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HLA in Japanese Patients with CBZ-S|S

B,
vith cADRs
Japanese Group A Group B
p (mild cADR) (severe cADR)
population
allele
HLA frequency’ Allele Relative Allele Relative
allele (%) frequency risk frequency risk
A*0201 10.9 0/20 0.00 2/10 2.03
A*0206 10.4 1120 0.46 1710 0.96
AX0207 34 2/20 3.11 0/10 0.00
A*1101 8.1 2/20 1.26 0/10 0.00
A*2402 35.6 10/20 1.80 5/10 1.80
A*2601 9.8 0/20 0.00 1/10 1.03
A*2603 21 2/20 5.37 0/10 0.00
A*3101 7.7 2/20 1.33 1710 1.33
A*3303 7.9 120 0.6l 0/10 0.00
B*1302 0.1 0/20 0.00 0/10 0.00
B*I1501 7.2 2/20 1.45 0/10 0.00
B*1518 0.9 020 0.00 1/10 13.58
B*3501 8.6 2/20 .19 1710 1.19
B*4001 LA 1120 0.99 0/10 0.00
B*4002 8.2 1120 0.60 1710 1.26
B*4006 5.3 1/20 0.95 0/10 0.00
B*4403 6.9 0/20 0.00 0/10 0.00
B*4601 38 3120 440 2/10 6.24
B*4801 27 1/20 1.94 1710 4.10
B*5101 79 3/20 2.05 0/10 0.00
B*5201 13.7 3/20 1.10 0/10 0.00
B*5401 6.5 2/20 1.60 1710 1.60
B*5502 32 1/20 1.57 1710 3.31
B*5901 1.7 0/20 0.00 2/10 15.16
B*6701 1.0 0/20 0.00 o/10 0.00
C*¥0102 17.0 5/18 1.87 4/10 323
C*0103 r 1/18 0/10
C*0303 78 1/18 0.71 2/10 3.00
C*0304 1.3 3/18 1.60 1/10 0.89
C*0401 6.5 1/18 0.92 0/10 0.00
C*0602 1.7 0/18 0.00 0/10 0.00
C*0702 113 118 0.47 0/10 0.00
C*0704 0.9 0/18 0.00 1710 12.89
C*0801 10.9 2/18 1.00 1/10 0.89
C*1202 10.4 2/18 1.09 0/10 0.00
C*1402 5.7 2/18 1.96 0/10 0.00
C*1502 1.7 0/18 0.00 1/10 6.39
HLA, human leucocyte antigen.
“HLA*A & B, Tanaka et al. Clinical Transplants 1996; 139—144;
HLA*C, Tokunaga et al. Inmunogenetics 1997, 46: 199-205.

HLA-B

Ten patients in group A and five patients in group B
were analyzed. In group A, relative risk was highest
for HLA-B*4601 allele (4.40), and zero in
HLA-B*4403 allele among alleles with relatively high
frequencies in the Japanese population. In group B,
relative risks were high for HLA-B*1518 (13.58) and
HLA-B*5901 alleles (15.16), and zero in HLA-B*1501,
HLA-B*4403, HLA-B*5101, and HLA-B*5201 alleles
among alleles with relatively high frequencies in the
Japanese population.

HLA-C

Nine patients in group A and five patients in group B
were analyzed. In group A, relative risks that can be calcu-
lated were lower than 2.0. Although C*0103 was detected
in one patient only in group A, the relative risk could not
be calculated because of rare frequency in the Japanese
population. In group B, relative risks were high for
HLA-C*0704 allele (12.89) and HLA-C*1502 allele
(6.39), and zero for HLA-C*0702 and HLA-C*1202
alleles among alleles with relatively high frequencies in
the Japanese population.

HLA A-B-C haplotype

Relative risks of the A-B-C haplotype were calculated
depending on data of the Japanese population. The haplo-
type HLA-A*2402-B*5901-C*0102 and the haplotype
HLA-A*0201-B*1518-C*0704 were found in two and
one patient cf group B, respectively. The relative risks of
the former haplotype and the latter haplotype for severe
cADRs are 16.09 and 28.94, respectively.

DiscuUSSION

We have experienced many patients manifesting
cADR at various levels of severity induced by AEDs.
A total of 21,655 patients with epilepsy visited our epi-
lepsy center up until 2006, and 166 patients (0.767%)
experienced cADRs. Among them, 139 patients experi-
enced cADRs causally related to AEDs, with 118
patients (0.545%) having mild cADRs (group A) and 21
patients (0.097%) having severe cADRs (group B)
(Takahashi, 2007). Various attempts have been made to
identify individuals at high risk of developing severe
cADRs with intolerable sequelae. In the Han Chinese
(Chung et al., 2004; Hung et al., 2005) and the Thai
population (Locharernkul et al., 2008), a strong associa-
tion between HLA-B*1502 and CBZ-induced SJS has
been found. Our previous studies found that HLA-
B*1502 is a rare allele in Japanese, and that no Japanese
patients with CBZ-induced SIS have HLA-B*1502
(Kaniwa et al., 2008; Kashiwagi et al., 2008). Following
these studies, we found that HLA-B*1518, HLA-
B*5901, and HLA-C*0704 alleles showed higher rela-
tive risks above 10.0 in the extended group of patients
with severe cADRs (group B). Although HLA-B*1518
and HLA-C*0704 alleles were found in only one
patient, HLA-B*5901 was found in two patients in
group B (B-2 and B-5). The haplotype HLA-A*2402-
B#5901-C*0102 has a prevalence of 1.530% in the
Japanese population. The relative risk of this haplotype
for severe cADRs is 16.09. These data may suggest that
HLA-B*5901 is a candidate marker of CBZ-induced
SJS. The relative risk of HLA-B*5901 for CBZ-induced
SJS (15.16) is higher than that for pemphigus vulgaris
(DR4, relative risk = 14), acute anterior uveitis
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(B27, 10), and systemic lupus erythematosus (DR3, 6),
but lower than that for ankylosing spondylitis (B27, 87)
and Goodpasture syndrome (DR2, 16) (Marsh et al.,
2000). HLA-B*5901 has been reported to be weakly
associated with SJS/TEN with ocular complications in a
Japanese study (Ueta et al., 2008), although this study
included patients with SJS/TEN independent of offend-
ing drugs. Further studies will reveal the significance of
HLA-B*5901 in SJS/TEN induced by CBZ.

HLA-B*5801 is reported to be strongly associated
with severe cADRs caused by allopurinol in Han Chi-
nese (Hung et al., 2005). HLA-B*5701 is reported to be
strongly associated with a hypersensitivity reaction
caused by abacavir in U.S. white and black patients
(Saag et al., 2008). Because the amino acid sequence of
HLA-B*5901 shares 93.9% homology with that of
HLA-B*5701, and 95.0% homology with that of HLA-
B*5801, the homology of amino acid residues among
these HLA subtypes seems to be high. Therefore, HLA-
B*5901 may be causally related to severe cADRs
induced by CBZ. Further investigations with a larger
number of patients with CBZ-induced SJS are required
to confirm the involvement of HLA-B*5901 in CBZ-
induced SJS in the Japanese population. We expect that
this report would encourage HLA examinations in Japa-
nese patients, leading to the development of prevention
methods for CBZ-induced SJS.

Our data suggest that possible HLA class I markers for
mild cADRs induced by CBZ are completely different
from those for SJS. In the Thai population also, HLA-
B*1502 had a strong association only with CBZ-induced
SJS, but not with CBZ-induced maculopapular eruptions
(Locharernkul et al., 2008). Therefore, differentiation
between severe cADRs and mild cADRS in each patient is
very important to confirm the true markers for CBZ-
induced SJS. In patients with severe cADRs, frequencies
of HLA-A*1101, HLA-A*3303, HLA-B*1501, HLA-
B*4403, HLA-B*5101, HLA-B*5201, HLA-C*0702, and
HLA-C*1202 alleles are relatively lower than in the
Japanese population. Whether these HLA class I markers
are inhibitory for SJS may be answered in the future
through precise immunologic studies.
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Summary

The present study reports a young woman with acute ataxia, areflexia and ophthalmoplegia, accompanied by psychosis and involuntary
movements (IVMs) from disease onset. Anti-GQ1b and anti-GT1a antibodies were detected allowing for a diagnosis of Miller Fisher syndrome
(MFS). However, psychosis and IVMs are atypical MFS symptoms and often mimic symptoms of anti-N-methyl--aspartate receptor (NMDAR)
encephalitis. Interestingly, the autoantibodies against full-length glutamate receptor-€2 {GluRe2) and glutamate NR2B- and NR2A-containing
heteromers {NR1/NR2) of NMDAR were also detected in the patient serum and cerebrospinal fluid. &t was concluded that psychosis and IVMs
in this patient were associated with autoantibodies against various GluRs.

BACKGROUND

Miller Fisher syndrome (MFS) is an autoimmune disor-
der accompanied by acute progressive ophthalmopiegia,
ataxia and areflexia. Bickerstaff’s brainstem encephalitis
(BBE) is a related syndrome in which central nervous sys-
tem (CNS) features, such as altered consciousness and/or
long tract signs, accompany classic triad.! 2 Ganglioside
GQ1b andbodies are often associated with both condi-
tions, resulting in the proposal that MFS and BBE might
be closely related and form a continuous disease.> Among
the clinical features of both MFS and BBE, psychosis and
involuntary movements (IVMs) are atypical. The present
case reports a young woman who presented with acute
cerebellar ataxia, areflexia and ophthalmoplegia, which
was accompanied by psychosis and IVMs from disease
onset. Serum serological tests revealed high anti-GQib
and anti-GT1a antibody titres. In addition, serum and cer-
ebrospinal fluid (CSF) tests also detected high antibody
ticres against NR2B- and NR2A-containing heteromers of
N-methyl-D-aspartate receptor (NMDAR) and antigluta-
mate receptor-€2 (GluRe2).

CASE PRESENTATION

A23-year-old woman presented initially with double vision
and a mild, unsteady gait and was admitted to our hospital
in May 2008. One week earlier, the patient experienced a
respiratory infection. On the first day of illness, the patient
suffered from transient double vision and dizziness. The
following day, the pacient was restless, agitated and cried
incomprehensively. Symptoms rapidly exacerbated follow-
ing hospital admission (day 2); the patient was alert, but
exhibited emotional incontinence and personality changes.
Extraocular movement was inhibited in all directions and
conjugate eye movements were impaired with coarse
nystagmus. Facial muscles were weak and the patient

BMJ Case Reports 2011; doi:10.1136/bcr.08.2010.3228

presented with slurred speech and dysphagia. Marked cer-
ebellar ataxia was present in the finger-nose and heel-knee
test. Muscle tone decrezsed and deep tezdon refexes of
the upper and lower extremities were absent. The Babinski
response was bilaterally negative and limb muscle strength
and sensory examination were normal.

On day 3, the patient became somnolent and screamed
irritably like a child. Both pupils were dilated and light
reflexes were diminished. The patient developed orolingual
IVMs, such as lip-licking, chewing, dyskinesia and myo-
clonic movements. Psychosis and IVMs mimicked features
of patients with ovarian teratoma-associated encephalitis®
(video 1). Hypersalivation was also exhibited, but hypov-
entilation or seizures did not develop.

INVESTIGATIONS

Routine blood analyses, including thyroid Ffunctions,
were normal. Serum antibodies specific to HIV, syphilis,
neurotrophic viruses, Mycoplasma pneumoniae, thyroid
disease and autoimmune disease (antinuclear, anti-SS-A/
SS-B antibodies, MPO-ANCA, PR3-ANCA and anticardi-
olipin antibodies) were insignificant. CSF analysis revealed
a whire blood cell count of 14/ml, 24 mg protein/dl and
negative PCR results for herpes simplex virus genome.
EEGs showed a slightly irregular basic pattern without
epileptic discharge. Nerve conduction velocities and com-
pound muscle action potentials were normal, with a sig-
nificant decrease in F-wave amplitude of median and tibial
nerves. Brainstem auditory-evoked potentials and cranial
MR, with or without gadolinium enhancement revealed
no abnormalities. Chest, abdominal and pelvic CT were
normal. '[-iodoamphetamine single photon emission
CT (“3[-IMP SPECT), which was performed on day 13,
revealed hypoperfusion in the brainstem, cerebellum, tha-
lamus and frontotemporal cortices. Follow-up 123]-IMP
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DAY13

_ DAY26

Figure 1 '-iodoamphetaming single photon emission CT ('2%-IMP SPECT) imaging of the patient. On day 13, '23-IMP SPECT raveals
decreased (CBF in the frantatemporal cortex {green arroves), thalamus {biue amow), brainstem {red arrew) and cersbellum (yellow arrow)
(&), Foliow-up '21IMP SPECT o day 26 shows improvemant in the damaged fesion (B).

SPECT on day 26 demonstrated perfusion recovery in
these lesions (figure 1).

Video 1 The patient exhibits aphthalmoplegia, coarse
nystagmus, sluggish papillary fight reflex and involuntary
movements around the eyebrows and mouth. The patient also
screams irritably like a child.10.1136/bcr.08.2010.3228v1

DIFFERENTIAL DIAGNOSES ARD TREATRMENT

These findings suggested the diagnosis of acypical MFS-
related disorder accompanied by psychosis and [VMs.
Therefore, the patient was administered intravenous
immunoglobulin (Ig) (20 g/day for 5 days), followed by
intravenous methylprednisolone (1 g/day for 3 days). On
day 10, the patient developed rough and coarse IVMs,
which affected the left arm, despite improved psychiatric
behaviour. Subsequently, the patient received intravenous
methylprednisolone, accompanied by steroid tapering.

20f4

ELISA revealed that serum samples from day 3 contained
high IgG antibody titres to GQ1b and GT1a. Furthermore,
antibodies to full-length GluRe2 (anti-GluRe2 antibodies)
and glutamate NR2B- and NR2A-containing heteromers
of NMDAR (anti-NR1/NR2 antibodies) were examined as
described previously.® Anti-NR1/NR2 antibodies, as well
as anti-GluRe2 IgG and IgM antibodies, were expressed in
serum and CSF on day 3. On day 16, serum anti-GluRe2
IgM antibody levels were reduced, but IgG antibodies
remained present.

OUTCOME AND FOLLOW-UP

Although the symptoms lasted for 2 weeks, improve-
ment was considerable with intact neurological symptoms
within 6 weeks of disease onset. After 1 year, the patient
exhibited no neurological complications and pelvic MRI
was normal.

BMJ Case Reports 2011; dai:10.1136/bcr.08.2010.3228
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DISCUSSICN

Clinical findings fulfilled diagnostic criteria for MEFS.?
However, the patient also presented with atypical clinical
features, such as psychosis andIVMs. [n addition, anti-NR1/
NR2 antibodies and anti-GluRe2 antibodies were present.
153LIMP SPECT examinations demonstrated that patient
symproms were due to impaired cortex, thalamus, cerebel-
lum and brainstem. Interestingly, Wada ct al, also described
two BBE patients with delirium?; both patients fulfilled the
diagnostic criteria for BBE, including positive serum titres
for anti-GQ1b and -GT1a antibodies, as well as childish
behaviours and emotional incontinence. The patients also
exhibited rigidity and IVMs, such as tremors and hyper-
tonia in the masseter muscles, which mimicked tetanus.
SPECT analysis revealed hypoperfusion of the frontal lobe,
brainstem and basal ganglia, which was similar to results
from the present study. Although atypical psychosis and
IVMs in these patients were possibly due to autoantibod-
les against various GluRs, including anti-GluRe2 antibod-
ies and anti-NR1/NR2 antibodies, the association berween
these antibodies was not discussed in the paper.

Dalumau er al reported that limbic encephalitis is a result
of anti-NR1/NR2 antibodies associated with ovarian ter-
atoma, which has been termed anti-NMDAR encephali-
tis. Clinical characteristics of patients with anti-NMDAR
encephalitis include psychosis, seizures, [IVMs, autonomic
instability and central hypoventilation. Anti-GluRe2 anti-
body is described as an association between non-herpetic
limbic encephalitis™® and epilepsia partialis continua-
related Rasmussen encephalitis.” Several studies have
shown that anti-GluRe2 and anti-NR1/NR2 antibodies are
detectable in patients with non-herpetic limbic encepha-
litis.” 8 Kamei et al reported the clinical features of acute
juvenile female non-herperic encephalitis (AJFENHE) in
Japan based on a nationwide questionnaire,® with a detec-
tion rate of autoantibodies against several GluRs of 67 %.
Clinical AJENHE phenotypes closely mimic anti-NMDAR
encephalitis, including psychosis and IVMs, and anti-NR1/
NR2 antibodies have been detected in several patients
with AJENHE.®? The CluRe2 subunit NR2A functions as
an NMDAR component. Huerta ef al reported that NR2
autoantibodies induce emotional abnormality in mice.!
These studies suggested that autoantibodies against some
GluR subunits could result in psychosis and IVMs in our
patient.

The mechanism by which ganglioside (anti-GQ1b and
anti-GT1a) and GluR antibodies were co-expressed in
the patient, thereby triggering clinical features, remains
unknown. There is a high prevalence of prodromal viral-like
symptoms in anti-NMDAR encephalitis and AJENHE.5 8
Moreover, Gable et al reported that 4/10 patients with anti-
NMDAR encephalitis exhibit serological evidence of acute
Mycoplasma infection.! Although the number of cases

BMJ Case Reports 2011; doi:10.1136/bcr.08.2010.3228
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in this study was very small, with a high amount of false
IgM positivity results, Mycoplasmz infection should be
considered, as Mycoplasma could contain epitopes mim-
icking both GQ1b ganglioside and GluRs. The patient did
not express Mycoplasma-specific [gM antibodies; how-
ever, a prodromal respiratory infection was diagnosed.
Thetefore, it is possible that a microorganism could trigger
antibody production against these antigens, as detected in
the padent.

» Patisnts with MFS and related disorders rarely present
with atypical psychosis and [VIis such as delirium, oral
dyskinasia, tremor or myoclonus.

» CNS involvement, such as psychosis and IVMs in
patients with atypical MFS-related disorders could be
associated with various anti-GluR antibodies.
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Here we report a Japanese family with amyotrophic lateral sclerosis (ALS) characterized by very rapid
progression, high penetrance and an autosomal dominant mode of inheritance. The phenotype includes
atrophy of sternocleidomastoideus muscles, bulbar involvement, weakness of neck muscles and proximal
muscle atrophy. These clinical symptoms are reminiscent of myopathy. All patients examined had similar
clinical symptoms, age at onset and disease duration. The proband was found to have mutation R521C in the
FUS/TLS gene, and was diagnosed as having ALS6. Autopsy material was available from the mother of the
proband and FUS-immunoreactive neuronal and glial cytoplasmic inclusions were observed in the anterior
horn of the spinal cord. While atrophy and weakness of the sternocleidomastoideus muscle is not
emphasized in previous reports, this symptom may be a clinical hallmark of ALS6.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease, for which no effective therapy is available. It is characterized
by generalized skeletal muscle weakness and atrophy due to
degeneration of upper and lower motor neurons [1,2]. Only a small
proportion of ALS cases (5-10%) have a family history of the disease,
and this subset of patients is classified as familial ALS (FALS). To date, a
number of genetic loci and disease causing mutations have been
identified in FALS patients [3]. Mutations in Cu/Zn superoxide
dismutase (SOD1) give rise to ALS1 [4,5], whereas mutations in FUS/
TLS [6,7], VAPB [8], ANG [9] and TDP-43 [10,11] give rise to ALS6, ALSS,
ALS9 and ALS10, respectively. So far gene mutations have not been
identified for ALS3 [12] or ALS7 [13] which show typical ALS

Abbreviations: SOD1, Cu/Zn superoxide dismutase; ALS, amyotrophic lateral
sclerosis.
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phenotypes [14]. Other genes are responsible for forms of familial
ALS that show distinctive clinical features from those of typical ALS
such as juvenile onset, slow progression, spastic paraparesis, or
dementia [15-19]. Here we report a Japanese family with autosomal
dominant familial ALS whose clinical features are almost identical
between individuals. Of note, proximal muscles are more severely
affected than distal ones, and atrophy of the sternocleidomastoideus
muscles and weakness of the neck muscles is obvious, reminiscent of
myopathy. However they conformed to the El Escorial criteria of ALS
and the proband was found to have mutation R521C in the FUS/TLS
gene. Furthermore neuronal and glial cytoplasmic FUS-positive
inclusions were observed in the anterior horn of the spinal cord.
The present report clearly shows ALS6 cases occur in Japan, and the
clinical and pathological features are atrophy of sternocleidomastoi-
deus muscle, bulbar signs, weakness of the neck muscles, proximal
muscle atrophy, rapid progression and FUS-immunoreactive neuronal
and glial cytoplasmic inclusions in the anterior horn of the spinal cord.

2. Case report

Clinical features along with biochemical and physiological mea-
surements are summarized for three members of a Japanese pedigree
in Table 1.
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Table 1
Clinical data on the present ALS6 family.
Patient 1 {i-3} Patient 2 (1i-1} Patient 3 {I-4)
Sex Fernale Male Female
Age at onset {yr) 38 32 29
Survival period {mo} 26/110° 7 15
Intellectual disturbance - - -
Site of onset Bulbar Lower limbs Lower timbs
Mechanical ventilation + - -
Creatine kinase 170/127° {normal 20-110 U/} 66 {normal 0-170 mU/ml} NE
Total cholesterol (mg/dl) 254/211° 154 NE
High-density lipoprotein cholesterol {mg/dl) 40 NE NE
Serum hexosamidase A activity Normal NE NE
Cerebrospinal fluid findings
Total cell count {/ul} <1 <1 0
Protein (mg/dl) 22 48 Not quantified
Sugar {mg/dl) 64 58 71
NCS {motor and sensory} Normal Normal NE
Needle EMG {all limbs) Neurogenic Neurogenic Neurogenic

-, absent; +, present; NE, not examined; NCS, nerve conduction study; EMG, electromyogram.
2 The numbers show interval between the onset of symptoms and beginning of ventilator support, and total disease duration, respectively.

b The values of these items were examined twice.

2.1. Patient 1

A 38-year-old Japanese female (proband, Subject II-3 in Fig. 1) had
difficulty in excreting sputa. She soon developed difficulties eating
and exhibited fatigue when chewing. At almost the same time, she
developed dysarthria, gait disturbance and had difficulty in raising her
left arm. She began to repeatedly fall down and at the age of 39 she
could no longer stand up from the sitting position without assistance.
Thereafter difficulty with excreting sputa, gait disturbance and
weakness in chewing worsened and she was admitted to our hospital.
On physical examination, she was alert, found to be slightly obese and
had hypertension. Examination of the optic fundi showed findings of
hypertension and atherosclerosis, but no optic atrophy or retinal
degeneration. Her mental status was normal, and her verbal,
performance, and full-scale scores of Wechsler Adult Intelligence
Scale were 93, 107 and 99, respectively. Although her ocular
movements were normal, she had atrophy and weakness in the
masseter muscles. She also had a nasal voice, dysphagia, severe
atrophy and weakness in the bilateral sternocleidomastoideus
muscles, and atrophy and fasciculation in the tongue. She had
proximally dominant muscle atrophy and weakness in all limbs, and
muscle tonus was generally decreased. She could not flex her neck in
the supine position due to very severe weakness in the neck muscles.
Scores of manual muscle testing (MMT) of the flexor and extensor
muscles of the neck were 2/5 and 4/5, respectively. She had to walk
her hands up her legs in order to stand from a kneeling position
(Gowers sign (+)). Snout, jaw, and palmomental reflexes were
positive, The deep tendon reflexes were slightly increased in the
upper limbs and slightly decreased in the lower limbs. The plantar
responses were bilaterally extensor. She had very mild hypalgesia and
hypesthesia in her left thigh and lower legs, whereas she had neither
rectal and bladder disturbance nor cerebellar signs.

The serum levels of creatine kinase and total cholesterol were
slightly elevated as shown in Table 1. Brain computed tomogram and
magnetic resonance image were normal. Studies on somatosensory

Fig. 1. Pedigree tree of a Japanese family with ALS6.

evoked potentials showed normal findings although some theta but
not epileptiform activity was present in the electroencephalogram.
Muscle biopsy was performed in the left quadriceps and the speci-
mens displayed small angulated fibers and fiber type grouping.
Thereafter her clinical symptoms progressed very rapidly, and she
required ventilator support approximately 26 months after the onset
of symptoms. By the age of 45, she showed very severe atrophy and
weakness in general skeletal muscles, but her ocular movements were
preserved and communication was possible with eye movement.
Subsequently she had repeated pneumonia, and died of respiratory
failure at the age of 47. An autopsy could not be performed.

2.2. Genetic analysis

Blood samples with informed consent were obtained from this
patient, and 73 normal controls, and genomic DNA was isolated by a
standard phenol/chloroform method. The five exons of SOD1, the six
exons of VAPB, and the single coding exon of angiogenin, including
exon-intron boundaries, were amplified by polymerase chain
reaction (PCR) and sequenced as previously described [8,9,20,21].
No mutation was identified in any of these genes. Exons 1,9, 10,11, 12
and 13 of MAPT (TAU) were also screened, but no mutation was
detected. According to a published method [7], the 15 exons of the
FUS/TLS gene were amplified by PCR, and directly sequenced. For
reproducible sequencing results, exon 15 was sequenced using an
internal reverse primer, 5-cttgggtgatcaggaattgg-3. As a result, a
disease-causing mutation, ¢.1561 C>T (R521C) was detected in exon
15 in the FUS/TLS gene (Fig. 2). To rule out the possibility of
sequencing errors, the PCR products from exon 15 were subcloned
into the TA vector (Invitrogen, Carlsbad, CA) and sequenced. The
missense mutation was also confirmed by Alwl restriction digest of
PCR product (344 bp) (New England Biolabs, Tokyo, Japan). Wild-type
allele when digested produces a 218- and 126-bp fragment, whereas
the mutant allele is not cut. This PCR-restriction fragment length
polymorphism (RFLP) analysis confirmed patient 1 was heterozygous
for the wild-type and mutant allele with both cut and uncut products
being observed (Fig. 3). Of 72 normal Japanese controls subjected to
RFLP, all showed homozygosity for the wild-type allele. Two
synonymous polymorphisms, c¢.147 C>A in exon 3 and ¢.291 CT in
exon 4 were also detected in this patient.

2.3. Patient 2

Patient 2 (Subject II-1 in Fig. 1), a 32-year-old male, showed gait
disturbance, and gradually developed dysarthria. Approximately
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Fig. 2. Sequence of exon 15 of FUS/TLS from patient 1. DNA mutation and resulting amino acid change (arginine to cysteine) is shown by the red line.

three months after onset of disease he began to have difficulty in
flexing his neck in the supine position and often fell down. On
examination, his mental status was normal. He had severe atrophy in
the bilateral sternocleidomastoideus muscles, fasciculation in the
facial muscles, and atrophy and fasciculation in the tongue. He had
dysarthria and his voice was slightly nasal. He also had severe
weakness of the neck flex muscle (score of MMT: 2/5) and proximally
dominant muscle weakness of the upper limbs. Muscle tonus was
normal in the upper limbs, but increased in the lower limbs. Bilateral
biceps, triceps, patellar and Achilles tendon reflexes were increased,
and plantar responses were bilaterally flexor. His symptoms deteri-
orated very rapidly, and he died from respiratory failure approxi-
mately seven months after the onset of symptoms. An autopsy could
not be performed.

2.4. Patient 3

Patient 3 (Subject I-4 in Fig 1), a 29-year-old female, started to
notice that she walked dragging her left leg, and frequently stumbled.
Approximately five months later she developed muscle weakness in
her right leg and both arms. One month later her gait disturbance
worsened, and she noticed hypesthesia in the bilateral lower legs. She
was still able to use her hands without difficulty, but she could not
raise her arms and stand up from the supine position without support.
She also had difficulties taking deep breaths. One month later her
mobility was reduced to crawling. Approximately one year after onset
of symptoms she began to have difficulty in excreting sputa and
developed dyspnea. Only then was she admitted to our hospital. On
physical examination, she was alert and had no dementia. She had no
obvious hypertension and the findings of the optic fundi were normal.
She displayed severe muscle atrophy and weakness in all limbs, and
scapular winging. She had hypesthesia in the bilateral lower legs. She
continued to suffer from severe pneumonia, and died of respiratory
failure almost three months after admission. The total disease duration

€— 344 bp
<€—218bp
<€— 126 bp
100 bp =—>

Fig. 3. Alwl restriction digest of genomic PCR products of exon 15 of the FUS/TLS gene
from patient 1 (lane 1) and normal control (lane 2). Control lane shows two digested
products (218 bp and 126 bp), whereas an undigested band (344 bp) remains in
patient lane. 100-bp ladder shown on left (lane M).

was approximately 15 months. An autopsy was carried out and we
examined paraffin-embedded sections of the cervical, thoracic and
lumbar cord. Anterior horn cells were severely lost, and extensive
astrocytic gliosis was observed. No Bunina bodies were found but some
basophilic inclusions were seen in the surviving anterior horn cells
(Fig.4A). Kliiver-Barrera staining showed mild diffuse myelin pallorin
the anterolateral columns but not in the posterior columns. Finally
immunohistochemistry revealed FUS-positive cytoplasmic inclusions
in some surviving neurons within the anterior horns and intermediate
substance (Fig. 4B-D). FUS-positive cytoplasmic inclusions were also
seen in some glial cells in the anterior horn and lateral funiculus and
judging from morphology thought to be oligodendrocytes (Fig. 4E).
Cytoplasmic inclusions also stained positive for ubiquitin (Fig. 4F) and
some p62-positive structures could be discerned (data not shown).
However, no pTDP-43-positive inclusions, such as skein-like or round
inclusions, were observed in the cytoplasm of anterior horn cells.
Antibodies used were a rabbit polyconal antibody against FUS (A300-
302A, 1:250, Bethyl, Montgomery, TX), a rabbit polyclonal anti-
ubiquitin antibody (1:2,000, Dako, Denmark), a guinea pig monoclonal
antibody against the amino-terminus of p62 (1:2000, Progen
Biotechnik, Heidelberg, Germany) and a rabbit polyclonal anti-
phosphorylated TDP-43 (pTDP-43) antibody[22].

3. Discussion

The main clinical features of this family are an age of onset in the
late twenties to late thirties, atrophy and weakness of the sternoclei-
domastoideus muscles, bulbar signs including nasal voice, weakness
of the neck muscles, a greater involvement of proximal skeletal
muscles than distal ones, and a very rapid progression of disease.
Dementia has never been observed. On examination, patient 3 had
diffuse atrophy and weakness in all limbs, but presumably at the
beginning of disease had proximally dominant muscle weakness
given her clinical course and the occurrence of scapular winging.
Based on the distribution of affected muscles this may have led to a
misdiagnosis of myopathy such as polymyositis or limb-girdle
muscular dystrophy. However patients 1 and 2 conformed to the
diagnostic criteria outlined by the El Escorial classification for ALS [1],
and pathological findings of patient 3 were compatible with ALS.
Stewart et al. have reported a family with a SOD1 mutation (G72C)
that clinically mimicks myopathy, whereas most cases with a SOD1
mutation have distal onset in one limb [23]. The family reported here
with clinical symptoms similar to myopathy has no mutation in the
SOD1 gene but has a mutation in the FUS/TLS gene (R521C).
Immunohistochemical analysis confirmed the occurrence of FUS-
positive neuronal and cytoplasmic inclusions in the anterior horn of
the spinal cord.

Ticozzi et al. previously reported ALS cases with the R521C
mutation display more proximal than distal muscle involvement,
similar to our findings. Conversely a patient with another mutation,
G156E has more distal muscle weakness [24]. A study by Corrado et al.
[25] reports that the initial clinical symptoms of patients with the
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Fig. 4. Immunohistochemistry of spinal cord sections from patient 3. (A) H & E staining shows anterior horn cell with basophilic inclusion (arrow). (B-D) FUS-positive cytoplasmic
inclusions present in surviving motor neurons. (E) Glial cell with a FUS-positive cytoplasmic inclusion which appears to be an oligodendrocyte. (F) Ubiquitin-positive cytoplasmic

inclusion in anterior horn cell (arrow). Scale bar 20 ym (A-D, F); 5 um (E).

R521C mutation are weakness of the neck flexor/extensor muscles and
proximal upper limb weakness. The R521C mutation was also found in
a Canadian sporadic ALS patient, but there is no clinical history [26].
Taken together the findings suggest that initial symptoms associated
with the R521C mutation are weakness of the neck and proximal
muscles but age at onset, topography of affected muscles and time
course are more variable (Table 1)[24,25]. Regarding ALS1, clinical
variation is seen among patients with the same SOD1 genotype and
within members of the same family [14], except for A4V which
correlates with shorter survival 27]. However, although there is some
variability in ALS6 cases, the clinical symptoms of patients with the
R521C mutation appear to be more homogenous. Whether the
topography of affected muscles is specific to the R521C mutation or
common to other ALS6 patients is not clear but it should be pointed out
that a patient with mutation R521H has distally dominant lower limb
weakness [28]. Although an association between atrophy of sterno-
cleidomastoideus muscles and ALS has never previously been high-
lighted, this symptom may be related to weakness of the neck muscles
and could be a hallmark of ALS6. In order to clarify this, further
investigation with a larger number of cases is required. Furthermore
the proband and her mother had hypesthesia in their legs, and this
symptom may be associated with the observed mild diffuse myelin
pallor seen in the anterolateral columns of patient 3. :

Recent work suggests a new biochemical category of neurode-
generative disease in terms of aberrant accumulation of FUS (FUS
proteinopathy) [29,30]. Many groups are proposing a similar role of
FUS and TDP-43 in neuronal death since both are ubiquitously
expressed DNA/RNA-binding proteins involved in multiple nuclear
functions [6,7,29,30]. Future studies are needed to examine the exact
role of mutant FUS in neurodegenerative disorders such as ALS6.
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Familial amyloid polyneuropathy (Finnish type)
presenting multiple cranial nerve deficits with
carpal tunnel syndrome and orthostatic

hypotension
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Familial amyloid polyneuropathy, Finnish type (FAF), is a dominantly inherited disorder caused by
mutations in the gelsolin gene and rarely reported in several countries. We report a Japanese FAF patient
with a missense mutation (G654A), presenting multiple cranial nerve symptoms, corneal lattice dystrophy,
carpal tunnel syndrome and orthostatic hypotension. It is notable that this patient showed very wide range
of cranial nerve involvement (11, IV, VI, VI, VIII, IX, X and XII), which have gradually deteriorated for 6 years.
The patient also has carpal tunnel syndrome, which is not commonly found in FAF cases. Even if not for
certain familial inheritance, it is preferable to take consideration of FAF as one of differential diagnoses of a
case presenting multiple cranial nerves symptoms.

Keywords: Familial amyloid polyneuropathy (FAP type V1), FAP, Finnish type (FAF), gelsolin mutation (G654A), orthostatic hypotension, carpal tunnel
syndrome (CTS)

Familia] amyloid polyneuropathy is an autosomal

dominant disorder caused by mutant gelsolin [FAP, A Fami ly

Finnish type (FAF); also known as FAP type IV]

_initially described by Meretoja in 1969'. Familial

amyloid polyneuropathy, Finnish type cases have
been reported in a limited number of countries such,
as Finland, a few other European countries, United
States and Japan®. Clinical features of FAF include
multiple cranial neuropathies, corneal lattice dystro- I
phy and skin changes (cutis laxia and lichen
amyloidosus)*. Autonomic nervous disturbance
of patients with FAF have been reported in several
cases>™. Mild and predominantly sensory affected
carpal tunnel syndrome (CTS) has also been
described®. Missense mutations in the gelsolin gene
have been found to be G-to-A or T substitutions at

nucleotide 654 (G654A or G654T, respectively),

resulting in an amino acid exchange at position 187 II

(DI187N or DI87Y)"®. Biochemical studies have

indicated that the formation of aiyloid fibrils in /

FAF might be related to mutant gelsolin®.

. A 7,8'{::3’"’1‘1 Jailf’a‘t’ese “’°m5tm lf“’m i.afa‘m!y Figure 1 Pedigree of family A. Male family members are
iving in Gunma prefecture, a central area of a main represenied by squares, females by circles,
deceased members by oblique lines and affected
members by solid symbols. The proband is indi-

Correspondence and reprint requests to: M. lkeda, Department of cated by an arrow (Il-2). B
Neurology, Graduate School of Medicine, Gunma University, 3-39-22 ed by (-2). Both |1 and 2 did not
Showa-machi, Maebashi, Gunma 371-8511, Japan. [mikeda@med. present bilateral facial paisies and other cranial
gunma-u.ac.jp] Accepted for publication January 2009. nerves signs
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downward

convergence

Figure 2 Facial appearance of the proband. (a) Appearance of the proband (Il-2) on July 2000. Her face presented bilat-

eral facial palsies in the forehead and skin relaxation (cutis laxa) of the forehead, right upper lids, cheek and
angle of the mouth with right dominance. Left perioral angle showed downward hemifacial paresis more than
the right. (b) Appearance of the proband (II-2) at July 2006. As ophthalmological operation of upper lid elevation
was performed in 2005, the left eye opened clearly; however, the right eye was unable to' open because of
severe blepharoptosis. Bilateral facial palsies and skin relaxation (cutis laxa) of the forehead, upper lids, cheek
and angle of the mouth revealed dominantly on the right. (c) Severe atrophy of the tongue shown especially in
the central and peripheral areas in 2000. (d) Slit lamp microscopy examination revealed scattered streaks on the
cornea, the findings of corneal lattice dystrophy (type 1), which were characteristic of FAF. Lower column:
external ocular movement. External ocular movement showed in all directions in the proband (Il-2). These find-
ings showed that bilateral abducens nerves suffered paralysis slightly and other directional movement (vertical
and internal) caused by oculomotor and trochlear nerves. These findings meant that cranial nerves of Ill, IV and

VI suffered

island in Japan, for many generations and has no
relationship with Finnish ancestors and other
Japanese FAF families reported previously (II-2,
Figure I). At the age of 61 years, when she suffered
from left hemifacial spasm and palsy, she was
operated with microvascular decompression for left
hemifacial spasm. Her facial spasm seemed to be
slightly improved; however, the same symptom
appeared again. Right blepharoptosis started at the
age of 66 years old. She presented dysarthria,
swallowing disturbance, hearing loss and tinnitus of
bilateral ears at the age of 69 years; thereafter, these
symptoms have continued. As she complained
deterioration of the facial diplegia, facial spasm and
bilateral tongue atrophy at the age of 72 years, she
was admitted to our hospital. Her parents died of
unrelated disease conditions at their early 50s. There
is no family history of the same disorder in her
parents and their relatives until their death.

In the physical findings of this patient in 2000,
facial appearance looked loose with drooping mouth
angles, presenting bilateral peripheral facial palsies
and blepharoptosis with right side dominance

(Figure 2a). At this time, she also showed bilateral
fasciculation and tongue atrophy (Figure 2c), without
skin change as exanthema of lichen amyloidosus. Slit
lamp microscopy examination revealed scattered
streaks on the cornea, the findings of corneal lattice
dystrophy (type II), which were characteristic of FAF
(Figure 2d). Six year later, an ophthalmological
operation for the elevation of left upper eyelid was
performed because the left blepharoptosis has
severely deteriorated. Bilateral facial paresis deterio-
rated especially in perioral areas and the left cheek
and seemed to be a pendulous skin called ‘cutis laxa’
(Figure 2b). Neurological examination at the time of
admission includes multiple cranial neuropathies: I1I,
IV, VI, bilateral blepharoptosis (right dominant) and
external ophthalmoplegia for all directions (Figure 2,
lower column); VII, bilateral facial nerve palsies and
fasciculation with right dominance; VIII, bilateral
sensorineural hearing disturbance with left domi-
nance; IX and X, poor elevation of soft palate and
swallowing difficulty; XII, severe tongue atrophy and
prominent fasciculation. In addition to cranial
neuropathies, bilateral atrophy of thenar muscles in
2010
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DNA Thi
d marker caése -4 11-3 CT1 CT2

Figure 3 Immunocytochemistry and Congo red stain. (a) Immunocytochemistry of human gelsolin antibody (G4896)
revealed immunopositive structure along the sweat glands walls (arrows). (b) Congo red stain showed the same
areas as positive-stained areas along the sweat glands walls (arrows). (c) Polarizing microscopy of Congo red
stain revealed the same positive structures along the sweat glands walls (arrowhead). (d) Restriction enzyme
assay of the polymerase chain reaction (PCR) product using a modified primer in 3-5% agarose gel. Polymerase
chain reaction products of this case (IIl-2) of family A and II-3 and lll<4 of family S"' were digested to 116 and
90 bp by the Mfel enzyme. Polymerase chain reaction products of CT1 and CT2 as control subjects were not
digested at the mutation site, so that only 116 bp appeared .

her hands was observed. Subjective and objective
sensory disturbances were not apparent upon neuro-
logical examination. Deep tendon reflexes were
normal in all limbs.

The distal latency of compound motor action
potential (CMAP) was delayed and low amplitude
of bilateral CMAPs was observed in bilateral median
nerves, while motor and sensory conduction velocities
of bilateral median nerves between elbow and wrist
joints were normal. Sensory nerve action potential
(SNAP) of the right median nerve could not be
detected, and the SNAP and velocity of the left
palmar wrist were delayed in the left median nerve
(data not shown). These results of neurophysiological
studies were compatible with the criteria for bilateral
CTS. Head-up tilt examination showed orthostatic
hypotension with a decrease in systolic blood
pressure from 120 to 90 mmHg.

Skin tissue from left forearm was histologically
evaluated. The sample was fixed in 4% paraformal-
dehyde and embedded in paraffin. The immunocy-
tochemistry using antigelsolin monoclonal antibody
(1:1000, Sigma) was performed according to pre-
vious methods'®!!. The eccrine sweat glands were
outlined by gelsolin-positive immunoreactivity

Neurological Research 2010 voL 32 NO 5

(Figure 3a, arrows). Congo red staining showed
positive signal at the outline of eccrine sweat glands
(Figure 3b, arrows), demonstrating yellow-green bire-
fringence of the deposits at the same area in
polarizing microscopy, which were compatible with
the reported pathological findings of FAF (Figure 3c,
arrowhead).

After obtaining informed consent for the genetic
test, genomic DNA of the proband was extracted
from peripheral lymphocytes. A DNA fragment
containing codon 187 (116 bp) was amplified by
polymerase chain reaction (PCR) using the primers
described previously’. The primer sequences were as
follows: primer A (forward), 5'-TGGTGGTGCAG-
AGACTCTTCC-3'; primer B (reverse), 5'-GTTG-
CCCAGGTCCAGGAT-3'. One microgram of geno-
mic DNA was mixed with 0-5 pg of each primer,
followed by amplification through 30 cycles under the
following conditions: 94°C for 30 seconds for dena-
turation, 60°C for 30 seconds for annealing and 72°C
for 30 seconds for elongation. The PCR product was
gel purified and then subjected to direct sequencing
using ABI Prism 3100 Genetic analyser DNA
sequencer (Applied Biosystems, Foster City, CA,
USA). To confirm missense mutation at the codon
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187, we used a modified mismatched PCR for
restriction analysis as reported elsewhere with the
primer A and modified primer B' (5-GTTGCC-
CAGGTCCAGGATGAAGCAAT-3")'*!",  Primer
B’ has a mismatched adenine residue at the second
position from the 3’ end and generates an Mfel
recognition site omnly if the guanine to adenine
substitution occurs at nucleotide 654 of the gelsolin
gene. The missense mutation of gelsolin gene was
found in the proband as G654A (G-to-A transition at
nucleotide 654) at codon 187 resulting in the
substitution of aspartic acid to asparagine (not
shown). The Mfel (New England Biolaboratory)
digestion of PCR product from the proband showed
mutant (digested) and wild-type (undigested) frag-
ments heterozygously (Figure 3d). The same missense
mutation was not detected in 100 normal control
alleles.

To date, most of the FAF cases were reported from
Finland, especially in the southeastern region'. The
estimated number of affected Finnish patients is
presumably >400 (Ref. 3). Most of them have the
G654A mutation resulting in amino acid substitution
at DI87N, and the same mutation was also re?orted
in Holland8 the Unlted States!?, Japan!®!112-16
Portugal'” and France'®. Czech, Danish and French
FAF families have carned a G654T mutation
resulting in D187Y®'®, The present case showed
multiple cranial nerve involvement affecting eye
movement, which was an infreguently resported
symptom characteristic of this case™®1%:11:12-1

In addition to multiple cranial nerve symptoms,
this case showed asymptomatic CTS and orthostatic
hypotension, while superficial skin change of peculiar
exanthema is not prominent as ‘lichen amyloidosus’
or itching of skin.

An autonomic dysfunction has been reported
~43% in FAF cases (13/30), including orthostatic
hypotension, dysfunction of perspiration, gastroin-
testinal and urinary systems®. Autonomic failure of
FAF patients showing orthostatic hypotension]2 and
dysfunction of persplratlon were reported in other
FAF cases from Japan'®. The aberrant electrophysi-
cal ﬁndlngs of CTS were found in 18 of 30 FAF
patients®, In this work, four FAF patients developed
symptomatic CTS, and three of them were symptom-
free after surgical treatment. Although symptomatic
CTS in FAF is not common, subclinical CTS
observed in more than half of FAF cases indicates
systemic peripheral nerve involvement in FAF®,

So far, the de novo mutation of gelsolin gene has
not been reported in FAF patients yet. It is difficult
to confirm familial occurrence in this patient because
her father and mother died of non-neurological
diseases in their 50s and 40s, respectively, before the
onset of the proband. Although wide varieties of
neurological symptoms in FAF patients were

K. Makioka et al.

reported, not only facial and lower cranial nerve
symptoms but also upper cranial nerve involvement
and CTS were characteristics of this case. The reason
why missense mutation of gelsolin leads to a variety
of clinical symptoms is still unclear. Even if familial
occurrence is unclear, it is desirable to take into
consideration that FAF can be one of the important
differential diagnoses of a patient presenting bilateral
multiple cranial nerve symptoms.
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ARTICLE INFO ABSTRACT

Multiple system atrophy (MSA) and Parkinson's disease (PD) are classified as synucleinopathies that exhibit
a-synuclein deposition in the central nervous system. Recently, activation of the unfolded protein response
(UPR), which is a cellular stress response triggered by endoplasmic reticulum (ER) stress, was reported in PD
and involvement of ER stress was indicated for this disease. To elucidate whether ER stress is also implicated
in the pathology of MSA, we performed a series of immunohistochemical studies using MSA brain sections.
Here, we showed the presence of an activated UPR response in oligodendroglia of postmortern MSA brains.
The UPR protein-positive structures were observed in lesions where glial cytoplasmic inclusions (GCls)
appeared and colocalized highly in cells showing oligodendrocytic characteristics in the presence of a-
synuclein inclusions. The UPR protein-positive structures appeared as granular shapes that are
morphologically similar to granulovacuolar degeneration (GVD) and colocalized with GVD marker proteins.
Double immunohistochemistry demonstrated that some of the activated UPR protein-positive structures
were localized in oligodendrocytes that contained GCls with faint a-synuclein labeling, without
ubiquitination, and showing a strong correlation with the relocation of the tubulin polymerization-
promoting protein (TPPP/p25c). These findings suggest that activation of the UPR may be induced at the
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early stage of the disease process, thus playing a pivotal role in the pathology of MSA.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Accumulation and deposition of misfolded proteins is a common
sign of neurodegenerative disease, such as Alzheimer disease (AD),
Parkinson disease (PD), amyotrophic lateral sclerosis, and polygluta-
mine diseases [1-4]. The regional distribution in the brain and the
composition of protein aggregates are different in each neurodegen-
erative disease [5]. For example, deposition of amyloid 3 protein and
phosphorylated tau (pTau), and accumulation of a-synuclein in Lewy
bodies are the main pathological features of AD and PD, respectively
[1,2].

Recently, involvement of endoplasmic reticulum (ER) stress was
suggested for AD and PD [6-8]. The ERis an organelle that is important
for the synthesis, correct folding, posttranslational modification, and
transport of nascent proteins. The presence of a protein overload in
the ER that exceeds its folding capacity results in ER stress. In the
course of ER stress, signaling pathways that act to protect cells against
the toxic buildup of misfolded protein, including the unfolded protein

* Corresponding author. Tel.: +81 27 220 8064; fax: +81 27 220 8068.
E-mail address: tsuneoy@med.gunma-u.ac,jp (T. Yamazaki).

0022-510X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jns.2010.06.019

response (UPR), are activated [9-11]. Hoozemans et al. reported that
the UPR was activated in dopaminergic neurons in the substantia
nigra of PD patients, and that the reaction was observed exclusively in
neurons containing a-synuclein [6]. Moreover, overexpression of
wild-type or mutant a-synuclein reportedly induces ER stress in
cultured cells [12,13]. Thus, these findings suggest the involvement of
ER stress in the pathogenic mechanisms of this disease, especially in
correlation with a-synuclein accumulation.

Intracellular accumulation of a-synuclein is also a pathological
feature of multiple system atrophy (MSA). MSA is a sporadic
neurodegenerative disorder that is characterized by neuronal loss
accompanied by gliosis in the basal ganglia, cerebellum, pons, inferior
olivary nuclei, and spinal cord [14]. The histopathological features of
MSA are the presence of argyrophilic glial cytoplasmic inclusions
(GCls) in oligodendroglia [15-17], which contain a-synuclein as their
main component [18-21]. Interestingly, UPR is activated in not only
neuron but also oligodendroglia in Pelizeus-Merzbacher disease, a
neurodegenerative disease causing diffuse hypomyelination of the
central nervous system [22]. These findings motivated us to study the
involvement of ER stress in the disease mechanisms of MSA. In this
study, we used immunohistochemistry to show the presence of an
activated UPR reaction in oligodendroglia of MSA samples. The
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reaction was observed in cells exhibiting a relatively early phase of -
synuclein deposition and that localized in granular structures that
showed morphological characteristics of granulovacuolar degenera-
tion (GVD).

2. Materials and methods
2.1. Antibodies

The commercially available antibodies used in this study were
anti-phosphorylated pancreatic ER kinase (pPERK) (phosphorylated
PERK at threonine 981) (rabbit polyclonal; Santa Cruz Biotechnology,
Santa Cruz, CA) [6,7], anti-phosphorylated eukaryotic initiation factor
20 (elF2a) (phosphorylated at serine 51, rabbit polyclonal; Cell
Signaling, Danvers, MA) [23], anti-phosphorylated inositol requiring
enzyme la (IRE1a) (phosphorylated at serine 724, rabbit polyclonal;
Novus Biologicals, Littleton, CO) [7], anti-tubulin polymerization-
promoting protein (TPPP/p25a) (rabbit monoclonal; Epitomics Inc.,
Burlingame, CA) [24], anti-transferrin (rabbit polyclonal; Dako
Cytomation, Glostrup, Denmark) [25,26], anti-Olig2 (rabbit polyclon-
al; IBL, Takasaki, Japan) [27], anti-glial fibrillary acidic protein (GFAP)
(rabbit polyclonal;Dako Cytomation, Glostrup, Denmark) [28], anti-ce-
synuclein (mouse monoclonal; Invitrogen, Carlsbad, CA) [29], anti-
ubiquitin (rabbit polyclonal; Dako Cytomation, Glostrup, Denmark)
[30,31], anti-tau phosphorylated (AT8) (mouse monoclonal; Innoge-
netics, Ghent, Belgium) [32,33], anti-phosphorylated glycogen
synthase kinase (pGSK3) (mouse monoclonal; Upstate Biotechnology,
Lake Placid, NY) [33,34], anti-pSmad2/3 (phosphorylated at serine
423 and 425) (goat polyclonal; Santa Cruz Biotechnology, Santa Cruz,
CA) [33,35], and anti-phosphorylated neurofilament (SMI-31)
(mouse monoclonal; Sternberger Monoclonals, Baltimore, MD)
[33,36]. The generation and characterization of the antibody that
recognizes phosphorylated TAR-DNA-binding protein 43 (pTDP-43)
at positions 409 and 410 (A2) was described elsewhere [33].

2.2. Immunohistochemistry

Brain tissues were obtained from 12 subjects (average age,
59.8 years; six males and six females) who had a neuropathologically
confirmed diagnosis of MSA, and from five control subjects (average
age, 60.2 years; two males and three females) who died of cancer,
stroke, pneumonia, or myocardial infarction (Table 1) with no signs of
neurodegeneration. In addition to the MSA cases, two samples of a
hereditary type of spinocerebellar degeneration (SCD), which were
diagnosed as Menzel-type SCD at death, were also examined. These
cases were autopsied before the findings of causative genes; thus,

Table 1
Age  Middle White Pontecerebellar ~ Striatum  GCI
sex  cerebellar matter of fibers
peduncle  cerebellum

MSA1 66M ++ +++ ++ = +
MSA2 54F  +4++ +++ +4++ + +
MSA3 60M  + + + + +
MSA4  62F — - ++ - -
MSA5 65M — +4+ ++ + +
MSA6  57F 44+ 4+ +++ - +
MSA7  51F  +++ + ++ + +
MSAS8 58F 44+ +++ ++ +++ +
MSAS 64M - ++ - +
MSAIC  64M  +++ + ++ - -
MSA11  56M  ++ + + - +
MSA12  60F +4+ ++ ++ +
H-SCD1  59F = -_ - - -
H-SCD2  49F = - _ - -

— 03, + 4-10, ++ 10-20, and +++ >20.
Mean counts of pPERK-positive structures per a high power magnification (x400).

gene analysis was not carried out. However, the neuropathological
findings of these cases were typical of olivopontocerebellar atrophy

" (OPCA), and GClIs were absent [15].

Five-micrometer-thick sections of formalin-fixed, paraffin-embed-
ded tissues from the cerebellum, pons, and striatum were immunos-
tained with the appropriate antibodies using the streptavidin-biotin
method (Histofine SAB-PO kit; Nichirei, Tokyo, Japan). For all
stainings, sections were deparaffinized and subsequently immersed
in 0.3% hydrogen peroxide (H,O,) (Dojin Laboratories, Kumamoto,
Japan) in methanol for 30 min to block endogenous peroxidase
activity. For the detection of pelF2a, pIRE1c, TPPP/p25a., and pTDP-
43, sections were autoclaved for 10 min in 10 mM sodium citrate
buffer (pH 6.0), for antigen retrieval. Inmunoreactivity was visualized
using 0.5 mg/ml 3,3’-diaminobenzidine tetrachloride (DAB) and
0.03% H;0, (Dojin Laboratories, Kumamoto, Japan). To assess the
detailed colocalization of proteins in cells, double immunohistochem-
istry was performed in a subset of sections [7]. After incubation with
the second primary antibody, specimens were treated with the
avidin-biotin/alkaline phosphatase complex (VECTASTAIN® ABC-AP
KIT; Vector Laboratories, Burlingame, CA) and the colorimetric reaction
was developed using the Vector® Red Alkaline Phosphatase Substrate
Kit as a chromogen. All sections were counterstained with hematoxylin.
The specimens were observed under an Olympus BX60 microscope
(Olympus, Tokyo, Japan) using the DP Controller software.

For the evaluation of the relationship between pPERK-positive
structures and a-synuclein, ubiquitin, and TPPP/p25a, we counted
150 cells exhibiting pPERK-positive structures and calculated the
protein colocalization ratio. '

2.3. Electron microscopy

Twelve-micrometer-thick sections of formalin-fixed, paraffin-
embedded tissue from the pons of an MSA case were immunostained
with anti-pPERK antibodies using the streptavidin-biotin method.
The sections were incubated with 0.5 mg/ml DAB for 30 min and
0.5 mg/ml DAB with 0.03% H,0, for 30 min. After incubation with 2%
osmium tetroxide (Chiyoda Junyaku, Tokyo, Japan), the sections were
embedded in epoxy resin. The specimens were trimmed and cut into
ultra-thin sections. These sections were examined under a JEOL 100CX
electron microscope (JEOL, Tokyo, Japan).

2.4. Double immunohistochemistry using fluorescent antibodies

To assess the colocalization of pPERK with pTau, pGSK3, and
pSmad2/3, we performed double immunohistochemistry using
fluorescent secondary antibodies [33]. After deparaffinization and
autoclaving, sections were incubated with the anti-pPERK antibody
and each of the other three primary antibodies overnight at 4 °C. The
combinations of the secondary antibodies were Alexa Fluor 488 goat
anti-rabbit IgG (H+L) (Molecular Probes-Invitrogen, Eugene, OR)
and Alexa Fluor 568 goat anti-mouse IgG (H+ L) (Molecular Probes-
Invitrogen) or Alexa Fluor 488 donkey anti-rabbit IgG (H-+L)
(Molecular Probes-Invitrogen) and Alexa Fluor 568 donkey anti-
goat IgG (H+L) (Molecular Probes-Invitrogen). To avoid autofluor-
escence signals, sections were treated with Sudan Black B for 5 min
and rinsed in 70% ethanol. Specimens were mounted with Vectashield
(Vector Laboratories) and examined under a microscope equipped
with confocal systems (FV1000; Olympus). The images obtained were
processed further using Adobe Photoshop CS2 version 9 (Adobe, San
Jose, CA).

3. Results
We first examined the activity of UPR markers (pPERK, pelF2,

and pIREla) in brains of normal controls and of patients with
neuropathologically proven MSA. Although no immunoreactivity was
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detected in control brains, pPERK-positive granular structures were
observed near nuclei in some glial cells of all MSA cases (Fig. 1aand b).
The pPERK-positive structures were observed in the middle cerebellar
peduncle, white matter of the cerebellum, pontocerebellar fibers, and
striatum, where GCls are frequently observed in MSA brains [15,16]
(Table 1). These immunopositive structures were not found in the
regions that were less affected in MSA. The anti-pelF2a and anti-
pIREla antibodies also detected the granular structures in MSA

Fig. 1. Immunohistochemical detection of pPERK (a and b), pelF2a (c), pIRE1a (d) in
MSA and hereditary SCD (f) brains using microscopy. Immunohistochemical detection
of pPERK using electron microscopy (e). The pPERK-positive structures were detected
as granules in some glial cells (a and b) and most of them were composed of cores and
surrounding sounding outer layer, being compatible with GVD (b and e). Other
activated UPR markers, pelF2a (c) and pIREla (d), were also detected in granular
structures. However, no immunolabeling was observed in hereditary SCD cases lacking
GCIs (f, pPERK staining). Scale bars, 100 um (a and f), 10 um (b-d), and 1 pm (e). Nu;
nucleus. .

brains (Fig. 1c and d). Many of these immunolabeled structures were
composed of cores and surrounding vacuoles (Fig. 1b). Central cores
showed intense immunoreactivity, whereas outer membranes were
stained to a lesser degree (Fig. 1b-d). To investigate these structures
in detail, we examined them using immunoelectron microscopy. The
immunolabeled structure was composed of a central electron-dense
core and a surrounding outer layer (Fig. 1e). Importantly, although the
number of samples was small, no immunoreactivity was observed in
any of the hereditary-type SCD specimens, which exhibited neurode-
generation in the pons and cerebellum, without GCIs (Fig. 1f). The
three antibodies detected the same granular structures in MSA brains;
however, the anti-pPERK antibody yielded the most intense immu-
nolabeling, even in the absence of the antigen retrieval treatment.
Thus, we decided to use the anti-pPERK antibody primarily for the
detection of activated UPR in this study.

Because activated UPR proteins localize in GVD in AD [7] and
because the morphological characteristics of pPERK-positive granular
structures in MSA were similar to those of GVD (Fig. 1b), we examined
the colocalization of pPERK with other proteins that are known to be
localized in GVD (i.e., pTau, pGSK3, pSmad2/3, and SMI-31) in MSA
sections using confocal microscopy. As shown in Fig. 2, pPERK partly
colocalized with pTau, pGSK3, and pSmad2/3, but not with SMI-31.
These immunoreactions were not observed in sections stained by the
same method without primary antibodies, avoiding the possibility
that the reactions were due to the autofluorescence (data not shown).

Recently, we demonstrated the localization of pTDP-43 in GVD in
AD [33]; thus, we were interested in determining whether pTDP-43
immunoreactivity was observed in MSA. As shown in Fig. 3a,
immunoreactivity for pTDP-43 was detected in granular structures
in MSA brains where pPERK-positive structures were also present.
Double immunohistochemistry showed that a subpopulation of
granular structures was labeled with both the anti-pTDP-43 and
anti-pPERK antibodies (Fig. 3b); however, some granular structures
were independently immuno positive exclusively for pPERK (Fig. 3c)
or for pTDP-43 (Fig. 3d). )

Because the distribution of cells with pPERK-positive granules was
similar to that of GCls in MSA, and because MSA is considered as a
primary oligodendrogliopathy [37], we hypothesized that the immu-
nolabeled structures may be localized in oligodendroglia. To examine
this, sections were double labeled with the anti-pPERK antibody and
antibodies against oligodendroglial marker proteins. As shown in
Fig. 3e-g, pPERK-positive structures were observed in cells that
exhibited a transferrin-positive cytoplasm (Fig. 3e) [38] and Olig2-
positive nuclei (Fig. 3f) [27]; however, these structures were not
detected in GFAP-positive astroglia in the examined sections (Fig. 3g).
Immunoreactivity for transferrin and Olig2 is specific to oligoden-
droglia; thus, we concluded that pPERK-positive granules were
present mainly in oligodendrocytes.

To investigate the association of pPERK with a-synuclein, which is
a main component of GCIs [18-21], we performed double immuno-
histochemistry (Fig. 4a). The majority of cells that contained pPERK-
positive structures were also positive for a-synuclein (74.3%). Inter-
estingly, the immunoreactivity for a-synuclein in some of those cells
tended to be faint (Fig. 4a). As it is known that a-synuclein-positive
GCls become ubiquitinated during the maturation process [39], we
examined the association of pPERK and ubiquitinated GCls. We found
that 54.2% of pPERK-positive cells exhibited ubiquitin-positive
inclusions (Fig. 4b). These findings suggest that the emergence of
pPERK-positive granules may be associated with the formation of GCls
at a relatively early phase.

To examine this issue further, we performed double immunohis-
tochemistry using the anti-pPERK and anti-TPPP/p25c. antibodies.
TPPP/p25a is expressed predominantly in oligodendroglia, is present
in myelin basic protein immunopositive sheaths, and localizes around
the nucleus in a thin sheet of cytoplasm [24]. TPPP/p25c promotes the
aggregation of a-synuclein [9] and accumulates in the cytoplasm of
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pSmad2/3

Fig. 2. Double immunohistochemistry for pPERK (green) and GVD markers (pTau, AT8, pGSK3, pSmad2/3, and SMI-31) (red). As shown in merged images, PPERK-positive structures
were partly colocalized with pTau (c), pGSK3 (f), and pSmad2/3 (i), but not with SMI-31 (1). Scale bars, 10 pm.

oligodendroglia, away from the myelin sheath, in the early stage of
MSA pathology [24,37]. As shown previously, TPPP/p25a relocated
from the sheath to the cell bodies in the white matter of the
cerebellum of MSA samples (Fig. 4c). Interestingly, granular immu-
noreactivity of TPPP/p25a, just like a GVD, was also detected (Fig. 4c,
inset). Double immunohistochemistry showed that most pPERK-
positive structures were located in TPPP/p25a-immunoreactive
oligodendrocytic cell bodies (78.7%) (Fig. 4d).

4. Discussion

In this study, we demonstrated for the first time that the UPR,
which is a cellular stress response that is triggered by ER stress, was
activated in sporadic MSA brains. The activated UPR protein-positive
structures emerged in oligodendroglia in lesions containing GCls
[15,16]. Double immunohistochemistry experiments showed that the

activated UPR protein-positive structures were localized in cells that
also showed immunoreactivity for a-synuclein. Moreover, these
immunoreactivities were absent in hereditary SCD cases lacking GCls.
Thus, we concluded that the emergence of activated UPR protein-
positive structures may be deeply associated with the disease mechan-
isms involved in sporadic MSA.

Our double immunohistochemistry results showed that the
activated UPR protein-positive structures were localized in cells that
showed relatively faint immunoreactivity for a-synuclein (Fig. 4a),
and that the ratio of colocalization of the activated UPR protein-
positive structures with c-synuclein deposition was greater than that
observed for ubiquitin. Wenning et al. demonstrated that the
immunoreactivity of a-synuclein is relatively faint during its initial
stage of deposition; in addition, ubiquitination of «-synuclein-
positive GCls increases as the disease progresses [40]. Thus, our
findings suggest that the activated UPR protein-positive structures
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Fig. 3. The phosphorylation-dependent anti-TDP-43 antibody detected granular
structures that were observed exclusively in pPERK-stained samples (a, an enlarged
image is shown in the inset). Double immunohistochemistry for pTDP-43 (brown) and
PPERK (red) demonstrated the frequent colocalization of both proteins in the same
structure (b); however, some granules were independently immunolabeled with
PPERK exclusively (c) and pTDP-43 (d). The pPERK-positive structures (brown in e and
g, red in f) were localized in cells exhibiting positivity for transferrin in the cytoplasm
(e) and for Olig2 in the nucleus (f), but not for cytoplasmic GFAP. Scale bars, 100 pm (a),
10 um (b-d and f), and 20 um (e and g).

emerge in the early stages of oligodendroglial pathology in MSA. This
notion was also supported by our findings that the emergence of
activated UPR protein-positive structures exhibited a strong correla-
tion with the relocation of TPPP/p25c to oligodendrocytes, which
occurs in the early stages of the MSA pathology [24,37]. Recently, it
was demonstrated that the UPR is activated in pyramidal neurons of
the hippocampus of AD patients and in dopaminergic neurons of the
substantia nigra of PD brains [6,7,23]. Using immunohistochemistry,
these authors showed that immunoreactivity is found in granular
structures or in GVD [7,23]. Interestingly, activation of the UPR is
observed in pre-tangle neurons in AD [7] and in neurons at the pre-
stage of Lewy body formation [6]. These findings, together with our
results, suggest that the activated UPR protein-positive structures
emerge at the early stage of the disease process in relation to the
deposition of key pathological proteins in AD, PD, and MSA. The UPR is
activated to reduce the unfolded and misfolded protein load in the ER,
and to protect cells against ER stress, which leads to programmed cell
death [41]. Thus, it might be reasonable to predict that the appearance
of activated UPR-positive structures indicates the involvement of ER
stress, and reflects the protection mechanisms that act at early stages
of these diseases.

As shown in the figures, activated UPR proteins were located in
granular structures, some of which exhibited a morphology that

Fig. 4. The pPERK-positive structures (brown in a) were localized in cells exhibiting
a-synuclein labeling (red in a) that was frequently faintly positive (a). The pPERK-positive
granules (brown in b) were also observed in cells containing ubiquitin-labeled structures
(red in b). The TPPP/p25cx immunoreactivity was localized diffusely in cell bodies (c) and
was also detected in granular structures (¢, inset) in MSA cases. Most of the pPERK-positive
granules (brown in d) were observed in TPPP/p25a-labeled cells (red in d). Scale bars,
20 um (b) and 10pm (a, ¢, and d). ;

matched that of GVD. Although tubular structures were not detected
during the electron microscopy study, because of poor fixation, these
structures exhibited features that had some similarity with GVD. GVD
is characterized by the presence of basophilic granules, surrounded by
a clear zone, that measure 3 to 5pm in diameter and occur
predominantly in hippocampal neurons in AD and aged brains
[30,42-45]. GVD in AD brains is immunoreactive for pTau [32],
pGSK3 [34], pSmad2/3 [35], SMI-31 [36], and ubiquitin [30,31]. Here,
we demonstrated that a fraction of pPERK-positive structures in
oligodendroglia of MSA brains were colocalized with pTau, pGSK3,
pSmad2/3, and pTDP-43, but not with SMI-31. SMI-31 specifically
recognizes phosphorylated neurofilaments with a size of 200 and
160 kDa, which exist exclusively in neuronal cells [46]. Thus, it is
reasonable to speculate that the GVD-like pPERK-positive structures
detected in non-neuronal cells were immuno-negative for the SMI-31
antibody. This notion is supported by our findings that the pPERK-
positive granular structures detected in MSA samples were observed
in oligodendroglia-positive cells. To our knowledge, there are no
reports demonstrating the emergence of GVD-like structures in
oligodendroglia. However, because of the absence of pPERK-positive
granules in normal control and hereditary SCD, the formation of the
GVD-like structures in oligodendroglia may be disease-specific and
may play a pivotal role in MSA pathology. Previously, we demon-
strated that the ultrastructural characteristics of GVDs are compatible
with autophagosomes [30]; in addition, recent studies suggest that
autophagy plays a crucial role in the pathology of AD and PD [47-49].
Moreover, autophagy is induced by ER stress in cultured cells [50,51].
Thus, it might be reasonable to assume that autophagy induced by ER
stress may also play a role in the disease mechanisms underlying MSA.
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