Table 1. Genes Tiled on Microarray TKYALSO1

Gens Product Disease Category Sequence of interest
sao1 Superoxide dismutase 1 ALS Causative Exon

ALS2 Alsin ALS Causative Exon

DCTNT Dynactin ALS Causative Exon

SiLC1Az Excitatory amino acid transporter 2 ALS Related Exon

SMN? Survival motor néuron ALS Related Mutation

LIF Leukemia inhibitory factor ALS Related Exon

VEGF® Vascular endothelial growth factor ALS Related Promoter {1586 bps), exon
RNF19 Dorfin ALS Related Exon

CNTF® Ciliary neurotrophic factor ALS Related SNP

ADARBY Adenasine deaminase, ANA-specific, 2 ALS Related Exon G-exon 9

SPG7 Paraplegin HSP Causative Exon

SNCG Synuclein, PD Related Promoter (700 bps), exon

Abbreviations: ALS, amyotrophic lateral sclerosis; bps, base pairs; HSP, hereditary spastic legia; PD, Park! disease; SNP, single-nucleotide
palymarphism,

*For SMN, the sequences at and around 6 bps inside exon 7, the only critical difference between SMNT and SMN2, were tiled to detect each deletion.

iThe promoter sequences of VEGF were extensively included because previous studies indicated that the SNPs or promoter haplotypes are associated with
ALS.

“For the SNP sequences, the variation sites and their 2 Hanking base pairs were tiled
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Figure 1. Procedures for microarmay-based resequencing. A robotics system was introduced lo manipulate numerous polymerase chain reactions (PCR). SAPE
indicates streptoavidin-phycoerythrin; B, biotin

A DNA microarray-based resequencing method has We herein describe the development of the microarray-
been invented o enable rapid and accurate nucleotide based comprehensive resequencing system and its ap-
sequence analysis of multiple genes spanning 30 1o 300 plication to ALS genetics to validate the above
kilobase pairs.’’ We used this method to develop a com- described concepts. We also discuss the implications of
prehensive high-throughput resequencing system locus comprehensive resequencing for the molecular dissec-
ing on ALS as well as other neurodegenerative diseases tion of neurological diseases.
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Figure 2. Whole view of microarray TKYALS01. A heterozygous point
mutation of SO01, L106V, was unambiguously identified

DESIGN OF MICROARRAYS

We have designed a microarray, TKYALSOL, that primarily lo-
cuses on the causative genes of and genes related to ALS (Table 1)
The sequences tiled on the microarray included the sequences
of all of the exons and 12 Nanking base pairs (bp) of the splice
junctions. Promoter sequences were also included in the tiled se-
quences for genes whose expression levels were presumed 1o
maodily the disease processes.*” In addition, another microarray,
TKYPDO!L, was designed to focus on genes relevant to Parkinson
discase, autosomal-dominant hereditary spastic paraplegias, and
adrenoleukodystrophy (data not shown)

Because the principle of the resequencing microarray is based
on sequencing by hybridization (SBH), it is crucially important
to avoid cross-hybridization to increase the accuracy of rese
quencing. For this purpose, we conducted an “in silico” screen-
mg to compare the tiled sequences with a sliding 25-nucleotide
window to detect the sequences with an identity exceeding 22
bases in the tled sequences and optimized the design of the mi-
croarrays and polymerase chain reaction (PCR) primers

PARTICIPANTS

Thirty-five patients with sporadic ALS and 10 patients with fa-
milial ALS, 7 with autosomal dominant mode of inheritance
and 3 with affected siblings, were enrolled in this study. The
diagnosis of ALS was based on El Escorial and the revised Air
lie House diagnostic criteria, A total of 238 control genomic
DNA samples were also used

Thirty-six genomic DN A samples with previously detiermined
mutations ol SOD] (OMIM 147450), the causative gence of lamil

il ALS."“or those of ABCD 1 {OMIM 300371), the causat
]

€ BCTH
of adrenoleukodysirophy were anonymized and subjected o
analysis without prior mlormation on the mutations

All of the genomic DNA samples were abtained with writ
ten informed consent, and this research was approved by the

Institutional review board of the University of Tokyo

PROCEDURES

Specific PCR primers were designed using the Primer3 Web
site (hup/lrodo.wi mit.edu/cgi-bin/primer3/primer3_www
cgi) (eTable, hip//www archneurol com) Touch-down PCR

protocols were used 10 enhance the specificity of PCR ampli-
fication (e¢Table). Each PCR product was quantified using Pi-
colreen (Molecular Probes, Eugene, Oregon), pooled equimo-
larly into | tube using a robotic system, BioMek FX (Beckman
Caoulier, Fullerion, California), and subjected to SBH according
1o the manufacturer's instructions (Affymetrix, Santa Clara, Cali-
fornia) (Figere 1), The undetermined base calls were further
amalyzed by manual inspection of the signals The resequencing
of ANG (OMIM 1035850) and the confirmation of all of the se-
guence variants determined by SBH were conducted by direct
nucleotide sequence analysis using an automated DNA se-
quencer and BigDye Terminmor version 3.1 (Applied Biosys-
wems, Foster City, California), Analyses of frequency of varianis
in the contrals were conducted by denatured high-performance
liquid chromatography (Transgenomics, Omaha, Nebraska)

B resuurs [

ESTABLISHMENT OF HIGH-THROUGHPUT
COMPREHENSIVE RESEQUENCING SYSTEM

To evaluate the signal-to-noise ratio, all of the PCR am
plicons for TKYALSO1 except those for SNCG were sub-
jected to hybridization to TKYALSO1 and scanning. Si-
multancous hybridization of the mixed PCR amplicons
did not interfere with the signals and 50D mutations
were unambiguously identified (Figure 2). Further-
more, the areas where the probes for SNCG were tiled
did not show any detectable signals, indicating that cross-
hybridization was negligible

As shown in Figure 3A, all of the point mutations
were correctly identified, conflirming the accuracy of
SBH for detection of point mutations. The locations of
the hemizygous ABCDI insertion/deletion mutations
were also easily identified because the signals of the
Insertion/deletion sites and surrounding probes were
undetectable (Figure 3B). Determination of the exact
I‘i]\( I'I'I.]“gi_'\ Fl‘llllllt'il 1.1'ill.'['| ||lli_]t'ill\l|(‘ sequence
analysis. In contrast, none of the 4 heterozygous
msertion/deletion mutations of 50D1 were unambigu-
ously detected without prior information on the muta-
tions. Only the SODI heterozygous deletion mutation
del429TT was detectable by carefully evaluating the
signal intensities (Figure 3C) because the signal inten-
sities were moderately decreased at the deletion sites
and the 12 llanking bases (Figure 3D).

By employing robotics to manipulate numerous PCR
reactions, the resequencing of as many as 271 625 bp was
easily accomplished in 3 working days with a 1otal of
271 445 bp (99.93%) correctly called, confirming the high
throughput of this system

COMPREHENSIVE RESEQUENCING
OF GENES RELEVANT TO ALS

The molecular diagnosis of 10 patents with familial ALS
using this system revealed 2 SOD! mutations, including
I novel mutation, K3E (Figure 4A) and 1 I\rr\'lnl:-\]\'
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Human KDRDEFIEKVQ"'- EETQALLREKEK
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Figure 4. Novel mutations identified in patients with familial and sporadic
amyotrophic lateral sclarosis (ALS). A, Scan image of heterozygous SOD7
K3E point mutation. The A to G heterazygous point mutation was identified in
a patient with familial ALS. B, Scan image of heterozygous DCTNVT RI9TW
point mutation. The C fo T heterozygous point mutation was identified in a
patient with sporadic ALS. G, Conservation of OCTNT amino acid sequences
in differant animal species. The arginine residue at codon 997 is highly
conserved among species (shown in red), including a synonymous basic
amino acid. lysing (shown in pink), in chicken and Xenopus laevis
Nonconsarved aming acids are shown in green

identified mutation, 1106V. The novel mutation was not
identified in the 238 controls (476 chromosomes). The
novel SODI mutation was found in a 70-year-old man
presenting with progressive distal-dominant muscle at-
rophy, weakness in all extremities, and positive Babin-
ski signs

In the 35 patients with sporadic ALS, we identified a

Figure 3, Validation of accuracy of sequence determination. A, Scan images of
homozygous and heterozygous S001 L1265 mutations. Each column shows a
bass position, and each row shows a base call (the determination of base{s) at
each position). In the center position, the base call was T in the control
whereas in the pabents, the base calls were homozygous C (upper panel) or
heterozygous C/T (middla paned). B, Scan image of hemizygous ABCD1

del2 146-2157 mutation. Signals of the deletion site and surrounding probes
were virtually undetectable. C, Scan image of heterozygous S0D7 L129
(deMSITT) mutation. The ase cails al the mutation site of the patient were the
same a5 those of the control. The probes at and around the mutation site,
however, showed decreased signal intensities compared with those of the
controls. D. Signal intensities at and around the delation sits of heterazygous
S007L129 (del459TT) mutation. Signal inlensities al the deletion site (del TT)
and the flanking bases were approximately halt those of the controls. bp
Indicates base pairs

previously known SOD] mutation, S134N, and a novel
putative pathogenic DCTNI (OMIM 601143) mutation,
ROOTW (Figure 4B). These mutations were nol present
in the 238 controls (476 chromosomes). The amino acid
residue R997 of DCTNI was located in a region con-
served among different animal species (Figure 4C). The
patient with the DCTN] mutation was a 68-vear-old man
presenting with progressive muscle atrophy, weakness
in all of his extremities, and postural tremor in the up-
per extremities, with onset at the age of 67 years. Find-
ings from neurological examination on admission a1 68
years of age revealed diffuse muscle atrophy, weakness,
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Table 2. Summary of Novel Variants Identified by Comprehensive Resequencing in 35 Patients Wilth Sporadic ALS

Gene Fragment Position® Base Call® Calegary Aming Acid Change
AL52* Exon 5 202447798 AT Coding nonsynonymaous 04351
ALS2¢ Exon 18 202417029 cA Coding nonsynonymous P1D16T
ANGE Exon 2 20231781 AG Coding nonsynonymous N4SS
VEGF Exon 6 43836523 G/A Coding nonsynonymous V1671
DCTN! Exon 18 T4506526 TIC Coding synonymous

RANF19T Exon 7 101346118 GIA Coding synonymous

VEGF* Exon 3 43853233 G/A Coding synonymous

DCTNT Exon 1 74519378 TiC 5 Untranslated region

VEGF Promater 43846646 G/A Promoter

Abbreviation: ALS, amyotrophic lateral sclerosis.

3 Positions were based on the University of California Santa Cruz genome browser hg17

PThe determination ol base(s) al each position.
EThese variants were present only in patients with sporadic ALS.

Table 3. Summary of Known SNPs Identitied
by Comprehensive Resequencing in 35 Patients
Wilh Sporadic ALS

Gene SNP ID Category
ALS2 rs3219156 Coding nonsynonymous
ALS2 rs41308814 Coding nonsynonymous
ALS2 541308840 Coding nonsynonymous
ALS2 rs41309046 Coding nonsynonymous
ADARZ rs1051367 Coding synonymous
ALSZ rs2276615 Coding synonymous
ALS2 rs3219161 Coding synonymous
ALS2 rsa219168 Coding synonymous
SLC1A2 rs752949 Coding synonymous
SLC1A2 rs1042113 Coding synonymous
VEGF rs699947 Promoter
VEGF rs1005230 Promater
VEGF rs833061 Promoter
VEGF rs13207351 Promoter
VEGF rs1570360 Promoter
VEGF 52010963 Promoter
VEGF rs25648 Promotar
ALS2 152276614 5'UTR
ALS2 rs3219169 Intron
ALS2 rs3219153 Intron
CNTF rs1800169 Intron
SLC1AZ rs2273689 Intron
A iations: ALS, phic lateral sclerosis; SNP 10,

single-nucleotide puiymurphr;m identification; UTR, untranslated region

fasciculation, and hyporellexia in all extremities. Weak-
ness of neck Mexion was also noted. Observation of his
intelligence was normal. Neither bulbar sign nor pyra-
midal sign was recognized. Electromyography showed
diffuse active neurogenic changes compatible with pro-
gressive lower motor neuron degeneration. Tis parents
remained healthy beyond 80 years of age.

The comprehensive analysis of the 35 patients with
sporadic ALS also revealed 31 sequence alterations in ad-
dition to the 2 mutations described above (Table 2 and
Table 3) Nine ol the 31 variants (29%) were novel
(Figure 5A), including 4 nonsynonymous heterozy-
gous variants consisting of 2 in ALS2 (OMIM 6063 52),
I in ANG, and 1 in VEGF (OMIM 192240) (Figure 3B)
that were present in the ALS patients but not in 238 con-
trols (476 chromosomes)

— .

The effect of the microarray-based high-throughput re-
sequencing system is 3-fold. First, it enables compre-
hensive mutational analyses of multiple causative genes
for the diagnosis of familial cases. Because of nonallelic
genetic heterogeneities and clinical varability, it is of-
ten difficult to focus on particular genes depending solely
on the phenotypes. In this situation, the comprehensive
analysis of causative genes is often superior to categori-
cal approaches based on clinical information. The sec-
ond effect is the identification of mutations in causative
genes in sporadic cases (Figure 4). Thus, comprehen-
sive resequencing of the causative genes may reveal mu-
tations with reduced penetrance or de novo mutations
in a portion of patients with sporadic ALS. The system
has a great advantage in screening numerous genes in
many patients with sporadic ALS.

The third effect is the discovery of rare variants po-
tentially involved in disease susceptibility. The current
approaches [or identilying genetic risks of ALS are mainly
based on GWAS employing common single-nucleotide
polymorphisms, which generally provide relatively low
odds ratios."*'* The extensive resequencing of relevant
genes is expected to complement GWAS by identifying
rare variants that contribute to the development of dis-
eases with substantially high odds ratios." " Large-
scale resequencing projects to uncover functional and
regulatory vanants are currently in progress, identily-
ing numerous novel variants.*® Indeed, nonsynony-
mous heterozygous variants in ALS2, ANG, and VEGF
are overrepresented in patients with ALS (Figure 5B). To
confirm the significance of these rare variants in disease
pathogenesis, large-scale case-control studies and func-
tional analyses of individual mutant proteins will be
required.

The advantage of SBH lies in resequencing particular
sets of genes. Once the microarrays are designed, the se-
quencing is inexpensive and the system can be effi-
ciently used for the repetitive interrogation of the same
genome region. To [urther enhance the throughput of the
resequencing system based on SBH, improvement in the
detection capability [or heterozygous insertion/deletion
mutations is required. It seems theoretically possible to
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Figure §. Summary of comprehensive resequencing of causative and disease-refated genes in patients with sporadic amyotrophic lateral sclerosis (ALS). A,
Classification of sequence alterations identified in this study. Thirty-three sequence alterations including 2 mutations and 31 variants were found in 1 megabase
resequencing. Of the 31 variants, 9 (29%) were novel. These novel variants were listed in neither the Single Nucleotide Polymarphism database (http-/fwww.nchi
_nim.nih.gov/SNP/index_himl) nor the Japanese Single Nucleotide Polymorphism database (hitp:/fsnp.ims.u-tokyo.ac.jp/). B, Locations of novel mutations and
variants. Novel mutations, nonsynonymous variants, synonymous variants, and noncoding variants are shown in arrows with respective colors at each location in
the corresponding genes. The structure of each gene was obtained from Entrez Gene (hitp/fwww nchi nim nih. gow/entrez/query fgi?db=gene). * Indicates vari-
ants that ware only found in patients with sporadic ALS
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Incidence and Extent of Lewy Body—Related a-Synucleinopathy
in Aging Human Olfactory Bulb
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Abstract

We investigated the incidence and extent of Lewy body (LB)-
related a-synucleinopathy (LBAS) in the olfsctory bulb (OB) in 320
consceutive aulopsy patients from a general geriatric hospital (mean
age, 81.5 = 8.5 years). Paraffin scctions were immunostained with
anti-phosphorylated a-synuclein, tyrosine hydroxylase, phosphory-
lated tau, and amyloid B antibodics. LBAS was found in 102
patients (31.9%) in the central nervous system, including the spinal
cord; the OB was involved in 85 (26.6%). Among these 85 patients,
2 had LBAS only in the anterior olfactory nuclcus, 14 in the
peripheral OB only, and 69 in both arcas, In § patients, Lewy bodies
were found only in the OB by hematoxylin and cosin stain; 3 of
these § had Alzhei di , and all had LBAS, Very few
tyrosine hydroxylase—immunoreactive periglomerular cells exhibited
LBAS. All 35 LBAS patients with pigmentation loss in the
substantia nigra had LBAS in the OB, LBAS in the amygdala was
more strongly correlated with LBAS in the anterior olfactory
nucleus than with that in the OB periphery. LBAS did not correlate
with systemic tauopathy or amyloid B amyloidosis. These results
indicate a high mcidence of LBAS in the aging human OB; they
also suggest that LBAS extends from the periphery to the anterior
olfactory nucleus and results in clinical manifestations of LB
discase.

Key Words: a-Synuclein, Anterior olfactory nucleus, Dementia
with Lewy bodics, Incidental Lewy bodies, Olfactory bulb,
Parkinson discase.
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INTRODUCTION

Olfaction is a major targel of neuroscience research,
and numerous genes are expressed for olfactory receptors
(1,000 in mouse and 300 in human) (1-3). Patients with
schizophrenia exhibit olfactory dysfunction (4-7) and loss of
volume of the olfactory bulb (OB) (8). Olfactory dysfunction
is also an early sign of Alzheimer disease (AD) and Lewy
body (LB) diseases (ie. Parkinson disease [PD], PD with
dementia [PDD), and dementia with LB [DLB]) (9-19) and
has been used to differentiate these disorders from progres-
sive supranuclear palsy (20). Atrophy of the OB as revealed
by magnetic resonance imaging has been reported to be use-
ful diagnostic tools for AD (21) and PD (22). Recently,
neuroprogenitor cells that migrate from the subventricular
zone were identified in the human OB (23). Twice as many
tyrosine hydroxylase (TH)-immunoreactive neurons were re-
ported in the OBs of PD patients compared with those of age-
and sex-matched controls (24). Thus, it is of interest as to
whether LB-related a-synucleinopathy (LBAS) involves the
TH system in the OB.

Subsequent to the staging system for diffuse LB
disease proposed by Kosaka (25), Braak et al (26) suggested
a neuropathologic staging procedure for idiopathic PD in an
aged cohort that included PDD patients but not DLB or other
patients with dementia and LB pathology. The latter sub-
group included the amygdala variant of LB disease (27)
complicated by AD (28, 29) or other tauopathies (29). Ac-
cording to Braak et al, the LBAS in the central nervous
system (CNS) first affects the medulla oblongata, rostrally
extends to the locus coeruleus, and reaches the substantia
nigra. Braak et al (30) also reported a pattern of extension
from the OB to the amygdala, but neither Kosaka et al nor
Braak et al (30) examined possible statistical correlations
between these 2 patterns in the extension of LBAS.

In light of these previous studies, we began 1o include the
OB in routine neuropathologic examinations and noticed (hat
LBAS in the OB is dominant either m the anterior olfactory
nucleus (AON) or in the peripheral OB. Among several
anatomical nomenclature systems of OB (31-34), we adopted
that of Price (34) as follows: The axons of the bipolar receptor
cells (approximately 6 million per nose) in the olfactory
epithelium (the pnmary olfactory structure) ramify in the most
superficial layer of the OB, the olfactory nerve layer. They
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then form synapses with the dendrites of the secondary
olfactory structure that consists of mitral and tufed cells in
the glomerular layer. The external plexiform layer contains the
dendrites of the mitral cells and the somata of the wifted cells,
The mitral cell layer is formed by the somata of the mitral cells.
The axons of the mitral cells run through the internal plexiform
layer and reach the granule cell layer (Fig. 1). These secondary
olfactory structures are the major anatomical regions that
exhibit LBAS in the OB periphery. The AON is located in the
OB and olfactory peduncle; it includes several groups of
pyramidal-like cells and is termed tertiary olfactory structures.

The goal of this study was to clanfy the significance of
LBAS involving the OB in human aging. The OB periphery
(including axon terminals of the primary structure and the
soma, dendrites, and axons of the secondary structure) and
AON (the axon terminals of the secondary structure and the
soma, dendrites, and axons of the tertiary structure) were
evaluated separately to study the extension pattern of LBAS.

MATERIALS AND METHODS

Tissue Source

Tissue samples were collected at the Tokyo Metropol-
itan Genatric Hospital, which, as previously reported (29),
provides community-based medical service to the aged pop-

ulation. Between 2003 and 2006, 320 consecutive autopsy
brains, spinal cords, and adrenal glands (29) from 180 men
and 140 women were used for this study. Two hundred forty-
seven of the 320 cases overlapped with our recent studies
of LB pathology in the skin (35). The patients’ age ranged
from 52 to 104 years old, with a mean + SD age of 81.5 +
8.5 years. The postmortem interval ranged from 52 to 4,210
minutes, with a mean of 753 minutes.

Neuropathology

Brains and spinal cords were examined as reported
previously (36). In brief, 1 hemisphere was preserved for
biochemical and molecular studies, and the other portions
were prepared for morphological studies. After fixation in
formalin, the representative areas were embedded in paraffin.
Serial 6-pum-thick sections were stained with hematoxylin and
eosin (H&E) and Kliiver-Barrera methods. Selected sections
were further examined with modified methenamine (37) and
Gallyas-Braak silver (38) staining for senile changes, Congo
red for amyloid deposition, and elastica Masson trichrome
stain for vascular changes.

Immunohistochemistry
Selected sections were immunostained using a Ventana
20NX autostainer (Ventana, Tucson, AZ), as previously

Anlenor olfactory nucleus

FIGURE 1. Schema and pathology of a sagittal sectio
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uman olfactory bulb (OB). (A) Schema of the sagittal section of
the human OB. Reproduced with permission from Elsevier © 2008 (34). (B) A representative sagittal section of the human OB.
Scale bar = 1 mm. (€) Olfactory glomerulus. Scale bar = 25 pm. (D) Tufted cell. Scale bar = 25 pm. (E) Mitral cell. Scale bar =
25 pm. (F) Granule cell layer. Scale bar = 25 um. (B-F) Kliiver-Barrera method staining.
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described (36). We immunostained representative sections
as well as OBs from all patients with anti-phosphorylated
a-synuclein (psyn; monoclonal, psyn no. 64 [39] and
polyclonal PSerl29 [40]), anti-phosphorylated tau (ptau;
ATS, monoclonal; Innogenetics, Temse, Belgium), anti-p
amyloid 11-28 (12B2, monoclonal; IBL, Maebashi, Japan),
anti-ubiquitin (polyclonal, DAKO, Glostrup, Denmark), and
anli-TH {(monoclonal; Calbiochem-Novabiochem Corp, Darm-
stadt, Germany, and ImmunoStar, Hudson, W1) antibodies.

Evaluation of LBAS

To evaluate LBAS, we used immunchistochemistry with
anti-psyn antibodies to screen OB sections, bilateral adrenal
glands, medulla oblongata at the level of the dorsal motor
nucleus of the vagus, upper pons at the level of the locus coe-
ruleus, midbrain, amygdala, and posterior hippocampus. Ifanti-
psyn immunoreactivity was observed in any of these regions,
further studies with anti-psyn and ubiquitin antibodies were
conducted on the anatomical structures as recommended by the
onginal and revised DLB Consensus Guidelines (41, 42), PD
staging by Braak et al (26), and our own previous work (39),
which includes staining of CA2 of the hippocampus and
intermediolateral column of the thoracic spinal cord (43), for
staging of LBAS (42, 44). Our revised LB siaging system (29)
was applied to all patients as follows: Stage 0, no anti-psyn
immunoreactive structure; Stage 0.5, Lewy dots or neurites
only or fine granular cytoplasmic staining without any focal

aggregates, Stage 1, a few LBs confirmed by H&E staining,
without neuronal loss (incidental LB disease); Stage I,
abundant LBs with loss of pigmentation in the substantia
nigra but without attributable parkinsonism or dementia
(subclimical LB disease); Stage I, PD without dementia;
Stage 1V, DLB or PDD, transitional (limbic) form (DLBT or
PDDT); and Stage V, DLB or PDD, neocortical (diffuse) form
(DLBN or PDDN), Parkinson disease with dementia was
differentiated from DLB by applying the *12-month” rule
noted in the Consensus Guidelines (i.e. “dementia appears
more than | year after the onset of parkinsonism™) (41, 42).
We subcategorized our Stage [l patients into brainstem (B),
transitional or limbic (T), and neocortical (N) forms based on
Lewy score (41) and involvement of the intermediolateral
column of the spinal cord (43) or the amygdala variant (A), as
previously reported (27, 28). Stage 0.5 and Stage 1 patients
were also subcategorized to the extent of LBAS localized in
the brainstem (B), spreading to the limbic system (T) and
neocortex (N) or preferentially present in amygdala (A), as
previously reported.

Evaluation of Other Senile Changes
and Neuropathologic Diagnosis

Neurofibrillary tangles (NFTs) were classified into
Braak and Braak's (45) 7 stages (0-VI) and senile plagues
(5Ps) mto 4 stages (0-C). Argyrophilic grains were classified
into our 4 stages (O-II1), as reported previously (46). The

TABLE 1, LBAS in the CNS and OB

OB LBAS Grade
Periphery AON
BBAR LB Stage* No. LBAS in the OB 0 1 2 3 0 1 | 3 4
[ 218 ] 218 0 0 0 218 ] 0 0 L]
05 30 17 15 1 3 2 2 7 i i L]
058 8 3 5 2 0 I 7 0 0 I 0
0.5T B 5 3 3 I 1 5 2 ! 0 0
0.5A 14 9 7 5 2 0 9 5 o 0 0
I n 33 4 4 17 12 10 10 9 L 3
B 16 13 i 2 7 i ¥ 7 1 I ot
IT 14 13 1 I 5 4 1 3 4 i i
1A 7 7 a 1 2 4 2 L) 4 ! o
I 8 8 1] I 4 3 o 2 I 3 2
1B i 3 1] 0 3 0 o I 0 2 0
ur 4 4 0 I I 2 0 I I I 1
[IEY | | 0 0 0 I 0 0 0 0 1
i 2 2 0 2 0 0 0 0 I 0 1
gy I I 0 1 0 0 0 0 0 0 i
1IN I 1 0 I 0 0 0 0 I 0 0
v I 1} 0 2 7 2 0 L] 4 H 1t
v 14 14 0 2 10 2 0 L] 1 2 1
Total 320 85 237 21 41 21 249 19 17 16 19

Correlation between OF peniphery and AON grade n BBAR LB Stages 1B, 1T, and 1A fbobd and falic group)

p values are 0.006, (1754, and 0.125, respectively

LCorrelation between BBAR LB Stages 1V and V ibold group), p
*HBAR LB stage (29, 3V, 44,

t.p =001

0.5

A, amygdala vamont; ADN, onterior olfactory necleus: B. bruinstem: BBAR, Bram Bank for Aging Rescarch: LB, Lewy body: LBAS, LB-related a-synuclemopathy: N,

neocortical; OR, olfsciory bulh; T, transitional
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neuropathologic diagnosis of AD was based on our definition
(47), which proposes a modification of the National Institute
on Aging and Reagan Institute criteria (48). The diagnoses of
dementia with grains and NFT-predominant forms of de-
mentia were based on the definitions of Jellinger (49) and
Jellinger and Bancher (50). The diagnosis of progressive
supranuclear palsy was based on the National Institute of
Neurological Disorders and Stroke criteria (51). The diag-
nosis of vascular dementia was based on the criteria of the
National Institute of Neurological Disorders and Stroke-
Association Intemationale pour la Recherche et I'Enseigne-
ment en Neurosciences (52). With respect to combined
pathologies, the diagnosis of AD plus DLB was based on
Braak NFT Stage equal to or more than IV and SP Stage
€ (47), in combination with a Lewy score equal to or more
than 4 with involvement of the CA2 of hippocampus and
intermediolateral column of the spinal cord, as previously
reported (29, 43),

Neuropathology of the OB
Both OBs were sampled at autopsy. One was snap
frozen, and the other was fixed in 4% paraformaldehyde for

48 hours. A sagittal section was embedded in paraftin, and 6-
wm-thick serial sections were stained with H&E, with
Kliiver-Barrera. or by immunohistochemistry with the same
panel of antibodies previously described.

In addition, a double labeling immunofiuorescence
study was performed on selected sections of the OB. Dep-
araffinized sections were incubated simultaneously with poly-
clonal psyn (PSer129) and monoclonal anti-TH or polyclonal
ptau (AP422, polyclonal, a gift from Dr Y. lhara) (53) and
monoclonal psyn no. 64. Primary antibodies were visualized
with anti-rabbit Alexa 546 Fluor and anti-mouse immuno-
globulin G Alexa 488 (Molecular Probes, Eugene, OR) with
4 6-diamidino-2-phenylindole (DAPI) staining for the
nucleus under a confocal laser microscope (LSMS, PASCAL,
Carl Zeiss, Jena, Germany).

LB Grade of the OBs

The OB periphery and the AON (Fig. 1) were sep-
arately evaluated. The secondary olfactory structure
included the soma and cell processes of mitral cells, tufted
cells, granule cells, and periglomerular cells. Grading of a-
synuclein pathology followed the revised DLB Consensus

FIGURE 2. Lewy body (LB)-related a-synucleinopathy (LBAS) in different neuron populations in the olfactory bulb (OB).
(A) Tissue from a patient with LBAS preferentially involving the periphery of the OB and surrounds the anterior olfactory
nucleus (AON). Scale bar = 500 wm. (B) Mitral cell. Scale bar = 10 wm. (C) Tufted cell. Scale bar = 10 pm. (D) Granule cell,
Scale bar = 10 pm. (E) Tissue fram a patient with LBAS preferentially involving the AON. Scale bar = 500 um. (F) AON neuron.
Scale bar = 10 um. (A-F) Immunchistochemistry with anti-phosphorylated a-synuclein antibody (psyn no. 64) counterstained
with hematoxylin,
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TABLE 2. Correlation Between LBAS Grades in the AON
and in the Periphery of the OB

TABLE 3. Correlations Between LBAS Grades in the AON
and the OB Periphery With Clinical and Subclinical LB Disease

LBAS Grade: AON LBAS Grade Periphery
0 1 1= AON 0 1 2 3
LBAS grude: Periphery 0 135 2* 0 0 00 win [1 7] 02
I n 4 7 1 02 w4 wio o3
25 4 13 43 2 o 12 n I8
= 0.004 3 o0 n 5 03
4 o0 n 911 s

*, complicated by cocxistent Aleheimer discase pathology
AON, anterior olfsctory nucleus: LB, Lewy body: LBAS, LB-related a-
synuclemopathy. (O, olfactory bulh

Guidelines (42). The classification of Tsuboi et al (54) for
NFTs was applied. For SPs, we developed the following
criteria: Grade 0, none; Grade 1, sparse dots; Grade 2,
definite SPs, scattered; and Grade 3, abundant SPs.

Clinical Information

Clinical information, including the presence or absence
of parkinsonism and cognitive state, was obtained from
medical charts. The Mini-Mental State Examination (55) or
the Hasegawa Dementia Scale (or its revised version [56]),
and the Instrumental Activities of Daily Living (37) were
used 1o evaluate cognitive function, The Clinical Dementia
Rating (CDR) (58) was retrospectively determined by 2 in-
dependent board-certified neurologisis. If the resulting ratings
were in agreement, the score was accepted. If not, the neuro-
logists reconciled their differences in the score after inter-
views with the patients’ attending physicians and caregivers.
Information about parkinsonism, bradykinesia, resting tremor,
rigidity, and postural instability was obtained from neuro-
logical examinations. The presence of more than 2 of these
clinical signs was interpreted as indicative of parkinsonism.
The clinical diagnosis of AD was based on the eniteria of the
National Institute of Neurological and Communication Dis-
orders and Stroke-Alzheimer Disease and Related Disorders
Association (59).

Apolipoprotein E Genotype Analysis

We extracted genomic DNA from a freshly frozen
kidney, measured the quantity of DNA with a spectropho-
tometer (Hitachi U2000, Tokyo, Japan), and adjusted it to

Lewy pathology grade: anterior olfactory nuclkus

100%

80% - i

6% H H— i — i
bis :

0% 31 1 =1 2

20 H — = : l? 13

1% l -
0 0.5 [ 1 1 v v

HHAR LB Stage

The mtio represents the number of pmients with clinical LB disense/the number of
panents with either subclinical or clinical LB disease for cach LBAS grade as described
in the Materials and Methods section

AUN. anterior olfactory nucleus; LB, Lewy body: LBAS, LB-related a-

synuclemopathy

100 pg/mL. Tissues from all patients except for one (who
had Creutzfeldi-Jakob disease) in the series were genetically
examined in our laboratory. After polymerase chain reaction
amplification, apolipoprotein E (APOE) genotyping was
conducted with restriction enzyme /Hhal, as described pre-
viously by Hixson and Vernier (60).

Statistical Analysis

Statistical comparison of LBAS grades in the AON
and the OB periphery among patients at the Brain Bank for
Aging Research (BBAR) (61) LB Stages IB, IT, IN, and 1A
(I, incidental LB disease; with extension of B, brainstem; T,
transitional; N, neocortical; and A, amygdala as previously
stated) was performed by the Friedman test. The Friedman
test was used for comparison of categorical data. The Mann-
Whitney L test was used for comparison of age al death. The
relationships between LBAS grade in the OB and LBAS in
the adrenal gland were assessed with the Mann-Whitney U
test. Independent-sample r-tests were used for comparison
of mean LBAS grade in the AON or the OB periphery and
between Braak stages for SP and NFTs and the BBAR LB
stage. The correlation between LBAS grade of the amygdala
and of the AON or the OB periphery was assessed with
Spearman rank correlation coefficient. Statistical comparison
of LBAS grades, tau grades, and B-amyloid grades in AON
and the periphery between APOE £4 carriers and noncar-
riers using the Wilcoxon test. All swatistical analyses were

Lewy pathology grade: periphery

1K%s
Bl
6%
A%
2%

(03

BBAR LB Stage

FIGURE 3. Correlations between Lewy body (LB) stage of the Brain Bank for Aging Research (BBAR) and grade of LB-related
a-synucleinopathy (LBAS) in the anterior olfactory nucleus or the periphery of the olfactory bulb (OB). All patients with BBAR LB

Stage = Il had LBAS in the OB.
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TABLE 4. Correlations Between LBAS Grades in the OB and Degenerative Senile Changes in Other Areas of the CNS

BBAR LR Stage Braak SP Stage Braak NFT Stage
LBAS Grade 051 m-v p A B-C p o m-vi P
AON 1.53 335 «0.001 1.76 .33 0.051 2.05 2.12 0814
Periphery .98 1.88 0.538 1.92 1.9% ane 1.93 19% 0.786

AON, anterior olfactory nucleus, BBAR. Brain Bank fir Aging Research: LB. Lewy hody (0.5-11 subchinical LB disease; [11-V, Parkinson disease, Parkimson discase with
dementia, and dementia with LBsj; LBAS, LB-related a-synucleinopathy; NFT, brillary tangle; OB, olfactory bulb; SP, senile plague

performed using SPSS 15.0J for Windows (SPSS, Inc,  The BBAR Staging for LBAS in the CNS,
Chicago, IL). The statistical significance level was set at  Including Spinal Cord

p < 0.05. Lewy body-related a-synucleinopathy was found in
102 (31.9%) of the 320 patients (Table 1); the BBAR LB

RESULTS stages (29, 39, 44) were as follows: Stage 0, 218 patients;

Stage 0.5, 30 patients; Stage 1, 37 patients; Stage II. 8

ClinITrL(I;:fothemggg)r:unmculiv: el . W patients; Stage I‘II. 2 patients; Stage IV, 11 patients; und.
Bl erib £ ks ism (41). Thp )(E'DPR 1d Stage V, 14 patients. The Stage IV patients included 4 of
e e or patkinzopism 1% ). The LR eou e . PDDT and 7 of DLBT, with 5 of the 7 DLBT patients having

spectively be assessed in 251 patients as follows: CDR 0, 95 . X X < i

atients: CDR 0.5. 41 patients: CDR 1. 31 patients: CDR 2 parkinsonism. The Stage V patients included 2 with PDDN
pRACHS: ity i 3l pattEgy * and 12 with DLBN; 3 of the 12 DLBN patients had
15 patients; and CDR 3, 69 patients. The percentage of CDR rkinsonism (42) :
equal to or greater than 0.5 was 62.2%. pa §

Neuropathologic Diagnosis Incidence, Distribution, and Extent
The neuropathologic diagnoses consisted of AD (n =  of LBAS in the OB
25), vascular dementia (n = 20), DLB (n = 13), dementia with Lewy body-related a-synucleinopathy was detected in

grains (n = 10), progressive supranuclear palsy (n = 6), PDD  the OB of 85 (26.6%) of the 320 patients. The most frequent
(n = 5), NFT-predominant form of dementia (n = 5),  psyn-immunoreactive neuronal cells in the periphery were
amyotrophic lateral sclerosis (n = 35), amyotrophic lateral  granule cells, followed by mitral cells, wfied cells, and peri-
sclerosis with dementia (n = 35), idiopathic hippocampal  glomerular cells (Fig. 2). Lewy bodies in the OBs usually
sclerosis (n=3), PD (n = 2), and | case each of PD with Pick  showed cortical-type morphological features, as reported
bodies, spinocerebellar alaxia 3/Machado-Joseph disease, previously (11); a few had halos,

multiple sclerosis, Kennedy-Alter Sung disease, Huntington Patients with LBAS in the OBs could be classified into
disease, frontotemporal lobar degeneration with ubiquitinated 2 groups: one in which LBAS predominated in the AON
inclusions, and Creutzfeldi-Jakob disease. Patients with  (Fig. 2E) and the other in which LBAS predominated in the
combined pathologies included AD plus DLB (n = 6), AD  periphery of the OB (Fig. 2A). Very few psyn-positive
plus vascular dementia (n = 2), dementia with grains plus  neurites or dots were present in the olfactory nerve layer
NFT-predominant form of dementia (n = 2), and PDD plus  (where mamified axons of the bipolar receptor cells are pres-
progressive supranuclear palsy plus dementia with grains  ent in the olfactory epithelium); therefore, LBAS in the
(n = 1). The remaining patients did not fulfill clinical and/or  periphery was found to reside mainly in the secondary ol-
pathological criteria for neurodegenerative diseases. factory structure. Lewy body-related a-synucleinopathy in

TABLE 5. Demography of 5 Patients With LB Identified Only in the OBs by H&E Stain

LBAS
BBAR LB OB Grade Other Regions

Patient Ape/Sex  Clinical Dx  CDR  BW, g Np Dx NFT 5P Stage AON  Periphery dm  l¢ sn & ca?  s¢  adr
I 2M HCC 05 1351 unremarkable 1 A 0.5T I 2 0 1 LI . B 0
2 T8F  CRF dementia 2 1147 CVDE, VD 1l A 0.58 3 3 1 1 LI S 0
3 89M  Lung carcinoma | 1246 early Al v ¢ 0.5A 2 2 0 0 o 1 a0 1 ]

post radiation

therupy
4 TaM COPD 0.5 1413 AC v c 0.5T 2 3 1 I 1 ¥ 1 4 0
-] B2F AD 3 1123 AD v C L5A | 2 0 0 o 1 0 0 1

o, amypdala; AC, Alzheimer discase changes, AD. Alzheimer discasc, adr, adrenal gland, AON, wterior olfachury sucleus; BBAR, ihe Brain Bank for Aging Rescarch,

BW, bram weight; ca2, co of the hippocampus: CDR, climcal dementia rating: COPD. chwonie obstructive pulmonary disease, CRF, chrome renal failure, CVDE. chinically
sigmificant embolic corebral vascular disease, dm, dorsal motor mucleus of vigus: Da, disgnosis, T, female; H-E hemaoxy hn and eosin, HOC, bepatic cell carcinoma; LH, Lewy
body: LBAS, LB-related a- I hy, b, hoscus leus, M., male; NET, Braak 's stages for Ilary tanghes: Np, pathalogic: OB, alfactory bulb; sc. spinal eord: sn
substantia migm, SP, Braak’s stoges for semle plaques; Y1, vascular demenia
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the AON was gruded from 0 to 4 and LBAS in the OB pe-
riphery from 0 to 3. The AON Grades 3 and 4 patients were
combined and analyzed with the Periphery Grade 3 patients.

Among the patients with LBAS in the OB, 14 were
affected in the periphery alone and 2 in the AON alone. The
latter 2 patients had AD and had very few psyn-immunor-
eactive granules in neuronal perikarya. In the earliest stage of
LBAS in the OB, the periphery was more frequently involved
than the AON (Table 2; p = 0.004).

Correlations Between LBAS in the OB
and the CNS, Including Spinal Cord

Lewy body-related a-synucleinopathy in the OB was
compared with LBAS in other locations of the CNS (Table |,
Fig. 3). The percentages of OB LBAS—positive patients at
cach BBAR LB stage were as follows: Stage 0, 0%; Stage
0.5, 56.7% (0.5B, 37.5%; 0.5T, 62.5%; 0.5A, 64.3%); Stage

I, 89.2% (1B, 81.3%,; IT, 92.9%; 1A, 100%); and Stages Il to
V., 100% (Table 1; Fig. 3).

Among the 35 patients at BBAR LB Stage 11 or higher,
31 (BR.6%) had LBAS in the adrenal glands, The 4 patients
who lacked adrenal LBAS all had AD pathology. The
averuge LBAS grade in the OB periphery of the 31 adrenal
LBAS-positive patients was significantly greater (p = 0.029)
than that of the 4 adrenal LBAS-negative patients. In con-
trasl, the average LB grade in the AON of the 4 adrenal
LBAS-negative patients was greater than that of the 31
adrenal LBAS—positive patients, although the difference was
not significant (p = 0.054).

We further analyzed patents categorized as having
BBAR LB Stage I. In the IB subgroup, the average LBAS
grade of the periphery was significantly larger (p < 0.01) than
that of the AON, but this difference was not significant in the
IT and the IA subgroups (p = 0.75, p = 0.13; Table 1).

FIGURE 4. Tissue from a patient with Lewy bodies (LBs) only in the olfactory bulb (OB) (Patient 1 in Table 5). (A) LB-related
a-synucleinopathy in the periphery of the OB (*anterior olfactory nucleus; immunohistochemistry (IH) with anti-phosphorylated
a-synuclein antibody, visualized with diaminobenzidine, Scale bar = 200 um, (B) LB in the periphery of the OB (H&E stain). Scale
bar = 10 um. (€) Intraneuronal perikaryal aggregates are stained by IH with anti-phosphorylated «-synuclein antibody (psyn no.
64). Scale bar = 10 pm. (D) IH with psyn no. 64 in the amygdala. Scale bar = 200 pm. (E) A single Lewy neurite is stained. Scale
bar = 10 pm, (F) CA2 in the hippocampus shows almost no IH staining with psyn no. 64, Scale bar = 200 um. (G) A fine granule
is psyn no. 64 immunopaositive in a neuron perikaryon. Scale bar = 10 pm.
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All of the patients at BBAR LB Stage Il or higher
(PD/PDD/DLB) demonstrated high-grade LBAS in the AON.
The mean grade of LBAS in the AON among patients at
Stage V was significantly higher than that of Stage IV
patients (p = 0.005; Table 1), One of 11 Stage IV patients
and 5 of 14 Stage V patients fulfilled our pathological
criteria of AD (47), and all of them (6/6, 100%) showed
LBAS Grade 4 in the AON. In contrast, only 7 (36.8%) of
19 patients at Stages IV and V who did not fulfill our
pathological criteria for AD showed LBAS Grade 4 in
the AON

We also compared patients with subclinical (<Stage 11)
and clinical (>Stage I1I) LB disease with regard to LBAS
grade of the AON and the periphery of the OB (Table 3). The
average LBAS grade in the AON, but not in the peniphery,
was significantly higher in clinical than in subclinical patients
(Table 4)

LBAS in Amygdala and OB

Ninety-four (29.4%) of the 320 patients had LBAS in
the amygdala. Among the 8BS patients with positive LBAS in
the OB, 83 had LBAS in the amygdala; the remaining 2 had
Grade | LBAS in the periphery of the OB but not in the AON
or amygdala. Five had Grade 1 LBAS in the amygdala but
LBs in the OB (see later). All of the PD/PDD/DLB (BBAR LB
Stages [II, IV, and V) patients had Grade 4 LBAS in the
amygdala, in accordance with the grading paradigm of the

revised DLB Consensus Guidelines (42). The LBAS grade of

the amygdala correlated more strongly with that of the AON
than with that of the OB periphery (Spearman correlation
coefficient, 0.853 and 0.521, respectively)

Correlations Between Braak’s Stages for NFTs
or 5Ps and LBAS in the OB

The mean LBAS grade of the AON was higher in
Braak's SP Stages B and C than in Stages 0 and A (p =

FIGURE 5.

contocal microscopy. There is little overlap in the staining. Patient 3 in Table 5. Scale bar =

0.051), although this difference was not statistically signifi-
cant. Comparisons of other Braak stages did not reveal any
statistical differences (Table 4).

Influence of APOE £4 on Olfactory LBAS

The results of APOE genotyping of the 319 patients
(excluding one with Creutzfeldt-Jakob disease) were as
follows: 2 patients with the £2/e2 genotype; 12 with £2/e3;
I with £2/£4; 247 with £3/e3; 51 with £3/e4; and 6 with &4/
€4, The 57 APOE &4 carriers had a significantly higher grade
than the 262 noncarriers for tauopathy of the AON (p =
0.011) and anti- amyloid amyloidosis of both the AON (p <
0.001) and the penphery (p = 0.001), but not for LBAS of
the AON (p = 0.80) or the periphery (p = 0.28).

Correlation Between Incidence of LBAS
of the OB and Age at Death

The mean age at death was 84.1 + B.| years in OB-
positive patients and 80.6 + 8.6 years in OB-negative
patients (p = 0.014). Although not statistically significant,
the percentage of LBAS in the OB among those patients with
LBAS involving the CNS also tended to increase with age:
73% (22/30) in the eighth decade, 87% (34/39) in the ninth
decade, and 93% (25/27) in the 10th decade. No significant
difference was noted between OB-positive and OB-negative
patients with respect to sex.

Analysis of Data on the 5 Patients Who Had
LBs Only in the OB by Routine H&E Stain

Among the 320 consecutive autopsy patients, 5 (1.6%)
who were categorized as having BBAR LB Stage 0.5 had
LBs recognized by H&E staining only in the OB (Table §)
No adrenal LBAS was found in these 5 patients. The group
consisted of 3 men and 2 women, with a mean age at death
of 79 years. One patient (Patient 1) had pure LBAS not
markedly complicated by other senile changes or vascular

Colocalization of phosphorylated a-synuclein and tau in a neuron of the anterior olfactory nucleus visualized by

10 um. (A) Epitope of AP422 visualized

with Alexa 546 Fluor (red). (B) Epitope of psyn no. 64, visualized with Alexa 488 Fluor (green). (€) Merged image. Nuclear stain

with 4, 6-diamidino-2-phenylindole (DAPI) (blue).
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FIGURE 6. Different distribution patterns of the epitope of tyrosine hydroxylase (TH) and phosphorylated o-synuclein
immunohistochemistry. (A) The epitope of anti-phosphorylated a-synuclein antibody was largely localized to mitral cells
(arrowhead) and the granular cell layer and the anterior olfactory nucleus (arrow). Scale bar = 100 um. (B) The epitopes of anti-
TH antibodies were situated in periglomerular cells (arrow) and glomerulus.

lesions. Lewy body-related w-synucleinopathy preferen-
tially involved the periphery of the OB (Fig. 4A), with a
significant number of LBs (Figs. 4B, C). There were only a
few anti-psyn—immunoreactive dots in the AON (Fig. 4A).
Anti-psyn immunoreactivity was also present (but sparse) in
the locus coeruleus, substantia nigra, amygdala (Figs. 4D, E).
and CA2 of the hippocampus (Figs. 4F, G). Three of these
patients had AD pathology, and all had colocalization of the
epitopes of anti-psyn and ptau antibodies in neurons of the
AON (Figs. SA-C),

Correlation Between Anti-TH-Immunoreactive
Neurons and LBAS

The epitopes of anu-TH antibodies were localized to
penglomerular cells and very few granule cells in addition
10 the stratum album, as reponied previously (62). The loca-
tions of the epitopes of anti-psyn antibodies were different
from those of anti-TH antibodies and preferentially involved

1080

inner structures (Fig. 6). Very little colocalization of the
epitopes of anti-psyn and TH antibodies could be detected
(Figs. TA-C),

DISCUSSION

There are 5 major findings in this study: 1) 26% of the
consecutive autopsy patients from a general geriatric hospital
had LBAS in the OB (peripheral OB, AON, or both); 2)
LBAS always involved the OB in the advanced subclinical
and clinical stages of LB disease; 3) in this aging population,
LBs first appeared in the OB of 2% of patients; 4) LBAS in
the OB appeared to extend from the periphery of the OB
(secondary olfactory structure) to the AON (tertiary olfactory
structure), and 5) LBAS in the amygdala was strongly
correlated with LBAS in the OB; this correlation was more
pronounced in the AON than i the penphery

Subsequent o Kosaka et al (63), Braak et al (26)
examined a cohort that consisted of incidental cases without

@ 2008 American Association of Neuropathologists, Inc
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FIGURE 7.

Epitopes of anti-phosphorylated a-synuclein antibody (PSer129) and anti-lityrosine hydroxylase (TH) antibody were

rarely colocalized. (A) Epitope of PSer129 visualized with Alexa 546 Fluor (red). Scale bar = 10 pm, (B) Epitope of TH visualized
with Alexa 488 Fluor (green). (C) Merged image. Nuclear staining with 4',6-diamidino-2-phenylindole (DAPI) (blue).

dementia and clinical PD patients with and without dementia,
excluding AD and DLB by immunohistochemistry with
anti—a-synuclein antibodies, They proposed a staging par-
adigm for LBAS, starting from the medulla oblongata, in-
cluding the dorsal motor nucleus of the vagus, extending
rostrally in the brainstem, spreading to the limbic system, and
reaching the neocortex (26). Braak et al more recently re-
ported findings in the OB and amygdala (30). The correlation
between the Kosaka-Braak rostral extension pathway and the
olfactory-amygdala pathway has yet to be determined. Three
patients (Patients 1, 3, and 5 in Table 5) had LBAS in the OB
but not in the dorsal motor nucleus of the vagus and did not
follow the original staging of Braak et al (26). A difference
between the study of Braak et al (30) and the present study is
that although they evaluated both tertiary and secondary
olfactory structures for the presence of LBAS, our examina-
tion of the various cell types and layers in the peripheral OB
enabled us to conclude that the secondary olfactory structure
is preferentially involved in early-stage LBAS,

Olfactory dysfunction is one of the mitial manifesta-
tions in PD and occurs before motor dysfunction (64). An
LB-type rapid eye movement sleep behavior disorder 15 also
recognized to develop into PD, and a decrease in olfactory
discrimination ability 1s also useful for the diagnosis of this
disorder (65). We found that LBAS always involves the OB
when LBAS includes degeneration of the substantia nigra,
irrespective of the presence or absence of clinical parkinson-

i1sm or dementia; this suggests the morphological correlate of

these clinical observations. Olfactory dysfunction is rarely
recognized as a medical problem in the elderly in Japan, and
we did not find descnptions of an impaired sense of smell in
the retrospective investigation of medical charts.

Qur findings that LBAS in the OB may start in the
peniphery and extend to the AON are in agreement with the
results of Hubbard et al (66) who studied 79 OBs, 193 AON,
and 201 amygdalae. Their specimens were independently
registered in the Cambridge Brain Bank, and most of them
had AD pathology. These studies may support the hypothesis

1 2008 American Association of Newropathologists, Ine

of Hawkes et al (67) and Hawkes (68) that a neurotropic
pathogen, probably viral, enters the brain through the olfac-
tory pathway. Intranasal administration of the neurotoxin |-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine to rats reduced
the enzyme activity of TH in the OB and substantia nigra,
resulting in a significant reduction in dopamine concentration
in the OB and reproducing the clinical features of PD (69). In
contrast, Huisman et al (24) reported that the total number of
TH-immunoreactive neurons in the OB was twice as high in
PD patients as in age- and sex-matched controls; they sug-
gested that increased dopaminergic activity in the OB may
lead to the suppression of olfactory information because of
the inhibitory effect of dopamine on the transmission
between olfactory receptor cells and mitral cells within the
olfactory glomeruli (24). In the present study, the anatomical
locations of LBAS and anti-TH-immunoreactive neurons
rarely matched. The role of dopamine in olfactory dysfunc-
tion should, therefore, be further investigated to clarify these
issues.

Our study also indicated a strong correlation between
LBAS in the AON and LBAS in the amygdala. Three of 5
patients with LBs only in the OB also had AD pathology of
NFT Stage IV or higher and we confirmed colocalization of
the epitopes of anti-ptau and anti-psyn antibodies in the
perikarya of AON neurons. Colocalization of these 2 epitopes
has been reported in the amygdala, entorhinal cortex, and
CA2 and 3 of hippocampus (70, 71), as well as in the
OB (72). Fupshiro et al (72) first reported colocalization of «-
synuclein and tau filaments in the OB with double enzyme
immunocytochemistry and immunoelectron microscopy in
the amygdala variant of LB disease complicated by AD
Because they screened AD patients with a considerable bur-
den of LBAS in the amygdala and did not separately observe
the changes in the peniphery of the OB and AON, they could
not determine i which direction(s) the LBAS spreads
(Hiroki Fujishiro, the 49th Annual Meeting of the Japancse
Society of Neuropathology, personal commumication, Tokyo,
May 2008)

In contrast, Hubbard et al (66) proposed the
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hypothesis that the spread of LBAS from the periphery of the
OB to the AON and amygdala was independent. Taken
together with these previous studies (66, 72), our present
observations make it reasonable to conclude that in AD,
LBAS first affects the periphery of the OB, spreads (o the
AON, and then reaches the amygdala. We also provide the
first morphological evidence that the colocalization of tau and
a-synuclein can first appear in the AON in AD with very little
burden of a-synucleinopathy in the amygdala. Thus, we
propose that the amygdala variant of LB disease should be
renamed as the olfactory-amygdala variant.

The chief original observation of the present study is
that we confirmed this pattern of spread in patients with pure
Lewy pathology without AD. Moreover, our study clearly
shows that the involvement of the periphery of the OB alone
does not result in either Lewy body-associated parkinsonism
or dementia. This suggests that the spread of LBAS in the
AON and then into the amygdala may be required for the
clinical manifestations of LB disease.

Our study also confirms the biologic significance of
pale or LB seen in sections stained by H&E that corresponds
to focal aggregates of immunoreactivity for phosphorylated
a-synuclein. In the DLB revised Consensus Guidelines (42),
which we followed, the presence of pale or LBs was de-
termined to be equal to or more than Grade 2, whereas the
presence of immunohistochemically visualized Lewy neurites
or diffuse granular perikaryal neuronal staining alone, lack-
ing pale or LBs, indicated Grade 1. Our results also indicate
that the presence of LBs or pale bodies in AON (LBAS =
Grade 2) was correlated with a clinical presentation of LB
disease (Table 3).

Thus, it is likely that the extension of LBAS from the
OB periphery to the AON is essential for extension of LBAS
from the OB to other areas of the CNS, including the amyg-
dala, Recently, the presence of LBs in grafted fetal tissues in
the striatum has been reported (73, 74), indicating the trans-
mission of an LBAS pathogen through the neuronal network
(67, 75, 76). Our present results are consistent with these new
observations.

In conclusion, we show here that the OB is one of the
initial anatomical sites affected by LBAS, and that its
functional and morphological evaluation is useful for the
neuropathologic diagnosis and clinical evaluation of LB
disease.
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Abstract A monoclonal antibody specific for phosphoserines
409 and 410 of TDP-43 (mAb pS409/410) has been produced.
It strongly stained TDP-43-positive inclusions in brain of pa-
tients with frontotemporal lobar degeneration and amyotrophic
lateral sclerosis, but did not stain nuclei, in which normal
TDP-43 is localized. It did not recognize TDP-43 rapidly ex-
tracted from brains of rats at various developmental stages,
strongly suggesting that phosphorylation of Ser409/410 is an
abnormal event. Analysis of postmortem changes of TDP-43 re-
vealed that the amounts of Sarkosyl-insoluble, urea-soluble full-
length TDP-43 and a 35 kDa N-terminal fragment increased
time-dependently.

© 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Ubiquitin; Inclusions; Tau; a-synuclein;
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1. Introduction

Hyperphosphorylated and ubiquitinated proteins have been
identified as the major components of cytoplasmic inclusions
in a number of neurodegenerative diseases, such as tau in
tauopathies and «-synuclein in a-synucleinopathies [1.2]. Re-
cently, TAR DNA-binding protein of 43 kDa (TDP-43) was
identified as the major component of tau-negative and ubig-
uitin-positive neuronal cytoplasmic inclusions (NCls), intra-
nuclear inclusions and dystrophic neurites (DNs) in
frontotemporal lobar degeneration (FTLD-U), as well as
skein-like inclusions and round inclusions in amyotrophic lat-
eral sclerosis (ALS) [3-5). TDP-43 is a protein belonging to
the group of 2 RNA-hinding domain (RBD)-Gly RNA-bind-
ing proteins, which include the heterogeneous nuclear ribonu-

“Corresponding author. Fax: +81 3 3329 8035,
E-mail address: masato@prit.go jp (M. Hasegawa),

cleoprotein (hnRNP) family and factors involved in RNA
splicing and transport (6.7). TDP-43 binds hnRNP A/B and
hnRNP Al through its C-terminal region, inhibiting pre-
mRNA splicing [8]. More recently, missense mutations in
the TDP-43 gene have been identified in familial and sporadic
ALS cases |9-13]. These findings strongly suggest that struc-
tural and functional dysfunction of TDP-43 lead to aggrega-
tion of TDP-43 and neurodegeneration. Dephosphorylation
experiments indicated that the TDP-43 deposited in FTLD-
U and ALS was hyperphosphorylated [3,4], We have raised
antibodies against 36 candidate sites for phosphorylation
and found that several antibodies against phosphopeptides
in the C-terminal region of TDP-43 strongly stained TDP-
43 lesions in FTLD-U and ALS [14]. Among these antibod-
ies, the antibody to phosphoserine 409 and 410 (pS409/410)
showed particularly robust and widespread staining of
TDP-43 lesions in FTLD-U and ALS. In addition, in vitro
phosphorylation experiments showed that the pS409/410 epi-
tope was generated by incubation of TDP-43 with casein ki-
nase (CK) 1 or CK2, and phosphorylation at these sites
increased TDP-43 oligomerization [14],

In order to investigate the phosphorylation of TDP-43 fur-
ther, we have produced and characterized a monoclonal anti-
body (mAb pS409/410) directed against phosphoserines 409
and 410 in human TDP-43. We show here that mAb
pS409/410 strongly stained all known types of TDP-43 inclu-
sions in FTLD-U and ALS, but did not stain normal TDP-
43. This mAb also stained TDP-43 phosphorylated with
CK1 or CK2 in vitro. However, it did not react with TDP-
43 rapidly extracted from brains of fetal and adult rats with
a buffer containing phosphatase inhibitors, though tau phos-
phorylation was detected. TDP-43 proteins were detected in
various tissues with anti-TDP-43 antibody, but not with
mAb pS409/410. These results suggest that the phosphoryla-
tion of Serd09/410 is an abnormal event that does not occur
in normal tissues, We also found that Sarkosyl-insoluble,
urca-soluble full-length TDP-43 and a 35kDa N-terminal
fragment increased during postmortem incubation.

0014-5793/534.00 © 2008 Federation of European Biochemical Societies, Published by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Antibodies

Monoclonal antibody (mAb) pS409/410 was raised against a syn-
thetic phosphopeptide, CMDSKS(p)S(p)GWGM (amino acid residues
405-414 in human TDP43), where $(p) represents phosphoserine, The
peptide was conjugated at the amino-terminus via a cysteine linkage to
thyroglobulin from bovine thyroid, using m-mhmndobmmyl -N-
hydroxysuccinimide ester as a mnplm; P P
was used as the immunogen. BALB/c mice were lruu:ted subcutane-
ously with 50-200 ug of peptide and boosted on days 14 and 21. The
spleen cells were removed and the cells were fused with myeloma cells
using polyethyleneglycol 4000. Screening of positive clones was per-
formed by immunohistochemistry of Triton-insoluble smears fmm
FTLD-U brains. Ascites were prepared by intraperitoneal injection
of cloned hybridoma cells and used in all experiments. Pulyc}uml anti-
body (pAb) pS409/410 and anti-TDP43C (405-414) were prepared as
described [14]. Anti-TDP-43 antibody and anti-ubiquitin antibody
were purchased from Protein Tech and Dako, respectively. Antibodies
were diluted as follows: mAb pS409/410 (1:3000-5000), pAb pS409/410
{1:2000-3000), anti-TDP-43 (1:3000-5000), anti-ubiquitin (1:2000) and
anti-TDP43C (1:1000-2000).

2.2. Preparation of recombinant TDP-43 and phosphorylation

In a full-length cDNA encoding the 414 amino acids of human TDP-
43, mutations were introduced at codons 409 (Ser to Ala: S409A), 410
(Ser to Ala: S410A), or 409 and 410 (Ser to Ala: S409A/S410A) using a
site-direcied mutagenesis kit (Strategene) according to the manufac-
turer’s instructions. Expression and partial purification of the wild-
type (WT) and mutated TDP-43 proteins and phosphorylation of re-
combinant TDP-43 with CK1 or CK2 were carried as described [14].

2.3, Extraction of TDP-43 and immunoblotting

Brains of embryonic 19-day (E19) and 21-day (E21), and postnatal
I-day-old (1d), l-weck-old (1w), 2-week-old (2w), 4-week-old (4w),
and 6-week-old (6w) Wistar rats were homogenized in 10 volumes of
extraction buffer (10 mM Tris-HCl, pH 7.5, | mM EGTA, 10% su-
crose, 0.8 M NaCl) containing phosphatase inhibitors (50 mM p-glyc-
erophosphate, 5mM NaF, SmM NaVO;) and a protease inhibitor
cocktail (Calbiochem), and spun at 386000xg for 20 min at 4 °C.
The resulting supernatants were retained as Tris-soluble fraction and
the pellets were homogenized in 10 volumes of buffer containing 1%
Triton X-100. The homogenates were left for 30 min at 37 °C. After
a 20 min spin at 386000xg, the supernatants were retained as Triton-
soluble fraction and the pellets were h ized in buffer containing
1% Sarkosyl. The homogenates were left for 30 min at 37 °C, followed
by a 20 min spin at 386000xg. The supematants were retained as
Sarkosyl-soluble fraction and the pellets were solubilized in one vol-
ume of 50 mM Tris-HCl, pH 7.5, containing 8 M urea, followed by
a 20 min spin at 386000xg. The supernatant was retained as Sarko-
syl-insoluble, urea-soluble fraction. Various tissues of 6-week-old rats
were also homogenized as described above, and the extracted proteins
were Iy Sarkosyl-insoluble fractions from frontal and \emporal
regions of human control, FTLD-U and ALS brains were prepared as
described [14). The samples before (—) and after (+) the treatment with
lambda protein phosphatase (APPase) were loaded on 10% SDS-
PAGE, Immunoblotting was performed as described [14].

2.4. Immunohistochemisiry

Human brain tissue was obtained from the Brain Donation Program
at Sun Health Research Institute, Sun City AZ and from Aichi Med-
ical University, and Tokyo Metropolitan Matsuzawa Hospital, Japan.
Small blocks of brain tissue were dissected at autopsy and frozen rap-
idly at =70 to —80 °C or fixed in 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (pH 7.4) for 2 days. Brain tissue from patients with
sporadic FTLD-U, familial FTLD-U with PGRN mutations
(mPGRN), sporadic ALS and sporadic FTLD-MND was compared
with brain tissue from neurologically normal control subjects. Neuro-
pathological diagnoses of FTLD-U, FTLD-MND and ALS were
made in accordance with published guidelines as described [14].

Following cryoprotection in 15% sucrose in 0.01 M phosphate-buf-
fered saline (PBS) (pH 7.4), PFA-fixed tissue blocks were frozen and
cut on a microtome at 30 um thickness. Free floating sections were
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lmmunoswnnd with mAh 409.’4!0 an anti- ubmmtm antibody, and a
i b h anti-TDP-43

auhhody (PmtcmTeeh) usmg mparwd mtboda [3).

3. Results

3.1. Antibody specificities

To investigate the specificity of mAb pS409/410, we per-
formed ELISA assay of synthetic phospho- and non-phospho-
peptides. As shown in Fig 1A, mAb pS409/410 strongly
reacted with a pS409/410 phosphopeptide, CMDSKS(p)S(p)
GWGM, which was used as the inmunogen, but did not react
with the peptide containing non-phosphorylated S409/410. It
only weakly recognized phosphopeptides pS409 (CMDSKS(p)
SGWGM) and pS410 (CMDSKSS(p)GWGM) (Fig. 1A), sug-
gesting that this monoclonal antibody is highly specific for the
peptide phosphorylated at both Serd409 and Serd10. This was
confirmed by immunoblot analysis of wild-type (WT) and mu-
tated recombinant TDP-43 before and after phosphorylation
with CK1. As shown in Fig. 1B, mAb pS409/410 failed to rec-
ognize wild-type TDP-43 prior to phosphorylation. However,
it did recognize wild-type TDP-43 that had been incubated
overnight with CK 1. It also weakly recognized phosphorylated
S409A and S410A, but failed to stain S409A/S410A (Fig. 1B).
Immunoblotting with pAb pS409/410 gave similar results:
however, weak staining was detected with non-phosphorylated
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Fig. 1. Characterization of mAb ]:640‘9“104\ (A) ELISA assay: a
synthetic peptide or phosph 3 g to residues 405-
414 of TDP-43 were pmbad ‘with mAb psmaﬂﬂ antibody. (B)
Immunoblot analyses of momhtn,wt TDP-43 phosphorylated in vitro.
Wild-type and I TDP-43 were incubated
with or without CK1 (10000 units/ml, NL-.B) in the presence of ATP at
37°Cfor 24 h.1 blots were st d with anti-TDP-43 (Protein-
Tech) and mAb pS409/410.
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