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are responsible for the pathogenesis of polyglutamine
diseases. Such dlarification would expand therapeutic
options for these devastating disorders.

Masahisa Katsuno and Gen Sobue

Department of Neurology

Nagoya University Graduate School of Medicine
Nagoya 466-8550

Japan

Selected Reading

Katsuno, M., Adachi, H., Kume, A, Li, M., Nakagomi, Y., Niwa, H.,
Sang, C., Kobayashi, Y., Doyu, M., and Sobue, G. (2002). Neuron
35, 843-854.

Kaspar, B.K., Llado, J., Sherkat, N., Rothstein, J.0., and Gage, F.H.
{2003). Sclence 307, 839-842.

Lambrechts, D., Storkebaum, E., Morimoto, M., Del-Favero, J., Des-
met, F., Marklund, S.L., Wyns, 3., Thijs, V., Andersson, J., van Marion,
I, et al. (2003). Nat. Genet. 34, 383-394.

La Spada, A.R., Wilson, E.M., Lubahn, D.B., Harding, A.E., and Fisch-
beck, K.H. (1991). Nature 352, 77-79.

McCampbell, A., Taye, A.A., Whitty, L., Penney, E., Steffan, J.8., and
Fischbeck, K.H. (2001). Proc. Natl, Acad. Sci. USA 98, 151 79-15184.
Nucifora, F.C., Jr., Sasaki, M., Peters, M.F., Huang, H., Cooper, J.K,,
Yamada, M., Takahashi, H., Tsuji, S., Troncoso, J., Dawson, V.L, et
al, (2001). Science 291, 2423-2428,

Qosthuyse, B., Moons, L., Storkebaum, E., Beck, H., Nuyens, D.,
Brusselmans, K., Van Dorpe, J., Hellings, P., Gorselink, M., Heymans,
8., et al. (2001), Nat. Genet. 28, 131-138.

Sopher, B.L., Thomas, P.S., Jr., LaFevre-Bemnt, M.A,, Holm, LE.,
Wilke, 5.A., Ware, C.B., Jin, L.-W,, Libby, R.T., Ellerby, LM, and La
Spada, A.R. (2004). Neuron 471, this issue, 687-698.

Steffan, J.5., Bodal, L., Pallos, J., Poelman, M., McCampbell, A.,
Apostol, B.L, Kazantsev, A, Schmidt, E., Zhu, Y.Z.,, Greenwald, M.,
et al. {2001). Nature 413, 739-743.

Sugars, K.L, and Rubinsztein, D.C. (2003). Trends Genet. 79,
233-238.

Yamamoto, A., Eucas, J.J., and Hen, R. (2000). Celt 107, 57-66.
Zoghbi, H.Y., and Orr, H.T. {2000}. Annu. Rev. Neurosci. 23, 217-247.



Field strengths and sequences influence
putaminal MRI findings in multiple system
atrophy ,

H. Watanabe, MD; H. Fukatsu, MD; N. Hishikawa, MD;
Y. Hashizume, MD; and G. Sobue, MD

Muitiple system atrophy (MSA) is a sporadic neurodegenerative
disease that is difficult to diagnose. MRI can show signal abnor-
malities such as putamina) hyperintensity, hyperintense putami-
nal rim, and significant putaminal hypointensity, strengthening a
diagnosis of MSA.!7 However, these abnormalities are highly vari-
able among the published cases and reports.t” Differences of mag-
netic field strengths and sequences and pathologic features could
explain such variability of putaminal signal changes, but the pre-
cise nature of putaminal signal changes remains unclear.t”

We report an MRI study of the cadaveric tissue from a patient
with MSA performed to investigate putaminal signal changes with
different magmetic field strengths and then correlated the findings
with histopathologic observations.

Case report. A 54-year-old man firat noticed gait disturbance
at age 48 years and dysuria and erectile dysfunction at age 49
vears, all of which steadily worsened. Neurologic examinations at
age 50 years revealed urinary dysfunction and parkinsonism
poorly responsive to L-dopa, including bradykinesia, rigidity, and
postural instability. His condition worsened progressively, and he
died of pneumonia 6 years after onset of illness. .

Autopsy was performed 3 hours post-mortem, The brain was
fixed in 10% buffered formalin. A 2-¢m coronal section that in-
cluded the putamen was used for MRI examination with 0.35-T
{OPART, Japan) and 1.5-T (VISART, Japan) scanners using a
surface coil. Images were obtained in the coronal plane using
T2-weighted fast spin-echo (FSE) at 0.35 T and 1.5 T (2,000/120/5)
and T2*-weighted gradient echo (GE) sequences (38/24/5; flip an-
gle, 15) at 1.5 T. For all sequences, a 3-mm slice thickness, a field
of view of 76 % 75 mm, and & matrix of 192 X 192 mm were used.

T2-weighted FSE at (.35 T showed marked putaminat hyper-
intensity, whereas T2-weighted FSE at 1.5 T showed little signal
change in the putamen except for mild hyperintensity in the outer
margin. T2*-weighted GE at 1.5 T, representing the most sensi-
tive MRI sequences for evaluation of putaminal iron deposition,
showed low intensity (figure, A through C). For histopathologic
evaluation, 5-um-thick paraffin-embedded sections were prepared
from the same position and stained with hematoxylin and eosin,
Holzer, Gallyas—Braak, Bedian, and Prussian blue stains. Neuro-
nal loss and gliosis were noted, as-were glial cytoplasmic inclu-
gions, all typical histopathologic findings for MSA. The Holzer
stain ghowed severe gliosis predominantly in the dorsolateral pu-
tamen (figure, D). No calcification was present. Extracellular and
intracellular iron deposits were present extensively in this area
(figure, E). The high signal intensity on T2-weighted FSE at 0.36
T was highly consistent with the distribution of gliosis. Con-
versely, the low intensity on T2*-weighted GE at 1.5 T corre-
sponded well to the region of iron deposits.

Discussion. This is the first study to correlate putaminal MRI
findings at different magnetic field strengths and sequences in
postmortem MSA brain with histologic findings. Although artifact
from formalin and varying relaxation rates caused by a different
hydration state of the tissue should be considered, direct compar-
ison of post-mortem MRI and histologic findings would be benefi-
cial particnlarly for understanding MR signal differences in the
putamen of patients with MSA because putaminal findings at
autopsy could differ from those at examination of MRI during life.

MRI using FSE at 1.5 T, which is used widely for diagnosis of
MSA, showed only mild hyperintensity in the outer putaminal
margin, which can be observed even in healthy subjects. Con-
versely, FSE at 0.35 T and GE at 1.5 T revealed significant pu-
taminal hyperintensity and hypointensity. Histopathologic study
showed severe gliosis and an increase in ferritin depesition, par-
ticularly in the dorsolateral putamen. Gliosis probably increased

signal intensity in T2-weighted images, whereas ferritin enhanced

T2 relaxation in the order FSE at 0.35 T, FSE at 1.5 T, and GE at
1.5 T. Taken together, topography of gliosis predominantly in
dorsolateral parts, severities of gliosis and iron deposits, and mag-
netic field strengths and sequences would determine the putami-
nal MRI findings and can result in a normal putaminal
appearance under FSE at 1.5 T despite the presence of pathologic

Figure. (A) MRI operated at T2-weighted fast spin-echo
(FSE) at 0.35 T. Significant putaminal hyperintensity is evi-
dent. (B) MRI operated at T2-weighted FSE ot 1.5 T. The
greater part of the putamen shows isointensity except for
mild hyperintensity of the rim of the outer margin. (C) MRI
operated af T2*weighted gradient echo ai 1.5 T. Severe pu-
taminal hypointensity is observed. (D) Holzer stain. Exclu-
sive severe gliosis is seen in the putamen. (E) Prussian blue
stain. An increase in ferritin deposits is widespread in the
putamen. Original magnification, X400,

change, In contrast, the higher insensitivity to paramagnetic ef-
fects can provide the hyperintensity at 0.35 T.

Putaminal hyperintensity in MRI was firat described as a find-
ing typical to MSA.! Many subsequent reports have confirmed
this, but sensitivity and specificity were found to be highly
variable.” In MR survey of patients with MSA, it should be con-
sidered that histopathologic features differentially affect MR find-
ings at different magnetic field strengths and sequences.
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Sweet relief for Huntington disease

Masahisa Katsuno, Hiroaki Adachi & Gen Sobue

AND VIEWS

Oral delivery of a simple, nontoxic sugar molecule alleviates symptoms of Huntington disease in a mouse model

(pages 148-154).

A CAG repeat was first pinned to a neurologi-
cal disorder—spinal and bulbar muscular
atrophy (SBMA)—in 1991 (ref. 1). The patho-
logical influence of the affected gene, an
androgen receptor, eventually paled beside the
growing realization that the repeat itself was
key to the disease. A number of other neuro-
logical diseases have since been linked to glut-
amine-encoding CAG  repeats, most
prominent among them Huntington disease.

Despite the excitement they have sparked,
these discoveries have as yet done little to
improve the lives of patients, including more
than 35,000 with Huntington disease in the
United States. In this issue, Tanaka et al. move
us closer to reaping the benefits of this
decade of research. The authors report that in
mouse models of Huntington disease, treat-
ment with a nontoxic sugar substance can
prevent the development of the brain pathol-
ogy associated with Huntington disease, and
can delay the progress of symptoms such as
motor dysfunction. The approach stands out
as the most exciting therapeutic prospect to
date for Huntington disease, and also holds
promise for the entire class of polyglutamine
disorders.

In addition to Huntington disease and
SBMA, other polyglutamine disorders include
several forms of spinocerebellar ataxia, as well
as dentatorubral pallidotuysian atrophy?.
Outside of the polyglutamine stretch, each
causative protein seems unrelated, and
removal of the cavsative protein genetically or
by other means does not result in disease in
humans or animal models?. Yet the diseases
show phenotypic similarities. The clinical fea-
tures depend at least partially on the number
of CAG repeats, and are influenced by the
meiotic instability of the repeat length. These
clinical and genetic similarities imply that
polyglutamines induce toxicity, although loss
of the normal function of causative proteins
may influence the disease®.

Masahisa Katsune, Hircaki Adachi and Gen Sobue
are in the Depariment of Neurclogy, Nagoya
University Graduale Schooi of Medicine, Nagoya,
65 Tsurumai-cho, Showa-ku, Nagoya 466-8550,
Japan.

e-mail; scbueg@med.nageya-u.ac.jp
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Figure 1 Therapeutic approaches for polyglutamine diseases. Several approaches attempt {0 mitigate the
toxicity of polyglutamine (poly Q) tract-containing proteins. Leuprorelin prevents nuclear uptake of mutant
androgen receptor, resulting in the rescue of neuromuscular phenotypes of SBMA. Histone deacetylase
inhibitors ameliorate transcription of affected cetis. Tanaka et al, found that a disaccharide, trehalose,
inhibits aggregation of a protein with an expanded polyglutamine tract, especially in the nucleus {as does
Congo red). LHRH., luteinizing hormone-releasing hormone; CBP, CREB-binding protein.

How do the glutamine repeats affect the
cell? The expansion of the polyglutamine tract
alters protein conformation, resulting in the
formation of insoluble aggregates. These
aggregates sequester normal cellular proteins
such as transcription factors, heat shock pro-
teins, ubiquitin, and proteasome components.
The propensity of the polyglutamine-contain-
ing proteins to aggregate depends on the
fength of the polyglutamine stretch and is
enhanced by protein cleavage through caspase
activation.

Patients with polyglutamine dis¢ases show
loss of specific types of neurons. The cells
that do not die contain inclusions rich in
polyglutamine-containing proteins, mainly
in the nucleus. These inclusions are found in
the vulnerable neurons, implying a direct
role in pathogenesis. Whether these aggre-
gates are toxic—a notion supported by a

large body of evidence—or reflect a protec-
tive response is controversial.

A dramatic study earlier this year bolstered
arguments in favor of toxicity. Injection of the
dye Congo red prevented formation of nuclear
inclusions and alleviated symptoms in a
mouse model of Huntingten disease?,

Tanaka et al., favoring the notion that the
aggregates are toxic, sought a new aggregation
inhibitory therapy for Huntington disease”,
The authors first used an in vitro aggregate
formation assay, with myoglobin containing
an expanded polyglutamine tract as a target
molecule. Using this screening system, they
discovered that disaccharides potently inhib-
ited aggregate formation. Trehalose, the most
effective disaccharide, selectively stabilized a
protein containing a long polyglutamine tract,
but not a protein with the normal number of
glutamines. The authors confirmed this stabi-
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lization in a cell model expressing the aberrant
form of huntingtin, the causative protein of
Huntington disease. The stabilization of myo-
globin with an elongated polyglutamine tract
results® accounts for the trehalose-mediated
suppression of aggregation formation.

The authors went on to test transgenic
mouse madels of Huntington disease. They
found that trehalose-treated mice had fewer
nuclear inclusions than untreated mice.
Trehalose also improved motor dysfunction
and prolonged survival, without any deleteri-
ous side effects. The extremely low toxicity
and high water-solubility of this compound
make this an attractive therapeutic approach,
although the therapeutic effects seem to result
from prevention of new aggregate formation,
not from reversal of the pathology. The data
reinforce the rationale of aggregation-
inhibitory therapy for polyglutamine diseases
(Fig. 1). Trehalose is now ready for phase 1
safety trials in humans,

Other approaches to polyglutamine disease
also show promise. Nuclear accumulation of
polyglutamine-containing  proteins  before
aggregate formation is probably an essential
step in pathogenesis. A mutation that inacti-
vates the nuclear localization signal in ataxin-1,
the causative protein in spinocerebellar ataxia-

1, nullifies polyglutamine-induced neurode-
generation in a transgenic mouse model”. In
cell culture, chemically synthesized polygluta-
mine peptides induce neuronal cell death only
when they are directed into the nucleus®. These
observations suggest that nuclear-directed
transport of mutant proteins is an alternative
target of intervention (Fig. 1), although
cytosolic events should not be neglected”.

Androgen deprivation therapy in a trans-
genic mouse model of SBMA clearly demon-
strates the usefulness of this therapeutic
strategy®. A luteinizing hormone-releasing
hormone analog, leuprorelin, prevents nuclear
translocation of polyglutamine-containing
androgen receptor protein, resulting in a sig-
nificant improvement of disease®. A clinical
trial with leuprorelin, currently under way in
Japan, should clarify the clinical benefit of this
drug for SBMA patients. .

Transcriptional dysregulation, an event
downstrearn of polyglutamine aggregation,
can also be targeted (Fig. 1). Transcriptional
coactivators including CREB-binding protein
are sequestrated in the inclusion, and are also
enfeebled by interaction with soluble polyglu-
tamine tract—containing proteins®. An
increase in acetylation of nuclear histone pro-
teins, facilitated by histone deacetylase

inhibitors, ameliorates neurodegeneration ina
mouse model of Huntington disease!®!!.
These compounds have also been used for
patients with maligrancies. Clinical trials of
histone deacetylase inhibitors should be
planned carefully, however, taking the haz-
ardous side effects into account.

The promising results of these preclinical
studies are ushering in a new era in polygluta-
mine research: the therapeutic stage. The new
investigations also encourage usto continue to
search for new, clinically applicable com-
pounds such as aggregation inhibitors. The
intensive basic research is bearing fruit, and
shows promise of continuing to do so as we
move into clinical trials.
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Multiple regional 'H-MR spectroscopy in multiple system

atrophy: NAA/Cr reduction in

diagnostic marker

pontine base as a valuable

H Watanabe, H Fukatsu, M Katsuno, M Sugiura, K Hamada, Y Okada, M Hirayama, T Ishigaki,

G Sobue
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Objective: We performed 'H-MR speciroscopy {'H-MRS} on multiple brain regions o defermine the
metabolite pattern and diagnostic ufility of TH-MRS in mulliple system atrophy [MSA).

Methods: Exomining single voxels ot 3.0 T, we studied metebolic findings of the putamen, pontine base,
and cerebral white maotier in 24 MSA patients {predominant cersbellar atowia (MSA-C), n=13),
parkinsonism [MSA-P), n=11), in 11 age and durafion matched Porkinson’s disease patients (PD) and in
18 oge maiched control subjects.

Results: The N-acetyluspartale fo creotine ratic (NAA/Cr) in MSA palients showed a significant reduction
in the pontine base (p<0.0001} and putamen (p=0.02} compared with controls, NAA/Cr in cerebral
white matter also fended to decline in long standing cases, NAA/Cr reduction in the pontine base was
prominent in both MSA-P [p<0.0001) and MSA-C (p<0.0001), and putaminal NAA/Cr reduction was
significant in MSA-P [p=0.009). It was also significant in patients who were in an eary phase of their
disease, and in those who showed no alaxic symploms or parkinsonism, or did not show any MRI
abnormality of the ““hot cross bun” sign or hyperintense putaminal rims. NAA/Cr in M5A-P patients was
significantly reduced in the pantine base (p=0.001) and putamen {p=0.002) compared with PD patients.
The cor]nbined TH-MRS in the putamen and pontine base served to distinguish patients with MSA-P from PO
more clearly.

Conc!usio;z "H-MRS showed widespread neuronal and axonal involvement in MSA. The NAA/Cr
reduction in the pontine base proved highly informative in the early diognesis of MSA prior to MRI
changes and even before any dlinical manifestafion of symptoms.

occurring neurodegenerative disease that presents
parkinsonism, cercbellar ataxia, autonomic failure,
and pyramidal signs of varying severity during the course of
illness.’* Neuropathological findings consist of a varying
neuronal loss, gliosis, and demyelination with widespread
regional involvement, particularly including the striatonigral,
olivopontocerebellar, and autonomic nervous sysiems.*™ The
tempo and progression of multiple system involvement vary
widely among individual MSA patients and have been closely
related to both functional deterioration and prognosis by
clinical evaluation.” Thus, assessing the multi-regional
involvement in MSA is essential for accurate diagnosis,
counselling of patients and families, optimal management of
symptoms, and the usefulness of future therapeutic trials.
Proton magnetic resonance spectroscopy ('H-MRS) is a
valuable non-invasive MR technique for monitoring brain
metabolism in vivo$" The major peaks of the 'H-MRS
spectrum, corresponding lo N-acetylaspartate (NAA), crea-
tine (Cr), and choline (Cho) containing phospholipids, have
been used 10 evaluate neuronal Joss and active myelin
breakdown. The ratio of NAA to Cr (NAA/Cr) is considered
a metabolic marker reflecting the functional status of
neurones and axons in the brain, with a decrease indicaling
neuronal or axonal loss or dysfunction. Previous studies
using 'H-MRS in MSA with predominant parkinsonism
(MSA-P) reported a significant NAA/Cr reduction in the
striatum compared with Parkinson's disease {PD) patients
and normal subjects." However, the pontine base and
cerebral white matter, which are also pathologically involved

Mu]tiple system atrophy (MSA) is a sporadically

in MSA, have not been fully assessed by 'H-MRS. Recent
technical innovations have permitted 'H-MRS at higher
magnetic field strengths.** Mulii-regional data can be
obtained from single voxel "H-MRS within a short examina-
tion time with increasing signal to noise ratio (SNR).

Our purpose was to assess the extent of multiple system
involvement in patients with MSA by using multiple regional
single voxel *H-MRS including the putamen, pontine base,
and cerebral white matter {CWM), and to further assess the
diagnostic value of the regional 'H-MRS.

METHODS

All patients and control subjects gave written informed
consent. The MR protocol was approved by the Ethics
Committee of the Nagoya University School of Medicine.
Twenty four patients with MSA (12M, 12F; mean (SD} age 61
{7) years old), 11 patienis with PD {5M, 6F; 63 (9) years old),
and 18 control subjects with no history of any neurological
disease (10M, 8F: 59 (7) years old) were studied. No
significant differences in male to0 female ratio or age were
noted among the three groups. The duration from initial

Abbreviations: Cho, chaline; Cr, crealine; CWM, cerebral white
matter; HCB, “hot aross bun''; HPR, hyperintense rim; MRI, magnetic
resonance imaging; MRS, mognelic resonance speciroscopy; MSA,
multiple system atrophy; MSA-C, mulliple system afrophy with cerebellar
ataxio predominant; MSA-P, mulkiple system otraphy with parkinsonism
predominant; NAA, N-acetylaspartate; PD, Parkinson’s disease; SNR,
signal to noise ratio; VO, volume of inferest.
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Figure 1 Location of volumes of interest are shown by squares in the
pontine base [A}, putamen (B}, and white matter of the frontol lobe [C).
Additionally, in these images, an HCB sign is present in the pons [A], as
is o hyperintense putaminal rim [B). Axial T2 weighted images (3.0 T;
TR: 3970, TE: 80}, with respective findings are indicated by arrowheads,

symptoras to MRI and MRS evaluation also showed ro
differences between MSA and PD pailents (MSA; 3.7
(2.4) years; PD; 4.4 (2.2) years, p>0.4). Diagnoses of all
MSA and PD patients were “probable” according to
established diagnostic criteria.’ 2 As for subtypes of MSa,

WWW,[NP.COM
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cerebellar dysfunction {MSA-C) predominated in 13 patients
and parkinsonism {MSA-P) in 1I. We classified patients
into two groups according to the presence of parkinsonian
signs in MSA, based on the consensus statement for MSA
diagnosis. Patients with bradykinesia plus at least one sign of
either rigidity, postural instability, or tremor were considered
1o manifest parkinsonism and designated as “parkinson-
ism+"”, while others were taken to be “parkinsonism—~". As
for cerebellar dysfunction, patients with gait ataxia plus at
least one sign of ataxic dysarthria, limb ataxia, or sustained
gaze evoked nystagmus were considered “ataxia+”, and
others as “alaxia—" based on the consensus criteria.’ Six of
nine MSA-P patients and all PD patients were laking
medication for parkinsonism (benscrazide/levodopa 25/
100 mg, or carbidopadevodopa L0/100 mg, two or three
times daily). All PD patients showed a good response to
treatment.

MRI and 'H-MRS were performed with a 3.0 T system
(Bruker, Eitlingen, Germany) using a standard head coil with
circular polarisation. The imaging protocol consisted of
sagittal T1 weighted spin echo sequences {repetition time
(TR), 460 ms; echo time (TE}, 14 ms) and transverse T2
weighted sequences (TR, 3970 ms; TE, 80 ms). Slice thickness
was 6 mm with a 1.2 mm gap and a 512384 matrix. We
evaluated whether a “hot cross bun” (HCB) sign was present
in the pons and whether the putamen showed a hyperintense
rim (HPR), according to the criteria described in previous
reports (fig 1A, B).” 2% The spectroscopic volume of interest
(VO!T} was placed in the pontine base (2.2 to 3.4 cm?®), the
putamen (1 cm®), and the CWM (3.4 cm’; fig 1A to C), Voxel
size was chosen to be as small as possible while maintaining
an acceptable SNR in order to minimise the partial volume
effect. Care was taken not to incorporate cerebrospinal fluid
spaces within a VOI The VOI in the putamen was placed on
the mote affected side, and the frontal lobe VOI was
ipsilateral to the putaminal VOI '"H-MR spectra were
acquired using a point resolved spectroscopy sequence with
chemical shift selective waler suppression. Spectral para-
melers were as follows: TR: 2000 ms; TE: 30 ms; averages:
256 in the putamen, and 64 each in the centrum semiovale
and pons; data points: 1024. A shimming procedure focused
on the water signal was performed to obtain a uniform and
homogenous magnetic field. After Fourier transformation
and zero order phase correction, relative metabolite concen-
trations for NAA at 2.0 ppm, Cr at 3.0 ppm, and Cho at
3.2 ppm were determined by Lorentzian curve fitting of the
corresponding resonance in the frequency spectra. The
baseline was corrected for purposes of data preseniation.
From these data, the metabolite ratios NAA/Cr, and Cho/Cr
were determined as serniquantitative values. Post-procedural
processing was performed by the same radiologist (HF). All
preconditioning, spectroscopic measurements, and proces-
sing were performed with Paravision 2.01 software (Bruker).
Total examination time including MRI and ‘H-MRS was
<1 hour. One MSA-C patient with severe pontine atrophy
was excluded because a good pontine spectrum could not be
obtained,

Values obtained were entered into a database for further
statistical analysis. The Mann-Whitney U test and the
Kruskal-wallis test for nonparametric statistics were per-
formed as appropriate. When the Kruskal-Wallis test
indicated differences among groups, in a multiple compar-
ison analysis, Scheffé’s test was used to identify which group
differences accounted for the significant p value.
Relationships of NAA/Cr reduction to duration of illness
were analysed using Pearson's correlation coefficient.
Calculations were performed using the Stat View statistical
software package {Abacus Concepts, Berkeley, CA, USA}.
Statistical significance was defined as p<0.05.
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Fi%ure 2 Representolive 'H-MRS spectra from control and MSA
subjects. A1, B1, and C1 represent spectra from o confrol subject’s
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and €2 represent specira from those same three regions in.an MSA
patient. NAA, N-acelylaspartate; Cho, choline; Cr, creatine; MSA,
mulliple system atraphy; CWM, cerebral white matier.

RESULTS

Widespread NAA/Cr reduction in MSA in multiple
regional "H-MRS

A representative MSA patient (fig 2} showed a marked
reduction of the NAA peak in the pontine base, putamen, and
cerebral white matter compared with controls. NAA/Cr was
significanily reduced in the pontine base of MSA patients
{p=<0.0001) and in the putamen (p =0.02) compared with
controls. MSA patients also showed a lower NAA/Cr in
cerebral white matter than controls, but this difference was
not statistically significant (p=20.12). Cho/Cr was only
stightly increased in MSA, and no significant differences
were found among the three groups for the pontine base,
putamen, and CWM.,

Promiment NAA/Cr reduction in pontine base in both
MSA-C and MSA-P

Significant reductions of NAA/Cr were cvident in the
pontine base, putamen, and CWM in MSA-C and MSA-P
compared with controls (fig 3A-C). MSA-C patients showed
a significant reduction of NAA/Cr in the pontine base
(p<0.0001) and CWM (p=0.02), but not in the puta-
men. MSA-P patients showed a significant reduction of
NAA/Cr in the pontine base (p<0.0001) and putamen
{p=10.009) but not in the CWM. These observations
indicate that the NAA/Cr reduction in the pontine
base was significant in both MSA-C and MSA-P. Cho/Cr

135

A e
35 | l
§ 3.0 _—
2 25
E F
£ 201
o L
E 15
S5 Ot
g 1.0~
0.5
o i L 1
MSAC MSA-P Controls
B £ d]
2.4
20
g |
= 16 T
s L
g 125
o8 l 1
0.4 | I |
MSALC MsAP Contrals
c .
2.6~ !

] (
221

NAA/Cr in CWM

14— -
1.0 ‘\'
0.6 ] I L

MSAC MSAP - Controls

Figure 3 Box ond whisker plot of the NAA/Cr ratio. Horizontal lines
ir:ﬁicure median volues. Boxes extend from the 25th o the 75th
percsntile. A, B, and C respeciively show NAA/Cr in the pontine base,
putamen, and cerebrol white matter, comparing MSA-C, M5A-P, and
control subjects, *p=0.02, *'p=0.009, and **p<0.0001 by Schefie's
test, respectively, ElAA, N-acetylospartate; Cr, creatine; Cho, choline
comtoining component; MSA-C, multiple system atrophy with cerebellar
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was not changed in MSA-P or MSA-C compared with
controls.

Relation of NAA/Cr reduction in pontine base with
disease phase, motor symptoms and MRI
abnormalities in MSA

In terms of disease duration, the NAA/Cr reduction was most
significant in the pontine base of patients with MSA even in
an early phase of illness (fig 4). A tendency toward an inverse
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104

NAA/Cr in pontine base

N
o

-
o

NAA/Cr in putaman
p —
o N

g
o

—
-3

NAA/Cr in CWM
h

0.8 o

o b bea by te sl sl

04 2 4 [) [ 0otz
Duration of MSA, [ysar)

Figure 4 Comelation with duration of MSA of individual NAA/Cr
ratios in :lh.;mﬁne base {A), putamen (B), and cerebral white matter
[C). The areo corresponds b the mean [SD} of NAA/Cr in
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relationship between disease duration and NAA/Cr in the
three regions was observed, but did not attain significance
(pontine base: r=-024, p=0.29; putamen: r=—0.32,
p=0.14; CWM: r= —0.41, p = (.06). NAA/Cr in the pontine
base was significantly reduced compared with controls even
in patients who did not show ataxic symptoms {p = 0.0006,
fig 5A-1). However, NAA/Cr in the putamen and white
matter was not reduced in patients with ataxia {fig 5B-1, C-
1). NAA/Cr in the putamen was markedly decreased in MSA
patients with parkinsonism (p = 0.02, Fig 5B-2), whereas
patients without it exhibited no significant reduction
compared with controls. NAA/Cr reduction in the pontine
base, on the other hand, was significant (p<0.0001)
irrespective of parkinsonism (Fig 5A-2}.
The MRI revealed the HCB sign in the pontine base in
eleven MSA patients {46%) and the HPR sign in six (25%).
- A significant reduction of NAA/Cr was seen in the pontine
base even in patients without (p<0.0001) as well as in
those with an HCB sign (p<0.0001; fig 5A-3). In the
putamen and cerebral white matter, NAA/Cr values did
hot show any significant difference irrespective of the HCB
sign (fig 5B-3, C-3). Moreover, NAA/Cr significanily
decreased in the pontine base in patients both with and
without HPR {fig 5A-4). NAA/Cr in the putamen and cerebral
white matter did not show any significant differences
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irrespective of HPR signs (fig 5B-4, C-4). Cho/Cr had no
significant relationship to alaxic, parkinsonism. or MRI
abnormalities.

NAA/Cr in pontine base in MSA-P and PD

NAA/Cr reduction in the pontine base was highly significant
in patients with MSA-P compared with both controls and PD
(p<0.0001, p=0.001; fig 6A). NAA/Cr in the putamen in
MSA-P patients also showed a significant decrease compared
with both controls and PD (p = 0.003, p = 0.002; fig 6B). No
significant differences in NAA/Cr were noted in cerebral
white matter between MSA-P and PD. These data indicate
that the NAA/Cr reduction in the pontine base is a valuable
marker to discriminate MSA-P from PD. In addition,
combining individual NAA/Cr values for the pontine base
and putamen further reduced the overlap between MSA-P
and PD (fig 6D}, suggesting that a combined assessment of
the pontine base and putamen was more effective in
discriminating between MSA-P and PD than individual area
assessments. Cho/Cr did not display any significant changes
in the pontine base, putamen or cerebral white matter.

DISCUSSION

we demonstrated widespread NAA/Cr reduction in the
pontine base, putamen and in some cases, in the cerebral
hemisphere, but no significant Cho/Cr alteration in patients
with MSA using localised 'H-MRS at 3.0 T. In this study,
absolute metabolite concentrations were nol measured.
However, the specific conditions that may change the total
Cr signal, such as trauma, hyperosmolar conditions, hypoxia,
stroke, and tumours, were not included. Age was matched
among MSA, PD, and control groups. Moreover, quantitative
studies did not show significant Cr changes between MSA
patients and control subjects.'’ '* Thus, the reduction of the
NAA/Cr ratio in the present study can be considered due to a
selective decredse in NAA levels.

NAA has been immunohistochemically demonstrated to
localise almost exclusively within neurones and axong,*
but some in vitro studies have also detected NAA expression
in mature, immature, and undifferentiated oligodendro-
cytes.” *® Nevertheless, according to a recent study, in vivo
MRS measurements of NAA remain axon specific. with no
oligedendrocytes, nenproliferating oligodendrocyte progeni-
tor cells, or myelin contributing to detectable NAA in the
mature CNS.?' This result supports the view that the
widespread NAA/Cr reductions observed in this study
ultimately reflect widespread neurcnal and axonal involve-
ment in MSA, although oligedendrocytes might influence the
NAA levels to some degree.

The striking observation in this study is that the NAA/Cr
reduction in the pontine base was the most significant among
the three regions examined. That reduction was detected in
the early phase of illness even in patients with no symptoms
of ataxia or parkinsonism, or in patients without MRI
abriormality of the HCB sign. Morcover, the pontine NAA/
Cr reduction was significant even in MSA-P patients. In
addition, NAA/Cr reductions in the pontine base were seen
even in patients with no HFR sign in the lateral putamen.
These observations suggest that NAA/Cr reduction in the
pontine base is an accurate diagnostic marker for MSA even
in patients in an early siage and a pre-symptomatic phase of
ataxia or parkinsonism. The diagnostic focus of 'H.-MRS in
MSA has been on the putamen,’- whereas our resulls
unequivocally demonstrated that MRS abnormality can be
detected sooner and more universally in the pontine base
than in the putamen in the course of the disease. The
question is why a significant NAA/Cr reduction can be
detected mote readily in the pontine base than in the
putamen. One reason may be that neuroaxonal degeneration
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Figure 5 NAA/Cr in the pontine base {A), putamen (B) , and cerebral white matter {C} for MSA patients classified in terms of dinical features of
ataxia (+ or —; A-1, B-1, C-1), parkinsonism (P; + or —; A-2, B-2, C-2), HCB on MRI [+ or —; A-3, B-3, C-3), and hyperintense putaminal rim {HPR) on
MRI (+ or —; A-d, B-d, C-d), 4, Presence; —, absence. “p=0.047, *"p=0.02, ***=0.0006, and **+p<0.0001 by Schel's test, respectivaly. NAA,
N-ocetylosportate; Cr, creating; MSA, mulliple system atrophy; CWM, cerebral while matter.

in the pons would be more extensive than in the putamen. As
the pontine base consists of the axons and neurones
specifically involved in MSA {for example fibres of cerebellar
inflow and outflow, corticospinal tracts and transverse
pontine tracts), subclinical involvement of such fibres could
be detected as a reduction of NAA/Cr. Furthermore, because,
as we demonstrated previously, MSA-C is significantly more
prevalent in Japan than MSA-P, compared with white
populations in the western countries,” the cerebellar pontine
system should be more profoundly involved in Japanese MSA
patients. A second possibility is that the volume effect due to
putaminal atrophy would ultimately include the neighbour-
ing normal tissues in the VOI of the MRS, influencing the
degree of the NAA/Cr reduction. As atrophy of the putamen is
severe in certain patients, the size of the VOI is a limiting
factor in 'H-MRS for maimaining an acceptable SNR. Such
volume effects due to putaminal atrophy can result in
conilicting data. Clarke and Lowry reported an absence of
significant reductions in basal ganglionic NAA/Cr in M$A,”
precluding the use of NAA/Cr reductions in the striatum for
differential diagnosis. Disease duration in their patients
averaged 7.9 years.™ In contrast, mean disease duration in
other reports showing significant NAA/Cr reductions in the
striatum of MSA patients ranged from 3.2 to 4.5 years,"'™"
similar to the duration in our patients. Because, with longer
duratfon, putaminal atrophy in patients with MSA-P
becomes more severe, discrepancies could be explained by

differences in putaminal awrophy that can profoundly
influence "H-MRS results. By avoiding this volume effect,
MRS for the pontine base would provide a moare accurate
diagnostic marker.

Discriminating clearly between MSA-P and PD has long
been a diagnostic problem from both therapeutic and
prognostic viewpoints. Putaminal NAA/Cr reduction was
significant in MSA-P patients compared with PD and
control subjects, as previously reported.’'* However, as
discussed above, the putaminal volume effect could
influence the significance of putaminal! NAA/Cr reduction,
particularly in patients with advanced disease. Although
brainstem and cerebellar involvement i$ an important
and specific finding in differentiating MSA-P from PD,* ™
the sensitivity of both clinical and MRI evaluations of
these abnormalities is relatively low.” ** Based on our results,
we believe that 'H-MRS assessment of the pontine base
would be of considerable value in the differential diagnosis
berween MSA-F and PD. However, combined 'H-MRS study
of the pontine base and putamen can provide a more
sensitive differentiation between MSA-P and PD than a
conventional single regional study, such as ihat of the
pulamen.

The cerebral hemisphere is involved more extensively in
MSA than previously believed. Recently, Abe ef al reported a
significant decrease in NAA/Cr in MSA, invelving
Brodmann's areas 6, 8, and 46." Moreover, Spargo et al
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reported 18.7% and 21.4% neuronal loss in the primary and
supplementary motor cortex, respectively.” In addition, the
degree of airophy in cerebral hemispheric areas varies
beiween individuals, often becoming severe in long standing
cases.™ We found a mild overall reduction of NAA/Cr in CWM
with a more significant NAA/Cr reduction in the subgroup
with a longer duration of illness. This finding is in good
agreement with previous 'H-MRS reports and pathological
observations.

Davie et "' reported a significant reduction of Cho/Cr ratio
suggesting reduced mermbrane turnover in the lentiform
nucleus in MSA. perhaps as resuil of cell loss. In the present
study, Cho/Cr showed little change throughout the course of
disease in the putamen, pontine base, and CWM, in
agreement with other reports. * The relevance of this
discrepancy is uncertain. One possible explanation is the
difference of technical factors such as size of VOI and echo
time. On the other hand, pathological study shows not only
cell loss but alse widely and variously distributed myelin
degeneration in MSA brains that may increase the Cho.”
Thus, heterogeneity of lesions in association with disease
stage also may influence the Cho/Cr result. Further long-
itudinal studies and comparison of 'H-MRS with histclogical
findings will be needed to clanify the uncertainty as to the
Cho/Cr ratio in MSA.

In conclusion, localised 'H-MRS at 3.0T in multiple
regions showed widespread neuronal and axonal involve-
ment in patients with MSA. NAA/Cr reduction in the pontine
base provided a significant diagnostic marker for MSA
irrespective of the disease form of MSA-P or MSA-C, disease
duration, symptomatic manifestations, or MRI abnormalities.
Moreover, combined 'H-MRS study of the pontine base and
putamen proved particularly effective in differentiating M3A
from PD. We believe that 'H-MRS would provide an early and
accurate MSA diagnosis, an enhanced understanding of its
pathogenetic mechanism, and the conclusiveness needed for
future therapeutic trials.

www. [nnp.com

Authors’ offiliations

H Watonabe, M Katsuno, M Sugivro, K Hamada, Y Okada,

M Hirayama, G Scbue, Department of Neurclogy, Nagoya University
Graduate Scheol of Medicine, Jopan

H Fukatsu, T ishigaki, Dapariment of Radiology, Nagoya University
Graduale School of Medicine, Japan

Compefing interest: none declared ¢

REFERENCES
1 Graham JG, Oppenheimer DR. Orthostatic hypotension and nicofine

sansitivily in o casa of multiple system afrophy. J Neuro! Nevrasurg Psychiatry

1949,32:28-34.

Guinn N. Mulliple system atvaphy-the nature of the beast. J Nauro! Neurosurg

Psychiaty 1989;52:78-89,

Gilman §, Low PA, Guinn N, ef al. Consensus statsment on tha diagnosis of

multipla system atrophy. J Neurol Sei 1999,163:94-8,

Sobue G, Terco 5, Kachi T, of of. Somatic motor efferents in multiple system

with autonomic failurs: o clinico-pathalogical study. J Naurel Sci

1992:112:113-25,

Wenning GK, Ben-Shlomo Y, Thes M, of al. Clinicopathological study of

35 cases of multiple system ofraphy. J Neurol Nevrosung Psychictry

l99.‘5;58:'I'n;‘?-‘?;.ﬁ ke

Lantos P. nition of multiple system cirophy: A review of recenf

d 1s. J Neuropathol Exp Neurof 1998;57:1099-111.

Watanabe H, Saita Y, Terao S, #f al. Progression and prognasis in multiple

systerm drorhy; an analysis of 230 Japanese patients. Brain

2002;125:1070-83.

Ross B, Michaslis T. Clinical applicatiens of mognetic resonance spedroscopy.

Magn Reson G 1974,1G:191=-247,

Davia CA, The role of spectroscapy in porkinsonism, Moy Disord

1998:13:2-4,

10 Rudkin TM, Amold DL, Proton mognetic scopy for the diegnesis and
management of cerebrol disorders. Arch Neurol 1999,56:919-26.

i D;;‘:lyct' We'émingrhGK, Brtlrhr GJaei‘ ol Differentiction of multiple system
o om idiopothic Parkinson’s disatse using proton mognelic resonance

. Ann Newrol 1995,37:204-10. "®

12 Federico F, Simone IL, Lucivaro ¥, of of. Proton magnelic resononcs
speciroscopy in Parkinsen's diseass and atypical puuﬂdnsoniun disorders. Mov
Disord 1997,12:903-9.

13 Federico F, Simone 1L, Lucivere V, et of. Usefulness of proton magnetic
resonancs in diffsrentiating porkinsenian syndromes.
Il J Naurol Sci 1997,20:223-9.

t4 Abe K, Terokowa H, Takanashi M, et of, Profon magnetic resonance
spectrascapy of potients with parkinsonism. Brein Res Bull

2000;52:589-95.

B W N

wn

~ o

0 o



Multiple regional "H-MR speciroscopy in multiple system atrophy

21

»
23

24

Terokawa H, Abs K, Wotenabe Y, of af. Profon magnetic resononce

speciroscopy (1H MRS in patients with sporadic cerebeflar dageneration

J Nevroimaging 1999,9:72-7,

Clarke CE, Lowry M. Basel ganglia metabolite concentrations in idiopothic

Porkinson's diseose and multiple system atophy measured by proton

magnelic resononce spadroscapy. Eur J NeurJ 2000,7:661-3.

Hu MTM, Simmons A, Glover A, et . Proton magnetic resonance

speciroscopy of the putarnen in Porkinson's disecss and mulfiple system

atrophy. Mov Disord 1998,13:182.

Clarks CE, Lowry M. Systematic review of proton magnetic resanance

spactroscopy of the siriatum in parkinssnion syndromes. Eur J Neurol

2001;8:573-7,

Bomsdorf H, Helzel T, Kunz D, ofof. scopy and imoging with o 4 Tesl

whols-body MR systkem, NMR Biomad 1988;1:151-8.

Hnﬂm"melun HP, Pan W, Chu W-J, et of. Biclogical and clinicol MRS at

ultre-high field. NMR Biomad 1988;10:360-71.

Gruetter R, Weisdorf SA, Rojanayagan V, of of. Resclution improvements in

vivo NMR spectra with increased magnetic field strength. J Magn Reson

1988;135:260-4.

Calne DB, Snow BJ, Les C. Criteria for diagnosing Parkinson’s disease. Ann

Neurol 1992,32:5125-7.

Savoiardo M, Stroda L, Girali F, et of. Olivopontocerebellar atrophy: MR

diagrosis and relationship to rnuiﬁple system atrophy. Rodiclogy

1990,174:693-5.

Kraft E, Schwarz J, Trenkwalder €, o of. The combination of hypointense and

hyperintense signal ds:mon T2-weighted magnefic resonancs imaging
wences: a specific of multiple: system atrophy? Arch New

1999,56:225-8.

25

26
27
28

2

~0

30

3

32
33
34
35

109

Kenagaya M, Sckai M, Matvucks Y, et ol. Pathological correlate of the diflike
changas on MRI ot the putaminat margin in rulfiple system otrophy. S Nevrol
1999,245:142-3,

Schrog A, Good CD, Miszkiel K, ef of. Differentiation of atypicol parkinsonian
syndromes with routine MR, Naurol'ugy 2000;54:497-02.

Moffett J&, Namboodini MAA, Cangro CB, of of. Immunohistochemicol
loculization of N-acethylaspartate in rat brain. Neurorepert 1991,2:131-4.
Simmons ML, Frondoza CG, Coyle IT. lmmunchistochemical localization of
N-ocethylospartate with monodloncal antibodies. Nevroscience

1991 48,3745,

Umﬂni.;.': 1, Williams 3R, Goditlm DG,;! ol Specific oxprassion of N-
acethylaspartate in neyreons, oligodendr -2 astr progenitors,
and immP:lra oligodendrocyfe'ig:ei?ro. m 19(;?75’9:55-61.
Bhakoo KK, Pearce D. In vivo expression of N-acatylaspartate by
cligodendrocytes: implications for proton magnetic rasonance spaciroscopy
signal in vivo, J Neurochem 2000,74:254-62.

Bjartmar C, Batfisiuta J, Terada N, et ol N-acetykospartate is an axon-specific
marker of mature white matter in vivo: o biechemical and
immunohistochemical shucly on the rat optic nerve. Ann Neurol
2002;51:51-8,

Litvan ), Goetz CG, Jankovic 1, ef af. What is accuracy of the dinical diognosis
of muitiple system ? Arch Neurol 1997,54:937-44.

Spargo E, Papp ML, Lantos PL. Decreass in nevronal density in the carebrol
cortex in multipls system atrophy. Eur J Neurol 1996.13:450-6,

K M, Sakoi M, Matsuoka Y, ef ol. Multiple system atrophy with
r:n”:m frontal lobe otrophy. Acta Neu | {Bert) 199997 .423-8.
Matsuo A, Akiguchi I, Lee GC, ef al. Myelin degeneration in multiple system
afrophy detected by unique anfibodies. Am Jf Pathol 1998;153:671-6.

If you wish to comment on any article published in the Journal of Neurology, Neurosurgery, and Psychiatry
you can send an eletter using the eLetters link at the beginning of each article. Your response will be posted on
Joumal of Neurology, Neurosurgery, and Psychiatry online within a few days of receipt (subject to editorial screening).

www.jnnp.com

W, ND.com



J Mol Med (2004) 32:298-307
DOI 10.1007/s00109-004-0530-7

RV EIEW

Masahisa Katsuno + Hiroaki Adachi -
Fumiaki Tanaka - Gen Sobue

Spinal and bulbar muscular atrophy: ligand-dependent pathogenesis

and therapeutic perspectives

Received: 29 September 2003 / Accepted: 13 January 2004 / Published online: 27 February 2004

© Springer-Verlag 2004

Abstract Spinal and bulbar muscular atrophy (SBMA) is
a late-onset motor neuron disease characterized by prox-
imal muscle atrophy, weakness, contraction fascicula-
tions, and bulbar involvement. SBMA exclusively affects
males, while females are usnally asymptomatic. The
molecular basis of SBMA is the expansion of a trinucle-
otide CAG repeat, which encodes the polyglutamine
(potyQ) tract in the first exon of the androgen receptor
(AR) gene. The histopathological hallmark is the presence
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of nuclear inclusions containing mutant truncated ARs
with expanded polyQ tracts in the residual motor neurons
in the brainstem and spinal cord, as well as in some other
visceral organs. The AR ligand, testosterone, accelerates
AR dissociation from heat shock proteins and thus its
nuclear translocation. Ligand-dependent nuclear accumu-
lation of mutant ARs has been implicated in the patho-
genesis of SBMA. Transgenic mice carrying the full-
length human AR gene with an expanded polyQ tract
demonstrate neuromuscular phenotypes, which are pro-
found in males. Their SBMA-like phenotypes are rescued
by castration, and aggravated by testosterone administra-
tion. Leuprorelin, an LHRH agonist that reduces testos-
terone release from the testis, inhibits nuclear accumula-
tion of mutant ARs, resulting in the rescue of motor
dysfunction in the male transgenic mice. However,
flutamide, an androgen antagonist promoting nuclear
translocation of the AR, yielded no therapeutic effect. The
degradation and cleavage of the AR protein are also
influenced by the ligand, contributing to the pathogenesis.
Testosterone thus appears to be the key molecule in the
pathogenesis of SBMA, as well as main therapeutic target

-of this disease.
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Introduction

More than a hundred years have elapsed since the
first description of spinal and bulbar muscular atrophy
(SBMA) [1, 2]. Early case reports [3, 4, 5, 6, 7, 8] were
followed by the clinical and genetic description of 11
cases from two families by Kennedy and colleagues {9],
which established the clinical entity of SBMA. Since the
discovery of abnormal CAG triplet expansion in the
androgen receptor (AR) gene as the cause of SBMA [10],
molecular biological approaches have been undertaken to
elucidate the pathogenesis of the disease and develop



approaches for its treatment. Here we review the research
* findings from which the ligand-dependent pathophysiol-
ogy of SBMA has emerged, and discuss its therapeutic
approaches.

Clinical features of SBMA

SBMA, also known as Kennedy’s disease, is an inherited
motor neuron disease characterized by adult-onset prox-
imal muscle atrophy, weakness, fasciculations, and bulbar
involvement [9, 11]. Fasciculations often manifest upon
muscle contraction, and have been described as contrac-
tion fasciculations. The onset of weakness is usually
between 30 and 50 years, but is often preceded by
nonspecific symptoms such as tremor, muscle cramps and
fatigue [12, 13]. Deep tendon reflex is diminished or
absent, with no patholegical reflex. Sensory involvement
is largely restricted to that of vibration, which is affected
distally in the legs [11). Male patients occasionally
demonstrate signs of androgen insensitivity such as
gynecomastia, testicular atrophy, erectile dysfunction
and decreased fertility [14, 15, 16], and some of these
symptoms may be detected before the onset of motor
symptoms. Endocrinological examinations frequently re-
veal partial androgen resistance with an elevated serum
testosterone level [17]. Examination by electromyogram
shows neurogenic abnormalities, and distal motor laten-
cies are often prolonged in nerve conduction studies. Both
the sensory nerve action potential and sensory evoked
potential are reduced or absent [18, 19]. Serum creatine
kinase levels are elevated in the majority of patients.
Hyperlipidemia, liver dysfunction and glucose intolerance
are also detected in some patients [12, 20]. SBMA
exclusively affects males, and thus has been reported as
an X-linked hereditary disease. The prevalence of SBMA
has been estimated 1 in 40,000 in areas with where the
diagnosis is efficient [21], although considerable numbers
of patients may have been under-diagnosed {22, 23].
Profound facial fasciculations, bulbar signs, gynecomas-
tia, and sensory disturbance are the main clinical features
distinguishing SBMA from other motor neuron diseases,
although genetic analysis is indispensable for diagnosis.
Female patients are usually asymptomatic, but some
express subclinical phenotypes including high amplitude
motor unit potentials on electromyography [24, 25].

In the histopathology of SBMA, lower motor neurons
are markedly depleted through all spinal segments and in
the brainstem motor nuclei except the third, fourth and
sixth cranial nerves [11, 26]. The number of nerve fibers
is reduced in the ventral spinal nerve root, reflecting
motor neuronopathy. Sensory neurons in the dorsal root
ganglia are less severely affected, and the large myelin-
ated fibers demonstrate a distally accentuated sensory
axonopathy in the peripheral nervous system [27]. Neu-
rons in the Onufrowicz nuclei, intermediolateral columns
and Clarke’s columns of the spinal cord are generally well
preserved. Muscle histopathology shows both neurogenic
and myogenic findings; there are groups of atrophic fibers
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with a number of small angular fibers, fiber type
grouping, and clamps of pyknotic nuclei as well as
variability in fiber size, hypertrophic fibers, scattered
basophilic regenerating fibers and central nuclei.

The progression of SBMA is usuaily slow, but life-
threatening respiratory tract infection often occurs in the
advanced stage of the disease, resulting in early death in
some patients [13]. No specific treatment for SBMA has
been established. Testosterone has been used in some
patients, although it has no effects on the progression of
the disease [28, 29, 30].

Molecular pathogenesis of SBMA

The molecular basis of SBMA. is the expansion of a
trinucleotide CAG repeat, which encodes the polyglu-
tamine (polyQ) tract, in the first exon of the AR gene [10]
(Fig. 1). The CAG repeat within AR ranges in size from
11 to 35 repeats in normal subjects, but from 40 to 62 in
SBMA patients [10, 21, 31]. Multiple founder effects
have been reported in Japan, Europe and Australia [31,
32]. Expanded polyQ tracts have been found to cause
several neurodegenerative diseases including SBMA,
Huntington’s disease (HD), several forms of spinocere-
bellar ataxia, and dentatorubral and pallidoluysian atro-
phy (DRPLA) [33, 34, 35]. These disorders, known as
polyQ diseases, share salient clinical features such as
anticipation [36], somatic mosaicism [37], and selective
neuronal and non-neuronal involvement despite wide-
spread expression of the mutant gene [38]. There is also
an inverse correlation between the CAG repeat size and
the age at onset, or the disease severity adjusted by age at
examination in SBMA (36, 39], as well as in other polyQ
diseases [33, 40]. These observations suggest that com-
mon mechanisms underlie the pathogenesis of polyQ
diseases, although the nature of each causative protein is
discrete apart from the existence of the polyglutamine
stretch.

A striking pathological hallmark of most polyQ
diseases is the presence of nuclear inclusions (NIs),
which have been considered relevant to the pathophysi-
ology [33]. In SBMA patients, NIs containing the mutant,
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Fig. 1 Structure of the androgen receptor (AR) protein. The AR, a
ligand-dependent transcriptional factor, is a member of the steroid/
thyroid hormone receptor family. The AR protein consists of three
major domains: an N-terminal transactivating domain, a DNA-
binding domain, and a ligand-binding domain. The polyglutamine
tract is located in the N-terminal domain, which possesses the
major transactivating function (AF-1). The DNA binding domain
{DBD) contains zinc finger structures, facilitating AR binding to
DNA. The ligand binding domain (LBD) in the C-terminus also
contains weak transactivating function (4F-2)



Fig. 2 Nuclear inclusion of spinal and bulbar muscular atrophy
(SBMA). A residual motor neuron in the lumbar anterior horn
shows a nuclear inclusion detected by an anti-polyghutamine
antibody

truncated AR are detected in the residual motor neurons
in the brainstem and spinal cord [41] (Fig. 2) as well as in
the skin, testis and some other visceral organs [42]. These
inclusions have similar epitope features detectable by
antibodies that recognize a small portion of the N-
terminus of the AR protein only, and they are ubiquiti-
nated. Although considerable controversy surrounds the
importance of NIs in the pathophysiclogy of the polyQ
diseases [43], several studies have implied that the
nuclear localization of the mutant protein is essential for
inducing neuronal cell dysfunction and degeneration in
the majority of polyQ diseases [34]. This hypothesis is
supported by the fact that several transcriptional regula-
tory proteins are sequestrated into Nls [44, 43].

SBMA is unique among polyQ diseases in that the
mutant protein, the AR, has a specific ligand, testosterone,
and this ligand alters the subcellular localization of
the protein by favoring its nuclear uptake. The AR is
normally confined 1o a multi-heteromeric inactive com-
plex in the cell cytoplasm, and translocates into the
nucleus in a ligand-dependent manner (46]. This intra-
cellular trafficking of AR and other ligand-related mech-
anisms appear to play important roles in the pathogenesis
of SBMA.

Ligand effects in a mouse model of SBMA

In order to investigate ligand effects in SBMA, we
generated transgenic mice expressing the full-length
human AR containing either 24 or 97 CAG repeats under
the control of a cytomegalovirus enhancer and a chicken
B-actin promoter (47]. This model recapitulated not only

the neurological disorder, but also the phenotypic differ-

ences with gender, which is a specific feature of SBMA.

The lines with 97 CAG repeats (AR-97Q) exhibited
progressive motor impairment, although no lines with 24
CAG repeats showed any phenotypes. All symptomatic
lines showed small body size, short lifespan, progressive
muscle atrophy and weakness, as well as reduced cage
activity, all of which were pronounced and markedly
accelerated in the male AR-97(} mice, but were either not
observed, or far less severe, in the female AR-97Q mice,
regardless of the line. The onset of motor impairment
detected by the rotarod task was between 8 and 9 weeks
of age in the male AR-97Q mice, and at 16 weeks or more
in the females. The 50% mortality ranged from 66 to 132
days in the male AR-97Q mice, whereas the mortality of
the females remained only 10-30% at more than 210
days. Western blot analysis revealed the transgenic
protein smearing from the top of the gel, indicating the
presence of insoluble AR fragments, in tissues such as the
spinal cord, cerebrum, heart, muscle and pancreas. Al-
though the male AR-97Q mice had more smearing protein
than their female counterparts, the female AR-97Q mice
had more monomeric AR protein. The nuclear fraction
contained the most of smearing mutant AR protein.
Diffuse nuclear staining and less frequent NIs detected by
1C2, an antibody specifically recognizing the expanded
polyQ, were demonstrated in the neurons of the spinal
cord, cerebrum, cerebellum, brainstemn and dorsal root
ganglia as well as non-neuronal tissue such as the heart,
muscle and pancreas. Male AR-97Q 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 differences of mutant AR protein ex-
pression, there” was no significant difference in the
expression of the transgene mRNA between the male
and female AR-97Q mice. These observations indicate
that the testosterone level plays an important role in the
gender-specific differences in the phenotypes, especially
in post-transcriptional regulation of the mutant AR.
Gender-specific phenotypes have also been demonstrated
in another transgenic mouse model of SBMA carrying
the full-length AR with 120 CAG repeats driven by a
cytomegalovirus promoter [48].

The dramatic sexual difference of phenotypes led us to
trial hormonal interventions in our mouse model. First, we
castrated male AR-97Q mice in order to decrease their
testosterone level. Castrated males showed profound
improvement of their symptoms, histopathological find-
ings, and nuclear localization of the mutant AR compared
with sham-operated males. The body weight, motor
function, and lifespan of these mice were significantly
improved by castration. Western blot analysis and histo-
pathology revealed diminished nuclear accumulation of
mutant AR in the castrated males compared with the
sham-operated males. Next, we administered testosterone
to female AR-97Q mice. In contrast to castration of the
male mice, testosterone caused a significant aggravation
of symptoms, histopathological features, and nuclear
localization of the mutant AR in female mice. Since the
nuclear translecation of AR is testosterone-dependent,



testosterone appears to show toxic effects in the female
AR-97Q mice by accelerating nuclear translocation of the
mutant AR. Hence, castration of the males prevented the
nuclear localization of the mutant AR by reducing the
testosterone level. Nuclear localization of the mutant
protein with an expanded polyQ tract is likely to be
important in inducing neuronal cell dysfunction and
degeneration in the majority of the polyQ diseases.
Addition of a nuclear export signal to the mutant
huntingtin protein eliminates aggregate formation and
cell death in cell models of HD [49, 50], whereas a
nuclear localization signal has the opposite effect [50].
When its nuclear localization signal is mutated, atxaxin-1,
the causative protein of SCA-1, is distributed in the
cytoplasm and does not cause any neurological disorders
in SCA1 transgenic mice [43]. Addition of a nuclear
export signal to the mouse Hprt protein containing
expanded polyQ reduces NIs and delays the onmset of
behavioral abnormalities [51). These findings suggest that
reduction in the testosterone level improved phenotypic
expression by preventing nuclear localization of the
mutant AR. In support of this hypothesis, the ligand-
dependent neurodegeneration has also been revealed in a
fruit fly model of SBMA [52]. Alternatively, castration
may enhance the protective effects of heat shock proteins,
which are normally associated with the AR and dissociate
upon ligand binding. Although ligand-induced neuronal
dysfunction is apparent in the mouse model, testosterone
administration does not worsen the symptoms of SMBA
patients in preliminary clinical trials [28, 29]. This
inconsistency may be explained by several reasons. The
treatment duration may not be long enough to show its
negative effects on disease progression. The negative
effect may be saturated by the endogenous level of
testosterone. The anabolic effects of androgens on the
muscle may attenuate the motor symptoms induced by
anterior horn cell degeneration in SBMA.

Successful treatment of AR-97Q mice by castration
ingpired us to trial testosterone blockade therapies, using a
LHRH analogue and an AR antagonist used in the
treatment of prostate cancer [53]. AR-97Q mice treated
with leuprorelin, a LHRH analogue which reduces tes-
tosterone release from the testis, showed a marked
amelioration of symptoms, histopathological findings,
and nuclear localization of the mutant AR compared with
vehicle-treated mice (Fig. 3). Leuprorelin initially in-
creased the serum testosterone level by upregulating the
LHRH receptor, but this effect was subsequently reduced
to undetectable levels. Androgen blockade effects were
also confirmed by reduced weights of the prostate and the
seminal vesicle. The leuprorelin-treated AR-97Q mice
showed significant improvements in lifespan, muscle
atrophy and reduced body size as well as motor impair-
ment as assessed by the rotarod task and cage activity.
Although the negative effect on fertility was mitigated by
reducing the dosage, the therapeutic effects on neuro-
muscular phenotypes were insufficient at a lower dose of
leuprorelin. In the Western blot analysis and anti-polyg-
lutamine immunostaining, the leuprorelin-treated male
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AR-97Q mice had markedly diminished levels of mutant
AR in the nucleus, suggesting that leuprorelin success-
fully reduced nuclear AR accumulation. Testosterone,
which was given from 13 weeks of age, markedly
aggravated the neurological symptoms and pathological
findings of the leuprorelin-treated male AR-97Q mice.
Leuprorelin prevents testicular testosterone production by
down-regulating LHRH receptors in the pituitary, and has
extensively been used as medical castration in the therapy
of prostate cancer. Leuprorelin appears to improve
SBMA-related neuronal dysfunction by preventing li-
gand-dependent nuclear transjocation of the mutant AR in
the same way as castration. Given its minimal invasive-
ness and established safety, leuprorelin is likely to be a
promising therapeutic agent for SBMA. Upon clinical
trials, however, the patient’s desire for fertility should be
taken into account, and the appropriate therapeutic dose
carefully determined.

Leuprorelin-treated AR-97Q mice showed deteriora-
tion in their body weights and rotarod task performance
from the age of 89 weeks, when serum testosterone
initially increased through the agonistic effect of le-
uprorelin. This change was transient and followed by a
sustained amelioration together with consequent suppres-
sion of testosterone production. The footprint analyses
also revealed a temporary exacerbation of motor impair-
ment. Immunostaining of tail specimens, sampled from
the same individual mouse, demonstrated an increase in
the number of the muscle fibers with nuclear 1C2 staining
after 4 weeks of leuprorelin administration, although this
1C2 staining was diminished after another 4 weeks of
treatment. Reversibility of polyQ pathogenesis has also
been demonstrated by turning off gene expression in an
inducible mouse model of HD [54]. Our results, however,
indicate that preventing nuclear translocation of the
mutant AR is enough to reverse both the symptomatic
and pathological phenotypes in our AR-97Q mice. Since
the pathophysiology of AR-97Q mice is neuronal dys-
function without neuronal cell loss {47], our results
indicate that polyQ pathogenesis is reversible at least in
its dysfunctional stage. We need to determine the early
dysfunctional period in human polyQ diseases.

By contrast, flutamide, an AR antagonist, did not
ameliorate the symptoms, pathological features, or nu-
clear localization of the mutant AR in the male AR-97Q
mice, although there was no significant difference be-
tween flutamide and leuprorelin in terms of androgen
blockade. Flutamide, the first androgen antagonist dis-
covered, has a highly specific affinity for the AR, and
competes with testosterone for binding to the receptor. It
has been used for the treatment of prostate cancer, usually
in association with an LHRH agonist, in order to block the
action of adrenal testosterone. Although flutamide sup-
presses androgen-dependent transactivation, it does not
reduce the plasma levels of testosterone. Furthermore,
flotamide does not inhibit, but may even facilitate, the
nuclear translocation of the AR [55, 56]. Flutamide also
promotes nuclear transfocation of mutant ARs containing
expanded polyQ tracts in both cell and fly models of
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Fig. 3a— Effects of leuprorelin on mutant AR expression and
neuropathology of male AR- 97Q mice. a Western blot analysis
with an anti-AR antibody (N-20) of total homogenates from the
spinal cord and muscle of the leuprorelin-treated (L) and vehicle-
treated (V) male AR-97Q mice. Densitometric analysis demonstra-
ted that leuprorelin significantly diminished the amount of mutant.
AR smearing from the top of the gel. (*P=0.011, **P=0.015). b
Western blot analysis (with N-20) of the nuclear (¥) and cytoplas-
mic (C) fractions from muscle tissues of the male mice given
leuprorelin (L) and vehicle (V), and a transgenic mouse cartying an
AR with 24 CAG repeats (AR-24()). Smearing mutant AR, which

SBMA. [52, 57). This may be the reason why flutamide
showed no therapeutic effect in our transgenic mouse
model of SBMA, and hence is not likely to be a usefu]
therapeutic agent for SBMA.

The castrated or leuprorelin-treated AR-97Q mice
showed phenotypes similar to those of the female
AR-97Q mice, implying that the motor impairment of
SBMA patients can be reduced to the level seen in
females. SBMA has been considered an X-linked disease,
whereas other polyQ diseases show autosomal dominant
inheritance. In fact, female SBMA patients hardly man-
ifest clinical phenotypes, although they possess similar
number of CAG repeats in the disease allele as their male
siblings with SBMA [24, 25]. Indeed the lower level of
mutant AR expression in females due to X-inactivation
may cause the escape from phenotypic manifestations, but
hormonal interventions in mouse and fly models strongly
suggest that low levels of testosterone prevent the nuclear
accumulation of the mutant AR, resulting in a lack of
phenotypic manifestations in females. This hypothesis is
supported by the finding that manifestation of symptoms
is minimal, even in females homozygous for SBMA [58].

decreased with leuprorelin treatment, was contained in the nuclear
fraction, In the densitometric analysis, leuwprorelin significantly
reduced the amount of smearing mutant AR in the nuclear fraction.
(P=0.014). ¢ Immunohistochemical studies using 1C2 showed
marked differences in diffuse nuclear staining and nuclear inclu-
sions between the leuprorelin-treated and vehicle-treated AR-970Q
male mice in the spinal anterior horn and the muscle. Hematoxylin
and eosin staining of the muscle in the vehicle-treated male mouse
revealed apparent grouped atrophy and small angulated fibers,
which were not seen in the leuprorelin-treated mice. This figure is
reproduced from [53]

In another case report, an 85-year-old woman with 38/51
CAG repeats was also asymptomatic [59]. It would appear
logical that SBMA is not an X-linked recessive inherited
disease, but rather that its phenotype depends on testos-
lerone concentration.

Ligand-dependent modifications of the AR

In addition to nuclear translocation, ligand binding
modulates AR function in various ways. These ligand
effects are also likely to influence the pathogenesis of
SBMA (Fig. 4). Many components of the ubiquitin-
proteasome and molecular chaperones are known to co-
localize with polyQ-containing NIs [60, 61, 62]. These
chaperones and proteasomes facilitate refolding or deg-
radation of the mutant protein, and may play a role in
protecting neuronal cells against the toxicity of the
expanded polyQ tract [60, 63]. Over-expression of heat
shock proteins (HSPs) decreases aggregate formation of
mutant ARs and markedly prevents the cell death in a
neurcnal cell model of SBMA [64]. HSP70 over-expres-
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Fig, 4 Hypothetical relationship between the ligand and the mutant
AR, In the absence of ligand, the mutant AR is confined to a multi-
heteromeric inactive complex with heat shock proteins (FSP) in the
cell cytoplasm. Ligand-binding facilitates its dissociation from this
complex and translocation into the nucleus. Ligand also induces
AR modifications such as conformational change, phosphorylation
and proteolytic cleavage. In the nucleus, the mutant AR aggregates
in a fashion partially dependent on transglutaminase activity, and
forms nuclear inclusions as a consequence. The function of critical
cellular proteins such as CREB-binding protein is inhibited by
mutant the AR, resulting in transcriptional dysregulation. On the
other hand, the decreased transactivation function of the mutant AR
may contribute to the androgen insensitivity and neurodegeneration
in SBMA. LHRH agonist, but not androgen antagonist, inhibits
nuclear accumulation of mutant AR, resulting in the improvement
of SBMA phenotypes in model mice. This figure is modified from
[103]

sion enhances both the solubility and the degradation of
mutant ARs in vitro [65]. These protective effects of the
HSPs have also been reported in a wide range of polyQ
disease models [60, 66, 67, 68]. Over-cxpression of the
inducible form of human HSP70 markedly ameliorated
the symptomatic and histopathological phenotypes in
our transgenic mouse model, and this amelioration was
correlated with the reduction in the amount of nuclear-
localized mutant AR protein [69]. It should be noted that
the soluble form of the mutant AR was also significantly
decreased by HSP70 over-expression, suggesting that the
degradation of the mutant AR may have been accelerated
by over-expression of HSP70. Without ligand stimulation,
the AR is associated with HSP70 and HSP90, and exists
as an inactivated complex in the cell cytoplasm. Once
ligand binds to the AR, the receptor is released from this
complex and translocates into the nucleus. Ligand-de-
pendent dissociation from HSPs is likely to enhance the
toxic properties of mutant ARs, and thus contributes to
the pathogenesis of SBMA. Supporting this hypothesis,
ligand induces mutant AR aggregation even in the
cytoplasm in a cell model of SBMA {70].

Proteolytic cleavage or truncation of mutant proteins.

appears to be of importance for the pathogenesis of polyQ
diseases. In transgenic mouse models of HD and those of
Machado-Joseph disease, or SCA3, the truncated pro-
tein has a particularly pronounced effect on the disease
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manifestation [71, 72]. NIs are detected by antibodies
against an N-terminal epitope, but not by antibodies
against a C-terminal epitope in SBMA {41, 42] as well as
in other polyQ diseases [73]. These findings suggest that
truncated polyQ-containing proteins confer the toxicity in
polyQ diseases. It should be noted that a truncated matant
AR is more toxic than the full-length AR in a SBMA cell
model [74]. Additionally, in vitro translated full-length
AR protein with an expanded polyQ tract is cleaved by
caspase-3, liberating a polyQ-containing fragment, and
the susceptibility to cleavage is polyQ repeat length-
dependent [75]. Thus, cleavage of polyQ-containing
proteins is likely to contribute to the toxicity of polyQ
tracts. Testosterone induces a conformation change in the
AR, resulting in an altered propensity for proteolytic
cleavage. It should be noted that the AR antagonist
flutamide exerts the same effect as testosterone on mutant
AR cleavage in a fly model of SBMA [52]. The activity of
caspase-3 is also enhanced by phosphorylation of the AR,
resulting in enhanced cytotoxicity of the polyQ tract [76].
Phosphorylation of the mutant protein is required for
polyQ-induced neurodegeneration in both SCA-1 cell and
fly models of SMBA [77, 78]. Phosphorylation of the AR
is known to be modulated by ligand [79], indicating that
ligand-dependent phosphorylation of mutant ARs would
appear to contribute to the pathogenesis of SBMA. The
exact role of AR phosphorylation in SBMA should be
elucidated.

Transglutaminase has also been hypothesized to en-
hance polyQ toxicity [80, 81]. Mutant proteins with an
expanded polyQ tract are preferential substrates for
transglutaminase, which catalyzes glutamyl-lysine cross-
linking, resulting in the formation of proteolysis-resistant
aggregates. The AR is a substrate for transglutaminase,
which induces cross-linking of mutant ARs and alters
their epitope properties in vitro [82). Transglutaminase
bond formation is found in the tissues of SBMA trans-
genic mice, suggesting its involvement in pathogenesis.
Mutant AR and transglutaminase both induce a perturba-
tion of proteasomal function in the presence of testoster-
one. The degradation of the AR protein is markedly
retarded by its tigands [83). Taken together, these findings
suggest that the disruption of the proteasome, which has
been implicated in the pathogenesis of SBMA and other
polyQ diseases [84, 85), also appears to be ligand-
dependent in SBMA.

As in other polyQ diseases, a toxic gain-of-function
mutation has been implicated in the pathophysiology of
SBMA. Although the expansion of its polyQ tract mildly
suppresses the transcriptional activities of the AR [86,
87], motor impairment has never been observed in severe
testicular feminization patients lacking AR function [88]
or in AR knockout mice [89]. A transgenic mouse model
carrying 239 CAG repeat driven by the human AR
promoter demonstrated motor impairment, suggesting that
the presence of a polyQ tract is sufficient to induce the
pathogenic process of SBMA [62]. Thus, the neurological
impairment in SBMA is not to be attributed to the loss of
AR function, a reason why testosterone shows transient



304

and insufficient effects when used as a therapeutic agent
for SBMA [28, 29, 30]. However, recent data have
demonstrated that loss of normal protein function also
plays a role in the neurodegeneration in polyQ diseases.
As for the AR, there are several lines of evidence in favor
of ligand-induced neuroprotective effects. Exogenous
administration of testosterone immediately after nerve
injury impacts positively on functional recovery through
actions mediated by AR [90, 91]. In a cell culture model,
a mutant AR with 24 CAG repeats shows trophic effects
upon ligand treatment, whereas an AR with 65 CAG
repeats does not demonstrafe any neuroprotection [92].
Ligand effects on AR function should be further studied
using animal models of SBMA.

Therapeutic perspectives in SBMA
and other poly() diseases

As mentioned above, our recent study indicated that
leuprorelin exerts a therapeutic effect in the SBMA
transgenic mouse model. This approach can easily be
applied to human SBMA therapy, because this drug has
extensively been used for medical castration in the
therapy of prostate cancer [93]. When we move on to
clinical trials of hormonal therapy, it is necessary to
determine clinical and laboratory markers reflecting the
disease activity. Muscle strength, muscle volume and
bulbar function would be reasonable parameters, although
they must be quantified. Early symptoms, including hand
tremor, muscle cramps or mild weakness could be the key
for treatment initiation, only if the patients have no wish
to have children. Although no specific ligand for the
mutant protein has been revealed in other polyQ diseases,
the striking therapeutic effects of leuprorelin in our
SBMA mice further suggest that patients with other forms
of polyQ disease can be treated by preventing the nuclear
translocation of the mutant protein in question. Our
studies with trapsgenic mice also indicate that over-
expression or activation of HSP would be of therapeutic
benefit in polyQ diseases. Medical approaches to enhance
HSP function should be further investigated in vivo.
Besides these strategies, various molecular mecha-
nisms are likely to be the therapeutic targets in polyQ
diseases. The function of transcription factors such as
CREB-binding protein (CBP) are inhibited through pro-
tein-protein interaction in mouse models and patients with
polyQ diseases [94, 95). HDAC inhibitors, which restore
histone acetylation by CBP, improve transcriptional
activity and ameliorate polyQ-induced neurodegeneration
in a cell model of SBMA [96] as well as in a fly model of
HD [97], although this is of limited therapeutic benefit in
a mouse model of HD due to toxicity [98). Protein
aggregation has been shown to render polyQ-containing
proteins toxic in numerous cell models of SBMA and
other polyQ diseases [99, 100]. The azo-dye Congo Red
inhibits oligomerization of mutant huntingtin, and ame-
liorates motor function and survival of in a transgenic
mouse model of HD [101]. Cystamine, a transglutaminase

inhibitor, has been shown to mitigate polyQ toxicity in a
cell model of SBMA [82] as well as in 2 HD mouse model
[102]. Clinical applications of these therapeutic approach-
es are awaited.

The ideal treatment for polyQ diseases appearts to be a
combination of these and other therapeutic strategies,
since each approach has adverse effect and long-term
treatment is unavoidable. Elucidation ofpathophysiology,
high-throughput drug screening and intensive clinical
trials are necessary for establishing effective therapeutic
strategies.
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