced by GGA administration (see
Fig. 7B).

To examine whether GGA induced HSP expression through
HSF-1 activation, the nuclear translocation of HSF-1 was investi-
gated after GGA treatment. In the untreated state, the level of
nuclear accumulated hyperphosphorylated HSF-1 in the central
nervous systems of AR-97Q mice was lower than in the wild-type
mice. However, when AR-97Q mice received 0.5% oral GGA,
nuclear translocation of HSF-1 was higher than in the nontreated
mice (Fig. 4D and Fig. 8, which is published as supporting infor-
mation on the PNAS web site). In contrast, nuclear translocation of
HSF-1 in skeletal muscle of untreated AR-97Q mice is already
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Fig. 4. GGA-mediated HSP induction in AR-97Q mice. (4) Western blotting
for various HSPs in the spinal cord of 14-week, wild-type (Wt), AR-24Q and
AR-87Q mice. (B) Western blotting for various HSPs in skeletal muscle of
14-week wild-type, AR-24Q, and AR-97Q mice. (C) Immunchistochemistry for
Hsp70 in 14-week wild-type, AR-24Q, and AR-97Q mice. {D) Western blotting
of nuclear fraction from spinal cord and that from muscle using anti-HSF-1

antibody. Upper bands correspond to the hyperphosphorylated active form of
HSF-1.

much higher than in wild-type mice, thus perhaps explaining the
high degree of Hsp70 induction in AR-97Q mice. After GGA
treatment, nuclear translocation of HSF-1 in skeletal muscle of
AR-97Q mice was even higher than it was in untreated AR-97Q
mice, contributing to a higher induction of Hsp70 (Figs. 4D and 8).
These experiments suggest that oral GGA restores activation of
HSF-1, which is inhibited by expanded polyglutamine in the af-
fected nervous tissues of AR-97Q mice.

GGA Inhibits Accumulation of Pathogenic AR in Nucleus. With the aim

of evaluating the effect of GGA on the nuclear accumulation of
abnormal AR, immunohistochemistry with anti-polyglutamine an-
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14-week AR-97Q mice and quantification of the high-molecular-weight, ab-
normal AR complex indicated by a smear from the top of the gel. Error bars
indicate SD.

tibody 1C2 was performed on tissues from GGA-administrated and
untreated AR-97Q mice. Oral 0.5% GGA decreased the number of
1C2-positive cells in nervous tissues and, to a lesser extent, in muscle
(Fig. 5.4 and B). Western blot analysis using an antibody against AR
demonstrated that 0.5% oral GGA reduced the amount of the
high-molecular-weight complex of abnormal AR (Fig. 5C). These
findings suggest that oral GGA-mediated HSP induction inhibits
nuclear accumulation of abnormal AR, leading to mitigation of
polyglutamine-dependent pathogenesis.

Discussion

GGA Induces HSP Expression. In the present study, GGA induced
Hsp70, Hsp90, and Hspl105 in a cultured cell model of SBMA,
leading to abrogation of polyglutamine-mediated cytotoxicity. Fur-
thermore, oral GGA alleviated neuronal dysfunction through in-
duction of HSPs in SBMA mice.

GGA was first introduced as a nontoxic inducer of Hsp70 in rat
gastric mucosa (28). Oral GGA has also been reported to induce
Hsp70in the central nervous system as well as in the small intestine,
liver, heart, and retina of rodents without any adverse effects
(29-32, 36, 37). The present study suggests that the required dose
for HSP induction in the SBMA mouse model is ~600
mgkg-day~1, whereas 200 mg-kg~"-day " induces HSP expression
in nonneuronal tissues of rodents under stress (28, 36). Several
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studies have verified that Hsp70 induction is due to GGA-mediated
activation of HSF-1, a transcription factor that regulates expression
of Hsp70 (28, 37). In the SBMA mice, GGA facilitated nuclear
translocation of HSF-1, leading to induction of Hsp70, in the
affected tissues.

GGA showed no adverse effects at the salutary doses used in the
present study, although hepatic toxicity was detected at a higher
dose. Low toxicity of GGA is advantageous, because continuous
administration of GGA at a high dose is required for treating slowly
progressive neurodegenerative disease (6, 7). Pharmacological in-
duction of HSP by using GGA thus appears to be an applicable
therapeutic strategy for SBMA, although careful attention should
be paid to adverse effects during long-term treatment.

HSPs as Therapeutics for Polyglutamine Diseases. In the present
study, GGA-mediated HSP induction resulted in inhibiting the
accumulation of abnormal AR in the cellular and transgenic mouse
models of SBMA. Accumulation of abnormal protein has been
considered central to the pathogenesis of polyglutamine diseases,
including SBMA. It has been postulated that expanded polyglu-
tamine confers a monomeric protein conformational change from
random coil to B-sheet, leading to formation of a polyglutamine
oligomer (38, 39). The misfolded monomer and oligomer exercise
their toxic effects by interacting with normal cellular proteins.
Direct inhibition of polyglutamine oligomerization by Congo red
has been demonstrated to exert therapeutic effects in a mouse
model of Huntington’s disease (40). Whereas oligomerization of
causative proteins has been implicated in the pathogenic processes
of neurodegeneration in polyglutamine diseases, the formation of
inclusion bodies or mature amyloid fibrils appears to possess
cytoprotective properties (13, 41). Based on this hypothesis, HSPs
have been drawing a great deal of attention because they inhibit
oligomer assembly and thereby mitigate polyglutamine toxicity (20,
21, 38). This view is supported by the fact that overexpression of
Hsp70 attenuates the accumulation of polyglutamine-containing
protein, resulting in amelioration of neurodegeneration in animal
models of spinocerebellar ataxias or SBMA (26, 27).

GGA treatment significantly suppressed nuclear accumula-
tion of abnormal AR in SBMA mice but did not inhibit inclusion
body formation in cultured cells. This inconsistency does not
necessarily deny a beneficial effect of GGA on polyglutamine
aggregation, because it can be explained by several lines of
evidence: (i) HSPs facilitate amyloid fibril formation by stabi-
lizing the conformation of abnormal polyglutamine-expanded
protein (42), and (%) HSPs biochemically alter the structure of
inclusion bodies (43, 44).

Hsp70 overexpression, however, fails to alleviate neurodegen-
eration or aggregate formation in the R6/2 mouse model of
Huntington’s disease (45, 46). This discord appears to indicate
that higher levels of Hsp70 or the concomitant induction of other
HSPs is required to alleviate Huntington’s disease pathology. In
addition to Hsp70, various molecular chaperones that colocalize
with aggregates have also been shown to suppress polyglutamine
toxicity: Hsp40-associated Hsp70 (23, 43), Hsp90, and Hspl05
(47, 48). Oral GGA induced Hsp90 and Hspl05 in the mouse
model of SBMA and such diverse HSP up-regulation might
contribute to the beneficial effects of GGA in the SBMA mice.

HSP in Pathogenesis of poly(} Diseases. Not only are HSPs consid-
ered potent suppressors of polyglutamine toxicity, but they are
also implicated in the pathogenesis of neurodegeneration (20).
There are several lines of evidence that polyglutamine elonga-
tion weakens the protective responses for coping with cellular
stress. Truncated AR with expanded polyglutamine delays the
induction of Hsp70 after heat shock (49). In the SBMA mice we
examined, the level of Hsp70 in spinal cord was decreased before
the onset of motor dysfunction. A similar finding has also been
reported in the R6/2 mouse model of Huntington’s disease (46).
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In our SBMA mice, abnormal, polyglutamine-expanded AR
seems to inhibit nuclear translocation of HSF-1 in the central
nervous system, leading to a decrease in the level of Hsp70. In
mamrmalian cells, induction of Hsp70 requires activation and
nuclear localization of HSF-1. In the presence of nonnative
protein, HSF-1 is derepressed, forming a trimer that translocates
into the nucleus and binds to heat-shock elements within the
gene encoding Hsp70 (50). In cellular models, this stress-induced
nuclear accumulation of HSF-1 has been designated nuclear
granules (51). Aggregates of abnormal ataxin-1, the causative
protein in spinocerebellar ataxia 1, have been shown to hinder
induction of nuclear granules in response to heat shock (52).
Therefore, failure of HSF-1 activation appears to enhance
polyglutamine toxicity. In this context, it is intriguing that
inhibition of the nuclear accumulation of HSF-1 was detected in
spinal cord but not in muscle of SBMA transgenic mice. Given
that the threshold for HSP induction is relatively high in motor
neurons (53), motor-neuron-specific inactivation of HSP tran-
scription might partially explain why the central nervous system

. Zoghbi, H. Y. & Orr, H. T. (2000) Annu. Rev. Neurosci. 23, 217-247.

. Ross, C. A. (2002) Neuron 35, 819-822.

. Kennedy, W. R., Alter, M. & Sung, J. H. (1968) Neurology 18, 671-680.

. Sobue, G., Hashizume, Y., Mukai, E., Hirayama, M., Mitsuma, T. & Takahashi,

A. (1989) Brain 112, 209-232.
. La Spada, A. R, Wilson, E. M., Lubahn, D. B., Harding, A. E. & Fischbeck,
K. H. (1991) Nature 352, 77-79.

. Fischbeck, K. H., Lieberman, A., Bailey, C. K., Abel, A. & Merry, D. E. (1999)

Philos. Trans. R. Soc. London B 354, 1075-1078.

Katsuno, M., Adachi, H., Tanaka, F. & Sobue, G. (2004) J. Mol. Med. 82,

298-307.

. Katsuno, M., Adachi, H., Kume, A., Li, M., Nakagomi, Y., Niwa, H., Sang, C.,

Kobayashi, Y., Doyu, M. & Sobue, G. (2002) Neuron 35, 843-854.
. Takeyama, K., Ito, S., Yamamoto, A., Tanimoto, H., Furutani, T., Kanuka, H.,
Miura, M., Tabata, T. & Kato, S. (2002) Neuron 35, 855-864.

10. Nucifora, F. C., Jr.,, Sasaki, M., Peters, M. F., Huang, H., Cooper, J. K.,
Yamada, M., Takahashi, H., Tsuji, S., Troncoso, 1., Dawson, V. L., Dawson,
T. M. & Ross, C. A. (2001) Science 291, 2423-2428,

11. Minamiyama, M., Katsuno, M., Adachi, H., Waza, M., Sang, C., Kobayashi, Y.,
Tanaka, F., Doyu, M., Inukai, A. & Sobue, G. (2004) Hum. Mol. Genet. 13,
1183-1192.

12. Yamada, M., Wood, J. D., Shimohata, T., Hayashi, S., Tsuji, $., Ross, C. A. &
Takahashi, H. (2001) Ann. Neurol. 49, 14-23.

13. Arrasate, M., Mitra, 8., Schweitzer, E. S., Segal, M. R. & Finkbeiner, S. (2004)
Nature 431, 805-810.

14. Adachi, H., Katsuno, M., Minamiyama, M., Waza, M., Sang, C., Nakagomi, Y.,
Kobayashi, Y., Tanaka, F., Doyu, M. & Inukai, A, et al. (2005) Brain 128,
659-670.

15. Katsuno, M., Adachi, H., Doyu, M., Minamiyama, M., Sang, C., Kobayashi, Y.,
Inukai, A, & Sobue, G. (2003) Nat. Med. 9, 768-773.

16. Chevalier-Larsen, E. 8., O'Brien, C. J., Wang, H., Jenkins, S. C., Holder, L.,
Lieberman, A. P. & Meiry, D. E. (2004) J. Neurosci. 24, 4778-4786.

17. Weleh, W. J. & Brown, C. R. (1996) Cell Stress Chaperones 1, 109-115.

18. Morimoto, R. I. & Santoro, M. G. (1998) Nat. Biotechnol. 16, 833-838.

19. Kobayashi, Y. & Sobue, G. (2001) Brain Res. Bull. 56, 165-168.

20. Wyttenbach, A. (2004) J. Mol. Neurosci. 23, 69-96.

21. Muchowski, P. J. & Wacker, J. L. (2005) Nat. Rev. Neurosci. 6, 11-22,

22. Cummings, C. J., Mancini, M. A., Antalffy, B., DeFranco, D. B, Orr, H. T. &
Zoghbi, H. Y. (1998) Nat. Genet. 19, 148-154.

23. Kobayashi, Y., Kume, A, Li, M., Doyu, M., Hata, M., Ohtsuka, K. & Sobue
G. (2000) J. Biol. Chem. 275, 8772-8778.

24, Wyttenbach, A., Swartz, J., Kita, H., Thykjaer, T., Carmichael, J., Bradley, J.,
Brown, R., Maxwell, M., Schapira, A., Omtoft, T. F., et al. (2001) Hum. Mol.
Gener. 10, 1829-1845.

25. Bailey, C. K., Andriola, I. F., Kampinga, H. H. & Merry, D. E. (2002) Hum.
Mol. Gener. 11, 515-523.

26. Cummings, C. I., Sun, Y, Opal, P, Antalffy, B., Mestril, R., Orr, H. T,
Dillmann, W. H. & Zoghbi, H. Y. (2001) Hum. Mol. Genet. 10, 1511-1518.

27. Adachi, H., Katsuno, M., Minamiyama, M., Sang, C., Pagoulatos, G., Angelidis,
C., Kusakabe, M., Yoshiki, A., Kobayashi, Y., Doyu, M. & Sobue, G. (2003)
J. Neurosci. 23, 2203-2211.

28. Hirakawa, T., Rokutan, K., Nikawa, T. & Kishi, K. (1996) Gastroenterology 111,

345-357.

~1 (=2 n BB

o

o

>

16806 | www.pnas.org/cgi/doi/10.1073/pnas.0506249102

is selectively affected in polyglutamine diseases including
SBMA.

HSP-Based Therapy for Neurodegeneration. Both genetic and phar-
macological manipulations of HSPs have been demonstrated to
mitigate the pathogenesis of neurodegeneration (54-57). These
observations suggest that GGA-mediated HSP induction may
provide a therapeutic strategy for diverse neurodegenerative
disorders, because these diseases share common pathogenic
mechanisms such as abnormal protein aggregation, disruption of
the ubiguitin-proteasome system and activation of the apoptotic
pathway.

In summary, our observations indicate that GGA is a safe and
promising therapeutic approach for treating many devastating
neurodegenerative diseases, including SBMA.
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Abstract

Deficient RNA editing of the AMPA receptor subunit GluR2 at the Q/R 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 amyotrophic lateral sclerosis (ALS). We quantified the RNA editing
efficiency of the GluR2 Q/R site in single motor neurons of rats transgenic for mutant human Cu/Zn-superoxide dismutase (SOD1) 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 seems 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.
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1. Imtroduction

Amyotrophic 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 GluR2 at the Q/R 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 GluR2 Q/R site greatly increases the Ca* permeability of
AMPA receptors (Hume et al., 1991; Verdoorn 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 Q/R 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-mail address: kwak-tky @umin.ac.jp (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
GlIuR2 at the Q/R site to death of motor neurons in sporadic
ALS. However, although we and other researchers have
demonstrated that dying neurons in several neurodegenerative
diseases exhibit edited GluR2 (Kwak and Kawahara, 2003), it
has not yet been demonstrated whether the underediting of
GluR2 occurs 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 common among various subtypes of
motor neurons.

ALS associated with the SOD1 mutation (ALS1) is the most
frequent familial ALS (Rosen et al., 1993), and mutated human
SOD1 transgenic animals have been studied extensively as a
disease model of ALSI, yet the etiology of neurconal death in
the animals has not been elucidated. Another example of non-
ALS motor neuron disease is spinal and bulbar muscular
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.
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Table 1
RNA 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
pharmacological 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%*4 and SOD1H46R transgenic
male rats (Nagai et al,, 2001) (n=3 each) that had exhibited progressive
neuromuscular weakness with their littermates 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 abnormal gait or evidence of limb
weakness. The mean age of onset of clinical weakness for the SOD169%4
and SOD1™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 SOD1%** and SOD176 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 SOD1%%*4 and SOD1™® lines,
respectively, and we examined their fifth lumbar 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 °C until use,

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

Case (n) GluR2(+) MN with 100%
MN* editing efficiency
(% of GIuR2(+) MN)
SOD1%%%A.1 13 13 (100)
SOD1%%342 21 21 (100)
SOD19%4.3 21 21 (100)
SOD1H4eR 1 19 19 (100)
SOD1H46R o 23 23 (100)
SOD1H46R 3 20 20 (100)
SOD1%%4  Jittermates (3) 22 22 (100)
SOD1PR Jittermates (3) 20 20 (100)

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

Single motor neurons were isolated and collected into respective single test
tubes that contained 200 ul of TRIZOL Reagent (Invitrogen Corp., Carlsbad,
CA, USA) using a laser microdissection system as previously described
(Kawahara et al., 2003b, 2004) (LMD, Leica Microsystems Ltd., Germany)
(Fig. 1a). After extracting total RNA from single neuron tissue, we analyzed the
RNA editing efficiency at the GluR2 Q/R site by means of RT-PCR coupled
with digestion of the PCR amplified products with a restriction enzyme Bbv-1
(New England BioLabs, Beverly, MA, USA) (Takuma 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 DNA Recovery Kit according to the man-
ufacturer’s protocol (Zymo Research, Orange, CA, USA), PCR products were
quantified using a 2100 Bioanalyser. An aliquot (0.5 j.g) was then incubated at
37 °C for 12 h with 10 X restriction buffer and 2 U of BbvI in a total volume of
20 pl and inactivated at 65 °C for 30 min. The PCR products had one intrinsic
BbvI 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 from both 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 Bioanalyser 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 rR (5-CAGCACTTTCGAT-
GGGAGACAC-3"). for human GluR2, the first PCR (187 bp): hG2F1 (5'-
TCTGGTTTTCCTTGGGTGCC-3') and hG2R1 (5-AGATCCTCAGCACT-
TTCG-3'); for the nested PCR (182bp): hG2F2 (5-GGTTTTCCTTG-
GGTGCCTTTAT-3') and hG2R2 (5'-ATCCTCAGCACTTTCGATGG-3).
‘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
GIuR subunits (data not shown). PCR amplification for rat GluR2 was initiated
with a denaturation step that was carried out at 95 °C for 2 min, followed by 40
cycles of 95 °C for 30 s, 62 °C for 30 s, and 72 °C for 1 min. PCR amplification
for human GluR2 began with a 1 min denaturation step at 95 °C, followed by 35
cycles of denaturation at 95 °C for 10s, annealing at 64 °C for 30s and
extension at 68 °C for 60 s. Nested PCR was conducted on 2 pl of the first
PCR product under the same conditions with the exception of the annealing
temperature (66 °C).

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 from case 1, 16 from cases 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 from motor
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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. Samples are the Bbv-1-digest of PCR product from tissues of a single motor neuron from an SBMA patient (b) and from a
mutated human SOD1934 transgenic mouse {c). LM: lower marker (15 bp), HM: higher marker (600 bp).

neurons of mutated human SOD1 transgenic rats yielded only
219 and 59 bp fragments (Fig. 1). Therefore, the values of RNA
editing efficiency at the Q/R site of GluR2 were 100% in 44
motor neurons from three SBMA cases (Table 1), 55 single
motor neurons from three SOD1%%34 transgenic rats, 62
neurons from three SOD1%*® transgenic rats, as well as in 42
neurons from three littermate rats of each group (Table 2). The
consistent finding that the GluR2 Q/R site is 100% edited in
motor neurons of SBMA patients and transgenic rats for
mutated human SOD]1 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 Q/R site in motor neurons of sporadic ALS (Kawahara
et al., 2004), GluR2 mRNA in all the examined motor neurons
of the mutated human SOD1 transgenic rats with two different
mutation sites and SBMA patients was completely edited at the
Q/R site. We have confirmed that postmortem delay hardly
influenced the editing efficiency at the GluR2 Q/R site
(Kawahara et al., 2003b), hence the significant difference in the
postmortem delay between the SBMA patients in this study and
ALS patients in the previous report (Kawahara et al., 2004)
would not have affected these resuits. We examined the motor
neurons in the spinal cord segment corresponding to the
hindlimb of mutated human SOD1 transgenic rats after their
hindlimbs had become weak, indicating that the motor neurons
examined were already pathologically affected. Likewise, we
found that only a small number of motor neurons remained in
the spinal cord of SBMA patients. Thus our results indicate that
GluR2 RNA editing was complete in the dying motor neurons
in both the mutated human SOD1 transgenic rats and SBMA
patients, implying that the neuronal death mechanism is not
doe to the underediting of GluR2 mRNA seen in sporadic
ALS. Since the pathogenic mechanism underlying ALS1 is
considered to be the same as in mutant human SOD1 transgenic
animals, motor neurons in affected ALS1 patients would be
expected to have only edited GluR2 mRNA. Indeed, an
association study of the SOD1 gene in a considerable number of
patients with sporadic ALS reported no significant association
with mutations of the SOD1 gene (Jackson et al., 1997). Due to
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the lack of appropriate animal model for sporadic ALS, mutant
human SOD1 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 SOD1 transgenic animals are merely
a suggestive model for sporadic ALS and a gain of toxic
function in mutated SOD1 kills motor neurons via mechanisms
other than the demise of RNA editing. There are likely multiple
different death pathways in motor neurons, and motor neurons
in sporadic ALS, ALS1 and SBMA die by different death
cascades.
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Abstract

We report a 69-year-old man who developed paralytic poliomyelitis in childhood and then decades later suffered from fatal respiratory
failure. Six months before this event, he had progressive weight loss and shortness of breath. He had severe muscular atrophy of the entire
right leg as a sequela of the paralytic poliomyelitis. He showed mild weakness of the facial muscle and tongue, dysarthria, and severe muscle
atrophy from the neck to proximal upper extremities and trunk, but no obvious pyramidal signs. Electromyogram revealed neurogenic changes
in the right leg, and in the paraspinal, sternocleidomastoid, and lingual muscles. There was a slight increase in central motor conduction time
from the motor cortex to the lumbar anterior horn. Pulmonary function showed restrictive ventilation dysfunction, which was the eventual
cause of death. Some neuropathological features were suggestive of amyotrophic lateral sclerosis (ALS), namely Bunina bodies. In patients
with a history of paralytic poliomyelitis who present after a long stable period with advanced fatal respiratory failure, one may consider not

only respiratory impairment from post-polio syndrome but also the onset of ALS.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegen-
erative disease with selective and systematic involvement
of the cortical and spinal motor neurons, causing systemic
muscle atrophy including of the respiratory muscle [1-6].
Acute paralytic poliomyelitis is caused by infection with the
poliovirus in childhood, which produces spinal motor neuron
damage. This disease affects mainly the proximal muscles
of the legs, and leads to asymmetric flaccid paralysis and
atrophy. With the spread of the polio vaccine in the modern
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era, poliomyelitis has become uncommon. However, in acute
paralytic poliomyelitis patients, various functional disorders
sometimes appear decades after the initial disease. These dis-
orders exacerbate motor, sensory, and respiratory dysfunction
and are known collectively as post-polio syndrome (PPS) or
post-polio muscular atrophy (PPMA) [7-10], which often
mimics ALS symptoms. Conversely, ALS is rarely associated
with antecedent paralytic polio, and mimics PPS [11-13].
About 1% of paralytic polio patients have been reported
to develop ALS [14]. This rate is extremely high com-
pared with the general prevalence of ALS. It is not yet clear
whether the development of ALS is linked to paralytic polio
[15-17].

We report a patient with severe residual paralysis in one
leg from paralytic polio in childhood, who suffered fatal res-
piratory impairment in old age.

CLINEU-1446; No. of Pages 5
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2. Case report

The patient was a 69-year-old man. His history included
febrile-associated acute motor palsy at the age of 4 years,
and subsequent muscle atrophy and right leg paralysis. These
conditions were arrested after the initial disease, with no
relapse or progression. Other limb weakness and atrophy was
not present. This clinical history strongly suggests that the
patient suffered from poliomyelitis. His early acute anterior
poliomyelitis did not seem to involve respiratory muscles. At
20 years of age his right upper lung was partially resected
because of tuberculosis. He had a 40-year history of smok-
ing. There was no history of neuromuscular disease in his
family.

For 6 months before presentation, the patient had gradually
progressing loss of weight and appetite, and noticed shortness
of breath upon walking or exertion. For 3 months, he had
gradually progressing general malaise, difficulty speaking,
and a weak voice. He had difficulty in sleeping, but no snoring
or apnea during sleep. He lost 10kg in weight in 6 months,
and visited our hospital because of breathing difficulty.

At the initial examination, he was alert and intelli-
gent. His height was 158 cm, weight 37 kg, blood pressure
100/70 mmHg, body temperature 36.7°C, and pulse rate
62 beats/min. He had no arrhythmia. Movement of the thorax
was extremely limited on breathing. Severe muscle atrophy
was seen from the right hip through the entire leg, and the
right leg was S cm shorter than the left. There was mild weak-
ness in the facial muscles, dysarthria, and mild paralysis and
fasciculation of the tongue, but no dysphagia. Muscles from

the neck through the proximal arms and trunk were severely
atrophied, but there was no fasciculation. Grip strength was
27 kg in the right hand and 25 kg in the lefi. Limb weakness
was minimal except for the right leg. Deep tendon reflexes
in the limbs were decreased overall. Neither spasticity nor
Babinski’s sign were present. He had no sensory impairment.

Blood tests revealed no anemia, and there were no abnor-
malities in biochemical test results. Thyroid function was
normal, but tests were positive for HBs antigen and HCV anti-
body. There were no findings of pneumonia on chest radio-
graph, and no paresis of the diaphragm. Arterial blood gas
analysis (room air) findings were PH 7.368, PaO, 89.8 Torr,
PaCO, 59.2 Torr, HCO5 33.3 mEqg/L, and Sa0; 97.0%. There
were no abnormalities on electrocardiogram. Clinical respira-
tory symptoms showed no improvement with edrophonium.
Motor, sensory and F-wave conduction velocities in the limbs
were all within the normal range. Electromyogram revealed
marked neurogenic changes in the right quadriceps femoris
and tibialis anterior muscles. In addition, polyphasic and high
amplitude potentials were observed in the paraspinal, stern-
ocleidomastoid and lingual muscles. Repetitive stimulation
was not performed with this patient. Measurement of central
motor conduction was done using the technique of percuta-
neous magnetic stimulation of the brain and spinal cord. Cen-
tral motor conduction time from the cerebral motor cortex to
the cervical segment of the spinal cord (C-CMCT) was mea-
sured by subtracting the latency to onset of EMG activity of
the thenar muscle after cervical stimulation from the latency
to onset of EMG activity to the same muscle after scalp stim-
ulation. The latencies to onset of the action potential of the

Fig. 1. CT findings. (A) Shows a full body image. (B) Shows transverse sections at the levels of the inferior pelvis (a), mid-thigh (b), and mid-calf (c). The
right leg is shorter. Severe atrophy and fatty degeneration are seen from the right hip through the leg.
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