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number of nerve fibers {s reduced in the ventral spinal nerve
root, reflecting motor newronopathy, Sensory neurons in the
dorsal root ganglia were less severely affected, and largs
myelinated fibers demonstrate a distally accentusted sensory
axonopathy in the peripheral nervous system. Neurous in the
Onufrowicz noclel, intermediclateral columms, and Clarke’s
columns of the spinal cord are generally well preserved. Muscle
histopathology includes both newrogenic and myogenie find
ings: there are groups of atrophde fihers with a number of small
angular fibers, fiber type grouping and clamps of pyknotic
nuclel a5 well as vardability in fiber size, hypertrophic fibers,
scaticred basophilic regencrating fibers, and central nucled
{Figs. 1B and C)

A pathologic hallmark of polyglutamine diseases is the
presenee of muclesr inclusions (NI), In SBMA, Nis containing
the pathogenic AR are found in the residual motor neurons in
the brainstem and spinal cord as well as i nonneuronal tisspey
including prostate, testis, and skin (Li et al, 1998). These
inclusions are detectable using antibodies recognizing a small
portion of the N-terminus of the AR protein, but not by thoge
against the C-erminus of the protein. This observation implies
that the C-erminus of AR is truncated or masked upon
formation of NI, A full-ength AR protein with expanded
polyglutamine tract is cleaved by caspase-3, Hberating a
polyglutamine-containing toxic fragment, and the susceptibility
to cleavage is polyglutamine repeat length-dependent (Kobava-
shi ef al., 1998}, Thus, proteolytic cleavage is likely to enhance
the toxicity of the pathogenic AR protein. Electyon microscopic
immunohistochemistry shows dense aggregates of AR-positive
granmdar material without limiting membrane, both in the neural
and nommeural inclusions, in contrast to the other polyglutamine
diseases in which Nis teke the form of filamentous structires,
Although N is a disease-specific histopathological finding, its
ole in pathogenesis has been heavily debated. Several studies
have suggested thet NI may indicate cellular response coping
with the toxicity of abnormal polvglutamine protein {aurasate ot
al., 2004). Instead, the diffuse nuclesr accumulation of the
mutant protein has been considered essential for inducing
newrndegeneration in polyglutamine diseases including SBMA,

An invmunvhistochemical study on antopsied SBMA
patients using an anti-polvglutaming antibody demonstrates
that diffuse yuclear accomulation of the pathogenic AR is more
frequently observed than Ns in the anterior horn of spinal cord
{Adachi et al., 2008), Intriguingly, the frequency of diffuse
nuclear accumulation of the pathogenic AR in spinal motor
neurons strongly correlates with the length of the CAG repeat in
the AR gene. Mo such cormelation has been found between M1
occurrence and the CAG repeat length. Similar findings have
alsa been reported on other polyglutaming disenses. Taken
together, it appears that the pathogenic AR containing an
elongated polyglutamine tact principally accumulates within
the nuclel of motor newrons in a diffusible form, leading to
neuronal dysfunction and eventual cell death. In support of this
hypothesis, neuronal dysfunction is halted by genetic modula-
tion preventing nuclear import of the pathogenic polygluta-
mine-containing protein in cellular and animal models of
polyglutamine diseases (Gatchel and Zoghbi, 20038),

Since human AR s widely expressed in various organs,
nuclear accumulation of the pathogenic AR protein is detected
not only in the contral nervous system but also in nopnenronal
tissues such as sorotal skin (Figs. 1D and E). The degree of
pathogenic AR accumulation in serotal skin epithelial cells
tends o be correlated with that in the spinal motor newrons in
autopsy specimens, and it is well correlated with CAG repeat
length and inversely correlated with the motor functional seale
{(Barmo et al., in press), These findings indicate that serotal skin
biopsy with anti-polyglutamine immunostaining s 4 potent
biomarker with which to monitor SBMA pathogenic processes.
Since SBMA is a slowly progressive disorder, appropriate
biomarkers would help improve the power dnd cost offective-
ness of longiudinal olinteal treatment wials.

Molecular pathogenesis and therapeatic strategies
Ligand-dependent pathogenesis in animal models of SBMA

SBMA is wnique among polvglutaming diseases in that the
pathogenie protein, AR, has a specific ligand, testosterone,
which ulters the subcellular localization of the protein by
favoring its maclear uptake, AR s normally confined to o mult-
heteromeric inactive complex in the cell cvtoplasm and
panslocates into the nucleus in a ligand-dependent manner,
This ligand-dependent intraceliular tafficking of AR appears to
play important roles in the pathogenesis of SEMA.

In order to investigate ligand effect in SBMA, we generated
transgenic mice expressing the full-dength human AR contain-
ing 24 or 97 CAGs under the control of a cylomegalovirus
enhancer and a chicken B-sctin promoter (Ratsuno etal, 20023,
This model recapitulated not only the neurclogic disorder but
also the phenotypic difference with gender which is a specific
feature of SEMA. The mice with 97CAGs (AR-97() exhibited
progressive motor impaivment, although these with 24 CAGs
did not show any manifested phenotypes, Affected AR-970
mice demonstrated small body size, short life span, progressive
muscle atrophy, and weaskness as well g5 reduced cage activity,
all of which were markedly pronounced and accelerated in the
wale AR-87( mice, but either not cbserved or far Tess severe in
the female AR-97Q mice. The onset of motor impairment
detected by the rotarod task was at & to 9 weeks of age in the
male AR-97( mive while 16 weeks or more in the fermales. The
S0% mortality ranged from 66 to 132 days of age in the male
AR-7Q mice, whereas moriality of the fenale ARO70 mice
remained only 10 to 30% at more than 210 days, Western blot
analysis revealed the transgenic AR protein simearing from the
top of the gel in the spinal cord, cerebrum, heart, muscle, and
pancress. Although the male AR-970Q mice had move smearing
protein than their fermale counterparts, the female ARSGTQ mice
had more monomeric AR protein. The nuclear fraction
contained the most of smearing pathogenic AR protein. Diffuse
nuclear staining and less frequent Nig detected by 102, an
antibody specifically recognizing the expanded polvghutaming
tract, were demonstrated in the neurons of spinal cord,
cerebrum, cerebellum, brainstem, and dorsal root ganglia as
well 4s in nonsewonal tssues such as heart, musele, and
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pancreas. Male AR-970) mice showed markedly more abundant
diffuse nuclear staining and Nis than females, in agreement with
the symptomatic and Western blot profile differences with
gender. Despite the profound sexual difference of the
pathogenic AR protein expression, there was no significant
difference in the expression of the transgenc mRNA bétween
the male amd fermale AR-970Q mice. These observations indicate
that the testosterone level plays mportant roles in the sexual
difference of phenotypes, especially in the post-transeriptional
stage of the pathogesic AR,

The drarmatic sexual difference of phenotypes led us o
hormong! interventions in our mouse model. First, we castrated
male AR-97Q) mice in order to decrease their testosterone level,
Castrated male ARS7Q mice showed profound baprovement
of symproms, histopathologie findings, snd nuclear localization
of the pathogenic AR compared with the sham-operated male
ARDTCQ mice. Body weight, motor fimction, and hifespan of
male AR-970 mice were significantly improved by castration,
Western blot analysis and ldstopathology revealed diminished
nuclesr socumulation of the pathogenic AR in the castrated
male AR-G70) mice. Next, we administered testosterone o the
female AR-970 mice. In contrast to castration of the male mice,
testosteione  caused sipnificant aggravation of symptoms,
histopathologic features, and nuclear localization of the
pathogenic AR in the female AR-97(} mice. Since the nuclear
nanslocation of AR i Hgand-dependent, testosterone appeans 1o
show toxic effects in the female AR-97() mice by accelerating
nuclear translocation of the pathogenic AR. On the contrary,
castration prevented the nuclear Jocalization of the pathogenic
AR by reducing the testosterone level. The nuclear accumula-
tien of the pathogenic AR protein with an expanded
polyglutamine tract is likely cssential in inducing neuronal
cell dysfimetion and degeneration in the majority of poly-
glatamine diseases. It thus appears logical that reduction in
estosterone level improves phenotypic expression by prevent-
ing nuclear localization of the pathogenic AR. In support of this
hypothesis, the ligand-dependent newrodegeneration hes also
been revealed in a fiuit fy model of SBMA (Takevama et al,
200123 Alternatively, castration may enhance protective effects
of molecular chaperones, which are normally associated with
AR and dissociate upon ligand binding

Testosterone bluckade therapy for SBMA

Successful treatment of AR-97(Q) mice with castration
inspired us testosterone blockade therapies using leuprovelin
and flutamide (Katsune ¢t al, 2003} Leuprorclin iz 2 potent
luteinizing hormone-releasing hormone (LHRH) analog sup-
pressing the releases of gonadotrophins, luteinizing hormone
and follicle-stimulating hormone, This drug has been used fora
variety of sex hormong-dependent diseases Including prostaie
canver, endometriosis, and prepuberty. The primary pharmaco-
logical target of leuprorelin is the anterior pituitary. Through its
agonizing offect on LHRIH-releasing cells; it initially promotes
the relesses of gonadotrophins, resulting In transient increase in
the serum level of testosterone or estrogens, Afler this surge, the
cortinued use of thiz drug induces desensitization of the
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piitary by reducing LHRH receptor binding sites andfor
uncoupling of reeptors Hom intraceliular processes. Within
ahout 2 to 4 weeks of leuprorelin sdministration, human serwm
jestosterone lovel decreases 1o the extent achieved by surgical
castration. The offects are muintained during the treatment,
suggesting that continuous admimstration of leuprorelin s
required for its clindeal use, This drog thus has been provided as
sustained release depot taking the form of polymer micro-
spheres, On the other hand, flutamide, the first discovered
gndrogen atagonist, has bighly speeific affinity for AR and
competes with testosterone for binding 1o the receptor. It has
been used for the trestment of prostate cancer, usually in
sssociation with an LHRH snalog, in order to block the action
of adrenal testosterone. Although flutmmide suppresses the
androgen-dependent transactivation, i does not reduce the
plasma levels of estosterone.

Leuproralin suceessfully inhibited nuclear accumulation of
the pathogende AR, resuling in marked amelioration of
neuromuscular phenotypes seen in the male AR-97Q mice
{Fig. 23 Leoprovelin initially incrensed the serum festosterone
level by aponizing the LHRH repeptor but subsequently
reduced it fo undetectable Jevels, Androgen blockade effects
were also confivmed by reduced weighte of the prostate and
seminal vesicle. The leuprorelin-treated AR-970) mice showad
longer lifespan, larger bady size, and better motor performance
compared with vehicle-reated mice. Although leuprorelin.
induced inferiility was prevented by dose reduction, the

- therapeutic effects un neuromuscular phenotypes were insuffi-

cient at a lower dose of leuprorelin. In the Westers blot analysis
and anti-polyghntamine immunobistochernistry, the leuprorelin-
weated male AR-97( mice demonstrated 2 markedly dimin-
ished smount of the pathogenic AR in the nucleus, suggesting
that leuprorelin successfully reduced puclear AR accumulation.
Testosterone, which was given from 13 weeks of age, markedly
aggravated newrological symptoms and pathologie findings of
leuprovelin-treated male AR-970) mice. Leuprorclin.appears to
improve neuronal dysfunction by preventing ligand-dependent
nuclear anslocation of the pathogenic AR in the same way a3
casiration. Giiven its minimal invasiveness and established
safity, leuprorelin appears to be g promising therapeutic agent
for SBMA. In a preliminary open trial, S-month treatment with
leuprorelin significantly diminished nuelear acowmulation of
pathogenic AR in the scrotal skin of patients, suggesting that
androgen deprivation intervenes in the pathogenic process of
human SBMA, 2z demonstrated n animal studies (Bammo et al,
in press). Another tdal on a larger seale {s currently underway 1o
verify clinical benefits of lenprorelin for 8BMA patients.
Leuprorelin-treated AR-97Q mice showed deterioration of

seTuin estosterone indtially increased through the agonistic
effect of leuprorelin, This change was transient and followed by
sustained amelioration along with consequent suppression of
testosterone production. The foot print analysis also revesled
temporary exacerbation of motor impainment. Immunostaining
of il specimen, sampled from the same individual mouse,
demonstrated an increase in the number of the muscle fibers with
nuclear 102 staining at 4 weeks of leuprovelin administration,
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Fig. 2. Bffects of leuprorelin on sotdant androgen z"ﬁ,eepmr {AR} espression and nouropathology of male AROT) mice, {41 Sermn testostorons lovel in AR-970 mice,
Leuprorelin initially incveased serum testosterone Tovel but subsequently mdneed it o nndetectabile Jov els (B and 1) Rotrod task (1) and sorvivad vate (C) of the AR-

Y1G wice. Lw;)ram,im wrkedly Improved motor function of the mive st the dose, () hmburiohistochemisn
ed and vehitledmated AR-97Q mule mice in the spmai anterior hor, HE stalning of the wusele i the

staining snd puslear clusions bevween the leuprorelin-r

g 102 showadd purked difforenres in diffuse nocleny

weliole-trented male mouse revesled apparont grouped wirophy and sell sngulated fbers, which were not seen in the leuprorelin-treated mice.

although this 1C2 staining was diminished by another 4 weeks of
weatment, Our results indicate that proventing wuclear translo-
cation of the pathegenic AR is enough to reverse both
gymptomatic and pathologic phenotypes In our AR-970 mice.
In support with these observations, testosterone deprivation by
means of castration reverses motor dysfunction i another
transgenic mouse model of SBMA showing falrly slow
progression (Chevealier-Larsen of al., 2004). Since the patho-
p 1ygieiag\f of AR&?Q mief: is m,mtmdi dy&f’umnvn mﬂ}@m
poiyglutammc (i.as@as;,s is iewmzékﬁ. at Rast in its mztz&i ..,smgem
From therapeutic point of view, it is of importance to determine
the early dysfunctional peried in the natwral history of human
SBMA.

By -contrast, flntamide, AR antagonist, did not ameliormte
symptoms, pathologic featwres, or nuclear localization of the
pathogenic AR in the male AR-97( mice, although there was
no significant difference in the androgen blockade effects
between flutemide and leuprovelin, Flutamide does not inhibit,
but may even facilitate, the nuclear translocation of AR, In
conzistericy with mouse study, this AR antagonist also promotes
nuclear fanslocation of the pathogenic AR contsining an
expanded polyglutamine in cellular and fly models of SBMA
(Takeyama ef al., 2002; Walcott and Merry, 2002}, This appears
to be the reason why futamide demonstrated no therapeutic
effect in our transgenic mouse model of SBMA. Flutamide is
not fikely to be a proper therapeutic agent for SBMA.

The castrated or leuprorelin-treated AR-970 mice showed
phenotypes similar to those seen in the female AR-97Q mice,
implying that motor impairment of SBMA patients can be
reduced to the level in females. SBMA has been considered an

X-lnked disease, whereas other polyglutamine diseases show
autosornal dominant inheritance, In fact, SBMA female patients
hardly manifest clinical phenotypes, although they possess

similar nwmber of a CAG repeat in the disease allele of AR gene

as their siblings with SBMA (Sobue o al., 199%: Mariotsi e al,,
2000). Reduction in the mutant AR expregsion dus to X-
ingctivation may prevent females from disease wmnifestation,
but hormonal intervention siudies using mouse and fly models
clearly suggest that low level of testosterone prevents nuclear
accmnulation of the pathogenic AR protein, vesulting in & lack
of neurological phenotypes in the females. This view is strongly
supported by the observation that manifestation of symptoms is
minimal even in homozygous females of SBMA (Schmidt et al.,
2002). Therefore, it seems Inappropriate to regard SBMA as an
X-recessive inherited disesse, but rather its neurdlogical
phenotype is likely to depend on testosterone concentration.

Rale of heat shack proteins in pathogenesis of SBMA

Many components of ublguitine-protessome and molecular
shaperones are known fo colocalize with puivgﬂummiiw
containing Nis, implving that failore of cellulyr defense
mechanism underlies neurodegeneration in polyglutamine
sisenses, Heat shock protein {HSM), a stress-inducible molecular
chaperone, is another key to elucidation of the pathogenesis of
SBMA. HSPs are classified into different families according w
melecular size: Hspl00, Hsp90, Hep70, Heps0, Hspdll, and
small HE8Ps (Macario and Conway de Macarlo, 2008). These
HSPs are cither constitutively expressed or inducibly synthe-
sized after cellular stress, HSPs play a crucial role in matntaining
correet folding, assembly, and intracellular transport of proteins,
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For example, Hsp70 and Hep90, essential components of AR-
chaperone complex in the cell eytoplasm, regulate flmction,
nuwlear wranslocation, and degradation of AR (Heinlein and
Chang, 2001), Under toxic conditions, HSP synthesis is rapidly
upregulated, snd nonnstive proteins are refolded a5 » conse-
quence. Therefore, HEPs have attracied a great deal attention as
cytoprotective agents against detrimental conditions including
ischemia and malignancy.

Several studles suggest that polyglutamine elongation
inferferes with the protective cellular responses against
cviotoxie stress (Wyttenbach, 2004}, Truncated AR with an
expanded polyglutamine tract delays the induction of Hsp70
after heat shock (Cowan et al, 2003). The threshold of HSP
induction is knowi to be relatively high in spinal motor newons
(Ratulen of al, 2003), Bxpression levels of H8Ps are decraased
in the bmin lesion of an animal meodel of HD and in that of the
SBMA mouse (Hay e al, 2004; Katsuno et al,, 2008). Taken
together, impairment of HEP induction capability is implicated
in the pathogenesis of motor neuron degenerstion in SBMA,
Mot only are HSPs implicsted in the pathogenesis of
neurodegeneration, but they are also potent suppressors of
polyglutamine toxiciiy, There is incressing evidence that HEPs
abrogate polvglutamine-mediated ovtotoxicity by refolding and
solobilizing the pathogenic proteins (Wyttenbach, 20045
Muchowski and Wacker, 2005). Hsp78 cooperstes with
Fapd® in functioning a$ a molecular chaperone. These HSPs
arg proposed to prevent the Initial conformation conversion of
sbnormal polyghutamine-containing protein frony a random coil
te o [i-sheet, leading to attenuation of toxic oligomer formation
{(Wyttenbach, 2004}, Overexpression of Hsp70, together with
Hspdd, inhibits toxic accumulation of abnormal polyglatamine-
gontaining protein and suppresses cell death i a varlety of
cellular models of polvglutamine diseases including SBMA
{Kobavashi ¢t al, 2000). Hsp?0 has also been shown to
facilitate proteasomal degradation of abnormal AR protein ina
cell culture model of SBMA (Batley et al., 2002). The favorable
effects of Hsp70 have been verified in studies using mouse
models of polyplutamine diseases. Overexpression of the
inducible form of human Hsp70 markedly ameliorated
symptematic and hiswpathological phenotypes of owr rans-
genie mouse model of SBMA {Adachi o al, 2003). These
beneficial effects we dependent on Hsp70 gene dosage and
correlate with the reduction in the amount of nucleac-localized
AR protein. It should be noted that the seluble form of the
pathogenic AR was also significantly decreased in amount by
Hsp70 overexpression, suggesting the degradation of the
pathogenic AR may have been accelerated by overexpression
of this molecular ehaperone,

Favorable effects obtained by penetic modulation of HSP
suggest that pharmacological Induction of molecular chaper-
ones might be o promising approdch to SBMA and other
polyghitamine diseases. Geranylgeranylacetons (GGA), an
acyelic isoprenoid compound with # retinoid skeleton, has
been shown to strongly induce HEP expression in various
tigsues (Hirakawa et al., 1996). Oral administration of GGA
upregulates the levels of Hsp70, Hsp90, and Hepl05 via
activation of heat shock factor-1 in the central nervous system
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and inhibits nuclear accumulation of the pathogenic AR protein,
resulting in amelioration of polvglutamine-dependent neuro-
muscular phenotypes of SBMA trnsgenic mice (Rasuno ¢t al,,
2008, Given lts extremely low toxicity, this compound has
been used as an oral anti-uleer drug. Abhough 2 high dose
appears 1o be needed for clinival effects, GGA appears to be s
safe and promising therapeutic candidate for polyglutamine-
mediated nemrodegenerative diseases including SBMA.

Inhibition of Hsp%0 s dlso demonstrated 1o ameyt the
neurodegeneration in SBMA mouse (Waza et al, 2008), Hsp0
functions in s multi-chaperone complex, assisting proper
folding, stabilization, and assembly of so-called client proteins
including various oncoproteins and AR (Pratt and Todl, 20033,
The Hep%0-client protein complex is stabilized when it &
associated with p23, a cochaperone interscting with Hep80.
Treatment with 1Z-allvlamine geldanamyein {17-AAGY, &
potent HspB0 inhibitor, dissociated p23 from the Hepb0-AR
complex, and thus facilitated protessomal degradation of the
pathogenic AR in eellular and mouse models of SBMA, 17-
AAG thereby inhibits nuclear accumulation of this protein,
leading 1o marked amelioration of motor phenotypes of the
SBMA mouse model without detectable woxicity (Fip, 3% Of
interest is the finding that the pathogenic AR is preferentially
targeted 1o protessomal degradation in the presence of 17-AAG
compared with wild-type AR, Given a high association between
23 and the AR containing expanded polyglutamine, it appewrs
logical that the pathogenic AR is more dependent on Hspb0 fo
maintain folding and fimetion than wild-type AR and thus s
particulerly susceptive to Hsp®0 inhibitlon. 17-AAG is also
capable of inducing Hsp70 in cellular and mouse models of
SBMA. Uollectively, 17-84A0, which is now under clinical
wigls for o wide range of malignancies, would b a good
candidate for treatment of SEMA,

Transcriptional dysregulation in SEMA

Disruption of transeriptional machinery bas also been hypoth-
gstzed to wnderlie the pathopenesis of polyghtamine discases
{Sugars and Rubinsziein, 200%), Gene expression analysisindicates
that wanscriptional disraption is an early change in the pathogenesis
of mouse models of polvglutamine diseases. Transcriptional
conctivators such as CBP are sequestrated into the polygluta-
mine-containing Nis through protein—protein infersction in mouse
models and patients with polv() diseases (Muciors of al,, 2001}
Alternatively, the interaction between ranscriptional coactivators
swl soluble pathogenic protein bas also been demonstrated in
animal models of polyglutamine diseases as well a3 in postmortem
fissues of patients {Steffan ot al,, 2001). The expression of genes
regulated through CBP-medisted transcription s decreased in
mouse madels of polyvglutamine diseases (Sugas snd Rubmszicin,
2003). CBP functons as histone acetyloansforase, regulating gens
transcription and chromatin structure. It has been indicated that the
histone seetyltranslerase activity of CBF s suppressed in collular
models of polvglutamine discases. Taken together, wanscriptional
dysrégulation ¢due to decrease in histone acetylation s lkely to
undertie the pathogenesis of newrodegenerstion in polyglutaming
diseases. This hypothesis is exenplified by owr experimental
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Fig 3. Effects of 17-AAL o avotant androgen retoptor (AR) turbover, (A) Pulse-chase analysis of two foims of AR, The petbiogeric AR comtaining prolonged
polygluamine is degeaded more rapidly than the wild-type AR in the presence of 12-AAG. (1) Muscle wasting is bledoms i » vehicle-reited SBMA mouse (Tg-0),
spinsl cond of tramsgenic mice probed with an anl-AR antibody. 17-AAG decrenses the amountof AR Dnomice bearing the pathugenic AR (AR, but this wifect is
andy stightly ohserved in those exprossing wildtype AR {AR-2440).

observation that scetylation of puclear histone H3 s gignificantly
diminished in SBMA mice (Winmmivami et al., 2004, Addition-

Histone acetvlation level is determined by interplay between
histone acetyltransforase and histone deascetylase (HDAC).

ally, dysfunction of CBP results in a decreased expression of
vascular eodothelial growth factor In another mouse model of
SBMA, indicating the transcriptional alterstion is a tigger of
neurodegeneration in this disease (Sopher et al, 20041

Recruitment of HDAC to target genes represses transcription,

leading to aberrant cellular function. Since cancellation of
HDAC sctivity resulis in angreniation of histone acetylation
and subsequent restoration of gene transeription, HDAC

Hepg  T7-AAG (HapBl inhibitor)

pathogenic AR proteasomal

deradation

- “lﬁ“”

wstostenie

LHAH-anaiog

Fig. 4, Pathopenesis-targeting therapewtic approschics o SBAMA. In the absence of lgand, the pathogenic AR is confined 1o a nlt-heteromerie inactive comples with
heat shock proteing (HEPsY i the cell eytoplasm, Ligand hinding facilitares i dissobiaion from this cranples sod tanslocasion inte the nuclews, tn the nuclens, the
pathogenic AR forms sggregate snd impairs histone seetylation, meulting in transeriptional dysreguiation, Several candidates of therapies have been identified on the
basis of insights ot the molecular miechanizsms of the nevrsdegenendion it SBMA, '
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Disaase-modifying therapy

Bymplorm relief

Fig. 5. Disense-modifying thesapy and sympton rediefl Since the goal of diseasemodifving therapy 15 1o nhibit paihogenic progression, long-term trinls veed 16 be
carried out in crder to evploate drug effects by targeting cortain clinfesl ovents as the primary endpoint On the other hiand, symptom relief] such as-replacement of
neurctrananitter, B usad to nmeliornte symptoms resuliing from neurodepenerstion, Althouph fried duration tends 1o be shom, the offect of this therapy is often

iransient. Arrows indicate tris] duration required for sach therapy.

inhibitors have been considered 16 be of therapeutic benefit in
polyglutamine diseases {Steffan ot al, 2001, Hockly ¢ al,
2003). Butyrate is the first HDAC inhibitor to be discovered, and
the related compound, phenvlbutyrate, hes been successfully
employed in experimental cancer therapy. Oral admindsteation of
sodinm butyrate ameliorates symptomatic and histopathological
phenotypes of sur mouse model of SBMA through upregulation
of histone acetylation in nervous tissues (Minamiyama ef al.,
20043, Although sodium butyrate # likely to be a promising
treatment of SBMA, this compound yielded beneficial effects
only within a narroww therapeutic window of dosage in the mouss
medel. Careful dose determination is mandatory when using
HDAC inhibitors for treatment of polvglutamine diseases.

Axonal tregficking defects in SBMA

Motor neurens possess extromely long axon along which
molecular motors transport essential components such ag
organelles, vesicles, eytoskeletons, and signal melecules; This
implies that axonal wafficking plays a fundamental role in
maintenance of normal finction of moetor neurons. Obstiuction

of axonal tansport has gained attention as 8 cause of neoronal
dysfunction ina variety of npuredegenerative diseases including
SBMA (Gunawardens and Goldstein, 20053 A mutation in the
gene of prowins reguiaiing axonal tafficking, dvnein and
dynactin 1, has been shown to cause motor pewon degeneration
in both huwman and rodent (Puls et-al., 2003; Haferpurast et al.,
2003}, Experimental data suggest that axons! transport might be
retarded by pathogenic polyglutamineg-containing AR (Szebenyi
et al., 2003), Abhough this notion is intriguing, its contribution
to the pathogenesis of SBMA should be further investigated,
since aggregation of the pathogenic AR g mrely found within
the axon of motey peurons in patients or model mice

Chinfeal applieation of potential therapeuties

Analysis of cellular and mnimal models provides sight into
mechanisms involved In neurodegeneration of SBMA and indicates
retinal therapeutic approaches-to this disesse (Fig. 4). Therapeutic
agent candidates for SBMA are grossly classified inlo two groups:
(1) drugs inhibiting accumulation of the pathogenic AR protein and
(i) drugs mitigating downstream pathological evenis including

Tablel
Swranary of thempeutic irials in SBMA mouse modelz
Trastment BMumber of mite fowrense in Raburoid Body AR Roferens

{per treatoaent growgy} survival (%) sk weight st ation
Castration 6 =R Ppraved Irpuoved Drecressed. Katsome ool 2000
Castration® Y Kot detennined Haproved Mo effecy Decrensigd {hevalionLorsen of a1, (30043
Leuprorelin 6 »130% fmgroved Trpeosved Digtrsased Kaisuny of ol (2003
Fhuamide 8 N effect N effect Mo effoct My effect Kasyrwr ef ol {2003)
Sodium butyrate 1213 6% Irproved improved Mo offent Mfinrrdyamm o ol (2004)
JT-AAL 2% »50% fnoprovid Hoprived Deoreased Waza ot gl {2005}
GUGA 1215 2 58% Ipresved Iroproved Decreased Katsuna of gl £2008)

* Trestent is initlated after the onset of motor impaitment. AR, audrogen receptor; 17-AAG, Tallviamine pelidonamyein; GOA, geranylgeranybcetone,
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panseriptional dvsregulation. The ideal therapy for polyglutamine
diseases appears 10 be a combination of these potential therpeutic
strategies, since each drug has potential adverse effects when used
inalong term {Agrawal et al, 2008). Inaddnion to pharmacological
approaches, genetic interventions such as RNA interference can be
applied if safety and delivery problems are solved (Caplen et al.,
20023,

Since various therapeutie strategies for 3BMA have emerged

thanks to animal models recapitulating huroan disesses, it s of

utmost importance to pursus intensive clinical studies to verify
the results from ammal stdies (Table 1), When we epply
candidate agents for patients, it should be considered thet the
majority of therapentics omerging form animal studies ane
disense-modifving therapy, but not symptomerelief (Fig. 3}
Given that 3BMA is o slowly progressive disease, exiromely
long-term clinical trials are hkdy necessary o verify olinical
benefits of discase-modifying therapies by targeting chinical
endpoints such as occorrence of aspiration pucwmonia or
becoming wheelchair-bound. Suitsble sumogate endpuints,
which reflect the pathogenesis and severity of SBMA, ure thus
substantial to assess the therapeutic efficacy in drag trials. To this
end, appropriaic biomakers shonld be identified and validated in
trunslational researches,
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Mutant Androgen Receptor Accumulation in
Spinal and Bulbar Muscular Atrophy Scrotal
Skin: A Pathogenic Marker

Haruhiko Banno, MD, Hiroaki Adachi, MD, Masahisa Katsuno, MD, Keisuke Suzuki, MD, Naoki Atsuta, MD,
Hirohisa Watanabe, MD, Fumiaki Tanaka, MD, Manabu Doyu, MD, and Gen Sobue, MD

Objective: Spinal and bulbar muscular atrophy (SBMA) is a hereditary motor neuron disease caused by the expansion of
a polyglutamine tract in the androgen receptor (AR). The nuclear accumulation of mutant AR is central to the patho-
genesis of SBMA. Androgen deprivation with leuprorelin inhibits mutant AR accumulation, resulting in rescue of neu-
ronal dysfunction in a mouse model of SBMA. This study aimed to investigate whether mutant AR accumulation in the
scrotal skin is an appropriate biomarker of SBMA. Methods: Immunohistochemistry of both scrotal skin and the spinal
cord was performed on five autopsied SBMA cases. Neurological severity and scrotal skin findings were studied in
another 13 patients. Five other patients received subcutaneous injections of leuprorelin and underwent scrotal skin
biopsy. Results: The degree of mutant AR accumulation in scrotal skin epithelial cells tended to be correlated with that
in the spinal motor neurons in autopsy specimens, and it was well correlated with CAG repeat length and inversely
correlated with the amyotrophic lateral sclerosis functional scale. Leuprorelin treatment inhibited mutant AR protein
accumulation in the scrotal skin of SBMA patients. Interpretation: These observations suggest that scrotal skin biopsy

findings are a potent pathogenic marker of SBMA and can be a surrogate end point in therapeutic trials.

Ann Neurol 2006;59:520-526

Spinal and bulbar muscular atrophy (SBMA), also
known as Kennedy’s disease, is an adult-onset motor
neuron disease characterized by muscle atrophy, weak-
ness, contraction fasciculations, and bulbar involve-
ment.'”* SBMA exclusively affects men in their 30s or
40s, and disease progression is slow.® The molecular
basis of SBMA is the expansion of a trinucleotide CAG
repeat, which encodes a polyglutamine (polyQ) tract,
in the androgen receptor (AR) gene.® The CAG repeat
numbers range from 38 to 62 in SBMA patients,
whereas healthy individuals have 10 to 36 CAGs.®”
The number of CAGs is correlated with disease severity
and is inversely correlated with age of onset,®? as ob-
served in other polyQ-related neurodegenerative dis-
eases including Huntington’s disease and several forms
of spinocerebellar ataxia.'®

Histopathologically, lower motor neurons are mark-
edly depleted in the spinal cord and brainstem, and
nuclear inclusions (NIs) containing the mutant and
truncated AR with expanded polyQ are present in the
residual motor neurons, as well as in cells of the scrotal
skin and other visceral organs.>'"'? Although NIs are

a disease-specific pathological marker, they may reflect
a cellular protective response against the toxicity of ab-
normal polyQ-containing protein.”® In contrast, the
therapeutic effect of testosterone deprivation in our
SBMA transgenic mouse model suggested that diffuse
nuclear accumulation of mutant AR is a cardinal
pathogenic process underlying neurological manifesta-
tions.'*!> This hypothesis has also been clearly illus-
trated by the observation that the extent of diffuse nu-
clear accumulation of mutant AR, but not Nls, in the
motor neurons of the spinal cord was closely related to
CAG repeat length in autopsied SBMA cases.'® Nu-
clear localization of the mutant protein has now been
considered essential for inducing neuronal cell dysfunc-
tion and degeneration in the majority of polyQ
diseases.'?

A characteristic clinical feature of SBMA is that the
disease occurs in male but not female individuals, even
when they are homozygous for the mutation.'”"'® Sev-
eral studies have clarified that the sex dependency of
disease manifestation in  SBMA arises from
testosterone-dependent nuclear accumulation of mu-
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tant AR.*'>792% Teuprorelin, a leuteinizing hor-
mone-releasing hormone agonist that reduces testoster-
one release from the testis and inhibits nuclear
accumulation of mutant AR, rescued motor dysfunc-
tion in male transgenic mice carrying the full-length
human AR with expanded polyQ."”

Although data from transgenic mice studies indi-
cated that androgen deprivation from leuprorelin treat-
ment is a potent therapeutic agent for SBMA,"**> clin-
ical experience using this drug for SBMA patients is
limited.?' Because long-term clinical trials are needed
to establish the efficacy of therapeutics ameliorating
disease progression in slowly progressive neurodegen-
erative diseases such as SBMA, an appropriate biomar-
ker reflecting pathogenic processes of the disease is nec-
essary. The aim of this study was to test the hypothesis
that peripheral accumulation of mutant AR in the scro-
tal skin represents a suitable biomarker of SBMA -that
can be applicable as a surrogate end point in therapeu-
tic trials.

Patients and Methods

FPatients

Twenty-three patients with clinically and generically con-
firmed SBMA were examined. Patient characteristics are
shown in the Table. Five of the 23 patients underwent au-
topsy, and both the scrotal skin and the spinal cord were
examined; another 13 patients underwent biopsy of the scro-
tal skin. The remaining five patients were enrolled in a leu-
prorelin study and also underwent biopsy of the scrotal skin.
All patients were hospitalized and underwent follow-up ex-
aminations at Nagoya University Hospital (Nagoya, Japan)
and its affiliated hospitals.

For each of the 18 patients who underwent biopsy of the
scrotal skin, three scrotal skin specimens were made by
punch biopsy using a 3mm diameter Dermapunch (Nipro,
Tokyo, Japan) under 10ml lidocaine acetate local anesthesia.
All patients who underwent biopsy sterilized the wound for
several days by themselves and received 4 days of cefaclor
(250mg three times a day) antibiotic therapy after the pro-
cedure. The 13 patients who underwent biopsy who were

Table. Patient Characteristics

not enrolled in the leuprorelin trial were also assessed on the
amyotrophic lateral sclerosis functional scale (limb Norris
score), as described previously.”

Five other male subjects (age, 60—74 years; mean, 67.3
years) who died of nonneurological diseases served as control
subjects. The Nagoya University Hospital Institutional Re-
view Board approved the collection of data and specimens,
and all patients gave their written, informed consent to par-
ticipate.

Leuprorelin Administration

Five patients received subcutaneous injections of 3.75mg leu-
prorelin once every 4 weeks. The patients, aged 43 o 68
years, were capable of walking with or without a cane and
expressed no desire to father a child. They were abserved for
6 months (24 weeks), and scrotal skin biopsies were taken
from each patient at 0, 4, and 12 weeks after initial leupro-
relin administration. Serum creatine kinase (CK) was deter-
mined by ultraviolet measurement using hexokinase and
glucose-6-phosphate. Serum  testosterone levels were mea-
sured by radioimmunoassay using the DPC total testosterone
kit (Diagnostic Products Corporation, Los Angeles, CA).

Immunohistochemical Detection of the Mutant
Androgen Receptor in the Scrotal Skin
and Spinal Cord

Immunohistochemistry of scrotal skin specimens and the spi-
nal cord were conducted as described previously.'® In brief,
we prepared 5pm-thick, formalin-fixed, paraffin-embedded
sections of scrotal skin and spinal cord from SBMA patients.
Sections were deparaffinized and rehydrated through a
graded series of alcohol-water solutions. For the mutant AR
immunohistochemical study, sections were pretreated with
immersion in 98% formic acid for 5 minutes, and then with
microwave oven heating for 15 minutes in 10mM citrate
buffer at pH 6.0. Sections were incubated with a mouse anti-
expanded polyQ antibody (1:20,000; 1C2; Chemicon, Te-
mecula, CA)?? to evaluate the nuclear accumulation of mu-
tant AR."*7'¢ Immune complexes were visualized using the
Envision-plus kit (Dako, Glostrup, Denmark). Sections were
countesstained with Mayer’s hematoxylin. For electron mi-
croscopic immunohistochemistry, the sections were processed

Autopsy Study Biopsy Alone Study Leuprorelin + Biopsy

Characteristics (N = 5) (N = 13) Study (N = 5)
Age (mean * SD), yr 64.8 * 10.8 54.8 £ 9.6 50.2 = 10.8
Dutation of weakness (mean = SD), yr 38.4 = 14.7 11.0+ 7.4 8.8 £ 4.9
(CAG)n (mean = SD) 474+ 49 482 + 3.0 492 *+ 4.9
ADL (cane/independent ratio) NA 4/9 2/3

Limb Norris score (mean £ SD) NA 53.4 = 6.9 52.0 £ 6.8
Norris bulbar score (mean * SD) NA 322+ 34 32.8 £6.2
ALSFRS-R (Japanese edition) (mean * SD) NA 40.3 = 3.2 39.2 £ 3.8
Cause of death Pneumonia (n = 4); NA NA

Lung cancer (n = 1)

The amyotrophic lateral sclerosis functional rating scale-revised.

SD = standard deviation; (CAG)n = number of expanded CAG repeats in the SBMA allele; NA = not applicable; ADL = activities of daily

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

Quantification of Cell Population with Diffuse

Nuclear Staining

For quantitative assessment of scrotal skin cells, the fre-
quency of diffuse nuclear staining was calculated from counts
of more than 500 nuclei in 5 randomly selected fields of
each section photographed at 400X magnification (BX51TF;
Olympus, Tokyo, Japan). Ta assess the nuclear accumulation
of mutant AR in spinal cord motor neurons, we prepared at
least 100 transverse sections each from the cervical, thoracic,
and lumber spinal cord for anti-expanded polyQ antibody
staining with 1C2. The numbers of 1C2-positive cells in the
ventral horn on both the right and left sides were counted on
every 10th section under the light microscope with a
computer-assisted image analyzer (BX51TF; Olympus), as
described previously.'®** Populations of 1C2-positive cells
were expressed as percentages of the total skin cell or neuro-
nal count.

Statistical Analysis

We analyzed the data by Pearson’s coefficient, Spearman’s
rank correlation, and Student’s paired # test as appropriate
using StatView software (version 5; Hulinks, Tokyo, Japan)
and considering p values Jess than 0.05 to be indicative of
significance.

Results

Mutant Androgen Receptor Nuclear Accumulation in

the Scrotal Skin and Spinal Motor Neuron

In the five autopsied cases, mutant AR nuclear accu-
mulations were clearly visualized with anti-expanded
polyQ immunostaining with 1C2 in the scrotal skin
and spinal cord specimens (Fig 1A). Pathological accu-
mulation of mutant AR was distributed in all layers of
the epithelium. Diffuse nuclear accumulations were
predominantly observed, and the occurrence of NIs
was less frequent. This was also the case in the spinal
cord specimens. Electron microscopic immunohisto-
chemistry with the 1C2 antibody demonstrated granu-
lar dense and amorphous aggregates corresponding to
diffuse nuclear staining in both spinal motor neurons
and epithelial cells of scrotal skin (see Figs 1B, C). Fil-
amentous structures such as those reported in Hun-
tington’s disease,”” dentatorubal-pallidoluysian atrophy
(DRPLA),?® and Machado—Joseph disease?” were not
seen. No diffuse nuclear staining was seen in the con-
trol subjects. The extent of mutant AR accumulation
in the scrotal skin epithelial cells showed a tendency to
correlate with that in the anterior horn cells (r = 0.84;
2 = 0.08; see Fig 1D). Mutant AR accumulation was
remarkable in both the spinal motor neurons and the
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scrotal skin of Patient 1, but was far less remarkable in
Patient 2 (see Figs 1A, D).

Correlations of the Mutant Androgen Receptor
Accumulation in the Scrotal Skin to CAG Repeat
Length and Amyotraphic Lateral Sclerosis Score

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

Leuprorelin Treatment Depletes Mutant Androgen
Receptor Accumulation in the Scrotal Skin

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

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

Discussion

This study demonstrated that scrotal skin biopsy with
anti-expanded polyQQ staining is a strong candidate for
an appropriate biomarker with which to monitor
SBMA pathogenic processes. Previous studies showed
that the severity and progression of motor dysfunction
and abatement of abnormalities in mice that were cas-
trated or given leuprorelin paralleled the extent of dif-
fuse nuclear mutant AR accumulation in their spinal
motor neurons.'*'® Furthermore, we demonstrated
previously a significant, close correlation between the

length of CAG repeat expansion and frequency of dif-
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Fig 2. Correlation of the frequency of scrotal skin staining to
CAG repears.and limb Norris score. The frequency of 1C2-
positive cells in the scrotal skin biopsies correlated significantly
with (A) CAG repeat length and (B) inversely corvelated with
the amyotrophic lateral sclerosis functional scale assessed by the
Norris scare on limbs. (CAG)n = number of expanded CAG
repeass in the spinal and bulbar muscular atrophy allele.

fuse nuclear mutant AR accumulation, but not that of
NIs, in the spinal cord.’® Accordingly, neuronal dys-
function is likely to be caused by diffuse nuclear accu-
mulation of mutant AR in the affected tissues. In this
study, the extent of mutant AR nuclear accumulation
in scrotal skin cells paralleled that in the anterior horn
cells in autopsied cases. Electron microscopic immuno-
histochemistry for 1C2 anti-expanded PolyQ demon-
strated granular dense and amorphous aggregates cor-
responding to diffuse nuclear staining in both spinal
motor neurons and epithelial cells of scrotal skin. Fur-
thermore, the fine structure of the aggregates in spinal
motor neurons and epithelial cells was quite similar.
Biopsy analyses in this study also suggested that scrotal
skin findings were correlated with the motor functional
scores of SBMA patients.

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

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

It has also been suggested that reliance on surrogate
end points can be misleading because they may not
accurately predict the actual effects that treatments
have on the health of a patient, as was seen with the
CD4 counts in human immunodeficiency virus trials,
the bone mineral density in osteoporosis trials, and
others.?” However, several factors have been suggested
to consider the decision to rely on a surrogate.’® In
SBMA, mutant AR accumulation assessed by scrotal
skin biopsy can be a candidate for a surrogate end
point in light of several pieces of evidence. First, a
credible SBMA animal model demonstrated dramatic
functional motor recovery in response to testosterone
deprivation therapy that depleted mutant AR accu-
mulation in the central nervous system, as well as in
nonneuronal tissues.*'> Second, the degree of dif-
fuse nuclear accumulation of murant AR in both the
CNS and scrotal skin correlates well with CAG repeat
length and disease severity, indicating that it is a nat-
ural phenomenon of and reflects the underlying pa-
thology of the disease. Third, autopsy studies show
that levels of nuclear AR accumulation in the scrotal
skin are correlated with those in the CNS. Moreover,
levels of nuclear translocated mutant AR in the scro-
tal skin decreased significantly in response to drug
therapy that has been shown to deplete such accumu-
lations in the CNS of SBMA mice, to significantly
rescue motor dysfunction in these mice, and to par-
tially stabilize neurological symptoms in one reported

case of human SBMA.?!
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The recent development of a rat model of amyotrophic
lateral sclerosis (ALS) in which the rats harbor a mu-
fated human SOD1 (G93A) gene has greatly expanded
the range of potential experiments, because the rats’
large size permits biochemical analyses and therapeutic
trials, such as the intrathecal injection of new drugs
and stem cell transplantation. The precise nature of this
disease model remains unclear. We described three
disease phenotypes: the forelimb-, hindlimb-, and gen-
eral-types. We also established a simple, non-invasive,
and objective evaluation system using the body weight,
inclined plane test, cage activity, automated motion
analysis system (SCANET), and righting reflex. More-
over, we created a nove! scale, the Motor score, which
can be used with any phenotype and does not require
special apparatuses. With these methods, we uniformly
and guantitatively assessed the onset, progression, and
disease duration, and clearly presented the variable
clinical course of this model; disease progression after
the onset was more aggressive in the forelimb-type
than in the hindlimb-type. More importantly, the disease
stages defined by our evaluation system correlated well
with the loss of spinal motor neurons. In particular, the
onset of muscle weakness coincided with the loss of
approximately 50% of spinal motor neurons. This study
should provide a valuable tool for future experiments to
test potential ALS therapies. © 2005 Wiley-Liss, Inc.

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

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

© 2005 Wiley-Liss, Inc.

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

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

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

MATERIALS AND METHODS

Transgenic Rats

All' animal experiments were conducted according to the
Guidelines for the Care and Use of Laboratory Animals of Keio
University School of Medicine. We used hSOD1 (G93A)
transgenic male rats (Nagai et al., 2001) from our colony and
their age- and gender-matched wild-type littermates as controls.
Rats were housed in a specific pathogen-free animal facility at
a room temperature of 23 * 1°C under a 12-hr light-dark
cycle (light on at 08:00). Food (solid feed CE-2, 30kGy; CLEA
Japan, Inc) and water were available ad lib. Transgenic rats
were bred and maintained as hemizygotes by mating transgenic
males with wild-type females. Transgenic progeny were identi-
fied by detecting the exogenous hSOD1 transgene, by amplifi-
cation of pup tail DNA extracted at 20 days of age by polymer-
ase chain reaction (PCR). The primers and cycling conditions
were described previously (Nagai et al., 2001).

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

‘We evaluated the usefulness of four different measures to
assess disease progression in the transgenic rats. All tests were
carried out between 12:00-16:00 and in a double-blind fashion.

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

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

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

Cage activity. Animals (n = 8 for each genotype) were
housed individually and monitored every day for all 24 hr
(except for the days the cages were changed) after they were
70 days old. Spontaneous locomotor activity in the home cage
(345 X 403 X 177 mm) was recorded by an activity-monitor-
ing system (NS-ASO1; Neuroscience, Inc., Tokyo, Japan) as
described previously (Ohki-Hamazaki et al., 1999). The sensor
detects the movement of animals using the released infrared
radiation associated with their body temperature. The data were
analyzed by the DAS-008 software (Neuroscience, Inc., Tokyo,
Japan). To eliminate data variability owing to differences in the
baseline movement of each rat, the baseline value was calcu-
lated as the mean of movement from 70-90 days of age, during
which all rats were considered to move normally. We analyzed
the data at each time point as the percentage of the baseline
value in defining disease onset with this test.

SCANET. For short-term activity, 10 min of spontane-
ous activity was measured with the automated motion analysis
system SCANET MV-10 (Toyo Sangyo Co., Ltd., Toyama,
Japan) (Mikami et al, 2002). Animals (n = 4 for each geno-
type) were tested weekly after 30 days of age and every second
or third day after 100 days of age. Each rat was individually
placed in the SCANET cage for 10 min. Three parameters
were-measured: small horizontal movements of 12 mm or more
(Move 1; M1), large horizontal movements of 60 mm or more
(Move 2; M2), and the frequency of vertical movements caused
by rearing (RG). To distinguish RG movements from incom-
plete standing actions, the upper sensor frame was adjusted to
13 cm above the lower sensor frame.

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

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

Motor Score

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

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

When disease onset in the rats was diagnosed by their
scoring <70° on the inclined plane test (muscle weakness
onset), the affected rats were tested for righting reflex. If they
were unable to right themselves from either side, they were
given a score of 0. If they could right themselves from only
one side but not the other, they were given a score of 1.

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

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

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

Because the scores were based on subjective judgment,
they might vary depending on the examiner. To examine
inter-rater variability, three transgenic rats of different clinical
types were examined according to the method described
above, recorded on video tape, and subsequently scored by
five observers from different backgrounds (Table I). The
scores classified by the five observers were statistically analyzed
for inter-rater agreement using Cohen’s k statistics (Table II).
Kappa values can range from 0 (no agreement) to 1.00 (per-
fect agreement), and can be interpreted as poor (<0.00), slight
(0.00-0.20), fair (0.21-0.40), moderate (0.41-0.60), substantial
(0.61-0.80), and almost perfect (0.81-1.00) (Landis and Koch,
1977). The scores for the three transgenic rats were, on the
whole, quite consistent among the five observers, suggesting
that the Motor score can be used as an objective method for
assessing disease progression.

-53.



122 Matsumoto et al.

TABLE 1. Motor Score of Transgenic Rats Assessed by Five
Different Observers

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

Days after onset (days)
Observer 0 1 2 3 4 5 6 7 8

Transgenic rat

#1407 Eventual hindlimb type
A
B
C
D
E
Mean
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Real-Time RT-PCR and Western Blot Analysis

Tissue specimens were dissected from the cerebral corti-
ces, cerebella, medullae, and spinal cords (cervical, thoracic,
and lumbar spinal cords) of the deeply anesthetized rats, and
divided into two portions for total RNA and total protein
preparation. Total RINA was isolated and first strand cDNA
was synthesized as described previously (Okada et al.,, 2004).
The real time RT-PCR analysis was carried out using
Mx3000P (Stratagene, La Jolla, CA) with SYBR Premix Ex
Taq (Takara Bio, Inc., Otsu, Japan). The primers used for the
analysis were human SODI (5-TTGGGCAATGTGACT-
GCTGAC-3, 5-AGCTAGCAGGATAACAGATGA-3'), rat
SOD1 (5'-ACTTCGAGCAGAAGGCAAGC-3', 5-ACATTG-
GCCACACCGTCCTTTC-3'), and f-actin (5'-CGTGGGCCG-
CCCTAGGCACCA-3, 5-TTGGCCTTAGGGTTCAGAGG-

GG-3'). The results are presented as ratios of mRNA expression -

normalized to an inner control gene, f-actin. Total protein was
prepared in lysis buffer containing 10 mM Tris-HCl (pH 7.6),
50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM sodium
fluoride, 20 mM glycerophosphate, 1% Triton X-100, and a
protease inhibitor mixture (Complete; Roche Applied Science,
Mannheim, Germany). Western blot analysis was carried out by
a method established previously. In brief, a 5 pg protein sample
of an extract was run on 12% SDS-PAGE, transferred to nitro-
cellulose, and probed with anti-human SOD1 (1:1,000, mouse
IgG, Novocastra Laboratories, Ltd.,, Benton Lane, UK), and
anti-a-tubulin (1:2,000, mouse IgG, Sigma-Aldrich, Inc., Saint
Louis, MQ). Signals were detected with HR P-conjugated sec-
ondary antibodies (Jackson ImmunoR esearch Laboratories, Inc.,
West Grove, PA) using an ECL kit (Amersham Bioscience UK
limited, Little Chalfont, UK). Quantitative analysis was carried
out with a Scion Image (Scion Corporation, Frederick, MD).

Transgenic rat (clinical type)

#1407 Eventual #1470 Pure #1449 Pure

Observers hindlimb hindlimb forelimb
Avs. B 0.82 0.69 1.00
Avs. C 0.82 0.82 0.83
Avs. D 0.82 0.81 0.83
Avs. B 0.82 0.70 0.69
Bvs. C 1.00 0.83 0.83°
Bvs. D 1.00 0.53 0.83
Bvs. E 1.00 0.66 0.69
Cvs. D 1.00 0.64 1.00
Cvs. E 1.00 0.82 0.54
Dv. E 1.00 0.81 0.54

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

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

The amounts of proteins loaded in each slot were normalized to
those of a-tubulin.

Immunohistochemical Analysis

Rats were deeply anesthetized (ketamine 75 mg/kg,
xylazine 10 mg/kg, i.p.) and transcardially perfused with 4%
paraformaldehyde/PBS (0.1 M PBS, pH 7.4) for histological
examination. Spinal cord tissues were dissected out and post-
fixed overnight in the same solution. Each spinal cord was
dissected into segments that included the C6, T5, and L3 lev-
els, immersed in 15% sucrose/PBS followed by 30% sucrose/
PBS at 4°C, and embedded in Tissue-Tek O.C.T. Compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan). Embedded tis-
sue was immediately frozen with liquid nitrogen and stored at
—80°C. Serial transverse sections of each spinal segment were
cut on a cryostat at a thickness of 14 um. The sections were
pre-treated with acetone for 5 min, rinsed with PBS three
times and permeabilized with TBST (Tris-buffered saline with
1% Tween 20) for 15 min at room temperature. After being

‘blocked in the TNB buffer (Perkin-Elmer Life Sciences, Inc.,

Boston, MA) for 1 hr at room temperature, the sections were
incubated at 4°C overnight with an anti-choline acetyltrans-
ferase (ChAT) polyclonal antibody (AB144P, Goat IgG, 1:50;
Chemicon International, Inc., Temecula, CA). After being
washed with PBS three times, the sections were incubated for
2 hr at room temperature with a biotinylated secondary anti-
body (Jackson ImmunoResearch Laboratories, Inc.). Finally,
the labeling was developed using the avidin-biotin-peroxidase
complex procedure (Vectastain ABC kits; Vector Laboratories,
Inc., Burlingame, CA) with 3,3-diaminobenzidine (DAB;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) as the chro-
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Fig. 2. Characteristic appearance of hSOD1 (G93A) transgenic rats. A: Forelimb type. The rat was
unable to raise its head and was obligated to take a posture of raising the lumbar region, as indi-
cated, because of the paralyzed forelimbs. B: Hindlimb type. The rat showed paraplegia, but was
able to raise its head and upper trunk with its non-paralyzed forelimbs.

mogen. Immunohistochemical images were examined with a
Zeiss-AxioCam microscope system.

Motor neurons bearing ChAT-immunoreactivity in
laminae VII, VIII, and IX of the ventral hom were counted
in every tenth section (5 sections total for each segment) for
each of the C6, T5, and L3 segments. Only the neurons that
showed labeling above background level and were larger than
20 pm in diameter were counted. The numbers of motor
neurons in all segments (C6, T5, and L3) were summed for
each animal to evaluate not only the local motor neuron loss,
but the generalized loss of motor neurons throughout the spi-
nal cord of each animal (n = 3 for each genotype at each time
point). We next examined the correlation between the num-
ber of residual motor neurons and the results of the functional
analyses described in this study. Statistical analysis was carried
out with two-tailed unpaired Student’s f-test. A P-value of
<0.05 was considered statistically significant.

RESULTS

Clinical Types of hSOD1 (G93A) Transgenic Rats

Because we noticed variations in the disease phe-
notypes expressed by the G93A rats, we classified 49 rats
into three clinical categories according to the location of
initial paralysis. The clinical types were: the forelimb

type, hindlimb type, and general type (Table III). Rats

whose paralysis started in the forelimbs and progressed to
the hindlimbs were defined as the “forelimb type.” In
contrast, rats whose paralysis started from the hindlimbs
and progressed to the forelimbs were defined as the
“hindlimb type.” A typical appearance for the forelimb
and hindlimb types is shown in Figure 2. Other rats,
which showed simultaneous paralysis in the forelimbs
and hindlimbs, were categorized as the “‘general type”.
In addition, we classified the forelimb- and hind-
limb-type rats into two subtypes, the pure and eventual
types, based on the timing of the initial paralysis (Table
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III). Rats of the pure type showed paralysis that was lim-
ited to one or more of the four limbs as the initial ob-
servable deficit. Those of the eventual type initially
showed symptoms of general muscle weakness (e.g.,
walking with a limp, sluggish movement), but without
unequivocal limb paralysis. In the eventual type animals,
paralysis of one of the limbs became apparent later. The
ratio of each subtype is shown in Table I1I.

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

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

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

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

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

In the SCANET test, even the wild-type rats
showed decreased movements for all parameters (M1,
M2, RG) in the late observation period, though they
showed no abnormality in their motor functions. This
might be because they had acclimated to the SCANET
cage. The movement score of the transgenic rats was

consistently worse than that of the wild-type rats after
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