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Abstract

Decreased cardiac uptake in '**I-metaiodobenzylguanidine (MIBG) scintigraphy has been adopted as one of the most reliable diagnostic
tests for Parkinson disease (PD) in Japan. To investigate the morphological basis for this finding, we performed a detailed neuropathological
study of the cardiac sympathetic nervous system of a 71-vear-old autopsy-proven PD patient, who presented with a marked decrease in
cardiac uptake of MIBG, just | year prior to death. We carefully examined the intermediolateral column at several levels of the thoracic spinal
cord, the sympathetic trunk and ganglia, and the nerve plexus of the anterior wall of the left ventricle and compared the findings with those of
five age-matched controls. We found that the cardiac plexus was more heavily involved than the sympathetic ganglia in this patient with PD.
Our study may provide further evidence that the markedly decreased cardiac uptake of MIBG observed in PD cases represents preferential
involvement of the cardiac sympathetic nerve plexus in this disorder.

€ 2005 Elsevier B.V. All rights reserved.

Kevwords: Lewy body: a-synuclein: Distal axonopathy

1. Introduction

'*3-metaiodobenzylguanidine (MIBG) is an analogue of
noradrenaline and is metabolized by noradrenergic neurons.
It is therefore used as a tracer in myocardial scintigraphy
for the evaluation of cardiac sympathetic innervation.
Markedly decreased cardiac uptake of MIBG shown by
myocardial scintigraphy is a specific finding in Parkinson
disease (PD) or dementia with Lewy bodies (DLB) and is
useful for the differential diagnosis of other Parkinsonian
syndromes [1--4] or Alzheimer’s disease [5]. This decre-
ment has been seen even in PD patients without autonomic
symptoms [2-4].

* Corresponding author. Tel.: =81 3 3964 3241: tax; 81 3 3579 4776.
E-mail address: smurayam@tmig.orjp (S. Murayama).

0022-510X78 - see tront matter 3 2005 Elsevier B.V. All rights reserved.
doi:10.10165.jns.2005.11.034

A follow-up MIBG scintigraphy study recently
revealed the occurrence of a progressive decrement of
MIBG uptake in cases of Yahr Stage I PD (Dr. S. Orimo,
abstract of the 45th Annual Meeting of the Japanese
Association of Neurology, May 2004, Tokyo) while
another report showed that PD patients with normal
MIBG scintigraphy have a higher incidence of mutations
of the parkin gene (Dr. M. Yamamoto, abstract of the
45th Annual Meeting of the Japanese Association of
Neurology, May 2004, Tokyo). These observations sug-
gest that the decreased uptake of MIBG is not necessarily
a finding invariably observed in patients with levodopa-
responsive-Parkinsonism.

Orimo et al. reported markedly decreased tyrosine
hydroxylase (TH)-immunoreactive nerve fibers in the

~ heart of a patient with pathologically proven PD, whose
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cardiac uptake of MIBG had been found to be severely
decreased 1 year before death [6]. Amino et al. reported
that not only TH-immunoreactive but also neurofilament
(NF)-immunoreactive nerve fibers were markedly de-
creased in heart tissues from patients with pathologically
proven PD [7]. Recently, Orimo et al. examined heart
tissues together with sympathetic ganglia from patients
with pathologically proven PD, and concluded that
although sympathetic ganglia were relatively preserved,
TH-immunoreactive nerve fibers were markedly decreased
in heart tissues [8].

Orimo’s report is the only report describing an autopsy of
a PD patient who had undergone MIBG scintigraphy in situ,
because the examination is usually done in the very early
clinical stage of the disorder. The purpose of this study was
to examine in detail the neuropathological findings of the
cardiac sympathetic nervous system in a patient with PD
who was examined by MIBG scintigraphy 1 year prior to
death.

2. Case report and methods
2.1. Case report

A 73-year-old right-handed man visited our outpatient
clinic with chief complaints of progressive gait disturbance
and bradykinesia. He had been well until 9 months before
this visit, at which point he noticed slowness in walking and
a tendency to fall backward. His gait disturbance and
bradykinesia gradually deteriorated until he required help to
rise from his bed. He had a past history of exposure to the
atomic bomb in Hiroshima at age 19, at which time
temporarily lost his hair. He also had an 11-year history of
diabetes mellitus (DM) with excellent control using
glibenclamide. On neurological examination. he showed
mild rigidity in his neck and four extremities, severe
bradykinesia and gait of short stride with loss of arm swing.
His postural reflex was also impaired but resting tremor was
absent. His deep tendon reflexes were preserved and no
sensory disturbances were present and he did not have any
symptoms of constipation, urinary disturbances or ortho-
static hypotension.

The patient’s fasting blood sugar was 106 mg/dl and his
hemoglobin Al, was 6.0% (normal range: 4.3-5.8%).
Magnetic resonance images of the brain were unremarkable
except for mild cortical atrophy. and the electrocardiogram
showed unremarkable results. The coefficient of variation
of the R—R interval for the electrocardiogram was 1.03%
(normal range: 1.27-3.69) but the head-up tilt test showed
no evidence of orthostatic hypotension. Positron emission
tomography (PET) studies showed reduced '*F-fluorodopa
uptake with mild laterality (right>1left) and increased ''C-
N-methylspiperone uptake in the striatum with mild
laterality (nght<left), findings which were consistent with
PD.

The patient received levodopa and experienced transient
amelioration, but subsequently deteriorated into a wheel-
chair-bound state. At age 74, he had repeated hemorrhagic
episodes from diverticulitis of the colon, subsequently
followed by subacutely progressive dementia with a score
by Mini-Mental Stage Examination of 3, one year and six
months from the onset of Parkinsonism. He unexpectedly
died of massive hemorrhage 5 months later. His clinical
diagnosis was PD with dementia, following the “one year
rule” of the Consensus Guidelines [9]. The total clinical
course was 2 years.

2.2. MIBG myvocardial scintigraphy

After the patient was in the supine position for 20 min,
111 MBq of '**I-MIBG (Daiichi Radioisotope Laboratories
Co, Tokyo, Japan) was intravenously injected. Planar
imaging and single photon emission computed tomography
were performed using a triple headed gamma camera
(GCA9300A, Toshiba Co, Tokyo, Japan) after 15 min
(early phase) and 3 h (late phase). Photopeak energy was
centered at 159 keV with a 20% window and relative organ
uptake of '"*[-MIBG was determined by setting the region
of interest on the anterior planar image. Using average
counts per pixel for the heart and mediastinum, the ratio of
the uptake by the heart to that by the mediastinum was
calculated.

2.3. Neuropathology

A postmortem examination was performed 18 h after
death. The brain and spinal cord were fixed in 20% buffered
formalin for two weeks and the appropriate areas were
embedded in paraffin for routine morphological examina-
tions. To study the cardiac sympathetic innervation in detail,
the intermediolateral column at several levels of the thoracic
spinal cord, the sympathetic trunk and ganglia, and the
nerve plexus of the anterior wall of the left ventricle were
carefully examined and compared with those of five age-
matched controls.

Six micron-thick sections were stained with hematoxylin
and eosin by the Klitver—Barrera method. Antibodies raised
against AR (12B2, monoclonal, aa. 1128, IBL, Maebashi,
Japan); phosphorylated 7 (ptau) (ATS, Innogenetics, Temse,
Belgium); phosphorylated a-synuclein (psyn) (psyn#64.
monoclonal, and Pser129, polyclonal, kind gifts from Dr
T. Iwatsubo), phosphorylated neurofilament (SM131, Stern-
berger Immunochemicals, Bethesda, MD): HLA-DR
(CD68, Dako, Glostrup, Denmark); tyrosine hydroxylase
(TH. polyclonal, Calbiochem, Parmstadt, Germany); and
glial fibrillary acidic protein (GFAP, polyclonal, Dako,
Glostrup, Denmark) were employed. The sections were
visualized with a Ventana NX20 system as previously
reported [10].

The control cases died of systemic disorders that did not
affect the heart.
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3. Results
3.1. MIBG myocardial scintigraphy

MIBG myocardial scintigraphy revealed that the uptake
ratio of the heart to that of the mediastinum was 1.58
(normal mean of 2.76) during the early phase and 1.35
(normal mean of 3.45) during the late phase.

3.2. Neuropathology

The brain weighed 1250 g and the temporal lobe was
slightly atrophic. Serial coronal slices of the brain showed
mild dilatation of the lateral and third ventricles and serial
axial sections revealed the loss of pigmentation in the
substantia nigra and locus ceruleus. Histologically, neuronal
loss and gliosis were present in the substantia nigra, locus
ceruleus, and basal nucleus of Meynert. Lewy bodies (LBs)
were present in the substantia nigra, locus ceruleus, dorsal
vagal motor nucleus, raphe nucleus, hypothalamus, basal
nucleus of Meynert, amygdala, anterior cingulate gyrus,
transentorhinal region and second temporal gyrus, but not
present in the frontal or parietal cortex. The LB score of this
case was 4, following the Consensus Guidelines for DLB
[9]. Senile plaques were absent and neurofibrillary tangles
were only scattered in the transentorhinal cortex (Braak
Stage I).

In the sympathetic nerves innervating the heart, LBs
were present in the intermediolateral column of the thoracic
spinal cord and sympathetic ganglia. In contrast, LBs were

completely absent in the control subjects. Multiple levels of
the intermediolateral column of the thoracic spinal cord
were examined with anti-phosphorylated a-synuclein anti-
body (psyn). Scattered psyn-immunoreactive neuronal intra-
cytoplasmic inclusions, threads and dots were present there.
Immunohistochemistry with anti-psyn antibodies showed
positive axons in the thoracic ventral roots, sympathetic
trunk and cardiac plexus (Fig. 1D-F) and Nageotte’s
residual nodules were scattered among relatively preserved
sympathetic ganglia (Fig. 1A). In the cardiac plexus, total
loss of TH-immunoreactivity (Fig. 1H) compared with the
normal control (Fig. 1G) and a marked decrease of axons
(Fig. 1C) compared with the normal control (Fig. 1B) were
evident. In contrast, the dorsal root ganglia and the sural
nerve, including unmyelinated fibers, were well preserved.
as shown by ultrastructural studies (data not shown). The
heart itself did not show any valvular, coronary or
myocardial change.

4, Discussion

This study found cardiac sympathetic denervation in a
patient with PD, which was well correlated with severely
decreased uptake in MIBG scintigraphy.

Previous studies demonstrated that neuronal degenera-
tion with LBs occurs in broad areas of the sympathetic
nervous system, including the sympathetic ganglia and the
cardiac plexus, in patients with PD [11]. In the cardiac
plexus, LBs and a-synuclein positive axons [12] or

Fig. 1. Pathology of the sympathetic nervous system of a case of Parkinson disease A: a sympathetic ganglion showing a Nageotte's residual nodule (arrows)
with Lewy bodies (LBs) (arrowhead) (hematoxylin and eosin staining, bar=350 pm). Inset: a rypical LB in the sympathetic ganglion {bar=10 um). B and C:
unmyelinated fibers in the epicardial fatty tissue immunostained with anti-phosphorylated neurofilament antibody (SMI1 31). Abundant axons from a control
(1) and marked loss of axons from the case (C) (bar=50 pum). D~ F: Lewy axons visualized by immunohistochemistry with anti-phosphorylated a-svnuclein
antibody (psyn#64) in the same fascicle as in section C (bar= 10 pm). G and H: serial sections from section B (G) and € (H) immunoassayed with anti-tyrosine
hvdroxyls (TH) antibody. Abundant TH-immunoreactive fibers from the control (G) and total loss of immunoreactivity from the patient (Hj (bar=30 pm).
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markedly decreased TH-positive nerve fibers [7,8] were
reported, which is consistent with our findings.

The present study found that the pathology of the
sympathetic ganglia consisted of prominent a-synucleinop-
athy with a relatively preserved neuronal population. This
was in sharp contrast with the severe axonal loss of
sympathetic nerves in the cardiac muscle. Thus, LB-related
a-synucleinopathy may cause distal axonopathy of the
postganglionic sympathetic nerves.

It is difficult to exclude the possibility that the clinical
history of DM may have made some contribution to the
findings of MIBG scintigraphy and the pathology of the
peripheral autonomic nervous system in this case, although
the extremely low MIBG uptake and intact unmyelinated
fibers in the sural nerve and dorsal root ganglia as well as
pathologically unremarkable heart itself suggest that this
possibility is not likely.

This study suggested that MIBG scintigraphy could be
used to detect the presence of LB-related a-synucleinopathy
in the cardiac sympathetic nervous system. Further pro-
spective pathological studies on cardiac sympathetic inner-
vation in PD or DLB patient who underwent MIBG
scintigraphy should be carried out.
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Parkinson’s disease (PD), one of the most common human neurodegenerative diseases, is characterized by
the loss of dopaminergic neurons in the substantia nigra of the midbrain. PD is a complex disorder with mul-
tiple genetic and environmental factors influencing disease risk. To identify susceptible genes for sporadic
PD, we performed case—control association studies of 268 single nucleotide polymorphisms (SNPs) in 121
candidate genes. In two independent case—control populations, we found that a SNP in a-synuclein
(SNCA), rs7684318, showed the strongest association with PD (P = 5.0 x 107 '%). Linkage disequilibrium
(LD) analysis using 29 SNPs in a region around rs7684318 revealed that the entire SNCA gene lies within a
single LD block (I > 0.9) spanning ~120 kb. A tight LD group (r* > 0.85) of six SNPs, including rs7684318,
associated most strongly with PD (P = 2.0 x 107°-1.7 x 10~ ""). Haplotype association analysis did not
show lower P-values than any single SNP within this group. SNCA is a major component of Lewy bodies,
the pathological hallmark of PD. Aggregation of SNCA is thought to play a crucial role in PD. SNCA
expression levels tended to be positively correlated with the number of the associated alleie in autopsied
frontal cortices. These findings establish SNCA as a definite susceptibility gene for sporadic PD.

INTRODUCTION

Sporadic Parkinson’s discase (PD) (OMIM no. 168600) is the
sccond most common neurodegencrative disease following
Alzheimer’s disease. PD is late onset and progressive, affecting
1-2% of persons older than 65 years. Clinical featurcs of PD
include resting tremor, bradykinesia, rigidity and postural
instability. The discase is pathologically characterized by the

loss of dopaminergic neurons in the substantia nigra and the pre-
sence of intracellular inclusions known as Lewy bodies. Various
medical managements arc available for PD. including drugs
(I-dopa, dopamine agonists, anti-cholinergic drugs, etc.) and
surgery (thalamotomy, pallidotomy, deep brain stimulation,
cte.) (1). These treatments improve PD symptoms, but do little
to deter disease progression. Identifying risk factors for PD can
be helpful in delaying discase onset and slowing its progression.
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PD is a complex common discase, caused by multiple
genetic and environmental factors (2). The contribution of
genetic factors to sporadic PD is indicated by several findings.
~ First, ~10% of patients with PD have a positive family history
(3). Secondly, a recent large-scale survey in leeland showed
that the risk ratio for PD was increased in related individuals
(6.7 for siblings, 3.2 for offspring and 2.7 for ncphews and
mgcce of patients with PD) (4). Thirdly. a twin study using
["*F]dopa PET showed that the concordance rate for PD,
including subclinical cases, is apprommatdy three times
higher in monozygotic twins (55%) than in dizygotic twins
(18%) (5).

Causal genes for Mendelian-inherited PD have been
reported, including a-svnuclein [4q21. autosomal dominant

D)) (6), parkin [6q25.2-27, autosomal recessive (AR)]
(7, UCH-L1 (4p14, AD) (8), PINKI (1p36, AR) (9), DJ-1
(1p36, AR) (10). LRRK2/dardarin (12q12, AD) (11,12) and
NR4A2/Nurrl (2q22--23, AD) (13).

Many case-control association studies using single nucleo-
tide polymorphisms (SNPs) in candidate genes have been
reported, but few consistent findings have been obtained (2).
This is due, in part, to limited numbers of available samples,
target genes and/or genetic markers. Since 2001, genome-
wide. non-parametric linkage analysis of PD families has
revealed significant linkage in multiple chromosomal regions
(14 -17). leading to the identification of rau (18) and FGF20
(19) as susceptibility genes.

To date. polymorphisms that influence PD as strongly
as APOE-€e4 influences Alzheimer’s discase have not been
identified. Through extensive candidate gene association
studies, we have established a-svauclein (SNC4) as a definite
susceptibility gene for sporadic PD.

RESULTS

Screening of SNPs in candidate genes for PD

We selected candidate genes from the literature describing
genetic, pathological and biochemical findings in PD. as
well as genes that participate in the proposed mechanisms
for PD. Finally, we picked up 121 genes relevant to familial
PD. Lewy bodics, dopaminergic ncurons, cytokines and

trophic factors, mitochondrial functions, oxidative stress,
proteasome function, autophagy, endoplasmic reticulum-

associated degradation (ERAD) and toxins. One to seven
SNPs per gene (268 SNPs total) were selected from the
dbSNP. JSNP and Celera Discovery System databases.

In the initial screen. we genotyped 190 patients and 190
controls (Supplementary Material, Table St). To avoid false
negatives. we set the a-value at 0.05 in the first screen.
From 268 SNPs, 22 SNPs in 16 genes showed association
with PD (P < 0.05) in genotype frequency. allele frequency,
dominant model or recessive model. We genotyped the 22
qualifying SNPs in a replication panel of 692 patients and
748 controls and tested again for association. This inde-
pendent test revealed that SNPOO70 (rs7684318 C/T) was
prominently associated with PD (P = 5.0 » 10" for allele
frequency) (Table 1). We corrected the a-value to 0.00019

after Bonferroni’s correction (tests for 268 SNPs). The
remaining 21 SNPs did not show P-values lower than

0.00019 (data not shown). SNP0070 is located in intron 4
of the a-synuclein (SNCA4) gene on chromosome 4q21.
SNCA is a primary component of intracellular inclusions
called Lewy bodies, which are considered to be the patho-
logical hallmark of PD (20). Aggregation of SNCA is
thought to play a crucial role in the pathogenesis of PD
(21). The allele C frequency of SNP0070 was higher in PD
(0.67) than in controls (0.57) (Table 1). The association of
SNP0070 was significant in genotype frequency, allele
frequency, dominant model and recessive model. Of the two
disease models, allele C of SNP0070 was more significantly
associated in the recessive model than in the dominant
model (Table 1).

Linkage disequilibrium (LD) mapping and search for
susceptibility SNPs

We performed LD mapping in a 430kb region around
SNP0070. This region contains two genes: SNCA and
MMRN]I. Using SNP0O070 and 28 additional SNPs in this
region, we genotyped 134 control subjects and constructed an
LD map based on pairwise D" and r~ (Fig. 1) (Supplementary
Material, Table S2). Three LD blocks were observed on
the basis of D' (D' > 0.9). The entire SNCA4 gene was included
in a block containing SNP0O0O70 (block 2). The MMRNI
gene was in another LD block, indicating that MMRNI does
not correlate with the SNP0O070 association (Fig. 2).

To scarch for the most strongly associated SNP(s) in the
region, we next performed association studies with these 29
SNPs (Fig. 2: Table 2). We found significant associations
for SNPs in block 2, but not in blocks 1 and 3. Block 2,

thought to be a su%ccptlblhty block for PD, was further
analyzed on the basis of r 2.values. Of the 19 SNPs in block
2. 16 belonged to three groups with high pairwise /”

(>0.85) and the remaining three did not belong to any
group (Fig. 1 Tqblc 2) (Supplementary Material. Table S2).
Six SNPs in group 1, including originally screened SNP0O0O70
and five additional SNPs (0203, 0204, 0205, 0207 and
0209), showcd prominent association with PD (P=
2.0 % () 9217 % 10 "' allele 1 versus allele 2) (Fig. 2:
Table Populanon attributable risk (PAR) (22) of SNP0O0O70
was 42 5% in the dominant model and 18.5% in the recessive
model.

We next performed haplotype analysis using six representa-
tive SNPs in block 2 (Table 3). Six common haplotypes (> 1%
of PD and controls) covered >90% of the population haplo-
types in both PD and controls. The major haplotypes 1 and
2 showed significant associations; however, their P-values
were not lower than that of any single SNP in group 1. There-
fore, the presence of hidden SNP(s) with a lower P-value than
group 1 scemed unlikely, as was the possibility that the haplo-
type(s) is implicated in PD susceptibility. These findings
establish the six SNPs in group 1 as the strongest susceptibility
SNPs. All showed stronger associations in the recessive model
than in the dominant model, similar to the originally screened
SNPOO70 (Table 4.

Taken together, our genetic analyses indicate that SNCA is a
detinite susceptibility gene for sporadic PD and that multiple
SNPs in group 1 are susceptibility SNPs. likely in a recessive
model.
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Table 1. Association of SNPO070 1n SNCA between cases and controls

Human Molecular Geneties, 2006, Vol 13, No. 7 1153

Genotype Allele P-value (x°-test)
CcC CcT TT Total € T Total  Genotype Allele Dominant'  Recessive®
model model
First screen 5
Case 87(0.460) 87 (0A46)  14(0.07) 188 261 (0.69)  115(0.31) =107 18 =107 1l x10 't

Control 62 (0.33) 85 (0.46) 39 (021 186 209 (0.56)
Replication

Case 208 (0.44) 307 (0.45) 75011 680 903 (0.66)

Control 233 (0.31) 387(0.52) 126 (017 746 853 (0.57)
Total

Case 385(0.44) 394 (0.45) 89 (0.10) 868 1164 (0.67)

Control 295(0.32)  472(0.51) 165 (0.18) 932 1062 (0.57)

376 34 x 107
163 (0.44) 37

457(0.34) 1360 1.3 10" 421077 15x107° 90 x 107
639(0.43) 1492
572(033) 1736 27 <1077 50 x 107" 57 x10° 28 x10 %

802 (0.43) 1864

Frequencies of genotypes and alleles are in parentheses.
*Genotype CC+CT versus TT.
"Genotype CC versus CT+TT.
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Figure 1. LD structure of the susceptibility region for sporadic PD. Pairwise LD between SNPs, as measured by 1" in 134 controls. is graphically indicated. The
region spunning 430 kb around the originally screened SNPOO70(") was divided into three LD blocks (D" > 0.9) (upper righn). On the basis of 7=, SNPs in
block 2, including SNP0O0O70, were turther divided into three groups (= > 0.85) and three solitary SNPs (lower lett). The scale is nominal,

SNCA4 gene expression in relation to susceptibility
genotypes

To examine whether the strongest associated SNPs (group 1)
aftect SNC4 gene expression, we further quantified SNCA4
mRNA in autopsied frontal cortices and compared the
values among the genotypes. SNP0070, in which allele C is
associated with PD, was used as a representative of group 1.

The relative values of SNC4 mRNA for all cases (n = 21)
and all controls (7 = 18) were 1.07 + 0.10 and 0.95 + 0.13,
respectively, showing  almost the samce  level (P = 046,
Student’s s-test). When compared among the genotypes in
cases, the mean tended to decrease in the order of CC. CT
and TT (Fig. 3). although the differences did not reach the sig-
nificant levels (P = 0.71 for CC versus CT, P=0.16 for CT
versus TT and P = 0.32 for CC versus TT). Similar tendency
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Figure 2. Genomic structure and SNPs of the susceptibility region for sporadic
PD and case - control association studies (882 cases and 938 controls). Log
P-values (allele | versus allele 2) are plotted against the physical location
of the SNPs. The region includes two genes: SNCA and MMRN: transcription
orientation is indicated by horizontal arrows. Physical locations of SNPs are
shown as axial bars with our experimental 1D number. The originally screened
SNPO070 is indicated by an asterisk. The location of Repl. a well-known
repeat polymorphism in the SNCA promoter region. is indicated by a thick
bar. SNPs in block 2 are nominated in an expanded map with the exon-
intron structure of SNCA. SNPs in group 1 are shown in red. Note that
P-values are prominently low at the group I SNPs located in the 3" region
of SNCA. P-values in the region around Repl are far from significant when
compared with those in group 1.

was observed in controls. The mean tended to decrease in the
order of CC, CT and TT (Fig. 3) (P = 0.33 for CC versus CT,
P =0.59 for CT versus TT and P = 0.54 for CC versus TT).

These results indicatc the possibility that expression of
SNC4 mRNA in the brain tends to be positively correlated
with the number of PD-associated allele.

DISCUSSION

To identify susceptibility genes for PD, we performed an
extensive candidate gene approach by screening 268 SNPs
in 121 genes and identified a prominent association with
SNPO070 (1s7684318) in the SNCA gene (Table 1). LD
mapping localized the entire SNCA gene within a single LD
block (Figs 1 and 2). Within this block, six SNPs including
SNPOO70 were in a tight LD group and most strongly associ-
ated with PD (Fig. 2; Table 2). The major allele of cach SNP
in group 1 was positively associated with PD. more strongly in
the recessive model than in the dominant model (Table 4). Our
genctic analyses establish SNC4 as a definitc susceptibility
gene for PD and identify multiple SNPs in group 1 as suscep-
tibility SNPs. Recently, Mueller er al. (23) reported that
multiple regions of SNCA are associated with PD in the
German population. Associated SNPs identified by Mueller

et al. included rs356165 (P = 1.5 x 10 7)., which corresponds
to SNP0O204 in our study, indicating that this SNP has a similar
association in Caucasians. Pals er ul. (24) previously reported
no association of the haplotype containing rs356165 with PD
in Belgian samples. This contradictory finding may be. at
least in part, due to a small sample size (175 cases and 186
controls), as mentioned by the authors.

SNCA/a-synuclein was originally identified in the electric
organ of the Pacific electric ray (25). SNCA is a presynaptic
protein that is highly and broadly expressed in the brain, but
its normal function remains unknown (21). It 1s a major com-
ponent of Lewy bodies, the pathological hallmark of PD (20),
and the aggregation of SNCA protein is thought to play a
crucial role in the loss of dopaminergic neurons (21,26).

SNCA4 was also the first gene identified as a causative genc
in familial PD. Three missense mutations in SNCA were
reported in families with AD inheritance (6,27.28). These
mutations are thought to increase the aggregation of SNCA
protein. Point mutations in SNC4 have not been identified in
sporadic PD (27.29), and no SNPs have been found in the
coding region, suggesting that discase-related amino acid
changes in SNCA are unlikely in sporadic PD. ’

Genes® overdosage is a potential mechanism for the influ-
ence of SNCA4 in PD. Triplication of the SNCA locus has
been seen in an AD PD family (30). and doubling of SNCA
gene dosage by triplication has been shown to result in the
doubling of mRNA and protein expression in blood and
brain (31). Duplication of SNC/ has also been identificd as
a cause of familial PD (32.33). Clinical features of patients
with SNCA duplication resemble those of sporadic cases and
are much milder than those with triplication. Taken together,
these observations indicate a correlation between increased
SNCA protein levels and discase risk. Identification of one
or more polymorphisms related to SNCA expression level
might reveal strong susceptibility indicators for sporadic PD.
Many studies have focussed on a mixed repeat microsatellite
polymorphism called Repl (34), because of its location in
the SNCA promoter region. However, their significance is
uncertain, possibly because of the small number of samples
(35-37). Our study demonstrates that the P-values of SNPs
around Repl (0218, 1023 and 0220) arc less significant than
that of the SNPs in group 1 (Fig. 2). In addition, we genotyped
our samples for Repl. Pairwise ['-values showed that Repl
was not in block 2, but on the boundary (Supplementary
Material, Table S2). P-value of Repl was 7.5 > 10 7 (Sup-
plementary Material, Table S3). which might bc explained
by its intermediate correlation with the strongest susceptibility
SNPs (group 1, P=2.0 x 107°-1.7 x 10" '"). Our findings
suggest that P-value of Repl depends on its LD strength
with SNPs in group 1. LD strength may be modified by the
unstableness of microsatellite markers (38) and may vary
among races (39). Taken together, these findings may also
partly explain the contradictory findings of previous Repl
association studies.

To investigate the relationship between the SNPs in group |
and the SNCA expression levels, we analyzed SNC4 mRNA
expression in autopsied frontal cortices (Fig. 3). SNCA
expression levels tended to be positively correlated with the
number of the PD-associated allele, supporting the popular
hypothesis that increased SNCA leads to the discase.
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Table 2. Association analysis in SNC4 and surrounding region

SNPs LD Genotype
block
Alleles (group) Case Control MAF Allete ] versus allele 2 HWE

1D (s 1Dy 12 Location 11/12/22 (Total) 11/12/22 (Total) Case/control P-value OR (95% CD Case/control
0197 (rs3733450) TC I 38/286/549 (873) 337280619 (932) 0.21/0.19 0.10 1.15(0.97-1.36) 1.00/0.93
0198 (rs1390280) AG 1 366/384/118 (868) 316/4534/162 (932) 0.36/0.42 21 %1077 1.29 (1.13--1.46) 0.32/1.00
0199 (rs3733449) T 1 117/375/374 (866) 154/451/322 (927) 0.35/0.41 3.7 % 1077 128 (1.11-1.48) 0.16/0.91
0202 (rs356221) TA 3'-flanking 2 73/3269/43] (873) 123/449/360 (932) 0.30/0.3 72%x 1077 1.42 (1.25-1.63) 0.69/0.40
0203 (rs3857033) TC 3'-flanking 241 380/406/87 (873) 293/476/164 (933) 3 1L1x107° 153 (1.33-1.7%) 0.18/0.24
0204 (rs3561635) GA 3-UTR 2¢1) 379/399/%9 (867) 289/482/159 (930} 0.33/043 20x107° 1.52 (1.33-1.74) 0.32/0.09
0070% (rs7684318) T Intron 4 241 385/394/89 (R6R) 295/472/165 (932) 0.33/0.43 50x 107 1.54 (1.35-1.7%) 0.47/0.35
02035 (rs3775424) T Intron 4 2(h 87/406/376 (869) 166/477/288 931) 0.33/0.43 sS4 x 107" 1.52 (1.34-1.75) 0.16/0.22
0206 (rs3775426) T Intron 4 2¢2) 56/350/456 (862) 53/324/555 (932) 4.27/0.23 0.0098 1.22(1.05-1.41) 0.35/0.59
0207 (1s3796661) T Intron 4 21 91/367/382 (R40) 154/482/296 (932) 0.33/0.42 27x107° 132 (1.31-1.76) 0.90/0.08
(208 (rs3775435) GA Intron 4 2(3) 157/434/272 {863) 115/439/375 (929) 0.43/0.36 73 %107 1.36 (1.18-1.56) 0.53/0.4%
G209 (rs2737029) TC Intron 4 2 84/377/402 (863) 156/480/297 (933) 0.32/0.42 1.7 x 1071 1.60 (1.40-1.83) 0.81/0.12
0210 (rs3775442) TC Intron 4 23 158/438/274 (870) 114/440/378 (932) 0.43/0.36 42x107° 1.37 (1.19-1.58) 0.30/0.46
0211 (rs3756055) GA Intron 4 2(2) 50/339/481 (R70) 49/319/565 (933) 0.25/0.22 0.042 1.17 (1.00-1.37) 0.38/0.72
0212 (rs3775446) TG Intron 4 2 30/340/480 (870) 49/317/565 (931) 0.25/0.22 0.034 1.19 (1.0]-1.38) 0.36/0.67
0213 (rs37560536) T Intron 4 2 50/340/482 (872) 48/323/557 (928) 0.25/0.23 0.062 . 116 (0.99-1.34) 0.37/0.97
0214 (rs894278) GT Intron 4 2 136/438/275 (369) 117/441/375 (933) 0.43/0.36 1.9 x 1077 1.34 (1.18-1.52) 0.46/0.52
0215 (rs1812923) CA Intron 4 2 74/383/413 (870) 92/392/447 (931) 0.31/0.31 0.79 1.01 (0.89-1.16) 0.30/0.71
0216 (rs2298728) AG Intron 4 2(3) 163/432/274 (869) 117/435/380 932y 0.44/0.36 22x10°° 1.38 (1.22-1.36) 0.8070.72
0217 (rs3796667) AT Intron 3 2(3) 159/430/271 (860) 114/428/383 925y 0.44/0.36 92x 1077 1.41 (1.23-1.61 0.66/0.80
0218 (rs2035268) TG Intron 2 2 475/339/54 (868) 556/326/51 (933) 0.26/0.23 0.049 1.16 {0.99-1.37) 0.59/0.79
1023 (rs1023777) T §-flanking 2 66/318/464 (R4%) 86/433/411 (930 0.27/0.33 9.3 x 107° 1.33 (1.15-1.55) 0.31/0.08
0220 (rs2736994) GA 3 542/263/22 (827) 529/292/33 (834) 0.19/0.21 0.081 1.16 (0.98 - 1.38) 0.17/0.41
0221 (rs11097239) CA 3 245/437/182 (804) 272/431/226 (929) 0.46/0.48 0.48 1.05(0.92-1.19) 0.67/0.04
0222 (rs1899389) AG 3 592/245/29 (866) 586/297/46 929 0.18/0.21 0.009 1.25 (1.05-1.46) 0.64/0.34
0223 (rs2289515) AT 3 180/436/238 (854) 221/423/267 91D 0.47/0.48 0.6 1.03 (0.90-1.18) 0.49/0.04
0224 (rs3773464) GA 3 109/414/346 (869) 95/385/449 929) 0.36/0.31 5.9 % 107° 128 (1.11-1.46) 0.43/0.40
0225 (rs1246270) GA 3 372/394/84 (850) 474/372/81 (927) 0.33/0.29 0.0061 1.21 (1.05--1.40 0.19/0.56
0226 (rs3822098) T 3 30/300/514 (864) 59/376/494 929) 0.23/0.27 0.017 21 (1.04-1.40) 0.54/0.30

MAF, minor allele frequency. When the odds ratio (OR} is less than I, an inverted score is indicated.
“Originally screened SNP.
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Table 3. Haplotype association analysis using representative SNPs in block 2

Haplotypes Representative SNP (group) Haplotype frequency P-value
202 0070 (1) 0206 (2) . 0214 (3) 0215 1023 Case Control
1 A C T G A T 0.39 0.33 441077
2 T T T T A C 0.24 0.3 5.0 x 107°
3 A C C T C T 0.24 0.21 0.071 ‘
4 A T T T C T 0.03 0.06 33 x 1077
5 T T T T C T 0.02 0.03 0.083
6 T T T G A T 0.01 0.02 0.62
Table 4. Association of the SNPs in group 1 of block 2
SNP Allele Genotype Dominant model Recessive model
Case Control (MM + Mm versus mm) (MM versus Mm + mm)

M/m MM Mm mm MM Mm mm P-value Qdds ratio (95% CI) P-value Odds ratio (95%C1)
0203 T/C 380 406 87 293 476 164 3.0 % 107° 1.95 (1.45-2.52) 1.0 x 1077 1.68 (1.41-2.07)
0204 G/A 379 399 89 289 482 159 27x107° 1.81(1.36-2.38) 3.0 x !()“”’f 1.72 (1.43-2.13)
007¢0° T 385 394 89 295 472 165 57x107¢ 1.90 (1.44-2.53 28 x 107°% 1.71 (1.42-2.006)
0205 TIC 376 406 87 288 477 166 1.8x107° 1.98 (1.45-2.61) 6.0 x 1078 1.69 (1.40--2.05)
0207 TC 382 367 91 296 482 154 53x 1071 1.66 (1.25-2.16) 3.0x 1077 1.78 (1.47-2.16)
0209 T 402 377 84 297 480 156 14x107° 1.89 (1.41-2.51) 15 % 107" 1.86 (1.55-2.27)

M and m are major allele and minor allele, respectively. C1, confidence interval.

*Originally screened SNP.
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Figure 3. /n vivo expression of SNCA mRNA in relation to susceptibility
genotypes. SNPOO70 (C/T) is used as a representative of group 1. SNCA
expression levels in autopsied frontal cortices of cases (solid bar; 8 CC.
9 CT and 4 TT) and controls (open bar: 8 CC, 8 CT and 2 TT). Relative
SNCA mRNA levels (normalized to newrofilament L, NF) are indicated. In
cases, mean + SEM of CC. CT and TT were 1.17 £ 0.23, 1.08 + 0.11 and
0.82 + 0.08. respectively. In controls, mean + SEM of CC, CT and TT
were 1.11 4+ 0.28, 0.83 4+ 0.07 and 0.75 + 0.07, respectively.

The PD-associated alleles may positively correlate with the
basal transcription level of SNCA and/or the induction of
SNCA expression by certain stimulators, for example, oxi-
dative stress.

Other possible functional effects of associated SNPs include
alternative splicing, which may result in a protein isoform that
aggregates more readily. The C-terminal region of SNCA is
rich in acidic amino acid residues, and its truncation promotes
aggregation in vitro (40,41). The known splice variant
SNCAT12 lacks exon 5, which encodes 28 amino acids (10
of which are acidic) in frame. Thus, SNCA112 may also
promote aggregation. We investigated SNCA//2 mRNA
expression in frontal cortices using splice variant-specific

primers, but observed little difference among the three
genotypes (data not shown).

In summary, our study establishes SNCA as a susceptibility
gene for sporadic PD. Focussed investigations of SNCA func-
tion will further enhance our understanding of how genetic
factors contribute to the complex etiology of PD.

MATERIALS AND METHODS
Subjects

We recruited 882 unrelated sporadic PD patients (age,
64.9 + 9.8; male/female ratio, 0.79) and 938 unrelated
controls (age, 45.3 + 16.3; male/female ratio, 1.10). The diag-
nosis of idiopathic PD was based on the presence of two or
more of the cardinal features of PD (tremor, rigidity, bradyki-
nesia and postural instability), according to the criteria for
sporadic PD (42). Patients were evaluated by the certified
neurologists specializing in PD. The average age of onset
was 57.4 + 109 years. Forty-two patients showed -early
onset of PD (<40 years) and 51 patients had a positive
family history of PD. Patients who carried parkin mutations
were excluded. All patients and controls were of Japanese
ancestry. Informed consent was obtained from cach individual.
and approval for the study was obtained from the University
Ethical Committees.

SNP genotyping

Genomic DNA was extracted from whole blood using
FlexGene (Qiagen). SNP information was obtained from the
dbSNP  (htip://www/ncbi.nlm.nih.gov/SNP/), JSNP (http://
snp.ims.u-tokyo.ac.jp/) (43) and Celera Discovery System

—~170—



(http://myscience.appliedbiosystems.comy/) databases. We geno-
typed SNPs using the Invader assay (Third Wave Technol-
ogies)., TagMan (Applied Biosystems) or direct sequencing
using an ABI3730 capillary sequencer (Applied Biosystems).
Repl genotyping and allele designations followed those
described previously (35). The Repl region was amplified
using  FAMS'-CCTGGCATATTTGATTGCAA-3" and 5'-
GACTGGCCCAAGATTAACCA-3' as primers and analyzed
using ABI3730 capillary sequencer.

Statistical analysis

SNPAlyze software (DYNACOM, Japan) was used for the
case~—control study (y’-test), calculation of odds ratio and its
95% CI (Bootstrap method), haplotype analysis (Expectation—
Maximization algorithm) and pairwise LD analysis (Lewontin’s
coefficient D" and standardized coeflicient r).

Real-time RT-PCR

Autopsied frontal cortices were obtained from the Brain Bank
for Aging Research (Tokyo Metropolitan Geriatric Hospital/
Tokyo Metropolitan Institute of Gerontology) and from the
Department of Neurology, Juntendo University School of
Medicine. The samples contained 21 cases [age, 82.6 £+ 7.1
(SD) years; 11 males and 10 females] with Lewy body patho-
logy defined by the third Consensus Guideline for Dementia
with Lewy Bodies (44), comprising PD with and without
dementia and dementia with Lewy bodies, and 18 control
subjects (age, 81.2 + 5.2; 12 males and six females) without
parkinsonism or dementia and without neurodegenerative
pathological changes. Total RNA was extracted from tissues
using RNeasy (Qiagen), and cDNA was prepared using Super-
script reverse transcriptase (Invitrogen). Real-time RT-PCR
was carried out on ABI PRISM 7900 sequence detection
system (Applied Biosystems) using SYBR Premix Ex Taq
(TAKARA, Japan). First-strand ¢cDNA was amplified using
primers specific for SNC4 (forward: 5'-GCAGAAGCA
GCAGGAAAGAC-3; reverse: 5-CTGGGCTACTGCTGTC
ACAC-3'; product size: 159 bp) and NF (newrofilament L,
forward:  5-AGAACGCTGAGGAATGGTTC-3";  reverse:
5'-CTGGTGAAACTGAGTCGGGT-3"; product size: 391 bp).
A single band of the expected size was amplified from
c¢DNA samples, but not from RNA samples. For quantifi-
cation, we used a relative standard curve method. Standard
curves of SNCA and NF were generated from the amplification
of diluted series of ¢DNA from cortices. SNCA expression
levels were normalized to those of NF. One of the experimen-
tal samples was used as the calibrator. Each of the normalized
SNCA4 values was divided by the calibrator normalized SNCA
value to generate the relative expression levels. The values
were determined in triplicate. Reproducibility of the results
was confirmed by repeating ¢cDNA synthesis and real-time
PCR twice for seven samples, and similar results were
obtained.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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Abstract

Lewy body disease is defined as Lewy body-related neuronal
degeneration involving the nigrostriatal system, limbic-neocortical
system, and peripheral autonomic nervous system (PANS). We
investigated whether the adrenal gland, which is evolutionarily related
to sympathetic ganglia and is routinely examined in general autopsy,
could be used to assess pathology of the PANS in Lewy body disease.
Brains, spinal cords, and adrenal glands from 783 consecutive autopsy
cases from a general geriatric hospital were examined immunohis-
tochemically with antiphosphorylated o-synuclein antibodies and
routine staining. Parkinson disease (PD) with dementia and
dementia with Lewy bodies (DLB) were defined using 1996
Consensus Guidelines for DLB and the secondary Lewy body-
related a-synucleinopathy or amygdala variants using previously
established criteria. Lewy body-related a-synucleinopathy was found
in 207 (26.4%) of 783 cases, with 1 case solely in the adrenal gland.
In all 18 PD cases with or without dementia and in 33 of 38 DLB
cases, the adrenal gland was involved, but it was spared in all cases
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of amygdala variants. Our results indicate that the adrenal gland
can provide useful information for evaluation of the PANS in Lewy
body disease.

Key Words: Alzheimer disease, Amygdala variant, Autonomic
failure, Dementia with Lewy bodies, Parkinson disease,
Sympathetic ganglion, a-Synucleinopathy.

INTRODUCTION

Lewy body disease was originally defined pathologi-
cally as degeneration of the central nervous system asso-
ciated with Lewy bodies (1, 2) and includes Parkinson
disease (PD) and dementia with Lewy bodies (DLB).
Subsequently, clinical and pathologic studies indicated that
progressive autonomic failure of the Lewy body type
presented with Lewy body-related pathology in the periph-
eral autonomic nervous system, as well as in the central
nervous system (3). Clinical and pathologic studies con-
firmed that DLB always accompanies Lewy body-related
pathology in the peripheral autonomic nervous system (4).
Thus, it is more practical to use the term “Lewy body
disease” to designate disorders involving both the central
nervous system and the peripheral autonomic nervous
system, which clinically present with various combinations
of parkinsonism, cognitive decline, or autonomic failure (5).

Clinical evaluation of the involvement of the peripheral
autonomic nervous system in Lewy body disease has been
improved by the adoption of ['2[]metaiodobenzylguanidine
(MIBG) cardiac scintigraphy (6), which shows low uptake of
1231 in PD and progressive autonomic failure (7, 8).
Histologically, this low uptake corresponds to a decrease in
the number of tyrosine hydroxylase-immunoreactive axons
(9) associated with a-synucleinopathy in the epicardium of
the anterior wall of the left ventricles of the heart (10) seen
on postmortem examination. MIBG cardiac scintigraphy
reportedly has 100% specificity and sensitivity for the
differential diagnosis of DLB and Alzheimer disease (AD)
(11). Thus, evaluation of the peripheral autonomic nervous
system is now a standard for confirmation of the pathologic
diagnosis of Lewy body disease.
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