Table 6. Sdeted Genes Charadterizad by SOM (sdat each 15)

Fold Change

GeneBank Gene Name (ALS/control)

SOMI/6: genes downregulated in ALS motor neurons
NM_ 002695 Polymerase (RNA) I (DNA directed) polypeptide E (25kID) 0.20
M24857 Retinoic acid reoeptor gamima 1 (RAR-y 1) 0.20
NM 002375 Microtubule-associated protein 4 0.20
NM 001651 Aquaporin 5 021
NM 003178 Synapsin I 022
NM_004624 Vasoactive intestinal peptide receptor 1 0.23
NM 001740 Calbindin 2, (29kDD, calretinin) 0.24
M73812 G1/Sgpecific eyclin E (CCNE) 0.25
NM 003206 Transcription factor 21 0.25
NM_004082 Dynactin 1 (p150) 0.30
V05012 TRK-C: NT-3 growth factor receplor precursor 0.31
NM 003632 Contactin associated protein 1 0.32
NM_005910 Microtubule-associated protein tau 0.49
NM 002373 Microtubule-assoctated protemn LA 0.51
NM 002442 Musashi (Drosophila) homolog 1 0.52

SOM24/25: genes upregulated in ALS motor neurons
M6O718 Hepatocyte growth factor (HGE) 342
120814 Glutamate reogptor subunit 2 (GLUR-2) 334
K02268 B-necendorphin-dynorphin precursor 3.13
L19063 Ghial cell line-derived neurotropic factor (GDINE) 3.08
NM 005543 Insulin-like 3 2.79
JO4088 DNA topoisomerase 1l alpha (TOP2ZA) 258
M22489 Bone morphogenctic protein 2A (BMP2A) 2.57
Us1004 Hint protein; protein kinase C inhibitor 2.26
ME7507 Casgpase 1, interleukin-1 § convertase precursor 221
NM 006196 PolyrC)-binding protein 1 2.16
120511 Growth factor receptor-bound protein 2 2.4
U78798 TRAF6 1.98
NM 001229 Caspase 9, apoptosisrelated cysteine protease 1.89
UJR4388 Caspase and rip adaptor with death domain (CRADD) 1.83
U13737 Caspase-3 1.77

Gene expression levels are expressed as means of fold-change, which is calculared by dividing the signals of each ALS sample by those of control
samples, in the five patients with ALS, Genes listed in Tables 2 and 3 are excluded.

SOM = selforganizing map.

KIAAD231 was one of the mostly overexpressed genes
in ALS motor newrons, but the fimction of this gene
product is not known.

In the greatly downregulated genes of interest related
to transcription, FGR3, whose expression was remark-
ably reduced in motor newrons of ALS, is a zinc-finger
immediate-early transcription factor that is important
for neurotrophin-3 (NT-3) regulation. It is known that
EGR3 knockout mice develop gait ataxia, scoliosis,
resting tremors, and ptosis due to the degeneration of
muscle spindles through disruption of NT-3 regula-
tion>' In ALS motor neurons, TrkC receptor for
NT-3 was underexpressed, whereas NT-3 expression
was not changed. The finding about TrkC-null mutant
and NT-3-null mutant mice show that NT-3-TrkC
signaling is required to maintain Ia afferent central syn-
apses of DRG neurons™ The marked downregulation
of BGR3 in spinal motor neurons may disrupt sensory-
motor connections by decreasing NT-3-T1kC signal-
ing, resulting in motor neuron degeneration.
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For neurotrophic support for ALS motor neurons,
this study showed the owverexpression of CNTF,
GDNF, and HGF involved in the functional category
of cell signaling, sugpesting that these neurotrophic fac-
tors would be secondarily and compensatorily upregu-
lated after motor neuron degeneration. Indeed, GDNF
expression has been reported to increase in the spinal
cords and decrease in the mmuscles of sporadic ALS pa-
tients® In contrast with these neurotrophic factors,
midkine was one of the significantly downregniated
neurotrophic factors. Because midkine plays important
roles in promotion of neuronal survival as well as mod-
ulation of neuronuscular junctions,™ its underexpres-
sion may be related to motor neuron degeneration. In
addition, the gene expression of vascular endothelial
growth factor, which has been identified as a critical
factor for motor neuron degeneration,®’ did not
change significantly in gene expression in this study.
SOD1 gene expression was not altered in spinal motor
neurons and ventral homs. Moreover, the gene expres-
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Fig 3. Quantitative real-tine reverse transription polyimerase dwuin readion varification of the sdedted gmes Fagresion levds of
acetyl-coenzyre A trangpartar, BGR3, KIAAD231, CRABPI, Bak, TrkC, ephrin Al, odin C, dynactin 1, and GAPDH were
meagarad using inal nutar newrans (M) and ventral horm (V), and thoe of the targt gones were namnmlized againg the
GAPDH levdl. The rdative exresion levds are egressrd as nean * dandard erar fix 13 anporephic lateral sdercsis (ALS) cases
and 11 amtrals Gene names (Ganebank accession nunber), primers and probe ssquencss (forward primen, reverse priner, and
TagMan prabe; 57 to 3’ saquence) were as follows [acety-CoA trangater D88152] (GGGTTACTTTTTGGGCAATG, AAC-
GATTCCTCTGGGTTGAG, FAMETTGGCOOCTTGAATCTGOCGA TAMRAY); [Bak: NM_001188] (CTGGAAGATCAGCAC-
CCTANG, COCCTCTOCTAGTAGGTCCTG, FAMFTGCTCCCAT TOCTCCCTOOG-TAMRA); [CRABPT: NM_004378]
(TGCAGGAGTTTAGOCACTTG, CTCACGGGTCCAGTAGGTTT, FAM- TGAGAACAAGATOCACTGCACCCATAMRA);
[adin C: M74091] (TGAGCAGTGGAAGANTTTCOG, ACCCTGCTCTCCTTCACTGT, FAME TGCCAAAACCAAANCCAC-
CTCCATAMRAY; [dynactin 11 NM._004082] (ATGTGAATCGGGAACTGACA, GGGOCTTAGTCTCAGCAAAL, FAME TG-
GAGAGGCANCAGCAGCCAC-TAVIRA); [EGR3: NM_004430] (CTTCCCCATGATTCCTGACT, TTGAATGCCTTGATG-
GICTC, FAMFTTOCAGGGCATGGACCCCAT-TAMRA); [ephirin Al: M57730] (GGCAAGGAGTTCAAGAAGG,
TCACCTTCANICTCAAGCAG, FAM- CCATOCACCAGCATGAAGACCG-TAMRA); [GAPDH: NM_002046] (TCAAGAA(-
GITGGTGAAGCAG, GGTGTCGCTGTTGAAGTCAG, FAM-CCTCAAGGGCATCCTGGGCT-TAMRAY); [KIAAD231:

DR6984] (CAMCGGTCTTCCAGACAANTG, GAGGTTGAOCAGCTGTGAGA, FAMETCCCACGAGGTGAAGCTGOCOCTC-
TAMRA): and [TrkC: U05012] (TGAGAMNCOCOCAGTACTTOC, TCAGCAOGATGTCTCTCCTC, FAM-
CTGCCACANGCOGGACAOGT-TAMRA).

sion level of GluR2 was upregulated, as shown by its
classification in SOM25, but the expression of its ed-
tting enzyme (adenosine deaminase, RNAcgpecific, 2;
ADAR?) was not altered in this study, although the
editing efficiency of GluR2 mRNA has been demon-
strated to be low in spinal motor neurons of ALS>®
Genes subject to transcriptional regulation constitute
a crucial part of the whole human genome as demon-
strated by human genome projects.™ In addition to
the gene expression of BGR3, the gene expression of

retinoic acid receptor o and vy together with cellular
retinoic  acid-binding protein 1 (CRABP1), and
Musashi 1, all of which are known to be inducers of
neuronal differentiation,*>*' was downregulated in spi-
nal motor neurons of ALS. The dysregulation of reti-
noid receptor and retinol binding protein has been re-
ported in the postmortem spinal cords of ALS and
SODI1 mutant mice.'® These interesting results inr
ply the potential involverment of the differentiation sig-
nals in maintaining motor neuron integity, which
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Fig 4. In situ lybridization and immundhigodamisry of the sdaded gnes Rgregntative in situ hybridization is shown for acetyl-
COENZYMFA trangxarter, BGR3, KIAAO231, CRABPPL, Bk, TrkC. DRS, and dynadin 1. The antisnse probe (AS) detedts
positive sgnals for the expresian of cadh gene in pinal notar narans far ALS and/ar antrdls, but the sense prabe (S) does now.
Lipofisain granules are sen as ydlowish granules Immunchigiodhemigry was prefomad & odin C, and nudear gaining was
praminent in ALS notor nawrons. Arrows dendte the nudd. Bars = 25um

might be impaired in the neurodegenerative process of
ALS. Among the genes related to transcriptional regu-
lation, the number of significantly downregulated
genes was twofold greater than that of the upregulated
ones in ALS motor newrons. These downregulated
transcription-related genes were not restricted to genes
regulating newronal differentiation as neuron-specific
cellular properties, but also included genes such as
RNA polymerase and transcription factors, which reg-
ulate general cellular fimctions. These observations sug-
gest that downregulation of transcriptional activity may
be the reflection of motor neuron dysfimction because
of a wide range of impairments of cellular maintenance
systens.

Interestingly. the expression of dynactin 1, which re-
cently has been identified as a causative gene for hu-
mam motor nearon disease,* was reduced in ALS mo-
tor neurons. Some other motor proteins including the
kinesin family responsible for antegrade axonal trans-
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port and dyneins for retrograde axonal transport were
not changed significantly, but the expression levels of
MAPs 1A 4, and tau were decreased, shown by their
classification in SOMI and SOM6. The impairment of
axonal transport is thought to be an early event of mo-
tor neuron degeneration, and especially the protein lev-
els of MAPs 1A and tau have been reported to decrease
early before the onset of symptons in mutant SOD1
transgenic mice. ™ ** The upregulation of ubiquitin-
specific protease 11 (USP11), listed in Tables 2 and 3,
also may be related to microtubule abnormality be-
cause the RanGTP-associated protein RanBPM, which
is required for correct nucleation of microtubules, 1s
the enzymatic substrate for USP11.*® The present re-
sults imply that retrograde axonal transport, especially
that associated with dynactin, might be affected even at
the terminal stage of ALS and be crucial for motor
neurons, although cytoskeletal protens are the nmjor
functional group in the downregulated genes.
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As for the death signals and inflammatory factors,
we previously have reported that these genes were sig-
nificantly upregulated in the spinal cord of mmtant
SOD1 transgenic mice, ™'’ suggesting that these in-
flamymatory and apoptotic death signals play a cucial
role in concert with motor neuron degeneration and
mflammatory cellular reactions, including microglial
activation.”"” However, in sporadic ALS spinal cords,
the expression profiles of inflamimation- and death sig-
nal-related genes are somewhat different from those in
the Tg mouse model. Death receptor 5 (TNF receptor
10b, TNFR10b), TNF receptor—associated factor 6
(TRAF 6), interleukin-1 receptor antagonist, and eph-
rin Al were overexpressed in ALS motor neurons,
whereas the expression levels of the respective ligands
or inducers, TNF-a, TNF superfamily member 10
(TRAIL) and IL-1B, were not markedly changed in ei-
ther motor newrons or ventral horn homogenates. Be-
cause TINF-a was prominently upregulated in the Tg
mouse spinal cords,'” its almost unchanged expression
level in sporadic ALS was a surprising observation.
Many other inflammation-related genes were also not
significantly upregulated in human ALS spinal cords,
n contrast with the findings in animal models. Far less
mvasion and activation of microglia, a major source of
TNF-o, IL-18, and many other inflanymatory factors,
were seen i human ALS spinal cords at the terminal
autopsy stage as compared with those of Tg mice,*
which could explain these differences.

Genes related to apoptotic pathways, caspase-1, -3,
-9, cagpase, and RIP adaptor with death domain
(CRADD), were upregulated in ALS motor neurons in
SOM analysis (SOM24 and SOM25), and an anti-
apoptotic factor, NF«B was markedly upregulated.
Although Bax, a proapoptotic Bcl-2 family member,
has been reported to increase in ALS motor neu-
rons,** and another member, Bak, was underex-
pressed in this study, the expression of Bol-2 and Bel-
xL, antigpoptotic Bcl-2 family members was not
significantly altered in motor neurons, possibly sugeest-
ing that Bel-2 family members are not primarily in-
wvolved in motor neuron degeneration in sporadic ALS,
Cyelin Al and C were upregulated (SOM25) and cy-
clin E was downregulated (SOML1) in ALS motor neu-
rons. These cell oycle regulators are specific to G1/S
phase transition, and upregulation of these cyling en-
hances arrest in G1/S phase, preventing entry into S
phase. Our finding on cyclin expression support the
recently reported view that G1/S phase is aberrantly
activated in ALS motor neurons, eventually inducing
motor neuron death.”’ The subcellular localization of
cyclin C in the nucleus may trigeer cell death signaling
mechanisims. These factors related to the cell death sig-
naling pathway, TNFR, TRAF6, CRADD, caspases,
oyelins, Bak, and NF«B may be involved in the motor
neuron degeneration process in sporadic ALS, although

we cannot simply state that an apoptotic process is
present in ALS motor neurons, as has been sugpested
by many histological analyses.® Becansse neuronal cell
degeneration and the eventual neuronal cell death pro-
cess are the results of interactions of conplex pathways
mvolving many factors and signaling molecules, we
need to further elucidate the pathophysiclogical signif-
icance of these factors with altered expression levels in
ALS motor neurons.

Microarray analysis on the laser-captured motor neu-
rons provided us with significant information about
motor newron degeneration and dysfinction in spo-
radic ALS patients Such information cannot be ob-
tained by whole spinal cord tissue microarray assay,™
as discussed above. Although this study was performed
on postmortem patients tissues, the remaining individ-
ual motor neurons would express ongoing or even early
molecular events in the neurodegeneration process, be-
cause motor neurons in the remaining motor neuron
population randomly enter into the degeneration pro-
cess among up to the terminal stage in ALS>® We
need to study larger munbers of ALS patients. and to
understand the pathophysiological roles of candidate
genes identified by the combined methodology of
DNA microarray analysis and LCM, compared with
other neurodegeneration processes. This methodology
provides crucial clues about candidate genes whose re-
lated products might hamper the disease process of
ALS

This work was supported by a Center of Excellence grant from the
Ministry of Education, Culture, Sports, Science and Technology of
Japan, and grants fiom the Ministry of Health, Labor and Welfare
of Japan.
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Widespread nuclear and cytoplasmic accunmulation
of mutant androgen receptor in SBMA patients
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Summary

Spinal and bulbar muscular atrophy (SBMA) is an
inherited adult onset motor neuron discase caused by
the expansion of a polyglutamine (pohy(Q) tract within the
androgen receptor (AR), affecting only males. The char-
acteristic pathological finding is nuclear inclusions (Nls)
consisting of mutant AR with an expanded polyQ in
residual motor neurons, and in certain visceral organs.
We imimunohistochemically examined 11 SBMA patients
at autopsy with 1C2, an antibody that specifically recog-
nizes expanded polyQ. Our study demonstrated that
diffuse nuclear accumulation of mutant AR was far more
frequent and extensive than NIs being distributed in a
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wide array of CNS nuclei, and in more visceral organs
than thus far believed. Mutant AR accumulation was also
present in the cytoplasm, particularly in the Golgi appar-
atus; nuclear or cytoplasmic predominance of accumula-
tion was tissue specific. Furthermore, the extent of diffuse
nuclear accumulation of mutant AR in motor and sensory
neurons of the spinal cord was closely related to CAG
repeat length. Thus, diffuse nuclear accumulation of
mutant AR apparently is a cardinal pathogenetic process
underlying neurological manifestations, as in SBMA
transgenic mice, while cytoplasmic accumulation may
also contribute to SBMA pathophysiology.

Keywords: polyglutamine; spinal and bulbar muscular atrophy; diffuse nuclear accurnulation; nuclear inclusion,

cytoplasimic accumulation

Abbreviations: polyQ = polyglutanine; SBMA = spinal and bulbar muscular atrophy; AR = androgen receptor;
Nis = nuclear inclusions; DRPLA = dentatorubral-pallidoluysian atrophy: CBP = CREB-binding protein
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Introduction

Polyglutarmine (polyQ) diseases are inherited neurodegenera-
tive disorders caused by expansion of a trinucleotide CAG
repeat in the causative genes. To date, nine polyQ diseases
have been identified (Ross, 2002). Spinal and bulbar muscular
atrophy (SBMA) is a poly(QQ discase involving mainly spinal
and brainstem motor newons (Kennedy et al., 1968; Sobue
et al., 1989). In SBMA, a polymorphic CAG repeat ordinarily
consisting of 14-32 CAGs is expanded to 40-62 CAGs in the
first exon of the androgen receptor (AR) gene (La Spada etal.,
1991; Tanaka et al., 1996), and shows somatic mosaicism
(Tanaka et al., 1999). An inverse correlation exists between
CAGrepeat size and age at onset as well as disease severity in
SBMA (Doyuetal., 1992; Tgarashi etal., 1992; LaSpadaetal,,

1992). SBMA patients develop premature muscular exhaus-
tion, and subsequently stowly progressive muscular weakness,
atrophy and fasciculations in bulbar and linb muscles
(Kennedy et al., 1968; Scbue et al., 1989; Sperfeld et al.,
2002). SBMApatients may alsohave mildsensory impairment,
which usually rermains subclinical (Sobueetal., 1989; Lietal.,
1995; Mariotti et al., 2000). Besides these symptoms of neu-
ronal degeneration, androgen insensitivity symptoirs such as
gynaecomastia, testicular atrophy and reduced fertility are
common { Arbizu et al., 1983). Elevated serum creatine kinase
concentrations, impaired glucose tolerance, hepatic dysfunc-
tion and hyperlipidaemia are frequent (Sobue et al., 1989;
Li et al, 1995). These findings show that involvement of
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SBMA is notrestricted tomotor neurons, but extends to several
visceral organs.

The cardinal pathological findings of SBMA are motor
neuron loss in the spinal cord and brainstem (Sobue et al.,
1989) and the presence of the nuclear inclusions (Nis),
representing mutant AR, in residual motor neurons in brain-
stem motor nuclel, in spinal notor neurons (Li et al., 1998a)
and i certain visceral organs (Li et al., 1998b). However,
diffuse nuclear accunulation of the mutant protein has been
detected in a more widespread distribution than Nls in a
transgenic mouse model of SBMA (Katsuno et al., 2002,
2003; Adachi et al., 2003) and in models of other polyQ
diseases (Schilling et al., 1999; Yvert et al., 2000; Lin et al.,
2001). Such accurmulation has been found to be relevant
to neuronal dysfunction and eventual syimptom appearance.
Indeed, in dentatorubral-pallidoluysian atrophy (DRPLA),
tissue distribution of diffuse nuclear accumulation of the
responsible mutant protein was more widespread and more
relevant to the disease severity and symptorns than that of Nis
(Yamada et al., 2001a, b).

Recently we demonstrated in our transgenic mouse model
that diffuse nuclear mutant AR accumulation can be prevented
by reduction of circulating testosterone with castration or
with an anti-androgenic agent such as leuprolerin; in treated
animals, motor function and survival rate were drarmatically
mproved (Katsuno et al., 2002, 2003}, suggesting that diseasc
manifestation in SBMA is highly testosterone dependent
(Licberman et al., 2002; Walcott and Merry, 2002a;
Chevalier-Larsen et al., 2004). Indeed, a female carrier of
SBMA, even if homozygous, does not express discase
phenotypes (Sobue et al., 1993; Schmidt et al., 2002), pre-
sumably because circulating testosterone concentrations are
low. These observations indicate that nuclear translocation
and nuclear accurmulation of mutant AR, detected as diffuse
nuclear accumulation, 1s closely linked to the phenotypic
expressions and that diffuse nuclear mutant AR accumulation
is of major pathogenetic importance in neuronal dysfunction
(Katsuno et al., 2002, 2003).

Table 1 Clinical features of 11 SIBBMA patients

In this study, to understand better the pathophysiology
of SBMA, we examined neural and non-ncwral tissue distri-
butions of nutant AR accunuilation in 11 SBMA patients at
autopsy, using 1C2, an antibody specific for the expanded
poly(Q tract, as well as antibodies against AR. First, diffuse
nuclear accumulation of nutant AR was far more extensive
than that of NIs. Secondly, mutant AR accumulation was also
present in cytoplasm, specifically in the Golgi apparatus, with
predominance of nuclear or cytoplasimic accurnulation being
tissue specific. Thirdly, the extent of diffuse nuclear accumu-
lation was closely related to CAG repeat length. Our present
results strongly suggested that diffuse nuclear accumulation
of mutant AR is of critical pathogenetic importance for motor
symptoms as in the SBMA transgenic mouse model, although
cytoplasmic accurmulation may also contribute to the patho-
physiclogy of SBMA.

Subjects and methods

Patients

Eleven patients with clinicopathologically and genetically confirmed
SBMA (age at death, 51-84 years; mean, 66) were examined in this
study (Table 1). These patients had been hospitalized and followed-
up at Nagoya University Hospital and its affiliated hospitals during
the past 25 vears. Age at onset ranged between 20 and 75 vears,
and muscle weakness and bulbar symptons had progressed for
6-53 years. Elevated serumcreatine kinase and glucose was observed
in many patients. Causes of death included respiratory failure related
to pneurmonia in seven paticnts, fung cancer and colon cancer in one
patient each, and tubereulosis and suffocation in one patient cach.
At anttopsy, the brain, spinal cord, dorsal root ganglia, thoracic sym-
pathetic ganglia and various visceral organs were removed and fixed
in 10%buftered formalin solution. CAG repeat length in the AR gene
ranged between 40 and 50. Five other subjects (age 60-74 years,
mean 67.3) who died of non-neurological diseases served as controls.

Tissue preparation and immunohistochemistry

We prepared 5 nm thick, formalin-fixed, paraffin-embedded sec-
tions of various portions of the cerebrumy, brainstem, cerebellum,

Patient Age at Onset of limb CK Glucose (mg/dh) (CAGY), Cause of death
death (years) weakness (years) (normal range)
1 74 20 455 (57-197) 84* 48 Pneurmonia
2 60 27 477 (36-203) 276 50 Pneumonia
3 71 50 995 (53-288) 141 43 Preumonia
4 60 40 191 (32-197) 134 44 Lang cancer
5 78 25 411 (30-170) 362 42 Pneunonia
6 &4 75 75 (<110) 100 40 Tuberculosis, silicosis
7 51 41 712 (30-170) 96* 47 Pneumonia
8 66 41 471 (<120 163 48 Pneumonia
9 72 39 45 (<25) 101%* 43 Colon cancer
10 59 53 301 (8-80) 105* ND Suffocation
11 51 27 173 (20-100) 101 ND Pneurmonia

CK=serumcreatine kinase; (CAG), = number of expanded CAG repeats in the AR allele. (CAG), was determined on the DNA from blood
samples (patients 1-7) or from stored tissue samples (patients 8 and 9, liver). *Impaired glucose tolerance assessed with 75 g oral glucose

tolerance test. ND = not determined.
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spinal cord, dorsal root ganglia, syimpathetic ganglia, pituitary gland,
peripheral nerve, muscle and non-neural viscoral organs from
SBMA and control subjects. Sections then were deparaffinized
and rehydrated through a graded series of alcohol-water solutions.
For the nutant AR imnmunohistochemical study, sections were
pre-treated with immersion in 98% formic acid for 5 min and
then with microwave oven heating for 10 min in 10 mM citrate
buffer at pH 6.0. Sections were blocked with normal serum from
the animal species in which each second antibody was raised (1 : 20),
and then incubated with a mouse anti-expanded polyQ antibody
(Trottier et al., 1995) (1C2; Chemicon, Temecula, CA; 1:10 000);
a mouse anti-Golgi 58K protein antibody (Sigma, St. Louis, MO,
1 : 100); rabbit polyclonal antibody N-20 (Santa Cruz Biotechnology,
Santa Cruz, CA; 1:200); rabbit polyclonal antibody PG-21 (Affinity
BioReagents, Golden, CO; 1:200) rabbit polyclonal antibody
H-280 (Santa Cruz; 1:200): rabbit polyclonal antibody C-19
(Santa Cruz; 1:200); or a mouse monoclonal antibody (Ab-1;
Neonwarkers, Fremont, CA; ready-to-use) against human AR protein.
Then the sections were incubated with biotinylated Ig(G raised
against the species used for each primary antibody (Vector Labor-
atorics, Burlingame, CA). Trmimune conplexes were visualized using
streptavidin-horseradish  peroxidase (Dako, Glostrup, Denmark)
and 3,3 diaminobenzidine (Dojindo, Kumamoto. Japan) substrate.
Sections were counterstained with methyl green or Mayer's haenmato-
xylin, As a negative control, prirmary antibodies were replaced with
normal rabbit or mouse serum. The population of labelled neurons
was analysed serni-quantitatively in all 11 SBMA patients, and non-
newral visceral organs in nine patients (patients 1-8, and 11) by
counting the positive and negative cells for labelling in the region
of interest and graded as — to -+

Toassess the co-localization of cytoplasmic mutant AR accunia-
tion and cell organelles, five selected SBMA patients (patients 1, 2, 6,
8 and 10) were analysed by double immunofluorescence staining.
The sections were blocked with 5% nonmal serum and then sequen-
tially incubated at 4°C overnight with any antibody to lysosomal
markers, anti-cathepsin B antibody (Ab-3; Oncogene, Cambridge,
MA; 1:20), anti-cathepsin D antibody (Ab-2; Oncogene; 1:20),
anti-cathepsin K antibody (N-20; Santa Cruz Biotechnology;
1 : 50), anti-cathepsin L antibody (S-20; Santa Cnuz Biotechnology,
1:50), antibody to Golgi apparatus, anti-human TGNA6 antibody
(Serotec, Oxford, UK 1: 1000), antibody to endoplasmic reticulum
marker, anti-GRP78 antibody (N-20; Santa Cruz; | : 200). orantibody
to mitochondria. anti-mitochondria antibody (Chemicon; |:50), and
1C2 antibody (Cherricory; 1110 000). Sections were incubated with
Alexa 488-conjugated anti-mouse 1gG (Molecular Probes, Leiden,
The Netherlands; :1300) and Alexa 568-conjugated IgG raised
against the species used for each primary antibody (Molecular
Probes; 1:1000). For double immunofluorescence staining using
anti-human TGN46 antibody, sections were incubated with bio-
tinylated anti-sheep 1gG (Vector Laboratories; 1:400) for 8hat4°C,
the sections were incubated with Alexa 568-conjugated streptavidin
(Molecular Probes: 1: 1000) and Alexa 488-conjugated anti-mouse
1eG (Molecular Probes; 1:1300) for 2 hat 4°C. Sections then were
examined and photographed using a confocal laser scanning micro-
scope {(MRC 1024; Bio-Rad Laboratories, Hercules, CA).

For electron microscopic imrmunohistocherustry,  buffered
formalin-fixed, paraffin-embedded tissue sections were deparaffi-
nized, rehydrated, imnunostained with 1C2 antibody (Chemicon,
1:10 000), and then incubated with biotinylated anti-mouse TeG
(Vector Laboratories: 1 : 1300). Inmrumnoreactivity in tissue sections
was visualized using streptavidin-horseradish peroxidase (Dako)

Mutant AR accurnrnlation in SBMA 661

and 3.3%diaminobenzidine substrate (Dojindo), fixed with 2%
osrmium tetroxide in 0.1 mol/1 phosphate buffer at pH 7.4, dehydrated
in graded alcohol-water solutions, and embedded in epoxy resin.
Ultrathin sections then were cut for observation under an electron
microscope  (F+7100; Hitachi High-Technologies Corporation,
Tokyo, Japan).

Quantjfication of diffuse nuclear- and

NI-positive cell populations

For quantitative assessment, we prepared at least 100 transverse
sections each from the cervical, thoracic and lumbar spinal cord for
staining with 1C2 antibody as above. The numbers of 1C2-positive
and -negative cells in the ventral and dorsal hormn on both right and
left sides were counted on every 10th section under the light micro-
scope with a computer-assisted irmage analyser (Luzex FS: Nikon,
Tokyo, Japan). For the purposes of counting, a cell was defined by the
presence of its nucleus ina given 5 mom thick section. Diffuse nuclear
staining and Ni-positive neurons were assessed separately. Neurons
showing both diffuse nuclear staining and Nis were counted in both
categories. The area of the ventral and dorsal hom of each spinal
cord section was determined as described previously (Terao et al.,
1996; Adachi et al.. 2001). Populations of 1C2-positive cells were
expressed as percentages of the total neuronal count. For statistical
analysis, mean values of these percentages in sections examined
from each of the cervical, thoracic and lumbar spinal segments
for each patient were obtained.

Statistical analysis

We analysed the data by Pearson’s correlation coefficient and
Spearmarnt’s rank correlation as appropriate using Statview software
(version 5; Fuinks, Tokyo, Japan). considering P values <0.05 to
be indicative of significance.

Results

Imnumnohistochemical localization of mutant
androgen receptor in the neural tissues

In all 11 patients with SBMA, Nls were visualized clearly
with 1C2 (Fig. 1). In addition to Nis, diffusely distributed
staining with 1C2 was observed in neuronal nuclei (Fig. 1).
Among nuclei with diffuse staining, some showed punctate,
granular or web-like pattemns, while others showed intense
diffuse staining (Fig. 1). In some neurons, Nls and diffuse
nuclear staining co-existed (Fig. 1). Moreover, occasional
neurons showed granular or punctate 1C2-positive accumula-
tion in the cytoplasm (Fig. 1). As reported previously
(Li et al., 1998a, b), NIs were observed frequently in lower
motor neurons, which are kniown to be affected in this discase.
However, we found that newronal nuclear and cytoplasmic
accurmuilations extended to various regions of the nervous
system previously reported to be spared (Li et al., 1998a, b),
including the striatum, caudate nucleus, mammillary body,
thalamus, hypothalaimus, reticular formation, red nucleus,
substantia nigra, locus coerulus, nucleus raphe pontis, pontine
nuclei, cuneate nucleus, nucleus ambiguus, gracile nucleus,
supraspinal nucleus, cerebellar dentate nucleus, Clarke’s
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Fig. 1 Immumohistochemical analysis in the neural tissues from SBMA patients and control cases. In the CNS of SBMA patients, intense
diffuse nuclear staining is present in neuronal nuclei of various regions using 1C2 antibady (A, E. F, G, J and L). Diffuse immunostaining
of mutant androgen receptor (AR) is present in a web-like pattern in nuclei of anterior homn neurons (A). Diffuse nuclear staining is also
observed in posterior hom neurons (E), substantia nigra (F), spinal dorsal root ganglia (G), paravertebral sympathetic ganglia (J) and
hypothalarmus (1.). Some nuclei appear packed with rmatant AR. Small or large nuclear inclusions are also stained intensely using 1C2
antibody in anterior hom neurons (B-D), posterior horn neurons (E), the substantia nigra (F) and the hypothalamus (L). Most of the dark
brown pigiment seen in the newronal cytoplasm in the substantia nigra (F) is neuromelanin. In addition to nuclear inclusions, occasional
neurons exhibit granular structures immunoreactive for 1C2 in the cytoplasm, such as in the anterior horn (D) and hypothalarmus (K).
In spinal dorsal root ganglia, small or large eytoplasmic inclusions are frequent (H and 1). There is no inmmunoreactivity for 1C2 in

the spinal anterior hon cell from the control case (M). Immumnopositive nuclear inclusions and diffuse nuclear staining are also present
using H280 antibody in the spinal anterior hom cell (N) and spinal dorsal root ganglia (O). Spinal dorsal root ganglia neurons exhibit
granular structures imnunoreactive for anti-Golgi 58K protein antibody in the cytoplasm in SBMA (P) and a control case (Q). Scale
bars =20 nmmfor A D, F, G, Mand O; and 10 mmfor B.C,E. H, I J, K, L. N, P and Q.
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nucleus, posterior hom and intermediolateral nuclcus of
the spinal cord, dorsal root ganglia and sympathetic ganglia
(Fig 1, Table 2). Cytoplasimic inclusions were prominent in
the dorsal root ganglia neurons, and some newons in the
mammillary body, hypothalanus and facial motor nucleus
and anterior and posterior homs of the spinal cord showed
a slight degree of cytoplasmic accumulation (Table 2). We
detected both nuclear and cytoplasiic accumudations in some

Table 2 Immunohistochemical distribution of mutant AR
in the neural tissues of patients with SBMA

Region Nuclear accunwuilation  Cytoplasmic

accurmulation

Diffuse muclear NI
accuniation

Cerebrum
Cerebral cortex — — —
Striatum + & —
Caudate nucleus + + —
Manmillary body - -
Thalamic nuclei -+ -+ —
Hypothalarnus “+ o -+ +
Midbrain

Superior colliculus -~ - —
Periaqueductal grey
Oculomotor nucleus — — -
Reticular fornmation
of midbrain
Red nucleus + + —
Substantia nigra + + —

Pons
Locus coerulus + + -
Trigeminal motor
nucleus
Reticular formation + A —
of pons
Facial motor nucleus
Nucleus raphe pontis + + -
Pontine nuclei + + -

Medulla
Cuneate nucleus + + _
Hypoglossal micleus +
Nucleus ambiguus
Gracile nucleus -+ -+ —
Supraspinal nucleus i
Accessory nucleus + + -

Cerebellum
Purkinje cell - - -
Granule celi - — _
Cerebellar dentate + + —
nucleus

Spinal cord
Anterior hom
MOtor NEwrons
Intermediate zone -+ A+ —
Clarke’s nucleus + — —
Posterior horn neurons -+ to ++
Intermediolateral nucleus -+ -+

Dorsal root ganglia -+

Synpathetic ganglia + + -

+ 0 i + 10 ++ +

Frequency of neurons expressing polyglutamine
immunoreactivity: —, 0%, +, 0-4%g ++ 4-8% ++. 8%

Mutant AR accunudation in SBMA 663

neurons (Fig. 1D). No significant difference in staining pattern
was evident between regions previously reported to be
affected and unaffected. Diffuse nuclear staining was seen
more frequently than NIs in most regions (Table 2). Relative
numbers of stained newons varied between patients, but
no staining was detected in cerebral cortex, hippocampus
or cerebellar cortex. In contrast to neurons, Nis and diffuse
nuclear staining were very rare in glial cells. NIs staned
strongly with anti-ubiquitin antibody, while cytoplasmic
accumulations did not {(data not shown). Anti-human AR
antibodies also recognized Nis (Fig. IN), and occasionally
stained diffuse nuclear accumulations (Fig. 10). However,
cytoplasimic accunuilations were not seen with anti-AR
antibodies. :

Electron microscopic imimunchistochemisty for 1C2
demonstrated granular dense ageregates without a limiting
membrane corresponding to NIs and cytoplasnic accumula-
tions, whereas amorphous aggregates corresponded to diffuise
nuclear staining in neurons (Fig. 2). No filamentous structures
such as those reported in Huntington’s disease, DRPLA and
Machado-Joseph disease were seen. Neural tissues from five
control cases were also examined in the same manner as that
for SBMA cases; in these, Nls, diffuse nuclear staining and
cytoplasmic accumulations were not seen, indicating that
the immunohistochemical procedure with the highly diluted
condition of 1C2 applied in this study did not recognize the
TATA-binding protein, a transcription factor containing a
stretch of polyQQ residues (Trottier et al., 1995), as previously
demonstrated (Yaimada et al., 2001a, 2002a).

Although we did not quantitatively examine neuronal
populations in this study, the motor neurons in the spinal
cord and brainstern showed the most conspicuous depletion,
as expected. Neurons in the posterior hom of the spinal cord,
where diffuse nuclear accumulations and NIs were present
in relatively high frequency, also appeared to be depleted
to some extent. Quantitative assessment of newonal cell
populations in regions newly showing mutant AR accumula-
tion will be needed.

Co-localization of cytoplasmic organelles
with mutant AR

We performed immunofluorescence with double staining
using primary antibodies to recognize specifically various
cytoplasmic cell organelles together with 1C2 in the dorsal
root ganglia, where cytoplasimic mutant AR accumulation was
most prominent (Table 2). TGN46 and 1C2 were co-localized
(Fig. 3), indicating that mutant AR exists in the Golgi appar-
atus. Spinal dorsal root ganglia neurons exhibit some
granular structures immumnoreactive for another Golgi appar-
atus narker anti-Golgi 58K protein antibody in the cytoplasm
(Fig. 1P and Q). Other organelle markers, including anti-
baodies for lysosomes, endoplasimic reticulum and mitochon-
dria, did not show co-localization with 1C2 (Fig. 3), indicating
that expanded polyQ sequences were not detected in these
organelles.
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Fig 2 Electron microscopic inmunohistochemical study of nuclear inclusions in motor neurons, and of diffuse nuclear staining and
cytoplasmic inclusions in sensory neurons. Electron microscopic imnunohistochemistry using 1C2 demonstrated amorphous aggregates
corresponding to diffuse nuclear staining in the spinal dorsal root ganglia (A and B), and granular dense aggregates without fibrous
configurations corresponding to nuclear and cytoplasmic inclusions in the spinal anterior neuron (C and D) and spinal dorsal root
ganglia (E and F). Scale bars = 2 mm for A, C and E: and 200 nm for B, D and F.

Correlation of diffuse nuclear accumulation
and NIs with degree of CAG repeat expansion
We examined the correlation of diffuse nuclear accumulation
and NIs with the degree of CAG repeat expansion in anterior
and posterior hom spinal cord neurons. Averaged frequencies
of diffise nuclear accumulations and NIs in cervical, thoracic
and lumbar spinal segments were evaluated for correlation
with nurmbers of CAG repeats in the AR gene. The frequency
of diffuse nuclear accumulation in anterior and posterior hom
newrons correlated well with the degree of CAG repeat
expansion (Fig. 4; r =0.78, P <0.05 and r = 0.69, P < 0.05,
respectively). However, the frequency of NiIs in motor
neurons and posterior horn neurons did not show a significant
correlation with number of CAG repeats (Fig. 4; 1 = 0.05,
P=NSandr=-0.14, P=NS, respectively). These observa-
tions strongly suggest that diffuse nuclear accunmulation of
the nutant AR protein is more important pathogenetically
than NIs.

Immunohistochemical localization of

mutant AR in non-neural tissues

As in neural tissues, diffuse nuclear accumulations, Nis or
cytoplasmic accunuilations of nmtant AR were observed
in certain visceral organs and skin (Fig. 5, Table 3). Diffuse
nuclear accumulations and Nis were detected in the liver,
proximal tubules of the kidney, testis, prostate gland,
and scrotal and other skin (Fig. 5, Table 3). Cytoplasmic

accurmulations were detected in the liver, pancreatic islets
of Langerhans, testis and prostate gland (Fig. 5, Table 3).
Nuclear labelling and cytoplasmic accumulation both were
absent in the pituitary gland, heart, lung, intestine, spleen,
thyroid, adrenal gland and skeletal nmuscles. Pancreatic
islet cells showed exclusively cytoplasmic accumulations
without detectable nuclear accurmulations, suggesting that
the mmpaired glucose tolerance frequently observed in our
patients (Table 1) could be attributed to cytoplasmic nutant
AR accumulation. Ubiquitin staining detected only Nis and,
as observed in neural tissucs, anti-human AR antibodies
occasionally showed diffuse nuclear accumulation without
cytoplasmic staining (Fig. 5J). The five control cases did
not show any 1C2 immunoreactivity in viscera or skin.

Discussion

The present study clearly demonstrated that diffuse nuclear
accumulation of mutant AR, detected by the antibody 1C2
which specifically recognizes the expanded polyQ tract,
occurred more frequently than NIs in newal and non-
newal tissues in SBMA patients. In neural tissues, diffuse
nuclear mutant AR accumulation occurred in the basal
ganglia, thalamus, hypothalamus, various midbrain, pontine
and medullary nuclei, posterior hom, intermediolateral
and Clarke’s nuclei of the spinal cord and in sensory and
sympathetic ganglion neurons, as well as brainstemand spinal
cord motor neurons. Nls detected by 1C2 were similar
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Fig. 3 Co-localization of organelles with mutant AR accumulation. Double immunofluorescence staining with antibodies against
TGN46 and expanded poly(Q reveals that TGN46G and mutant androgen receptor (AR) are co-localized, as shown for (A) expanded polyQ
(green), (B) TGN46 (red) and (C) superimposition of the two signals (yellow) in neurons of the spinal dorsal oot ganglia in SBMA,
suggesting that nutant AR exists in the Golgi apparatus. Cytoplasmic co-localization of cathepsin B (E), GRP78 (H) and mitochondria (K)
with nuttant AR (D, G and J) is not observed in dorsal root ganglia (shown in F, I and L), suggesting that the endoplasiric reticulum,
lysosormes and mitochondria are unassociated with mutant AR. Scale bars = 10 nm for A-L.

in distribution to diffuse nuclear accumulation, but the
frequency of NIs in each tissue was far less than for diffuse
nuclear accunuilation. We previously demonstrated that
diffuse nuclear mutant AR protein accumulation was more
extensive than Nis in male SBMA transgenic mice (Katsuno
et al., 2002, 2003). Furthermore, expression and severity of
motor dysfunction, and abatement of abnormalities when the
mice were castrated or given leuprolerin, paralleled the extent

of diffuse nuclear mutant AR accumulation rather than that
of NiIs (Katsuno et al., 2002, 2003). Accordingly, neuronal
dysfunction appeared to be closely related to diffuse nuclear
mutant AR accunrudation. The key observation in the present
study was a significant close correlation between frequency of
diffuse nuclear mutant AR accunruilation and length of CAG
repeat expansion, while a similar correlation was not observed
between frequency of Nis and CAG repeats. Diffuse nuclear
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Fig. 4 The relationship of the number of CAG repeats to the frequency of diffuse nuclear accunmilation and nuclear inclusions.
Diffuse nuclear staining correlates significantly with the number of CAG repeats in anterior horn neurons {A) and posterior hom
newrons (C). On the other hand, nuclear inclusions do not correlate significantly with the number of CAG repeats in the anterior horn

newrons (B) or posterior hom neurons (D).

muttant protein accunmulation also has been demonstrated
in the newal tissues affected by DRPLA (Yanada et al.,
2001a. 2002a), Huntington’'s discasc (Sapp ct al., 1997) and
Machado-Joseph disease (Yamada et al.,, 2001b) as well
as corresponding transgenic mouse miodels (Schilling et al.,
1999; Yvert et al., 2000; L et al., 2001); and, here too,
diffuse nuclear mutant protein accumulation was more wide-
spread and extersive than NIs in DRPLA patients. These
observations are in good agreement with our present obser-
vation in SBMA patients; together, they suggest that diffuse
nuclear accunmilation of mutant proteins with an expanded
polyQ tract is an early event prior to NI formation that is
closely related to nmnifestation of neuronal dysfunction
(Yamada et al., 2001a; Garden et al., 2002; Katsuno et al.,
2002, 2003; Watase et al., 2002; Yoo ct al., 2003). However,
the molecular pathogenctic process by which diffuse nuclear
mutant AR accumulation induces neuronal dysfunction still
is unclear. Although considerable controversy recently sur-
rounds the importance of Nis in the pathophysiology in poly(Q
diseases (Sitneoni et al,, 2000; Walcott and Merry. 2002b;
Bates, 2003; Michalik and Van Broeckhoven, 2003; Ross
et al., 2003), our data showed that diffuse mutant AR accu-
mulation in nuclel could have potent cytotoxic effects
inducing neuronal dysfunction through an active epitope of
the expanded polyQQ tract.

Anti-AR antibodies showed the ability to detect NIs, and
sorre of them (H280, N-20 and Ab-1) occasionally stained
diffuse nuclear accumulations. Ditfuse nuclear accumulation
had the appearance of amorphous aggregates of nutant AR
as observed by electron microscopic immumohistochermistry

using 1C2 (Fig. 2) (Katsuno et al., 2002). Thesc observations
suggest that the poly(QQ tract epitope can be detected by 1C2,
while other AR protein epitopes nay be protected by struc-
tural features of the aggregate state of the mutant AR. This
view is supported by observations made by small-angle X-ray
scattering and infrared spectroscopy carried out with 1myo-
globin protein containing an inserted highly expanded polyQ
ract, localizing the polyQ tract to the surface of aggregates,
while other epitopes were sequestered within ageregates
(Tanaka et al., 2001, 2003). These observations suggest that
1C2 can detect the amorphous aggregate state of mutant AR
protein, making 1C2 a more sensitive histological and patho-
physiological marker than anti-AR protein antibodies. On
the other hand, cytoplasmic accumiations were not seen
with anti-AR antibodics. This cytoplasmic mutant AR was
not ubiquitinated, in contrast to nuclear accumulated
nutarnt AR, particularly the heavily ubiquitinated NIs, sug-
gesting that protein modification varies between the nucleus
and cytoplasm. Different protein modification might mask
other AR protein epitopes directly or through structural altera-
tions of the aggregate state of the mutant AR in the cytoplasm.
Another important observation in our study was the occur-
rence of cytoplasmic mutant AR accurmulation in neural and
non-neural tissues. In neural tissues, cytoplasmic accurnula-
tion was restricted to certain neuronal populations such
as dorsal root ganglia neurons, mammillary body, hypothal-
amus, facial motor nucleus, and anterior and posterior hom
neurons. In nonneural tissues, cytoplasmic accurnulation
also occurred in certain organs. Cytoplasimic mutant AR
accumuilation co-localized with a Golgi apparatus marker.
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Fig. 5. Immmnohistochemical study of the non-neural tissues in SBMA patients using 1C2 antibody. In the non-neural tissues, diftuse

nuclear staining and nuclear inclusions are detectable in scrotal skin (A), other skin (B), proximal tubules of the kidney (C), hepatocytes
(D), Sertoli cells of the testis (E), and glandular epithelium (G) and fibroblasts of the interstitial connective tissue (I) of the prostate gland.
Moreover, cytoplasmic inclusions can be detected in hepatocytes (D), spenmatocytes in the testis (E), pancreatic islets of Langerhans (F) and
glandular epithelium of the prostate gland (H). Diftuse nuclear staining is also present using H280 antibody in Sertoli cells of the testis (J).

Scale bars = 10 mm for A=C and E~I; and 20 rmm for D and J.

Co-localization of a polyQ-expanded mutant protein with the
Golgi apparatus has also been reported for ataxin-2 (Huynh
et al., 2003), although the significance of this localization
remaing  unclear. Expression of polyQrexpanded 1mutant
ataxin-2 disrupted the normal morphology of the Golgi com
plex and increased cell death (Huynh et al., 2003). On the
other hand, the lysosormal occurrence of other nmutant proteins
with an expanded polyQ tract has been reported in DRPLA
(Yarmada et al., 2002b) and Huntington’s disease (Sapp et al.,
1997). The lysosomal localization of polyQ-expanded mutant

proteins suggests a lysosornal autophagic degradation process
acting independently of the ubiquitin—proteasome pathway
in the polyQ diseases (Sapp et al., 1997). Additionally,
the reason why neural tissues develop more nuclear than
cytoplasmic accumulation while most involved visceral
organs show equal or predominantly cytoplasmic accurmila-
tion is unknown. Differences in the predominant degradation
pathway dealing with the mutant AR could influence the intra-
cellular site of accurmulation and eventual cell toxicity.
One important question is whether cytoplasnic mutant AR
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Table 3 Immunohistocherrical distribution of nutant AR
in the non-neural tissues of patients with SBMA

Region Nuclear accumilation Cytoplasmic
accunrtilation

Diffuse nuclear NI
accurrulation

Pituitary gland - - —

Heart - — -

Lung - — —

Liver + + +

Kidney b tO } —

Pancreas - - +to ++

Intestine - - —

Spleen - — -

Thyroid - — —

Adrenal gland - — -

Testis + 10 ++ + + o 4

Prostate gland + 1o -+ + 10 ++ +to -+

Skeletal nwuscle - — -

Scrotal skin + to - + -

Skin +to f -

Frequency of cells expressing polyglutamine
mmnunoreactivity: —, 0% +, 0-3% ++ 3-6% ++ 6%

accunulation exerts cytotoxicity in newral and non-ncural
tissues. Cytoplasimic mutant AR accumulation (Taylor et al.,
2003) as well as other mutant protein accumulations (Kegel
et al., 2000; Ravikumar et al., 2002; Huynh et al., 2003)
involving an expanded polyQ tract in Golgi apparatus and
lysosomes indeed has been found to induce cytotoxicity.
Accumulation of nmutant protein with expanded polyQ in
the Golgi apparatus or lysosomes increases death of cultured
cells through activation of apoptosis-related effectors such as
caspase-3 (Ishisaka et al., 1998; Kegel et al., 2000; Huynh
et al., 2003). One should note that histologically or inmruno-
histochemically evident mutant protein accumulation is not
necessarily cytotoxic, while microaggregates at the molecular
level that are histologically undetectable can also exert
cytotoxicity. Indeed, excessive accurmulation of mutant AR
in aggresomes was found to protect cells from a cytotoxic
formofmutant AR (Taylor et al., 2003). However, our present
study strongly suggests that these cytoplasmic mutant AR
accumulations may be related to nutant AR-mediated cyto-
toxicity and eventual symptom manifestation. For instance,
the pancreas showed only cytoplasmic mutant AR accunm-
lation without obvious nuclear accurmulation. Elevated serum
glucose and mpaired glucose tolerance were present in
most of our patients, suggesting islet cell dysfunction in the

pancreas. The fiequency of cytoplasmic accurmulations of

mutant AR in pancreatic islet cells did not show a significant
correlation with fasting blood glucose levels in the examined
SBMA patients (data not shown), while certain symptoms and
signs of SBMA apparently can be induced by cytoplasmic
accurmulation of nutant AR protein. Although further study
of the significance of cytoplasmic mutant AR accumulation
is needed, nuclear accurmulation of the mutant AR protein

appears to cause motor newron dysfunction while cytoplasmic
accumulation may underlie some visceral and possibly some
neuronal dysfumction in SBMA. The pathological process is
likely to differ between tissues, being more prominent in
motor neuron nuclel, but mamly cytoplasimic in certain neur-
onal populations and visceral organs. We also need to clarify
further which degradation process affecting mutant AR ismost
active in a given tissue, e.g. lysosomal in certain viscera
versus via ubiquitination pathway in most neural tissues.

An important question here is why diffuse nuclear and
possibly cytoplasmic accunulation of the mutant AR in the
neuronal tissues beyond the major affected spinal and brain-
stem motor newrons has no apparent Symptomatic involve-
ment. First, the causative lesions for sensory impairment and
essential-type tremor in SBMA paticnts have not yet been
clearly substantiated. The novel lesion distribution of SBMA
neurons shown in the present study, such as the posterior hom
of the spinal cord, dorsal root ganglia, thalamus and cerebel-
lum, might provide some explanations for these clinicopatho-
logical problems that have not been resolved. Since the
cerebellothalamocortical pathway seerms to be responsible
for essential-type tremor (Pinto et al., 2003), these lesions
might contribute to mostly subclinical but definite sensory
mpainment and essential-type tremor in SBMA. Sccondly,
the occurrence of neuronal nuclear and cytoplasmic abnor-
malities in both clinically affected and non-affected neural
regions in SBMA suggests that this alteration does not always
induce neuronal cell dysfunction or death. The selective
ncuronal loss and dysfunction in neural lesions that arc
characteristic of SBMA miglt depend on additional factors
that are specific to neurons in these systems. Recent studies
have demonstrated that CREB-binding protein (CBP) is
sequestered m AR-positive Nis, resulting in a decrease in
CBP-dependent  transcription (McCanpbell et al., 2000),
and further histone acetylation is reduced in affected cells
(MeCarmpbell et al., 2001; Steffan et al., 2001; Minamiyama
et al., 2004). These reports suggest that CBP-dependent
transcriptional dysregulations may cause symmptomatic neu-
ronal dysfunction. Since CBP-dependent transcriptional
control differs among neurons, this difference may show the
lack of their symptomatic involvement in certain polyQ-
containing neurons. Alternatively, the population of neurons
with nuclear accumulation of mutant AR in the regions
beyond the commonly affected lesions may not be simply
enough to muanifest the responsible symptoms. A precise
newronal cell count assay combined with assessment of
nuclear mutant AR accurnulation will be needed to clarify
these clinicopathological problems.

Clearly, motor neuron impairment with nuclear accunuila-
tion of mutant AR is the major problem in SBMA. Thus, for
a therapeutic strategy against motor newron dysfimction in
SBMA, nuclear accumulation of mutant AR should be the
main target, as we demonstrated in transgenic mice treated
with leuprolerin. Cytoplasmic accunrmlation of mutant AR,
on the other hand, should be considered a therapeutic target
with respect to certain symmptoms in SBMA patients.
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The wide spectrum of clinical manifestations m
Sogren’s syndrome-associated neuropathy
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We assessed the clinicopathological features of 92 patients with primary Sjdgren’s syndrome-associated neuro-
pathy(76 women, 16men, 54.7 years, age at onset ). The majority of patients (93% were diagnosed with Sjogren’s
syndrome after neuropathic symptoms appeared. We classified these patients into seven forms of neuropathy:
sensory ataxic neuropathy (n=36), painful scnsory neuropathy without scnsory ataxia (n=18), multiple
mononcuropathy (n=11), multiple cranial ncuropathy (n=>3), trigeminal neuropathy (n=15), autonomic neuro-
pathy (n=3) and radiculoneuropathy (n=4), based on the predominant neuropathic symptoms. Acute or sub-
acute onsct was seen more frequently in multiple mononcuropathy and multiple cranial ncuropathy, whercas
chronic progression was predominant in other forms of neuropathy. Sensory symptoms without substantial
motor involvement were seen predominantly in sensoryataxic, painful sensory, trigeminaland autonomic neuro-
pathy, although the aficcted sensory modalities and distribution pattern varied. In contrast, motor weakness and
muscle atrophy were observed in multiple mononeuropathy, multiple cranial neuropathy and radiculoneuro-
pathy. Autonomic symptoms were often seen in all forms of neuropathy. Abnormal pupils and orthostatic
hypotension were particularly frequent in sensory ataxic, painful, trigeminal and autonomic neuropathy. Uneli-
cited somatosensory evoked potentials and spinal cord posterior column abnormalities in MRI were observed in
sensory ataxic, painful and autonomic neuropathy. Sural nerve biopsy specimens (n=55) revealed variable
degrees of axon loss. Predominantly large fibre loss was observed in sensory ataxic neuropathy, whereas pre-
dominantly small fibre loss occurred in painful sensory neuropathy. Angiitis and perivascular cell invasion were
seen most frequently in multipie mononeuropathy, followed by sensory ataxic neuropathy. The autopsy findings
ofone patient with sensory ataxic neuropathy showed severe large sensory neuron loss paralleling to dorsalroot
and posterior column involvement ofthe spinal cord, and severe sympathetic neuron loss. Degrees ofneuron loss
in the dorsal and sympathetic ganglion corresponded to segmental distribution of sensory and sweating impair-
ment. Multifocal T-cellinvasion was seen in the dorsalroot and sympathetic ganglion, perineurialspace and vessel
walls in the nerve trunks. Differential therapeutic responses for corticosteroids and IVIg were seen among the
neuropathic forms. These clinicopathological observations suggest that sensory ataxic, paintul and perhaps
trigeminal neuropathy are related to ganglioneuronopathic process, whereas multiple mononeuropathy and
multiple cranial neuropathy would be more closely associated with vasculitic process.

Keywords: angiitis; autonomic nerve dysfinction; ganglionopathy; neuropathy: §ogren’s syndrome

Abbreviations: CMAP = compound muscle action potential; DIL= distal motor latency; MGB = meta-iodobenzylguanidine;
MOV = notor nerve conduction velocity; NCS=nerve conduction studies; SNAP = sensory nerve action potential;
SCV=sensory nerve conduction velocity;, SEP = somatosensory evoked potential
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Sogren's syndrome-associated newropathy

Introduction

Primary Sdgren’s syndrome is a systemic autoimmune
disease characterized by xerophthalmia and xerostomia, and
is associated with systemic visceral involvement, including
prneurnonitis, renal tubular acidosis, pancreatitis, myositis,
and occasionally lymphocytic proliferation. A wide varicty
of neurological complications also are characteristic feat-
ures of primary Sjogrer’s syndrome (Attwood e al., 1961;
Alexander et al, 1982; Delalande et al., 2004). Peripheral
neuropathy is a major neurological manifestation of Sjdgren’s
syndrome and its aetiology has been considered to be vascu-
litis in the peripheral nerves, similar to that observed in other
collagen diseases. In 1986 and 1990, it was demonstrated that
dorsal root ganglionitis with degeneration of dorsal root
ganglion neurons and mononuclear cell infiltration without
vasculitis are associated with the sensory ataxic form of
Siogren’s syndrome-associated neuropathy, suggesting that
ganglion neurons themselves can be a target of Sjogren’s syn-
drome (Malinow et al., 1986; Griffin et al., 1990).

Sidgren’s syndrome-associated neuropathy has been shown
to manifest as a variety of forms of neuropathy, including
sensory ataxic neuropathy (Kennett et al., 1986; Griffin o al.,
1990; Kaplan et al., 1990; Sobueet al., 1993), trigeminal neuro-
pathy (Kaltreider e al., 1969), multiple mononeuropathy
{Peyronnard et al., 1982; Molina et al., 1985), radiculoneuro-
pathy (Gross et al., 1987, Grant et al., 1997), painful sensory
neuropathy without sensory ataxia (Denislic et al., 1995;
Mori et al., 2003), autonomic neuropathy with anhidrosis
(Kumazawa et al., 1993; Goto et al., 2000) and multiple cranial
neuropathy (Touze et al., 1999; Chu et al., 2000: Urban et al.,
2001). Whilethe wide spectrum ofthese neuropathies has been
described in anecdotal reports or in studies of the systemic
manifestations of Sjogren’s syndrome (Mellgren et al., 1989;
Gemignani o al., 1994; Mauch e al., 1994), the pathogenic
mechanismresponsible for most forims of Sjogren’s syndrome-
associated neuropathy remains unresolved. Furthermore, the
spectrum of neuropathy and neuropathic symptoms of each
form of neuropathy, particularly in the pathological and
electrophystological background, have not been well elucid-
ated. In addition, since the prevalence of Sidgren’s syndrome
is growing in the elderly (Lafitte et al, 2001), Sogren’s
syndrome-associated neuropathy also has become more pre-
valent. It is therefore necessary to re-evaluate the clinical spec-
trumm, and pathological and electrophysiological features of
Sivgren’s syndrome-associated neuropathy.

In this study, we assessed the clinicopathological and
electrophysiological features of a large number of patients
associated with primary Sjogren’s syndrome-associated
neuropathy and determined the range of clinical manifesta-
tions of neuropathy.

Patients and methods
Patients

Atotal of 92 patients (76 women, 16 men; mean age, 59.7 years), all of
Japanese descent, who fulfilled the diagnostic criteria for primary

Bam (2005), 128, 2318-2534 2319

Sivgren’s syndrome and who had been referred to the Hospital of
Nagoya University School of Medicine and its affiliated hospitals
between 1985 and 2004 were the subjects of this study. The dia-
enosis of primary Sjogren’s syndrome was established by the criteria
proposed by the Diagnostic Committee of Health and Welfare of
Japan (Fujibayashi et al, 1999) and by the American-Furopean
Community (Vitali et al., 2002). These criteria included symptoms
of xerophthalmia and xerostomia, objective evidence of kerato-
conjunctivitis such as an abnormal Schirmer’s test and an abnormal
Rose Bengal score, evidence of chronic yvmphocytic sialoadenitis on
a minor salivary grand biopsy specimen, abnormal salivary gland
scintigraphy or sialography, decreased salivary flow determined by a
gum test and the presence of either anti-Sjogren’s syndrome A or
B (anti-SS-A or SS-B) autoantibodies (Fujibayashi e al., 1999;
Vitali et al.,, 2002). Patients with other collagen diseases, such as
systeniic lupus ervthematosus, rhewumatoid arthritis, mixed connect-
ive tissue discase, progressive systemic sclerosis. polvarteritis
nodosa, polymyositis and Churg-Strauss syndrome, diagnosed by
the diagnostic criteria appropriate to each condition (Anonymous,
1980; Tan et al., 1982; Arnett et al.. 1988; Masi e al.. 1990) and
designated as having secondary Sjogren’s syndrome. were excluded
from this study. Patients underwent neurological examinations,
blood studies, CSF studies, nerve conduction studies (NCS), sural

.nerve biopsies, somatosensory evoked potentials (SEPs) and

spinal MRIL

A patient with the sensory ataxic form of Sjogren’s syndrome-
associated neuropathy who died at 88 years of age underwent autopsy
and histological examination.

Assessment of neurological symptoms,
activities of daily hiving and autonomic nerve
dysfunction

Neurological examinations for sormatic motor and sensory symp-
toms were performed by at least one neurologist. Sensory examina-
tions were performed for light touch, pinprick, vibratory sensation
and joint position sense, as well as for the presence of sensory
ataxia and pain or painful dysaesthesia. Muscle strength was assessed
using the Medical Research Council scale. Cranial nerve function,
Romberg’s sign, walking pattern, deep tendon reflexes and patho-
logical reflexes were also assessed. Autonomic symptoms were
assessed as described clsewhere.

For the assessment of clinical disability on daily life the modified
Rankin scale (van Swicten et al., 1988) was usad. For the assessment of
autonomic nerve dystunction, we evaluated pupil abnormalities,
including presence of Adic’s pupils, anisocoria and elliptic pupils,
urinary disturbances, diarrhoea and constipation, hypohidrosis and
anhidrosis, orthostatic hypotension and 'ZI-meta-iodobenzylgnani-
dine (MIBG) cardiac accurmulation. Autonomic symptoms generally
were assessed by examining or interviewing patients or interviewing
patients’ family members, or reviewing the clinical records. Urinary
symptoms were estimated by nocturnal or diurnal urinary frequency,
a sensation of urgency, urinary incontinence, voiding difficulty
and retention. Constipation was considered to be present if there
were no stools for more than 3 days. Orthostatic hypotension
was defined as a fall in systolic blood pressure of >30 mmHg
upon standing from a recumbent position. For assessment
of "PI-MIBG cardiac accurmulation, 'I-MIBG 111 mBg (myo-
MIBG-'#1 for injection; Daiichi Radioisotope Laboratories Co.,
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