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Fig. 3. Disease progression in hSOD1 (G93A) transgenic rats moni-
tored by four effective measures. A: Body weight. The weight gain
of the transgenic group stopped at around 110-120 days. The differ-
ence became statistically significant at 112 days of age (n = 9 for each
genotype). B: Inclined plane. The wild~type group scored 75-80°
throughout the period, whereas the score of the transgenic group
declined. The difference became statistically significant at 120 days of
age (n = 9 for each genotype). C: Cage activity. The movements of
the wild-type group were stable, whereas the scores of the transgenic
group declined. Significance was reached at 125 days of age (n = 8
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for each genotype). D-F: SCANET. For all parameters (M1, M2,
RG), the movement scores of the transgenic group became con-
stantly worse than those of the wild-type group after 60 days of age.
The differences between the groups increased markedly after 90 days
of age. Significance was attained beginning at 67 days of age for M1
and M2, and at 87 days of age for RG (n = 4 for each genotype).
The comparison between the wild-type and transgenic groups was
stopped when the first of the transgenic rats reached the end-stage of
the disease and was sacrificed. Mean * SEM. *P < 0.05. **p <
0.01; two-tailed unpaired Student’s t-test.
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Fig. 4. Schematic presentation of the results from the body weight
(A), inclined plane test (B), and cage activity (C) assessments. The
onset defined by each measure (black arrowheads) and the end-stage
of the disease (ED, black arrows) are indicated in the figures. a, pre-
symptomatic onset: the day the transgenic rats scored their maximum
body weight, b, muscle weakness onset: the earliest day the trans-
genic rats scored <70° in the inclined plane test. ¢, hypo-activity

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

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

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

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

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

Body weight and inclined

Evaluation methods

plane (n = 20)

Cage activity (n = 8)

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

113.6 * 4.8 (103-124)
125.2 = 7.4 (110-144)

122.8 = 9.2 (109-139)°

Subjective onset (SO)° 126.5 = 7.1 (113-147) 121.3 = 9.8 (109-140)
End-stage disease (ED)° 137.8 * 7.1 (128-155) 134.1 * 8.2 (122-149)
Duration

ED-a% 243 * 6.5

ED-b? 12,6 = 3.5

ED-¢ 114+ 13

Values are means £ SD.
# Maximum of body weight.
® 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;
£ between ED and pre-symptomatic onset,
" hetween ED and muscle weakness onset,
! between ED and hypo-activity onset.

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

type and the Hindlimb-type Rats

Forelimb type (n = 4)

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

Pre-symptomatic onset® 1125 * 6.7
Muscle weakness onset” 125.8 + 2.8
End-stage disease (ED)° 134.0 = 2.4
Duration?
ED-a® 215 = 85
ED-b 83 * 1.0

114.6 * 43 (108.5)
126.7 = 7.3 (113.5)
140.1 + 7.1 (129.5)
25.5 * 6.2 1)
13.4 %+ 3.0 (16)

Values are mean * SD.

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

* Maximum of body weight.

® Less than 70 degrees in the inclined plane test.

° Righting reflex failure.

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

pre-symptomatic onset was the most sensitive of all the
onset measures described in this study (Table 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- (n = 14), and gen-
eral- (n = 2) type, using the probability of objective
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Fig. 5. Comparison of onset, end-stage, and disease progression in
the forelimb-type (n = 4), and the hindlimb-type (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

W

ALS Model Disease Progression 127

Muscle waalness onset

.5

Probability of onset

A

120 138
Age at onset (days)

118 140 150

Motor score

score

¥ 1 ¥ k

6 8 40 12 14 16 18 20

days after onset

oD~

limb-type rats (P < 0.05, Log-rank test). D: Assessment of disease
progression using the Motor score. Affected rats were evaluated after
muscle weakness onset. The forelimb type worsened more quickly
than the hindlimb type. Score decline correlated well with the exac-
erbation of symptoms in both clinical types, clearly and objectively.
Bars = means = SEM. Statistically significant differences between
foreimb and hindlimb types are indicated in the figures. *P < 0.05.
**P < 0.01; two-tailed unpaired Student’s -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 éxpression of mutant hSOD1 mRNA and protein in the cerebral cortex, cerebellum,
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were quantified by real time RT-PCR analysis. C,D: Western blot analysis of the mutant hSOD1
protein was carried out in the same rats. Quantitative analysis was carried out with a Scion Image.
The amounts of proteins were normalized to those of a-tubulin (D).

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

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

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

We examined histo-pathological changes in the spi-
nal cords of the transgenic rats in comparison with those
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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.
**p < 0.01; two-tailed un-
paired Student’s t-test.

ALS Model Disease Progression 129

Lumbar cord (L3}

110 days

MO

ED

control (Wt 160days)

W

g 500
5«
&5 a00 | * -
55
*é.g 300 ok
b 1]
5@ 200 -
£e -
g g 100 |
8 E
|2 0 i 1 1 i
70 days 90days 1i0days MO ED

Journal of Neuroscience Research DOI 10.1002/jnr

-61 -



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%%AMYr 1te)  was reported to
present two phenotypes, including forelimb-type, and a
large inter-litter variability in disease onset (Storkebaum
et al.,, 2005). In the same way, commonly used FALS
model mice harboring hSOD1 (G93A) gene have been
reported to have clinical variability to some extent, and
some of them dominantly show forelimb paralysis (Gur-
ney et al., 1994). In this study, we recognized various
clinical types, including forelimb-, hindlimb-, and gen-
eral-type and established quantitative methods to evalu-
ate disease progression that can be applied to any of the
clinical types of this ALS model. We have also shown
the variability in disease progression to depend on clini-
cal types, that is, disease progression after the onset was
faster in forelimb-type than in hindlimb-type rats. This
difference may be due to the aggressiveness of the dis-
ease per se because we evaluated the time point of
“death” (end-stage disease) according to righting reflex
failure (Howland et al., 2002) to exclude the influence
of feeding problems (bulbar region) and respiratory fail-
ure (level C2~-C4).

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

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

Body Inclined Cage Motor

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

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

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

The second 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 mRNA/protein in the spinal cord and the phe-
notypes of these animals, using real time RT-PCR_ and
western blot analysis after the onset of muscle weakness,
when the clinical type of the transgenic rats could be
defined (Fig. 6). Moreover, the pathological analysis
showed no correlation between the number of residual
motor neurons in each segment and the phenotypes of
end-stage animals. However, because >50% of spinal
motor neurons have already degenerated at the stage of
muscle weakness onset, whether local expression of the
mutant hSOD1 gene and segmental loss of motor neu-
rons correlate with the clinical types of G93A rats should
be further investigated by analyzing younger animals at
a stage when motor neuron loss has not progressed as
much.

The third explanation involves a structural property
of the mutant hSOD1 (G93A) protein itself. It is now
thought that mutations in the hSOD1 gene may alter
the 3-D conformation of the enzyme and, in turn, result
in the SOD1 protein acquiring toxic properties that
cause ALS (Deng et al., 1993; Hand and Rouleau 2002).
For instance, the hSOD1 (G93A) mutant protein has
been reported to be susceptible to nonnative protein—
protein interactions because of its mutation site and
unfolded structure (Shipp et al., 2003; Furukawa and
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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 variability of the clinical course of G93A rats.

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

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

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

The initiation of body weight loss seems to be an
excellent marker to detect the onset and should be
highly recommended. Muscle volume might have al-
ready started to decrease, even in the period of continu-
ous weight gain, as reported for hSOD1 (G93A) trans-
genic mice (Brooks et al., 2004). As a result, it could
detect an abnormality relatively earlier than subjective

Journal of Neuroscience Research DOI 10.1002/jnr

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 cleatly 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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inclined plane test (muscle weakness onset, 125.2 * 7.4
days of age, range = 110-144, Table IV). This coincides
with the number of spinal motor neurons in the trans-
genic rats being reduced to about 50% of the number in
wild-type rats (Fig. 7B). We presume that transgenic rats
do not present obvious muscle weakness until the num-
ber of motor neurons has been reduced to approxnnately
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. 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 GluR2 at the QR site is a primary cause of neuronad death and recently has been reported
to be # tightly lnked etiological canse of motor newron death in sporadic smyotrophic kueral selerosis (ALS). We guustified the RNA editing
efficiency of the GluR2 /R site in single motor neurons of mts gansgenic for tutant human Co/Zn-superagide dismutase (OD) a5 well ag
patients with spinal and bolbar susealar atrophy (SBMAY, and found that GluR2 mRBNA was completely edited in sl the motor neurons examined,
It seems likely that the death casunde s different among the dying motor nenrons in sporadic ALS, familial ALS with mant SODT and SBMA,

03 Elsevier Ireland Lid and the Japan Neuroscience Society. AH sights reserved,

Keywonds: ALS: SODT; Spinal and balbay muscular strophy; Motor newron; BNA editing: GluRY AMPA recepion; Neuronal dewh

1. Introduction

Amyolrophic lateral sclerosis (ALSY is a progressive
neurodegenerative disease with selective loss of both upper
and lower motor nearons, and familial cases are rare. The
etivlogy of sporadic ALS remains elusive bul recently deficient
RMNA editing of AMPA recopior subunit GluR 2 at the Q/R siigis
repotted in motor neurons in ALS that ocours in a disease-
specific and motor neuron-selective manner (Kowahara et al.,
2004; Kwak and Kawahara, 20035}, Morepver, underediting of
the GIuR2 Q/R site greatly increases the Ca™ permeability of
AMPA receptors (Hume of al., 1991; Verdoom e 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 (/R site die young
{Brusa et al.. 1995) and mice transgenic for an artificial Ca®*-
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permeable GluR2 develop motor neuron disease 12 months
aller birth (Kuner et al,, 2005). Such evidence lends strong
support 10 the close relevance of deficient RNA editing of the
GluR2 at the Q/R site fo death of motor newrons in spovadic
ALS. However, although we and other researchers have
demonstrated that dying newrons in several neurodegenerative
diseases exhibit edited GluR2 (Kwak and Kawahara, 200%), it
has not yet been demonsivated whether the underediting of
GluR2 ocours in dying motor seurons in motor newron disenses
other than ALS. Such investigation is of particular impartance
since it will help clarify whether the molecular mechanism of
motor newrons death is common ameng various sublypes of
OLOT neurons,

ALS associated with the SODT mutation (ALS 11 isthe most
frequent familial ALS (Rosen st al., 1993}, and mutated human
S0DT wansgenic animals bave been studied extensively as a
disease model of ALSL, vet the etiology of neuronal death in
the animals has not been elucidated. Another example of non-
ALS molor newon disease 15 spingd and bulbar muscular
atrophy (SBMA), which predominantly affects lower motor
neurens with a relatively slow clinical course: Since the CAG

200% Elsevier Ireland Lid and the Japan Newroscionce Society. A1 rizlus reserved.
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Table |
RNA editing efficiency of single nwotor neuroms in SEMA

Case Age ot death Sex Mo of Cal Pastroorem GIuR X+ MIN with 100% aditing efficiency
fysar) repesty” delay (1) Myt % of Ghilt2(+) MM

SBMA, vase | 71 ] 48 23 i2 12 {100

SBMA. case 2 T M 42 28 16 16 (100)

SBMA, caxe 3 el M 44 1 i6 i (1003

# I\umbef of AL repeats in the androgen recepior gone,

? Motor nevrons i which GIuR2 RTPCR angplifving product was detected.

repeal expmgion in the androgen receptor gene has been
demonstrated  in SBMA {La Spada et al, 1991, and
pharmacologival castration is therspentizally effective in
animal models (Katsuno e 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
ALST and SBMA by determining the editing status of the
GluR2 (/R site in single motor neurons.

3 Mateyials aod methods

The anbmals used I this study were SODTP 4nd SODIH tansgenic
sraate yats (Magai et al, 2001 (r=3 eacl) thal had exhibited progeessive
negromascular weakoess witly thelr Huermstes 38 the contiol (=3 each)
{Tuble 33 The St sign of disease in these rats was waakness of their hindlimbs,
wrostly exhibited by the dragging of one b, Qrael of motor nearas disease
was soared as the first observation of shrovewd gab or evidence of Thab
wekness, The mean age of onser o Chiviesl weakness for the SODITH
s SODPH Ynes wag 1229 & 14.7 and 1447 & 64 days, respectively, As
the disease progressed, the rats exbibited mahed muscle wasting in their
hindlimbs, ond then in the forelimbs, The mean derndon after the dlinkegd
expression of the discase in the 0D and SO ey was 8.3 207
and 24.24 2.9 days, respeotively (Magai ot vl 2 The rats were killed 3
days and 2 weeks alter the onser for the 5O and SODFYR fipey,
reppectively, and we exarined their Bfth lumbar cord. Animals were hundled
secording o Institstional Animad Care and Use Comsmittee approved promeals
that are in lne with the Guideline for Animal Care and Use by the Mational
tostitute of Health, Spinal conds were solated after desp pentobarbitsmate
anesthesin. In addition, spinad cords were obtalned o autopsy from thiee
wmeixmiiy confirmed patients wit] A (Table 1) Wittten Inforned consam
sibtained from all subjects privr o death or Trom thely relatives, and the
Eabiies Coromitiges of Graduate School of Medicine, the Pobeersity of Nagoys
and the University of Tc:&m appwoved the experimental provedures uséd, Spinal
cords were rapidly frozen on dry ice and meinsined at ~80 7C wmil use

Table 2
RNA ediging efficlency of single mator pevrons in mutpted boman SO
transgenis rats

Case (1) GluR2(sy MM with 100%
Mt editing efficiency
% of GluR2(+) Mph
50D 13 13 (1080
BEA 21 21 {100}
21 21 (1003
iy 1 {10
qom;“* 2 23 25 {196)
e s LS| 20 Y (100
QDI fueemates (3 2 32 {10
SOD™Y Hwrmates (33 20 20 {100}

Single motor newvons were isolated and collected Inta respective single test
tubes that contabned 200 gl of TRIZDL Rebgent govitsogen Corp., Carlahad,
O, USAY using o laser micodissection ey 5% previogsly described
{Kawahara of od. 200080, 2004 (LMD, Lmu& Microsvsterys Lud., Gérmany)
{Fiy. 1a). After extracting total KNA from single neuron Ussue, we anglyzed the
RMA editing efficiency ot the GluR2 /R site hy mesns of RTPCR coupled
with digestion of tie PCR amplified products with g restriotion enzyme Bbeel
(WNew England BinLabs, Beverly, MA, USA) (Takuma o1 6, 1999 Kawabar
et uk, 2003, 20043, and the editing efficlency was caletdated by guantitatively
anslyaing the digests witha 2100 Bioavalyser (Agilent Technoloaies, Palo Ahw,
LA UBAY, ax previousty deseribed (Kuawalars et ab. 200343, Badelly, after gel
purification using Zymoctesn Gel DNA Recovery Kit sccording 1o ihe e
ufactarer's provoeal {(Zymo Research, Orange, TA, USA), POR provucts werg
sumdified using » 2100 Bioanalyser, An aliquot (0.5 pa) was Ywn dncebared at
3750 for 12 howith 10 » restriction buffer and 2 U of B in & total volune of
"f} pl anid mcumuﬁ . 65 4 for 30 min The POR products had one intstasic

soguition sites, wherens the products erighimng from snedited GluR2
ithonad reeognition site. Thus, restriction digesiionof the PCR
products originating from edited rat (278 Dbp} and humas (182 bp) GRR2
mlNA should produce fwo bands Qramnan GloR2- I porembests) at 219
{1163 and 39 {06} ip, whereas those ariginating fromg unediied GluR2 mEMNA
should produce three bands ar 140 (813 79 (38), and 39 (60 bp. As the 59
{651 by hand would eriginate from buth sdited asd unedited mRNA, bat the 219
(1163 by band would origisate from oply edited mRNA, we quutified the
solarity of the 219 (116) and 39 (66) by bands using the 2100 Bioanalyser and
caleutated the editing efficlency as the sito of B former 1o the latter for each
sample.

The following primers were wed for PCR for rat and buman GluR2
tamplified product Jengths are also Widicated)r for rav GluR2 78 by
(F-AGUAGATTTAGCCOCTAUGAGY) and R (FCAGCACTTTOGAT
GGGAGACAT-F). for human GloR2, the fest PCR (187 bpy BGIRL (5
TCTGGTTTICCTTGGOTGOC-3) wnd hGIRT (BAGATCCTCAGCACT-
TTCOH-3 for the seswed PUR (1820pk hGIFEY 3LGUGTTTIC
GGTGCCTTTAT-3Y and BGIRZ (S-ATCCTCALCAUTTTCOATGG-3
We umhmmii (%1&1 th«;:sa' yr;mer ;}am were sitnated in pwo distioon exons with
iy prodocts originatiog from othey
t‘.}ixs}% wbumis a,_d*;w m)t show n,,)‘ PCR Ay phmumz Tor et GlalD was indtated
with ¢ denaturation step that was carrded out g 93 “C o 2 min, followed by 40
cycles of 95 "Clor 30 ¢, 62 °C for 3 5, and 72 *C for 1 min, PCR amplification
for humar GlaR2 began with g 1 min denaturation step a1 95
eycles of denuturation at 95 °C for 105, sumealing at 84°0 for 30s ad
extension 4 68 % for 6y ] POR was conducted on 2 gl of the firgt
PCR produsy under the same wmjimma with the exception of the mmealing
femperature (68 Y0

3. Resulls

The number of moior neurons was severely decreased in the
spinal cord of SBMA patients, and we analyzed 44 neurons
dissected from three cases (12 from ease 1, 16 from cases 2 and
33, Restriction digestion of the PCR products yielded only 116
and 66 bp fragments but no 81 or 35 bp fragments as seeq in
ALS motor neurons in all the SBMA motor neurons examined,
Likewise; restriction digestion of the PCR products from motor
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v 219 bp iy
1
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153
8
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2
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elpctropherogram by & 2100 Bloanalyser. Samples ave the Bhw-1-digas

of POR product

11 e dissection with @ heer-micrsdissenion (b and ¢ Ao example of
om Hesugs of a single motor neuron fram sn SBMA pavient (8 and from 5

mutated hwman SQDTHHA frpnsgenic mouse (o) LA lower soarker £15 bpy, HM: bigher marker (600 bpi

newrons of mutated human SODI wansgenic rats yielded only
219 and 539 bp fagments (Pig. 1), Therefore, the values of RNA
editing efficiency at the (YR site of GluR2 were 100% in 44
motor neurens from three SBMA cases (Table 1), 33 single
mator neurons from three SODIYA wansgenic rats, 62
newrons from three SODR ansgenic rats, as well as in 42
neurons from three littermate rats of each group (Table 2. The
consistent finding thay the GluR2Z QU/R site is 100% edited in
motor nevrons of SBMA patients and transgenic rais for
mutated human SODT s in marked contrast o the finding in
ALS motor newrons that the editing efficiency widely varied
among neurons ranging from 0% o 100% (Kawsahara ot al,
20043,

4. Diseussion

Compared to the sigoificant underediting reported for the
GluR2 QAR site I motor newrons of sporadie ALS (Kawahara
et al., 2004), GluRZ mRNA i all the examined motor neurons
of the mutated human SODT transgenic rats with two different
mutation sites and EBMA patients was completely edited at the
(/R site. We have confirmed that postmortem delay hardly
influenced the editing efficiency at the GluR2 /R site
{Bawabura et al., 2003b), hence the significant difference in the
postimoriem delay betweesn the SBMA patients in this study and
ALS patients in the previous veport (Ravenhars et al, 20043
would not have affected these resulis, We examined the miotor
neurons i the spingl cord segment corresponding o the
hindiimb of mutated human 50D transgenic rats after their
findlimbs had become weak, indicating that the motor neurons
examined were already pathologically affected. Likewise, we
found that only a small number of motor newrons remained in
the spinal cord of SEMA patents. Thus our results indicate that
CIuR2 RNA editing was complete i the dying motor neurons
i both the mutated human SODT transgenic rss and SBMA
patients, implving that the veuronal denth mechanism is not
doe to the onderediting of GluR2Z mBRNA sesn in sporadic
ALE. Since the pathogenic mechanism wnderlving ALST is
considersd to-be the same a5 In mutant bumsn S0D1 wransgenic
antimals, motor newrons in gffecied ALST patients would be
expected 1o have only edited GRI mBNA, Indeed, an
association study of the SOD1 gene in a considerabile numberaf
patients with sporadic ALS reporied no significant association
with mutations of the SO gene (Jackson et al., 19973, Due to
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the lack of appropriate animal model for sporadic ALS, mutant
human SODT ransgenic anbmals 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 buman 50D transgenic apimals are merely
a suggestive model for sporadic ALS and a gain of toxic
function inmtated SO 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, ALSI and SBMA die by different death
cascades.
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Bpinal and bulbar muscilar atrophy ($BMA} b5 an adultonset
motor neuron disesse caused by the exparsion of a winucisotide
CAG repuat encoding the polyglutamine tract in the First axon of
the androgen receptor geas (AR). The pathogenic, polyglutamine-
axpanded AR proteln accumulates in the cell nudeus in 2 ligand-
dependent manner and inhibits transoription by interfering with
transcriptional factors and coactivators. Heat-shock proteing {(HSPs}
are stress-induced chaperones that facilitate the refolding and,
thus, the degradation of abnormal proteins. Geranylgeranyiac-
stone (GGA), & nonoxic antiufter drug, has been shown o po-
tenily induce HSP expression in various tissues, including the
sentral neryous system. In a tell model of SEMA, GGA Increased the
levels of Hep?0, MspB0, and Hap105 and inhibited cell death and the
accumulation of pathogenic AR Oval administration of GGA alse
uprregulated the expression of HSPs In the contral nervous system
of SBMA-transgenic mice and suppressed nuclear accumulation of
the pathogenic AR protein, resulting iIn amelioration of polygiu-
tamine-depentdent newromusculae phenotypes, These observes
ons suggest that, although a high dose appears to be neaded for
chinical effects, oral GGA administeation is a safe and promising
therapautic candidate for polyglutaminesnedisted neurodegen-
erative diseases, induding S8MA.

spinal and bulbar muscular atrophy | geranyigeranylscetons | androgen
revepior | hestshock factoe1

xpansion of a trinucleotide CAG repeat encoding the polyglo
tamine tract wauses inherited sewradegenerative disorders,
including spinal and budbar wuscular atrophy (SBMAS, Hunting-
ton’s disease, dentatorubral pallidoluysian strophy, and seversl
forms of spinocerchellar ataxia (1, 23, Al these polvghtamine
diseases show progressive and refractory neurclogival svmptoms
with selective neurongd cell Toss within the susceptive regicns of the
nervous system. SBMA i« lower motor neuron disease éxclusively
sffecting mules and characterized by adult-onset proximal muscle
atrophy, weakness, fusciculations, and bulbar involvement (3, 4},
The molecular basis of this disease is eJongation of a polyglutamine
tract in the androgen receptor (AR) protein {5}, the toxicity of
which is considered a reajor cause of newrodegeneration in SBMA
{6, 7). It has been postalated that pathogenesis in SBMA results
from testosterone-dependent sccumulation of pathogenic, polyalu-
tamine-expanded AR in the cell nucless {8, 9). This hypothesis is
strangly supported by the observation that intranuclear accumulg-
tion of disease-causing protein leads to transcriptions] dysregula-
Hon, a supposed pathway of newrodegeneration in polvglutaming
diseases {16, 11

Aceomdated polyglotamine-containing profein i commonly
seen ay diffuse nuclesr staining or & Indlusion bodies, the his-
topathological halhmarks of polyglutamine disenses. Although ine
clusion bodies appear o represent 4 cellular defensive response,
diffusely accumulated polyglutamine-containing protein in the
nuclens possesses a distinetly toxic property (12-14), Accumulation
of pathogenic protein is, thus, & major target of therapeotic
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shrategies for polyglutamine discases. This view Is supported by
animal studies showing that hormonal interventions Towering se-
ram testosierone levels successfully prevents nuclear sccumulation
of pathogenic AR und, thereby, rescue the phenotypes of mouse
models of SEMA (8, 15, 16).

Hest-shock proteins (KI5Ps) are stress-induced molecular chap-
erones that play a erugial wle in madniaining correct folding,
assembly, and intracellulay transport of protebss (17, 18} Under
toxic conditions, HEP syathesis is vapidly up-regulated and noma-
thve proteins are refolded: There Is increasing evidence that HSPs
sbrogate polyglutamine toxicity by refolding and solubilizing patho-
geaic profeins (19-21), Overexpression of Hep?, together with
Hspdlh, inhibits toxic accumulation of aboormal polvglutamine
protein and suppresses cell death in & varlety of cellular modelz of
polyghutaming di 5 including SBMA (22-24), Hsp70 has alo
been shows to Eacilitate proteasemal degradation of abmormal AR
profein in a cell culture model of SBMA (23}, The salutary effects
of Hep? have been verified in studies by using mouse models of
polvghstamine discasey (26, 273, However, dinical applications
based on these studies have certudn Hmitations because they used
genelic overexpressinn of Hsp?0,

Geranyigeranylscetone (GGA)Y b an acyclic soprencid com-
pound with a retinoid skeleton that induces HEP synthesis invarious
tissues including the gastric muchsa, intestine, Hver, myocardium,
reting, and contral nervous systom {28-32). Oral administration of
GOA rapidly uparegulates HER expression in response to a variety
of stresses, although this effect is weak under nonstress conditions
{29} With an extremelylow toxicity, this compound has been widely
used as an oral antindesr drog, The atm of the present study 5
investigate whéther aral GGA induces HEP expression and thereby
suppresses polyplutamine toxicity in coll eulture and mouse models
of SBMA,

Materials and Methods

Adenavirus Yacter, Adenovirus veciors were comstrucied with the
BD Adeno-X Espression system according o the mandsciurer’s
protocol (Tnvitrogen). Briefly, truncated AR constructs containing
GFP (24 CAG repents, 213 Netermingd amino acdds of AR or 97
CAG repeats, and 442 Meterminal amine acids of AR) (23) were
cloned ino the pShuttle vector between the Niel wnd Xbal sites.
pahuttle vectors with truncated AR24 or ARY7 were digested with
FCeul and P1-Scel. After in virre ligation, recombinant adenovirus
vector constructs containing the respective. ransgenic fragments
were used to transfect HERZ93 cells, and the veotors were isolated
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by wsing the frecze-thow method, Finally, virus tifer was deter-
mined by using the BD Adeno-X Rapid Tier kit (Invitrogen),

Cell Culture. The human newroblastoma cell Hne (SELBYFY, Ame
ican Type Culture Collection No. CR1-2266) was maintained
DMEM/FIZ { Invitrogen) supplemented with 10% FCS. Aitu
neural differentiation in differentiation medium {(DMEM/FI2
supplemented with 5% FCS and 10 gM retinoic acid) for 4 davs
SH-SYFY cells were infected with the recombinant adenovirus
vectors containing truncated AR or AR97 at a multiplicity of
infection of 20 for 1 h and then treated with GGA. Al each fime
point (0, 2, 4, and & daysy after infection, cells were fixed with 4%
paratormaldehyde for 10 min at room temperature, s.aumeram;.ma%
with propidiven {odide (Molecular Probes), and mounted in Gel-
vatol A confocal laser scanning microscope (MROI024, Bio-Rady
ani a conventional fluorescent microscope were used to determine
the degres of neuronad cell deatl and the presence of GFP-Jabeled
ARZ4 oy ARYT protein in diffuse nuclear aggrepates or i inclusion
bodies. Quantitative analyses were made from triplicate determi-
nations. Duplicate slides were graded blindly in two Independent
trinls as deseribed in vef 23

immunpcytochemistry, Cells wore fived with 4% paraformaldehyde
and incubated with an ami-HEF-1 (HSF, heat-shock factor-1)
antibody (15000, Stessgen, Victoria, Canada) and sntbrabbit
Adesa Fluor 568 antibody (11,000, Molecular Probwes), then coun-

T

terstained with Hoechst 33342 (Moleaular Probes).

Animals, AR-240) and AR mive were generated by using the
pﬁAﬂxCJ% vector as described in 8 and 33, The mouse rotarod task
a3 performed with an BEconomex rotarod {Colombus Instruments,
C@ nmbus, OH), and cage activity was measured with the AR
svstem {i‘wmmcmnca Tokyo) as described in rel 34, Fach cage
contained three miice, which were subjected to a 12-h light/dark
cycle. All animal experiments werg approved by the Andmal Care
Commitier of Nagoys Unbversity Graduate School of Medicine.

GGA Treatment. GOA was a gift from Blsad, Toe. (Tokyo) For
treating cultured SH-8YSY calls, GOGA was dissolved in sbsolute
ethano! supplemented with 0.2% e-tocopherol, and ethanol with
cetovopherol alone was used as vehidde, For oral adiministation to
mice, GOA granules were mixed with powdered rodent chow at
concentrations of 0.25%, (1L3%, 1%, and 2%, GGA was adminis
trated 1o mice from 6 weeks of age until the end of the nnalysiz
without withdrawal or dose reduction.

All mice had gndimited
access 1o food and water, Net consumption of GGA was deter-
mined based on the amount of food consumed in each cage,

Western Blotting, SH-SYEY celis were hved in CellLytic bsis bulfer
{Sigma-Aldrich) conlaining a protease inhibitor mixture {Roche
DHagnostizs). Mouse tssues were homogenized in buffer containing
30 mM Tris (pH 81, 150 mM NaCl, 1% Nonidet P40, (5%

eholate, 019 808, and 1 mM ”wmmmpméﬂmmiWslh 1o
PMSE, and 6 pg/ml aprotinine and then crmmfngu:i Al 2500 ¥ g
for 15 min, Toaxteact the nudear and eyvtoplasmic fractions, mouse
tissues were treated with NE-PER nuclear and cytoplasmic extrac-
Hon reugents (?uwm ); cultured vells were is sed in butfer containing
10 mM TrisHC G ol 7.4), 10 M NaC), 3 mM MgCI2, and 115%
Monidet P40 and then ws;::mu,d i i@uf‘fu containing 50 mM
TrisHCI (pH 6.8), 2% SDS, 6% glyeerol, and protease inhibitor
misture (Roche Disgnostics) Fqua amounis of proteln were
separated by 3-209% SDS/PAGE and vranslered to Hybond-P
membranes (Amersham Pharmacis Biotech), Primary antibodies
and concentrations were as follows: AR (11280, 1:1,000, Santa Cruz
Biotechnology) Hsp70 (121,000, Siressgen Biotechnologies, Victo
via, Canada), Hse70 (1:5.000, Sirmwm Biotechnologies), Hep23
{15,000, Stresspon Biotechnol omes} Hepdl {1:5.000, Siressgen
Biotechnologies), HspsD {1:5000, Stressgen Biotechnol m,wx)
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Cirp78 (LA 00, Srressgen Blotechnologies ), HspSU {11,000, Stress-
gen Bictechnologies), HspiS (1250, Movocustea };Abmaims\
i‘iimr:agik,i K HSE-1 {1:3.000, Stressgen Biotechnolog
thigredoxin {12,000, Redox Bmwenm Kyoto, Japan). Prxmws
antibody binding was probed with horseradish peroxidase-
conjugated secondary antibodies at a dilution of 23,000, and bands
were detected by using immunoreaction enhance solution {Tan Get
Signal, Toyobo, 't;nm‘p and enbanced chemiluminescence (BECL
Plus, Amersham Biosciences, which is now GE Heal theare) An
LAS3000 imaging system (Fuji) was used to prodoce digial images,
Sigoal invensities of three umspendf.m blots were qummﬁcij swith
IMAGE GAUGE software version 4.2 (Fu;z} and expressed in arbi-
frary units. Membranes ware reprobed with anti-ce-tubulin (13,000,
Sunta Crue Biotechnology), or antbhistone H3 {1810, I};)&{'wd
Biotechnology, Lake Placid, NY) antibodies for normalization,

tmmunohistochenistry. Mice anesthetized with ketamine-xyiazine
were perfused with 4% paraformaldehyde fixative in phmphstc
buffer (pH 74). Tissues were dissected, postfized in 10% phos-
phate-buffered formalin, and processed for parafiin embedding.
Bections 10 be stained with anti-polyglutamine antibody 702 were
treated with formic acid for 3 min at room temperatore; those o be
incubated with anti-HSER-] antibody were boilled in 10 mb gitrate
buffer for 15 min. Primary antibodies and dilutions were ss follows:
polyglutamine (120,000, Chemicon, Temecula, CA), Hep70 (1:500,
Stressgen Riotec hnnimgw} soagd senti-FIBTS1 {15000, Stressgen Bia-
fe chnoim,m} Primary antibody binding was probed with a labeled
pvlvmsr of secondary amtimdv as part of the Envisdon+ system
containing horseradish pn:,re.}wiase {DrakoCytomation, Gostrup,
Denmmark). The number of 102-positive cells in the spinal cord and
muscle were determined as deseribed in refl 27,

Statistical Analyses. We analvzed data by using the Kaplan-Meiey
and log-rank testfor survival rate, ANOVA with Dunnett’s post o
test for multiple compuarisony, and anunpalred Htest from $TATVIEW
software verston 5 (Hulinks, Tokye],

Resulis

GGA Suppresses Polyglutamine Toxicity in Cellular Model of 38MA. To
testwhether GUA suppresses cellular toxicity induced by expanded
polyglutamine, we generated g cultured cell model of SBMA.
Adenovirus vector-mediated expression of o truncated AR with 97
CAGS (tARTIO) resulted in the formation of inclusion bodies in
the nuclous and cytoplasm aswell ay eventual cell death n human
newroblastoma cell line SH-SYSY, wheress expression of AR
containing only 24 CAGs AR showed no such toxicity (Fig.
14 and B). GGA administration reduced nevronal gell death ag
defected by propidivm jodide staining in the colls expressing
TARITO, the strongest effect oocurring at a dose of 1079 M (Fig. 1
Band O Al ihomﬁa G A failed to decrease the number of the cells
containing vinclusion bodics, Western blot analysis using ananthAR
N terminus antibody demonstrated that GGA gignificantly dimin
ished the amount of a high-nwleedarweight complex, whic
eorresponds to oligomers of IARITQ (Fig 1.0 and E3 (3
CGIOGA reaiment suppresses eviotoxicity o aused by accumuiation of
AR with efongated polvglutaming withoud inhibiting inclusin body
formation,

G&A Induces HEPs in Cellular Mode! of SBMA. To determine whether

HSP exprossion, we determined HSP levelsin the cell cilture model
of SBMA after GOA treatment. GGA up-regulated expression of
Hep 73, HspO0, and Hspl03 i the cells with tARY70) but didnot in

“thase with tAR24Q (Fig. 2 4 and B). CUveloheximide treatiment

eliminated GGA-mediated HSP induction and suppression of vell
death 2 € and I3, Expression of Hsc¥, 2 constitutively
mpmm} Hw was pot increased by GOA treatment; no GGA-
mediated upprepulation was detected for other HS8Pstested, such as
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Fig. 1. Effects of GGA on pulyghutamine toxichy In cultured cell. (A1 Pune
teted agiregates visuslized with GFP (arrowhead) are formed n SHEY.5Y
eells Infected with an adenovirus vecior containing fruncated AR with 37 CAGs
{EARFTO-GFF but nat in thoss bearing tAR24GQ. (B Preguency of cell desth §
days after Infection as detected by propidium fodine stalning {3 # = 005
compared with unireated tARI7Q cells). {C Supprassion of cell duath by 634,
{03 Freguency of rells bearing agnregates. (8) Ant-AR analyshs of Westarn
tiots of extracts from cells infenterd with tARG7CL Brror bars indicele 50,

Hepd and Hept0, or for thioredoxin, a redopregulating protein
{data not shown). Westorn blotting (Fig, 2 F and Fy snd immuno-
eyvtochemistry (Fig. 2G7) revealed that GGA incressed the nuclenr
uptake of hyperphosphorylated H8F-1, o transeription factor reg-
ulating HEP expression in the nuclens, Given that sctivated HEE-1
forms a hyperphosphorylated trimer and translocates into the

to HEP upregalation,

GGA Ameliovates Symptomatic Phenotypes of SEMA Wouse. To
examite whether pharmacological induction of FSPs alleviates
polyglutamine-dependent newronal dysfunction, oral GGA was
adminisirated totransgenic mice bearing human AR with 97 CAGs
{AR-970). The actual amount of GGA was consiani in each
tregtiment group duriag the vreatiment period {see Table 1, whichis
published as supporting information on the PRAS welb site). Ol
GGA ameliorated muscle atrophy, gait distwrbance, rotarod dis-
ability, and body weight loss In AR970 mice at botli doses of {15
and 196 of food, which correspond o =600 and 1,200
mgrkg hday ™, respectively (Fig, 3.4-% and Table 1), The life span
of AR-97Q mice treted orally with 0.5 or 1% GGA was signifi-
canily extended compared with that of sntreated AR-970 mice.

%

(F = (.001) (Fig. 3F). GGA failed o alleviate motor dyshanction in
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Fig. 2. GGA-mediated HSP induction in cultursd coll. {4 Anti-HEP snabysis of
Western blots from cells infertted with TARBIQ and trested with GGA. (8)
Guantification of the levels of HEPs from tARITOInfeciad cells after 2 days of
GGA trestment. () Anti-HapTh analysls of Western blots from 1AR70 calle
treated with orwithout cydoheximide (D) Fraquency of celf death 2 days ofter
infection as detected by propidium indine staining {»% £ < Q.04 cormpared
with TARYFG cells treated with GGA but not with cycloheximide). {F and £
Anth-HBF-1 anglysis of Western blots of the cellular nudesr fractior (£} and
thatof total cell lysste (B, Upper bands cormsspond o the hyperphosphory-
iated, active form of HERT, () Immunooytodvemistry for HSRY. Brror bars
indicate 50,

AR-Y0 mice af 2 dose of 0.25%. A higher dose of GGA, 2% of
food, wmhibited body growth and had no benefidal elfects on the
neurological phenotypes of the AR-970 mive. Although no hepatie
or renal taxiclty was demonstrated at other doses, this high dose
cagsed Hver enlargement und dysfunction i wild-type and trans-
genic mice (see Table 2, which is published as supporting informa-
tionr on the PNAS web site).

GGA Induces HEP Expression In SBMA Mice Through H5P<1 Activation,
To exumine whether the GGACnduced improvement in the phe-
notypes of AR-970 mice was due o induction of HSPs, the
expression levels of HSPs were determingd. Oral GOA increased
the expression of Fsp70, HapBl, and Fspi0s in the central nervous -
systerm and in the skeletal muscle of AR-Q7Q) mice gt the doses (0.3
aned 1% of food) dutt were shown to improve symptomatico pheno-
types of AR-970Q mice (Fig. 4 4-C amd Fig. 6 4 and B, which i
published a5 supporting information on the PNAS web site). The
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Fig. 3. Effectot GOAnnneuralogicel phenotypesaf AR-SY G mice. (A Musdls
atrophy of 13-weak ARS70 mive, {8 Footpring of 13-wesk AR-S70 mice.
Front pavwes are showrd in red, and hing paws are shown in blue. (O Stride

{0, ody veelght (£}, and cumnulative survival (F) of male AR-QTG mite treated
with GGA {5 = 12 for gach group) and untreated coumterparts in = 15k
Hotarod performance significantly Improved after GGA at doses of 8.5% and
1.0% (P < 80001 at both doses compared with nontreated mice 81 3vimaks),
arrd hody waight intressed significartly at 3 dose of Q5% 1P < D005 21 0.5%
and 27000 2t 1.0%, a1 14 wesks), Brear bars indicate SD.

induction of T18Ps was not Jearly observed in the contral nervous
system wntil 3 weeks after treatment Initiation, but it continued for
gl least 4 weeks thereafter (sce Fig. 74, which s published ag
supporting information on the PNAS web sited, HEP induction by
GGA was undetectable ot a dose of 0.25% and was not significant
at 2%, in agreement with the lack of therapeutic ¢ffect on wotor
ton at these doses. Grp78, Hsp25, Hspdd, Fapsl, and thiore-
doxin were not Induced by GGA administration (see
Fig. 7.

To examine whether (H3A induced HSP expression through
HSF-1 activation, the sudear transtocation of HSF-1 was investi-
gated after GGA weatment. In the untreated state, the kevel of
nuclewr accumdated hvperphosphorylated HSE1 in the contral
nervous systems of AR-Y70 mive was lower than in the wild-type
wice, However, when ARG mive vecelved 0539 oral GGA,
nuclear translocation of HSF-1 was higher than in the nontrealed
mice {(Fig. 40 and Fig. 8, which is published as supporting infor-
mation on the PNASweb site). In contrast, nuclear translocation of
HSE-1 in skeletal muscle of unireated ARDTG mice & already
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Fig. 4.  GGAsmudiated HSP induction in AR-S7( mice. {A) Western bioiting
fosr various HSPs In the spinal cord of Tewesk, wild-tepe {00, AR240 and
AR-BTC mice. {BY Western blotiing for varlous HEPy inskelotal muscle of
14-vwpek wild-ype, AR-240, srd ARG mive. (G vwnunohistochenistry for
Hsp 70 in 14-webk wilt-type, AR-24Q; aned AR-97C mite. {D) Western bioting
of nuclear fraction from spinad ord and that from mustle ustng snti-HER4
antibody, Upper bands correspond to the hyperghosphinrylated active formaf
HEF-1,

much higher than n wild-type mice, thus perhaps explaining the
high degree of Hsp70 induction in ARS70Q mice. After GGA
treaiment, nuclear transioeation of HYE-D in skeletal muscle of
AR-9T0) mive was even higher than it was in unfreated AR970
mice, contributing (o a higher induction of ¥ap7H (Figs, 40 and 8}
These experiments suggest that oral GOA restores activation of
HEF-1, which s inhibited by expanded polyglufamine i the af
focted nervous tissues of AR-I70) mice,

GGA Inhibits Accurnulation of Pathogenic AR In Buclous. With the sim
of evaluating the effect of GGA on ‘théﬁnu(ﬁlem“ aceqmulation of
ghnoymal AR, immunohistochemistey with antb-polyglutamine an-
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body. (8] Quantifization of 1C2-positive calls In spinal corg amd musdle of
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Ta-week ARG7E mive and guamtification of the ﬁsgh«mc;ecuiar»v saight, sbh
normil AR comple indivated by @ smesr from the 1op of the gel. Brror barg
indicate 50,

tibody 102 was mrfommd o Hssues from GOA-administrated and
untreated AR-970Q mice, Oral 1.5% GG A decreased the aumber of
HZ-positive cells I nervous tssues and, to a lesser extent, in muscle
{Fig. 5.4 and B). Westenblot analysis using an antibody against AR
demonsirated that 0.3% oral GOA reduced the amount of the
high-molecular-weight complex of abnormal AR {Fzg, 3C). These
findi ings supgest that oral GGA-mediated HSP induction inhibits
nuclesr accumulation of abnormal AR, leading to mitigation of
polyalutamine-dependent pathogenesis,

Discussion

GGA Imfuces HSP Expression. In the present study, GGA induced
Hsp70, Hsp90, and Hspl05 in a cultured cell model of SBMA,
leading s abrogation of polyglutamine-medinted ytotoxicity, Furs
thermore, oral GGA afleviated neuronal dysfunction through in-
duction of HSPs in 3BMA mice.

GOGA was firstinbroduced as a nontoxic inducer of Hsp70 in rat
gastric mucoss {28} Ol GGA has also been reported to induce
Hsp7iin the contral nervous systens ss well a5 in the small intesting,
liver, heart, and refina of rodents without any adverse offects
{29-32, 36, 37}, The present study suggests that the required dose
for HSP induction in the SEMA mouse model is =600
mgekg ™ day ™, whereas 200 myrkgdayF induces "H §P expression
in nonmewronal tssues of rodents under stress (28, 36). Several

Batsung et ol

studies have verified that Hsp70 induction is due o GGA-mediated
activation of HEF-1, a transeription factor that regulutes expression
of Hep?0 (28, 371 In the 8BMA mice, GGA facilitated nuclear
translocation of HSP-1, leading to induction of Hep70, in the
affected Hssoes,

GOGA showed no adverse effects at the salutary doses used in the
preseat study, although hepatic toxicity wus detected at u higher
dose. Low woxicity of GGA is adv antageons, because conlinuous
administration of GO A af w high dose s rz,i;imeci for treating slowly
Ve mum&a,gmammu disease {6, 7). Pharmacological in-
duction of HSP by using GGA thus agsg}{:am W be an applicable:
therapeutic strategy for &iBM;& abthough careful attention should
be paid To adverse offects during i@ﬁ‘-’?‘ﬁ,fm frentment,

H5Ps as Therapeutics for Polygltamine Diseasss, In the present
study, GGA-mediated HEP induction resulted in inhibiting the
accumulation of abnormal AR in the celiular and transgenic mouse
modely of SBMA. Accpmulation of abmorml protéin Bas been
eonsidered central o the pathogenesis of polvglutamine diseases,
inciuding SBMA, I has been postulated that expanded polygu-
tamine confers a mopomeric protein conformational change from
rasdom coil o B-sheet, leading to formation of a polyglutamine
oligomer {38, 393, The misfolded monomer and oligomer exercise
their toxic effects by interacting with normal ellular projeins,
Direct inhibition of polyglutamine oligomerization by Congo ved
has been demonstrated © oxert therapeutic offects in o mouse
model of Humtingtons disease (40}, Whereas oligomerization of
causative proteins has been tmplicated in the pathogenie processes
of neuredegeneration in polyelutamine diseases, the formation of
inclusion bodies or mature amvleid fibeils appearss © possess
eytoprotective properties (13, 413, Based on this hypothesis, H8Ps
have been drawing a great deal of attention because they inhibit
oligomer assembly and thereby mitigate polyglutamine foxicity (20
21, 38). This view Is supported by the fact that overgspression 0t
Hsp?i} attenuates the accumulation of polyphtamine-comtaining
profein, resuliing in amelioration of neurpdegeneration In a;mm§
maodels of spinocerebellar ataxias or SBMA (26, 27

GGA weatment significantly seppressed nuclesr sccumuly-
fion of abnormal AR in SBMA mive but did not inhibit inclusion
body formation in tultured cefls, This inconsistencey does not
necessarily deny a beoeficial effect of GGA on polvghiamine
aggregation, because H can be cxplained by several lnes of
evidence: (7)) HEPs facilitate amyvieid fibrll formation by stabi
lizing the conformation of abaormal polye ummmwmpand;d
protedn (42, and (1) HEPs biochemically alter the structure of
inclusion bodies (43, 44).

Hsp70 overexpression, however, fails to alleviate neuradegen-
gration or aggregate formation in the R6/2 mouse model of
Huntington's disease (45, 46), This discord appears to indicate
that highu levels of Hep 7l or the congomitant induction of other
HEPs is required 1o allevigte Huntington’s disease pathology. In
addition to Hsp70, various molecular chaperones that colovalize
with aggregates have also been shown 10 suppress polyslutaming
toxicity: Hspdl-associated Hsp70 (23, 433, Hspl, and Hspl0s
{47, 48). Oral GGA induced Hspit dnd ii*«pl(}ﬁ in the mouse
model of SBMA and such diverse HSP up-regulation might
contribute W the beneficlal effects of GGA in the 8BMA mice.

H5P in Pathogenasis of poly( Diseases, Not only are HEPs consid
ered potent suppressors of polyglutamine ic);,;mv but they ave
abso implicated i the p&ifm;,e:msx% of muwdcgmu&tign {204
There are several lines of evidence that polyglaramine elongs-
ton weakens the protective responses for coping with cellular
stress, Truncated AR with expanded polyghutamine delays the
mduction of Hap70 affer heat shock {493, In the $SBMA mice we
sxamined, the level of Hsp70 in spinal cord was decreased before
the onset of motor dysfunction. A similar imdsrag hay also been
reported in the R6/2 mouse mode! of Huntington’s disease {465,
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In cur SBMA mive, abnormal, polvplutamine-expanded AR
seems © inhibit suclesr translocation of HSP-1 in the central
nervous system, leading o a decrease in the level of Hep¥0. In
mammalian cells, induction of Hep70 reguives acthvation and
nuclear localization of HSF1. In the presence of nonnative
;)mtum HSF-1 is derepressed, forming 4 trimer that translocates
into the nucleus and binds to heat-shock elements within the
gene encoding Hsp70 {50}, In cellular models, thisstress«induced
muchear accumulation of HSF-1 has been designsted nuclesr
granules (51}, Aggregates of shnormal ataxin-1, the causative
protein in &pimwmbﬁ}}w ataxia i, have been shown o hinder
induction of puclear granules in response io heat shock (32},
Therefore, fathwe of HEP-1 activation appedrs 1o enhance
polyglutamine toxicity. In this context, it is intriguing that
inhibition of the nudlear accumulation of HSE-1 was detecied in
spinal cord but not in muscle of SBMA transgenic mice. Given
that the threshold for HEP induction i3 mlameiv high in motor
newrons (33}, motor-neuroirspecific inactivation of HSP tran-
scription might partially explain why the central nervous system
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HSP-Based Therapy for Neuredepeneration. Both genetic and phar-
maeological manipulations of HEPs have been demonstrated
mitigate the pathogenesis of neurodegeneration {54-37). These
observations suggesi that GGA-mediated HSP induction may
provide a therapeutic strategy for divense nm.:,t.csﬁxgc:zumim:
disorders, because these diseases share common pathogenic
mechanizms such as abnormal protein aggregation, disruption of
the ubiguitin-protessome system and activation of the apoptotic
pathway,

I surnmary, our obseveations indicate that GOA Is a safe and
promyising therapewtic approach for {reating wmany devasiaiing
newrodegenerative diseases, including SBMA.
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