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Abstract

a-Synuclein pathology was examined in the brains and spinal cords
of 10 patients with amyotrophic lateral sclerosis (ALS)/parkinsonism-
dementia complex (PDC) in the Kii Peninsula, Japan. Various types of
phosphorylated o-synuclein—positive structures including neuronal
cytoplasmic inclusions, dystrophic neurites, and glial cytoplasmic
inclusions were found in all ALS/PDC cases. There were phosphory-
lated a-synuclein—positive neurons in 8 cases (80%), and the amygdala
was most severely affected. Phosphorylated a-synuclein was distributed
mainly in the limbic system and brainstem; tau pathology was more
prevalent than o-synuclein pathology in most affected areas. In the
substantia nigra, periaqueductal gray, locus coeruleus, raphe nuclei,
dorsal nucleus of the vagus nerve, hypoglossal nucleus or ventral horn,
and intermediolateral nucleus of the spinal cord, a-synuclein pathology
was more predominant than tau pathology in only 1 or 2 patients.
Phosphorylated a-synuclein— positive structures were not found in the
molecular layer of the cerebellum. Phosphorylated a-synuclein fre-
quently colocalized with tau in neuron cell bodies, neurites, and glia.
Immunoblots of sarkosyl-insoluble fractions extracted from the brain of
1 patient showed a triplet of a-synuclein—immunoreactive bands that
were ubiquitinated. These results suggest that interaction between tau
and a-synuclein be involved in the pathogenesis of Kii ALS/PDC.
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INTRODUCTION

Amyotrophic lateral sclerosis/parkinsonism-dementia
complex (ALS/PDC) is a neurodegenerative disease endemic
to Guam and the Kii Peninsula of Japan (1-3). The clinical
picture of ALS/PDC is a unique combination of parkinson-
ism, dementia, and symptoms of upper and lower motor
neuronal dysfunction. Neuropathologic findings of ALS/PDC
include numerous neurofibrillary tangles (NFTs) associated
with nerve cell loss in the cerebral cortex and brainstem in
addition to ALS pathology. Our investigation of the topo-
graphical distribution of NFTs suggested that ALS and PDC
in the Kii Peninsula comprise part of a spectrum of tauo-
pathies (4).

o-Synuclein is a presynaptic protein. Phosphorylated o-
synuclein is the main component of Lewy bodies (LBs) that
are characteristic of Parkinson disease and dementia with LBs
(DLB), and of the glial cytoplasmic inclusions found in
multiple system atrophy (5, 6). In Guamanian patients with
PDC, a-synuclein—positive structures have been detected in
the amygdala in approximately 40% of cases (7, 8) and in the
cerebellum in more than 60% of cases (9). In this report, we
examined phosphorylated o-synuclein immunoreactivity in
the brains and spinal cords from 10 patients with ALS/PDC
from the Kii Peninsula (Kii ALS/PDC) and analyzed bio-
chemical aspects of a-synuclein from 1 patient.

MATERIALS AND METHODS

Cases

We examined 10 patients with neuropathologically
verified Kii ALS/PDC (mean age, 69.1 years; range, 60~77
years). Demographic features and clinical manifestations are
listed in Table 1. This study was approved by the ethics
committee of Mie University Graduate School of Medicine.
Informed consent was obtained from the patients or their
families.

Neuropathology and Immunohistochemistry
The brains and spinal cords were fixed in formalin sol-
ution for 2 to 3 weeks. The brains were sliced into coronal
sections and the spinal cords were sliced axially. Paraffin-
embedded samples were cut into 9-pum-thick sections for
hematoxylin and eosin, Kliver-Barrera, and Gallyas-Braak
staining. All histologic samples showed numerous NFTs
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TABLE 1. Clinical Data

Phenotype
Case No. Age, y Sex Duration of Hlness, y A P D
1 70 F 13 + - -
2 63 F 5 + - -
3 66 F 3 + - -
4 65 M 3 + - +
5 77 M 7 + - +
6 70 F 8 + + +
7 60 F 7 + + +
8 76 F 6 + + +
9 70 F 14 - + +
10 74 M 6 - + +

A, Amyotrophic lateral sclerosis; P, parkinsonism, D, dementia; F, female; M, male; —, absent; -+, present.

without senile plaques. Nerve cell loss was chiefly in the
temporal cortex, frontal cortex, and the nuclei of the brain-
stem. Loss of anterior homn cells and degeneration of pyr-
amidal tracts were common features.

Six-micrometer-thick sections were prepared for immu-
nohistochemical studies. Immunostaining was performed using
the avidin-biotin-peroxidase complex (ABC) method with a
~ Vectastain ABC kit (Vector Laboratories, Burlingame, CA).
The antibodies used and their dilutions were as follows: anti-
phosphorylated a-synuclein antibody specifically recognizes
phosphorylation at Ser-129 (PSer129, 1:5000; monoclonal;
Wako, Osaka, Japan) and anti-phosphorylated tau antibody
(AT8, 1:100; monoclonal, Innogenetics, Ghent, Belgium).
Regions selected for evaluation are shown in Table 2. To
evaluate the phosphorylated o-synuclein—positive structures
and phosphorylated tau-positive structures, scores ranging
from (—) to (+++) were assigned according to the number of
structures in the area of maximum density. Phosphorylated
a-synuclein—positive and phosphorylated tau-positive neu-
rons were counted in 100x microscopic fields. Densities of
phosphorylated a-synuclein—positive were scored as fol-
lows: —, 0; £, 1; +, 2 to 5; ++, 6 to 10; +++, more than 10/
field. Densities of phosphorylated tau-positive neurons were
scored as follows: —, 0; +, 1 to 10; ++, 11 to 20; +++, more
than 20/field. Colocalization of phosphorylated a-synuclein
and phosphorylated tau was determined in sections double-
labeled with PSer129 antibody and AT8 antibody using
immunofluorescent substrate (Alexa Fluor 488 and 546; Life
Technologies, Carlsbad, CA).

Western Blot

Sarkosyl-insoluble a-synuclein was extracted from the
hippocampus of case 10. Sarkosyl-insoluble a-synuclein was
prepared as previously described (10, 11) with slight mod-
ifications. Briefly, frozen brain tissue samples were homo-
genized in a 20-fold volume of buffer A (10 mmoV/L Tris, pH
7.5, 1 mmol/L EGTA, 1 mmol/L dithiothreitol, 10% sucrose)
containing 1% Triton X-100, incubated for 30 minutes at
37°C and spun at 100,000 x g for 30 minutes at 25°C. The
resultant pellets were subsequently homogenized in buffer A
containing 1% sarkosyl, incubated at 37°C for 30 minutes,
and centrifuged 100,000 x g for 30 minutes. The sarkosyl-
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insoluble pellet was homogenized in 4 volumes of buffer
A containing 1% CHAPS and spun at 100,000 x g for
20 minutes. The pellet was sonicated in 1 volume of 8 mol/L
urea and spun at 100,000 x g for 20 minutes. The super-
natant was mixed with an equal volume of 2x SDS sample
buffer and treated at 100°C for 3 minutes. Aliquots of the
samples were separated on a 10% or 15% sodium dode-
cyl sulfate (SDS)-polyacrylamide gel and transferred to a
polyvinylidene difluoride membrane. The membrane was
then probed with PSer129 (1:2000) and phosphorylation-
independent anti—a-synuclein antibody (Syn 102: mouse
monoclonal antibody, epitope location on a-synuclein resi-
dues 131-140) (12).

In vitro ubiquitination of a-synuclein was performed as
previously described (12) with minor modifications. Briefly,
20 wg of human recombinant a-synuclein and 2 pg of ubiq-
uitin (derived from bovine blood cells) or methylated ubig-
uitin were incubated with an ubiquitin ligase fraction
(Fraction II) from rabbit reticulocytes at 37°C for 2 hours in a
buffer containing 50 mmol/L Tris-HCI (pH 9.0), 2 mmol/L
ATP, 5 mmol/L. MgCl,, and 1 mmol/L. dithiothreitol. The
conjugation reaction was stopped by boiling the samples in an
equal volume of SDS sample buffer followed by separation of
the components by SDS—polyacrylamide gel electrophoresis.
To examine the ubiquitinated state of a-synuclein, we com-
pared the mobilities of a-synuclein derived from Kii ALS/
PDC, ubiquitinated, and unubiquitinated recombinant «-
synuclein by SDS-polyacrylamide gel electrophoresis using
anti-ubiquitin monoclonal antibody 1510 (anti-Ub 1510) (12).
Ubiquitinated and unubiquitinated recombinant a-synuclein
were identified by labeling with PSer129 and Syn102.

RESULTS

A representative image of a neuron with LBs and
adjacent neurons with NFTs is shown in Figure 1A. Various
types of phosphorylated a-synuclein—positive structures,
including neuronal cytoplasmic inclusions and LBs (Fig. 1B),
Lewy neurites (Fig. 1C), and glial cytoplasmic inclusions
(Fig. 1D), were found in all ALS/PDC cases. There were
no neuronal intranuclear inclusions. Phosphorylated o-
synuclein—positive neurons were found in 8 (80%) of the
10 cases. Phosphorylated a-synuclein—positive neurons were

© 2012 American Association of Neuropathologists, Inc.
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TABLE 2. Topographical Distribution of a-Synuclein—Positive Neurons and Tau-Positive Neurons

Case Case Case Case Case Case Case Case Case Case
1 2 3 4 5 6 7 8 9 10
ALS With  ALS With
Diagnosis: ALS ALS ALS D D PDC PDC PDC PDC PDC
Sex F F F M M F F F F M
Age, y 70 63 66 65 77 70 60 76 70 75
Frontal cortex BA8/9 Tau - + + ++ NA ++ + + + -
aS - - NA - - - - - - -
Cingulate gyrus BA24 Tau - + NA + NA NA - + ++ -
oS - - NA - - - - - - -
Insula Tau + ++ + ++ + ++ ++ + ++ +
aS - - NA - - - - - - +
Parietal cortex BA40 Tau NA NA NA + NA NA NA + - +
‘ aS - - NA - NA NA NA NA - +
Temporal cortex BA21 Tau + +++ + + +++ ++ ++ ++ ++ +
aS - - - - - - - + - +
Hippocampus (Ammon hormn) Tau +++ e+ + ++ +++ b +++ +++ +++ +++
oS - — - - - - ++ + - ++
Meynert nucleus Tau + + NA ++ ++ -+ - NA + +
oS - - NA - - - +++ NA - -
Caudate nucleus Tau - + NA + + NA + + + -
oS - - NA - - - + - + -
Putamen Tau + ++ NA + + NA + + + +
aS - - NA - - - + - - -
Pallidum Tau - + NA + + NA + NA + +
oS - - NA - - - + NA - -
Transentorhinal cortex BA28 Tau ++ +++ + ++ ++ o+ -+ 4+ ++ A
oS — - - - - - + ++ - *
Motor cortex Tau NA + NA + + ++ + + ++ NA
aS NA NA NA - - - - - - -
Thalamus Tau - + + + - NA ++ + ++ +
oS - NA NA - - NA - NA - -
Subthalamic nucleus Tau - + NA + NA NA NA + + +
oS - NA NA - NA NA NA NA + +
Amygdala Tau -+ +++ -+ +++ ++ +H +t ++ +++ ++
oS — - - + + + ++ + + Ry
Parahippocampus Tau ++ 4+ + ++ +++ At +++ +++ -+ ++
a8 - — - - - - ++ + - +H+
Cerebellum Molecular layer Tau - - - - - - + ~ - —
oS - - - - - - - - - -
Dentate nucleus Tau - + - + + + ++ + A+ +
aS - - - + - - - + - -
‘White matter Tau - - - - - + - -~ + -
aS - - - - - - - * - -
Midbrain Substantia nigra Tau - + + + + ++ + -+ +++ -
oS ++ — - + -~ - ++ + - ++
Periaqueductal gray Tau + +++ -+ et + + et -+ +++ et
oS + - - + - - et e - ++
Pons Locus coeruleus Tau + ++ + + + + + i+ +++ +++
oS - - - - - - - +++ - e
Raphe nuclei Tau + + + + + + + + -+ 4+
oS — - - + - - - +4+ - ++
Pontine nucleus Tau - - - - - - - + A+ =
aS - - - - - - - - - -
(Continued on next page)
© 2012 American Association of Neuropathologists, Inc. 627
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TABLE 2. (Continued)

Case Case Case Case Case Case Case Case Case Case
1 2 3 4 -5 ) 6 7 8 9 10
ALS With ALS With
Diagnosis: ALS ALS ALS D D PDC PDC PDC PDC PDC
Sex F F F M M F F F F M
Age,y 70 63 66 65 77 70 60 76 70 75
Medulla Dorsal nucleus of vagus ~ Tau + + - - - + - - - +
nerve oS + - - -+ - - - - - +++
Hypoglossal nucleus Tau + + — — — + + — + _
aS - - - - - - - - - +
Inferior olivary nucleus Tau - - - - - + + - + T+
aS - - - - - - - - - +
spinal cord Ventral horn Tau - - - NA — - + + S+ +
oS - - - NA - - - A+ — +
Intermediolateral nucleus  Tau - - + NA - - + + + -
oS * - - NA - - + - - S

o-Synuclein (aS)-positive neurons were counted in microscope fields at a magnification of 100x and the density of a~-synuclein positive neurons was scored as follows: —, 0; t, 1;
+, 2 10 5; ++, 6 to 10; +++, more than 10. The density of tau-positive neurons was scored at a magnification of 100x as follows: to , 0; +, 1 to 10; ++, 11 to 20; -+++, more than 20.

mainly detected in the amygdala (70%); substantia nigra,
periaqueductal gray (50%); locus coeruleus (40%); and hip-
pocampus, transentorhinal cortex, parahippocampus, raphe
nucleus, dorsal vagal nucleus, and intermediolateral nucleus
of the spinal cord (30%) (Table 2). There were no phos-
phorylated a-synuclein—positive structures in the molecular
" layer of the cerebellum in any of the 10 cases. Tau-positive

neurons were abundant in most areas examined. Phosphory-
lated a-synuclein—positive neurons outnumbered tau-positive
neurons in the substantia nigra, locus coeruleus, and dorsal
nucleus of the vagus nerve in a few patients, and peri-
aqueductal gray, raphe nucleus, spinal ventral horn, and spinal
intermediolateral nucleus in only 1 or 2 patients (Table 2).
Semiquantitative evaluation suggested that the densities of

FIGURE 1. Hematoxylin and eosin staining, immunostaining using an antibody against phosphorylated a-synuclein (PSer129), and
double immunofluorescence with PSer129 and anti-phosphorylated tau (AT8) antibodies. (A) Lewy bodies (LBs) (black arrow) and
neurofibrillary tangles (NFTs) (yellow arrows) in the locus coeruleus (hematoxylin and eosin stain). (B) LBs and cytoplasmic round
inclusion in the locus coeruleus (PSer129). (€) Lewy neurites in the amygdala (PSer129). (D) Glial cytoplasmic inclusion in the
amygdala (PSer129). (E-G) Double immunofluorescence labeling showing the coexistence of a-synuclein (PSer129, Alexa 488:
green) (E), tau (AT8, Alexa 546: red) (F), and their merged image (G).
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anti-PS129

~Ub

Syn102

anti-Ub 1510

FIGURE 2. Sarkosyl-insoluble fractions from case 10 with Kii
amyotrophic lateral sclerosis/parkinsonism dementia complex
(ALS/PDC), ubiquitinated recombinant a-synuclein (aSyn + Ub
+ Fril), and nonubiquitinated recombinant a-synuclein (aSyn +
Frll). Samples were immunoblotted with a phosphorylation-
dependent anti-o-synuclein antibody (anti-PSer129) (PS129),
a phosphorylation-independent anti-a-synuclein antibody
(Syn 102), and an anti-ubiquitin (Ub) antibody (anti-Ub 1510).
Note that 24-, 32-, and 40-kDa bands are detected in the Kii
ALS/PDC brain and aSyn + Ub + Frll with anti-PSer129, Syn
102, and anti-Ub 1510 (arrowheads). Arrow indicates an a-
synuclein dimer, which was also detected in aSyn + Frll.

phosphorylated a-synuclein—positive neurons were not related
to age or duration of illness but to the densities of tau-positive
neurons. Colocalization of phosphorylated o~ synuclein and
phophorylated tau was observed in many neuronal cytoplasmic
inclusions and neuropil threads in the amygdala, substantia
nigra, periaqueductal gray, locus coeruleus (Figs. 1E~G), hip-
pocampus, transentorhinal cortex, and parahippocampus.

Immunoblots of sarkosyl-insoluble fractions extracted
from the brain of a Kii ALS/PDC patient showed a few o-
synuclein-immunoreactive bands. The major immunoreactive
band with an apparent molecular mass of 17 kDa and minor
24-, 32-, and 40-kDa bands migrating at a higher molecular
mass range on the Tris—glycine gel system were immunor-
eactive with PSer129 and Synl102. The higher molecular
mass of phosphorylated a-synuclein-related polypeptides sug-
gested ubiquitination compared with recombinant a-synuclein,
which was incubated with the ubiquitin ligase fraction with
or without ubiquitin (Fig. 2), as previously reported in other
synucleinopathies (12).

DISCUSSION

a-Synuclein—positive pathology has been identified in a
variety of disorders with extensive tau pathology including
sporadic Alzheimer disease (13, 14), familial Alzheimer disease
(15), DLB (16), familial DLB (17), familial Parkinson disease
associated with the a-synuclein A53T mutation (18), Down
syndrome (19), neurodegeneration with brain iron accumulation
(20-22), and Guam PDC (7-9). Colocalization of tau and o-
synuclein was variable in these diseases. For example, extensive
colocalization of tau and a-synuclein was reported in DLB (16)

© 2012 American Association of Neuropathologists, Inc.

and familial DLB (17); the co-occurrence of tau and a-synuclein
was variable in Guam PDC (7, 8). v

In the present study, the frequency, distribution, and
morphology of a-synuclein deposits are described in the
brains and spinal cords of patients with Kii ALS/PDC for
the first time. a-Synuclein deposits were observed mainly
in the limbic system and brainstem; o-synuclein was phos-
phorylated and ubiquitinated. Tau-positive neurons were more
abundant than a-synuclein—positive neurons in most areas
examined, and there was extensive colocalization of tau and
o-synuclein.

Although Kii ALS/PDC and Guam ALS/PDC share a
number of clinical and neuropathologic features, it remains
unclear whether they are identical. Yamazaki et al (7) exam-
ined a-synuclein—positive intraneuronal inclusions in the
motor cortex, medial temporal lobe, and brainstem of 13
patients with Guam PDC using antibodies against non-
phosphorylated a-synuclein; they found that 7 (54%) of 13
PDC patients showed o-synuclein—positive inclusions in at
least 1 region of the brain. The authors concluded that the
amygdala was most affected by a-synuclein pathology, in
which a-synuclein was frequently colocalized with tau. For-
man et al (8) reported that a-synuclein pathology of the
amygdala in Guam ALS/PDC was present in 37% of 19
patients with PDC, but absent in patients with ALS, pre-
clinical PDC, early PDC/ALS, clinical (pathology pending)
PDC, PDC/ALS, and control Chamorro patients. The - -
synuclein aggregates rarely colocalized within neurons har-
boring NFTs. On the basis of these findings, the authors
suggested a possible interaction between tau and a-synuclein
and tau deposits preceding a-synuclein deposits. Sebeo et al
(9) reported that numerous «-synuclein—immunoreactive
spherical structures in the molecular layer of the cerebellum
were observed in 63.6% of Guam PDC patients. These
structures were seen exclusively in patients showing o-
synuclein pathology in the amygdala, and were much more
pronounced in the hemisphere than in the vermis and were
associated with Purkinje cells and Bergmann glia cells.

We found that in Kii ALS/PDC, a-synuclein pathology
in the amygdala was absent in patients with ALS but was
present in ALS patients with dementia and PDC. These results
suggest that the a-synuclein pathology in the amygdala may
have been induced by tau deposition and may be related to
dementia in ALS/PDC. Because a-synuclein inclusions are
not found in every brain with other tauopathies, tau in ALS/
PDC cases might accelerate a-synuclein aggregation. The
combination of misfolded a-synuclein and tau that occurs in
ALS/PDC might promote cytotoxic protofibrils and accelerate
protein deposits (23). We carefully searched the cerebellum
of Kii ALS/PDC patients for similar a-synuclein—positive
structures in the molecular layer but failed to find «-
synuclein—positive pathology. In general, neuronal cell loss
and tau deposits in the molecular layer are exceptional in Kii
ALS/PDC. The cause of this discrepancy in o-synuclein
pathology in the cerebellum between Guam ALS/PDC and
Kii ALS/PDC might be clarified by using the same antibody
and identical staining protocols in further studies.

In summary, a-synuclein—positive structures were
common in both ALS and PDC and were mainly distributed
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in the brainstem and limbic system. The amygdala was the
most affected structure in Kii ALS/PDC. The interaction
between tau and a-synuclein might modify the pathogenesis
of Kii ALS/PDC.
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An increase in ALS incidence on the Kii Peninsula, 1960-2009:
A possible link to change in drinking water source
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Abstract

We investigated changes in the incidence of amyotrophic lateral sclerosis (ALS) in the Koza/Kozagawa/Kushimoto area
(K. area) in the Kii Peninsula, Japan in 1960-2009. Probable and definite ALS cases diagnosed using El Escorial criteria
were collected during a five-decade period: period I-V, 1960-2009. Forty-three ALS patients matched the selection crite-
ria in the overall K. area, including three patients on Oshima, a small island opposite the mainland K. area. The age- and
gender-adjusted incidence of ALS in the overall K. area (standardized for the 2005 Japanese population) decreased from
5.47/100,000 (95% CI 1.86-9.08) in period I to 0.61/100,000 (95% CI—0.28—1.50) in period III, and then increased to
4.39/100,000 (95% CI 1.70-7.07) in period V. On Oshima, the age- and gender-adjusted incidence of ALS was 9.45/100,000
(95% CI—7.39-26.29) in period V. The present research indicates an increase of ALS incidence in the K. area, especially

on Oshima. A limitation of this study was the small population.

Key words: Focus area, Kit-ALS, incidence, new cluster

Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating
adult-onset degenerating disease of unknown etiology
of the motor neuron systems. The Koza, Kozagawa
and Kushimoto (K.) area in the Kii Peninsula of Japan
was reported to have a higher incidence of ALS in the
1950s than other areas of the world (1-5). Epidemio-
logic research showed that drinking water sourced
from Kozagawa River in the K. area contained severely
low levels of Ca and Mg, and Ca/Mg deficiency was
speculated to have a role in the development of ALS
in these areas (5,6). On Oshima, a small island munic-
ipally included in the K. area, the source of drinking
water was changed from regional water to the Koza-
gawa River in 1975. To clarify whether ALS epidemiol-
ogy on Oshima changed after altering the water source,
we investigated changes in ALS incidence on Oshima
and in the K. area in 1960-2009.

Methods
Area of investigation

The K. area (population: 23,357 in 2005 census,
430.3 km?) is located in the southern part of
Wakayama Prefecture of the Kii peninsula, Japan
(Figure 1). Oshima (population: 1279 in 2005 cen-
sus, 9.93 km?) is an island opposite the K. area. The
K. area has a local public healthcare and welfare
center, two local public hospitals, two private hospi-
tals and 19 medical clinics.

Incidence of ALS in 1960-2009

ALS patients on Oshima and overall in the K. area
were enrolled from multiple sources, including hos-
pital medical records and reports from local medical
staff over a five-decade period: period I, 1960--1969;
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Kii Peninsula

akayam:
fecture

Koza/Kozagawa/Kushimoto area

Figure 1. Geography of Koza/Kozagawa/Kushimoto area and Oshima, and distribution of patients with ALS. Patients with ALS
between 1960 and 1969 (period I: 0), between 1970 and 1979 (period II: A): between 1980 and 1989 (period III: O), between 1990
and 1999 (period IV: ), and between 2000 and 2009 (period V: ) were plotted. *: ALS/PDC

period II, 1970-1979; period IIT, 1980-1989; period
IV, 1990-1999; period V, 2000-2009. Regional phy-
sicians including neurologists in hospitals and clinics
and the staff of the public healthcare and welfare
center in the K. area were requested by our team to
report all patients with possible motor neuron dis-
ease every year (7). To ensure complete case identi-
fication, Wakayama Prefecture’s List of Patients with
Intractable Disease certified by the Ministry of
Health and Welfare of Japan was used. The selection
criteria were as follows: 1) patients who our neu-
rologists examined and diagnosed using the El Esco-
rial criteria (8); 2) patients with probable or definite
ALS who had been living in the K. area, including
Oshima, for at least one year before diagnosis.
Patients who showed Parkinsonism or dementia dur-
ing the disease course (ALS/Parkinsonism dementia
complex: ALS/PDC) were also included.

The present research was approved by the ethics
committee of Wakayama Medical University and
Kansai University of Health Sciences.

Statistics

A direct method was used to standardize the annual
incidence rates by age and gender, using populations
in the 2005 census in Japan: 127,537,189. Unpaired
t-test was performed and two-sided p<<0.05 was
considered significant.

Results
Pazient popularion and clinical characteristics

We enrolled 50 patients with definite or probable
ALS in the K. area, including Oshima, in 1960-2009,
and 43 patients matched the selection criteria (Table I)

Table I. Patients with ALS in the K. area, including Oshima in each period.

ALS patients matched for the

Population® selection criteria

Overall Total ALS patients Overall Age at onset M/F FH
Period K area Oshima enrolled (n) K area Oshima Mean (S.D.) ratio n (%)
I 18,251% 2,823 7 7 0 56.1 (10.8) 2.5 0 (0)
1I 32,128 2,095 12 10 0 55.3 (10.6) 1.5 1 (10)
I 29,732 1,756 4 2 0 59.0 (7.1) 2.0 0 (0)
v 26,405 1,508 11 9 0 57.7 (11.5) 2.0 3 (33)
\Y 23,357 1,279 16 15 3 67.6 (12.3)* 0.88 2 (13)
Total 50 43 3 1.53 6 (14.0)

K.: Koza/Kozagawa/Kushimoto area; M/F: male/female ratio; FH: familial history.

&: populations in 1965, 1975, 1985, 1995 and 2005 census.
#. Koza/Kozagawa area.

*: p<<0.01 when compared with the mean age at onset in period I.



(seven were excluded because they were living out-
side the K. area when diagnosed). Patient distribu-
tion was restricted to the mainland side of the K.
area during periods I-IV. Three ALS patients were
found on Oshima (two males and one female) in
period V (Figure 1).

The mean age at onset in period V was the high-
est among the periods (Table I). The male: female
ratio was low in period V compared to periods I-IV.
The frequency of cases with a positive familial his-
tory in a detailed interview was 14.0%. Cuw/Zn super-
oxide dismutase (SOD1) genes were analyzed in
three of six familial cases; none had a SOD1 gene
mutation. Three ALS/PDC patients were found in
the K. area in period IV and one patient on Oshima
in period V.

Incidence of ALS in 1960-2009

The mean annual crude ALS incidence in the K.
area in period V was 6.42/100,000 and that on
Oshima was 23.46/100,000. The age- and gender-
adjusted ALS incidence in the K. area decreased
from 5.47/100,000 (95% CI 1.86—9.08) in period I
t0 0.61/100,000 (95% CI—0.28—1.50) in period III
and then increased to 4.39/100,000 (95% CI 1.70—
7.07) in period V (Figure 2). On Oshima, the age-
and gender-adjusted incidence of ALS was
9.45/100,000 (95% CI—7.39—26.29) in period V.

Discussion

The age- and gender-adjusted ALS incidence in the
K. area decreased from 5.47 in 1960-1969 to 0.61
in 1980-1989, and then increased to 4.39 in 2000—
2009. The declining trend of the male: female ratio
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in the past 10 years was comparable with other
reports (9,10), and the recent increase of ALS inci-
dence in females could be related to some type of
environmental or cultural factor pertaining in females
in this area and the increased confirmation of older
female patients (11). The reason for the decline in
1980-1989 is not clear, but might be partially due
to missing cases from the data set, emigration, and
environmental, lifestyle and cultural changes. Recent
reports of annual age-adjusted ALS incidences ranged
from 0.42/100,000 (12) to 2.96/100,000 (13) in other
areas in the world (14-17). Taken together, the age-
and gender-adjusted incidence in the K. area and
Oshima in 2000-2009 was higher than in other areas.
On Oshima, no patient with ALS was found in previ-
ous research in 1946-1965 (18). It is noteworthy that
a high ALS incidence was first found on Oshima in
2000-2009 after the drinking water source was
changed to the Kozagawa River in 1975. The present
research indicated an increase of ALS incidence in the
K. area, especially on Oshima. A limitation of this
study was the small population. Continuous study
over a longer period is needed in this area.
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Amyotrophic lateral sclerosis and frontotemporal lobar degeneration with TAR DNA-binding protein of 43 kDa pathology are
progressive neurodegenerative diseases thal are characterized by intracytoplasmic aggregates of hyperphosphorylated TAR
DNA-binding protein of 43kDa. These TAR DNA-binding profein 43 proteinopathies can be classified info subtypes, which
are closely correlated with clinicopathological phenotypes, although the differences in the molecular species of TAR DNA-
binding protein 43 in these diseases and the biological significance thereof, remain to be clarified. Here, we have shown
that although the banding patterns of abnormally phosphorylated C-terminal fragments of TAR DNA-binding protein 43
differ between the neuropathological subltypes, these are indistinguishable between multiple brain regions and spinal cord in
individual patients. Immunoblot analysis of protease-resistant TAR DNA-binding protein 43 demonstrated that the fragment
patterns represent different conformations of TAR DNA-binding protein 43 molecular species in the diseases. These results
suggest a new clinicopathological’ classification of TAR DNA-binding protein 43 proteinopathies based on their molecular
properties. : ~
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Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar de-
generation with TDP-43 pathology (FTLD-TDP) are sporadic and
familial neurodegenerative diseases characterized neuropathologi-
cally by intracytoplasmic aggregates of TAR DNA-binding protein
of 43kDa (TDP-43) (Arai et al., 2006; Neumann et al., 2006). In
ALS, upper and lower motor neurons progressively degenerate.
Neuropathologically, the TDP-43-positive structures appear as
rounded or skein-like inclusions in the lower motor neurons.
Similar TDP-43-positive inclusions are also observed in the pre-
frontal gyrus that contains the upper motor neurons. Moreover,
TDP-43-positive glial cytoplasmic inclusions are found close to
the upper and lower motor neurons in ALS (Tan et al., 2007). In
FTLD-TDP, TDP-43 pathology is distinguished into four histological
subtypes (types A-D) based on the predominant type of TDP-43-
positive structures present (Mackenzie et al., 2011). Type A is
characterized by numerous short dystrophic neurites and crescentic
or oval neuronal cytoplasmic inclusions; type B has moderate num-
bers of neuronal cytoplasmic inclusions, throughout all cortical
layers, but few dystrophic neurites; type C has a predominance
of elongated dystrophic neurites in upper cortical layers, with few
neuronal cytoplasmic inclusions; and type D refers to the pathology
associated with inclusion body myopathy with early onset Paget
disease and frontotemporal dementia caused by VCP mutations,
characterized by numerous short dystrophic neurites and frequent
lentiform neuronal intranuclear inclusions. There is a relationship
between subtypes of TDP-43 pathology and clinical phenotype,
and many cases of ALS and frontotemporal lobar degeneration
(FTLD) are readily distinguished by each clinical symptom.
However, some cases have symptoms of both ALS and FTLD.
ALS with dementia refers to cases initially presenting with motor
neuron disease becoming demented, whereas FTLD-motor neuron
disease refers to cases presenting with cognitive impairment and
subsequently developing motor neuron disease.

TDP-43 pathology is also present in a subset of familial ALS and
FTLD due to mutations in TARDBP (Kabashi et al., 2008,
Sreedharan et al., 2008), progranulin (GRN; Baker et al., 2006)
and C9ORF72 (Delesus-Hernandez et al., 2011; Renton et al.,
2011) genes. Although most patients with mutations in TARDBP
present with ALS, some present with FTLD (Gitcho et al., 2009;
Kovacs et al., 2009). Cases with FTLD-TDP with GRN mutation
often show type A pathology (Mackenzie et al., 2006b; Cairns
et al., 2007b; Josephs et al., 2007). The pathology of ALS and
FTLD due to mutations in C9ORF72 is heterogeneous: TDP-43
pathology overlaps between ALS and FTLD-TDP types A and B
(Murray et al., 2011). One large multicentre study of sporadic and
familial FTLD-TDP showed broad overlap between the TDP-43
subtyping, especially between types A and B (Armstrong et al.,
2010). These overlaps might occur because current pathological
classification may be inadequate, as it is based solely on the mor-
phological assessment of certain subjective cortical regions. A
more objective and unbiased classification is needed.

in this study, we have investigated a wide range of patients with
various TDP-43 proteinopathies to investigate whether patterns of
protease-resistant TDP-43 might indicate different TDP-43 strain

types, and characterize the TDP-43 C-terminal banding patterns in
multiple regions of the CNS, basing our approach on the method
used for demonstration of prion strain variation and the aetiology of
new variant Creutzfeldt-Jakob disease (Collinge et al., 1996). We
show at least three C-terminal banding patterns that distinguish
diseases with TDP-43 proteinopathy and report that the banding
pattern in individual patients is indistinguishable in different brain
regions and spinal cord. Corresponding patterns of protease-
resistant phosphorylated TDP-43 are also seen between the patho-
logical phenotypes. As with the prion diseases, the present results
suggest that the different conformation of abnormal TDP-43 de-
posits in the CNS in patients corresponding with various subtypes of
TDP-43 proteinopathy, and that the conformation state of the ab-
normal TDP-43 protein may determine the pathological phenotype.

Materials and methods

Patients

Human brain tissues were obtained from the Brain Donation Pro-
gramme at the University of Tsukuba (Japan), Tokyo Metropolitan
Institute of Gerontology (Japan), National Shimofusa Mental Hospital
(Japan) and the University of Manchester (UK). This study was
approved by the local Research Ethics Committee. The subjects in
this study included eight patients with ALS, five patients with
FTLD-TDP type A, eight patients with FTLD-TDP type B, six patients
with FTLD-TDP type C and two patients with Alzheimer's disease
without TDP-43 pathology. All cases with ALS met the revised El Es-
corial criteria for ALS (Brooks, 1994) without dementia. All cases with
FTLD-TDP fulfilled clinical diagnostic criteria of FTLD (Neary et al.,
1998), and classifications of TDP-43 subtype were made in accordance
with published guidelines (Cairns et al, 2007a; Mackenzie et al.,
2011). Four patients with FTLD-TDP type A were cases of familial
FTLD-U with GRN mutations. One familial ALS case, one with type
A, and two with type B had the GGGCC repeat expansion in
C90RF72. The age, gender, brain regions examined and clinical diag-
nosis are given in Table 1.

A fresh frozen tissue sample was taken and cut into two pieces. One
piece was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) for 2 days and was used for immunohistochemical analysis.
The other piece was homogenized and used for immunoblot analysis.
In principle, we took the precentral gyrus and lumbar part of the spinal
cord in the ALS cases, and the frontal lobe in the FTLD-TDP cases,
because TDP-43 pathology is always known to be prevalent in these
regions (Tan et al., 2007; Geser et al., 2008, 2009). However, the
spinal cord was not available in four cases with ALS, and both motor
regions in two cases were not available. In these cases, the frontal lobe
was examined instead. For ALS Cases 1, 3, 5 and ALS and FTLD-TDP
type C Case 22, the whole of the cerebral hemisphere and brainstem
were available as fresh frozen tissues. in these four cases, we took the
multiple regions, as described in Table 1. Every tissue sample was
examined immunohistochemically for TDP-43-positive lesions. All sam-
ples, except some from the cerebellar cortex, showed an accumulation
of abnormal TDP-43-positive structures.

Immunoblotting

Sarkosyl-insoluble, urea-soluble fractions were extracted from each re-
gion as previously described (Arai et al., 2006; Hasegawa et al., 2008).
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