lFe~E 71 Vil & Neuroferritinopathy O HuEEm 52 : 961

Abstract
Neuropathology of superficial hemosiderosis and neuroferritinopathy

Masaki Takao, M.D.
Department of Neuropathology (The Brain Bank for Aging Research),
Tokyo Metropolitan Geriatric Hospital and Institute of Gerontology

Neuropathology of superficial hemosiderosis. Gross finding shows diffuse brownish discoloration at the sur-
face of the cerebrum, cerebellum, brainstem and spinal cord. Severe atrophy and necrosis is present in the cere-
bellum. Extensive deposits of hemosiderin that are well recognized with Berlin blue and ferritin immunohisto-
chemistry are present at the surface and in the superficial parenchyma of the cerebrum, brainstem, cerebellum
and spinal cord. Although the pathomechanism of this disease remains unresolved, continuous or recurrent suba-
rachnoid hemorrhage may be important for developing diffuse hemosiderin deposition. Neuroferritinopathy. In-
tranuclear and intracytoplasmic bodies are seen in glia and subsets of neurons in the central nervous system as
well as in extraneural tissue. They are stained by Perls' method for ferric iron. The bodies are immunopositive
against antibodies raised against mutated and wild type of ferritin light polypeptide as well as ferritin heavy
polypeptide. [t is suggested that loss of normal function and gain of toxic function may be erucial for neurodegen-
eration of neuroferritinopathy. Both diseases could be helpful to understand and clarify the pathomechanism of
neurodegeneration associated with iron metabolism.

(Clin Neurol 2012:52:959-961)
Key words: Superficial hemosiderosis, neuroferritinopathy, iron, hemsosiderin, ferritin
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Abstract
Imaging of diseases with iron deposition

Suketaka Momoshima, M.D.
Diagnostic Radiology, Keio University School of Medicine

Some fundamental technical aspects of magnetic resonance imaging (MRI) in evaluation of iron deposition
were discussed. MRI is an imaging modality sensitive to iron deposition of the brain tissue. T, weighted imaging
(T.WD), T.* weighted imaging (T.*WI), and susceptibility-weighted imaging (SWI) are particularly available for this
purpose. They are different in sensitivity and availability, and should be used in the right places respectively. Sus-
ceptibility to iron deposition is also dependent on the strength of static magnetic field, which should be taken into
account in the interpretation of the images.

(Clin Neurol 2012;52:955-958)
Key words: magnetic resonance imaging, iron deposition, T:" weighted image
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Fig. 1 MRI of a 66 year-old woman with hearing loss and cerebrellar ataxia for 12 years. T2
weighted image (A, D), Tz* weighted image (B. E) and susceptibility weighted image (C, F).
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Table 1 Criteria of superficial siderosis.
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Abstract
Clinical features of superficial siderosis

Takemori Yamawaki, M.D, Ph.D.
Department of Clinical Neuroscience and Therapeutics, Hiroshima University Graduate School of Biomedical Sciences

Superficial siderosis {SS) of the central nervous system is a rare condition in which hemosiderin is deposited
in the subpial layer of the brain and/or spinal cord. It is supposed that hemosiderin deposition is a result of recur-
rent or persistent hemorrhage in the subarachnoid space. The causes of hemorrhage are tumor, vascular abnor-
mality, injury, dural defect, and others. The source of hemorrhage is not apparent despite of extensive examina-
tions in about a half of the patients with SS. Patients with SS usually reveal slowly progressive and irreversible
cerebellar ataxia and/or sensorineural hearing loss. MRI of T,WI or T.*WI demonstrates characteristic linear low
intensity along surface of the brain and the spinal cord. There are two types of SS. One is a classical type, in which
low intensity of MRI is diffuse and symmetrical. The other is a localized type. We attempted to make a clinical cri-
teria of SS according to the world literature. Then, the criteria was applied to cases (53 cases of classical type and
7 cases of localized type) which are collected from Japanese nationwide questionnaires. The causes and symptoms
of Japanese SS are similar with those of Western countries.

(Clin Neurol 2012;52:947-950)
Key words: Superficial siderosis, MRT, T:" weighted image, sensorineural deafness, cerebellar atxia
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Neuropathologic analysis of Lewy-related
o-synucleinopathy in olfactory mucosa

Sayaka Funabe,"* Masaki Takao,' Yuko Saito,’ Hiroyuki Hatsuta,' Mikiko Sugiyama,' Shinji Ito,!
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We analyzed the incidence and extent of Lewy-related
a-synucleinopathy (LBAS) in the olfactory mucosa, as
well as the central and peripheral nervous systems of con-
secutive autopsy cases from a general geriatric hospital. The
brain and olfactory mucosa were immunohistochemically
examined using antibodies raised against phosphorylated
a~synuclein. Thirty-nine out of 105 patients (37.1% ) showed
LBAS in the central or peripheral nervous systems. Seven
patients presented LBAS (Lewy neurites) in the olfactory
lamina propria mucosa. One out of the seven cases also
showed a Lewy neurite in abundle of axons in the cribriform
plate, but a-synuclein deposits were not detected in the
olfactory receptor neurons. In particular, high incidence of
o-synuclein immunopositive LBAS in the olfactory mucosa
was present in the individuals with clinically as well as
neuropathologically confirmed Parkinson’s disease and
dementia with Lewy bodies (6/8 cases, 75%). However, this
pathologic alteration was rare in the cases with incidental or
subclinical Lewy body diseases (LBD) (one out of 31 cases,
3.2%). In the olfactory bulb, the LBAS was usually present
in the glomeruli and granular cells of most symptomatic and
asymptomatic cases with LBD. Our studies further con-
firmed importance of the olfactory entry zone in propaga-
tion of LBAS in the human aging nervous system.

Key words: o-synuclein, Lewy body, neuropathology, olfac-
tory mucosa, Parkinson’s disease.
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INTRODUCTION

Sporadic Parkinson’s disease is a neurodegenerative disor-
der characterized clinically by resting tremor, rigidity,
bradykinesia and gait disturbance, as well as neuropatho-
logically by the loss of neurons in several brainstem nuclei
and the presence of Lewy bodies formed by abnormal
accumulation of a-synuclein.'* Of the many types of
neurons in the central and peripheral nervous systems, a
specific subset of neurons is vulnerable to accumulation of
o-synuclein, which takes the form of aggregates such as
Lewy bodies and Lewy neurites (LBs/LNs).5*

Based on studies of a large number of autopsy cases,
the initial sites involved in Lewy-related pathology are
reported to be the dorsal motor nucleus of the vagus,
the intermediate reticular zone in the lower brainstem
and olfactory bulb.”® We previously reported that in
the earliest stage of Lewy-related o-synucleinopathy
(LBAS), abnormal o-synuclein accumulation extends
from the peripheral part of the olfactory bulb to the ante-
rior olfactory nucleus as well as the amygdala.!" From a
clinical standpoint, impaired olfactory function constitutes
one of the earliest symptoms of sporadic Parkinson’s
disease.'”"® Therefore, the olfactory system may be one
of the vital regions in the development of Lewy body
disease (LBD).

In the olfactory bulb, o-synuclein accumulation is
observed in the anterior olfactory nucleus as well as the
mitral, tufted, and granular cells of individuals with clinical
Parkinson’s disease or dementia with Lewy bodies (DLB).
Evenin the early stages of these diseases, LNs, LBs or both,
can be seen in the olfactory bulbs.!'*!1* Based on the results
of a neuropathologic study, Beach et al. suggested that the
olfactory bulb may be a candidate region of biopsy study to



48

confirm the diagnosis of LBD.'"" However, the biopsy of
olfactory bulb is too invasive and difficult to carry out for
patients without risk."*

The olfactory epithelium is composed of paraneurons
and neurites from which the glomeruli of the olfactory bulb
originate. However, a neuropathologic analysis of LBAS
has not been carried out adequately for LBD. Duda et al.
reported that normal ¢-synuclein is expressed in the basal
cells, olfactory receptor neurons, supporting cells, and
Bowman’s glands of the olfactory epithelium in normal
controls, as well as patients with Parkinson’s disease,
Alzheimer disease and multiple system atrophy.”
However, pathologic o-synuclein accumulation is rare
(3.7%) among both normal controls and individuals
affected by DLB, Alzheimer disease or Parkinson’s dis-
ease.” According to a biopsy study of the olfactory epithe-
lium in individuals with Parkinson’s disease and younger
hyposmic controls, no specific pathologic alteration was
found.”!

Therefore, it is still controversial whether abnormal
o-synuclein accumulation in the olfactory epithelium pre-
cedes the formation of LBs/LNs in the olfactory bulb and
contributes to olfactory dysfunction in sporadic Parkin-
son’s disease. The aim of this study was to clarify the neu-
ropathologic alterations of the olfactory mucosa in LBD by
immunohistochemical analysis of a series of autopsied
individuals.

MATERIALS AND METHODS

Tissue source

Tissue samples were obtained from autopsy materials that
were collected at the Tokyo Metropolitan Geriatric Hospi-
tal and Institute of Gerontology between October 2008
and August 2010. This hospital is located at the center of
Tokyo city and is a geriatric general emergency hospital
with 579 beds. This hospital provides community-based
medical service to the aged population 24 h/day in coop-
eration with local general practitioners. The number of
autopsy cases was 162 in the above duration. In addition to
the general organs, we could obtain the brains and spinal
cords from 105 cases in that period, that were registered to
the Brain Bank for Aging Research (BBAR) with the
deceased’s relatives’ informed consent. The BBAR is
approved by the ethics committee of the Tokyo Metropoli-
tan Geriatric Hospital and Institute of Gerontology to
carry out comprehensive research.

Clinical information

All clinical information, including the presence or absence
of Parkinsonism as well as dementia, was retrospectively
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obtained from medical charts and reviewed by two board-
certified neurologists.**2° First, we evaluated Parkin-
sonism such as bradykinesia, resting tremor, rigidity and
postural instability. In this study, when individuals had two
or more of these four clinical symptoms, we defined them
as having Parkinson’s disease-related symptoms.”” Second,
we analyzed scores for the Mini-Mental State Examina-
tion® or the Hasegawa Dementia Scale (or its revised ver-
sion),?* the Instrumental Activities of Daily Living,” and
the Clinical Dementia Rating (CDR).” When individuals
were not assigned to a category of CDR, we retrospectively
determined CDR using medical records, including the
battery of cognitive tests above, as well as interviews with
attending physicians and caregivers when necessary. Based
on these results, we assigned a clinical diagnosis to each
patient. The clinical diagnosis of Alzheimer disease was
carried out based on the criteria of the National Institute of
Neurological and Communication Disorders and Stroke-
Alzheimer Disease and Related Disorders Association.™
The diagnosis of DLB and Parkinson’s disease with
dementia conformed to the third report of the DLB
consortium.*

Histology

We examined the brain and olfactory epithelium, olfactory
bulb, esophagogastric mucosal junction, sympathetic
ganglia, thoracic spinal cord, adrenal glands, anterior wall
of the left ventricle of the heart, and abdominal skin.??%
The brains and spinal cords were examined as previously
reported.?** Briefly, the cerebral and cerebellar hemi-
spheres as well as brainstem were dissected in the sagittal
plane at the time of autopsy. In each case, half of the
brain was preserved at —80°C for further biochemical
and molecular analyses. The other half of the brain and
abdominal skin were fixed in 20% buffered formalin
(WAKO, Osaka, Japan) for 7-13 days and sliced in the
same manner as the contralateral hemisphere. The adrenal
gland and anterior wall of the left ventricle of the heart
were fixed in 20% formalin. The representative areas were
embedded in paraffin. Six-micrometer-thick serial sections
were cut and stained with HE and KB. Sections of the
amygdala, hippocampus, parahippocampal gyrus and tem-
poral cortex were stained with the modified Gallyas-Braak
method for senile plaques, NFTs and argyrophilic grains.®

Immunohistochemistry

Sections were immunostained using the following antibod-
ies raised against phosphorylated tau protein (p-tau) (ATS,
monoclonal; Innogenetics, Temse, Belgium): synthetic
peptide corresponding to amino acids 11-28 of amyloid-
beta protein (12B2, monoclonal; IBL, Maebashi, Japan);
phosphorylated o-synuclein (pSyn#64, monoclonal® and
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Table 1 Antibodies used for immunohistochemistry
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Antibody Epitope Source Clone Dilution  Antigen method  Retrieval
ratio (min)

pSyn#64 o-synuclein phosphorylated ser 129 T. Iwatsubo Monoclonal ~ 1:20000  99% formic acid 5
PSer129 o-synuclein phosphorylated ser 129 T. Iwatsubo Polyclonal 1:100 None

PGP9.5 PGP9.5 Biomol Polyclonal 1:5000 microwave 30
SMI31 phosphorylated neurofilament Sternberger Monoclonal 1:20000 None

Tyrosine Anti-tyrosine hydroxylase, rat CALBIOCHEM  Monoclonal 1:10 microwave 30

hydroxylase
ATS Phosphorylated tau protein Innogenetics Monoclonal 1:1000 None
12B2 AP11-28 IBL Monoclonal 1:50 99% formic acid 5

PSer129 polyclonal®), ubiquitin (polyclonal, Sigma-
Aldrich, St. Louis, MO), Protein Gene Product 9.5
(PGPI.5, polyclonal; ENZO Life Sciences International,
Farmingdale, NY USA); phosphorylated neurofilament
(SMI31, monoclonal; Sternberger Immunochemicals,
Bethesda, MA, USA); and tyrosine hydroxylase (Anti-
Tyrosine Hydroxylase, Rat, monoclonal; Calbiochem-
Novabiochem  Corporation, Darmstadt, Germany)
(Table 1). The signals from monoclonal and polyclonal
antibodies were detected by using the automatic system on
a VENTANA NX20 with the I-View DAB Universal Kit
(Roche, Basel, Switzerland) according to the manufac-
turer’s instructions. Sections were counter-stained with
hematoxylin.

LBAS
CNS

In order to analyze LBAS,”? we carried out immunohis-
tochemical analysis with phosphorylated o-synuclein anti-
bodies for the following sections: the medulla oblongata at
the level of the dorsal motor nucleus of the vagus, the
upper pons at the level of the locus coeruleus, and the
midbrain including the substantia nigra, amygdala, anterior
hippocampus and the peripheral nervous system from all
cases (described in the next section). When immunoposi-
tive deposits were observed in these anatomic regions, we
carried out additional immunohistochemical analysis for
sections of the basal nucleus of Meynert, anterior cingulate
gyrus, entorhinal cortex, the second frontal and temporal
gyri and the supramarginal gyrus, using antibodies raised
against phosphorylated o-synuclein.

Peripheral nervous system

To analyze LBAS of the peripheral nerve, tissue sections
from epicardium and epicardial fat of the left ventricle of
the heart, sympathetic ganglia, esophagogastric mucosal
junction, adrenal gland® and abdominal skin?® were exam-
ined by using antibodies raised against phosphorylated
o-synuclein.
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Olfactory mucosa

At the time of autopsy, the olfactory mucosa, bony septae
and contiguous cribriform plate were removed en bloc
(Fig. 1). The cribriform plate was dissected in the sagittal
plane of the midline by using an electric jigsaw. The left
side was fixed for 24 h in 4% paraformaldehyde. After
fixation, the olfactory mucosa was removed, dehydrated in
a graded alcohol series, cleared in xylene and embedded in
paraffin. The right side was fixed for 24 h in 4% paraform-
aldehyde, decalcified with EDTA for 2 weeks, and
dehydrated and embedded in paraffin. Serial 6-pm-thick
sections were stained with HE and immunolabeled with
antibodies against phosphorylated a-synuclein, PGP9.5,
phosphorylated neurofilament, tyrosine hydroxylase, phos-
phorylated tau and amyloid B (Table 1). In particular, the
olfactory receptor neurons of the olfactory epithelium
were identified by using PGP9.5 immunohistochemistry."”
The normal anatomical appearance of the olfactory system
is shown in Figure 2.

Olfactory bulb

The olfactory bulbs were prepared for histologic sections
to analyze the presence of LBAS. By using HE stain and
a-synuclein antibodies, LBAS were identified in the glom-
eruli, mitral cells, tufted cells and granular cells as previ-
ously reported.” Mitral and tufted cells were distinguished
by their specific shapes. Each neuron was identified when it
had an apparent nucleus containing a prominent nucleolus
and Nissl substance.

Semiquantitative scoring system of
Lewy-related pathology

For each section, we semi-quantitatively graded the
immunohistochemical staining with antibody raised
against phosphorylated o-synuclein. Our grading system
was modified based on the scoring system of the third
report of the DLB consortium™ because we used both the
HE stain and immunohistochemistry using monoclonal
antibody for phosphorylated o-synuclein to identify LBAS.
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Fig. 1 (a) The anterior cranial fossa after
removal of the brain. In order to obtain the
olfactory mucosa, the bony septae and con-
tiguous cribriform plate (the rectangular
area) were dissected using an electric jigsaw.
(b) An inset shows the olfactory mucosa and
cribriform plate from the opposite side of the
rectangular area.

Fig.2 Scheme of the normal olfactory
pathway (a) and photomicrographs of repre-
sentative histologies of each region (b-e).
The olfactory epithelium is composed of
three cell types: the basal cells, olfactory
receptor neurons and supporting cells (a).
The basal cells are the progenitor of the
olfactory receptor neurons (a, e). In general,
the turnover rate of the olfactory receptor
neurons is approximately 30-90 days. Nerve
fibers are present in the lamina propria and
cribriform plate (c and d, respectively). They
consist of either the axons of the olfactory
receptor neurons or postganglionic sympa-
thetic nerve fibers. There are glomeruli in the
olfactory bulb (b). Glomeruli are the synap-
tically connected structures of the axons of
the olfactory receptor neurons and mitral/
tufted cells in the olfactory bulb. (b, e), scale
bar =10 um; (c), scale bar =50 um; (d), scale
bar =100 pm.
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Grade 4 = numerous LBs and neurites with severe immu-
noreactivity for phosphorylated o-synuclein in the neu-
ropil or background.

For example, ‘Stage 1’ of the original scoring system was

defined as ‘sparse Lewy bodies or neurites.” On the other

hand, ‘Grade 1’of our methodology is defined as ‘sparse

Lewy neurites without Lewy bodies.’

Grade 0=neither LNs nor LBs detected using anti-
phosphorylated a-synuclein antibody.

Grade 1 = sparse phosphorylated a-synuclein immunopo-
sitive dots or neurites, or diffuse granular cytoplasmic
stain in the neuron, neither LBs nor phosphorylated
o-synuclein-immunopositive neuronal intracytoplasmic
dense aggregations.

Grade 2=1-3 LBs or phosphorylated o-synuclein-
immunopositive intracytoplasmic dense aggregations
and scattered LNs in a low-power field (x10).

Grade 3 =more than four LBs and scattered LNs in a
low-power field (x10).

LB staging system of our BBAR
(BBAR LB stage)

In order to assess the clinical and neuropathologic alter-
ations of LBD, we applied the following rating system to
our BBAR for all autopsy cases (Table 2, Fig. 3). The origi-
nal BBAR LB staging system was developed in order to
track the individual data of our brain bank.*** This rating
system requires clinical symptoms, gross and microscopic
neuropathologic alterations, and LB scores used in the con-
sensus guidelines for the clinical and pathologic diagnosis
of DLB.? In this staging system, Parkinson’s disease with

Table 2 Lewey body stage of Brain Bank for Aging Research

Stage Psyn-IR LB SN: loss of LB score Dementia Parkinsonism Diagnosis
pigmentation
0 = - -
0.5 + — =
1 + - = Incidental LBD
2 + + + 0-10 -+ -t Subclinical LBD
3 + + + 0-10 - + PD
4 + 4- + 3-6 + + PDDL
+ + + 3-6 + +Of — DLBL#
5 + + + 7-10 + + PDDN
+ + + 7-10 + +or - DLBNi

tNeither dementia nor Parkinsonism associated with Lewy body-related c-synucleinopathy. £Differential diagnosis of PDD and DLB was based
on the ‘1-year rule’ according to the consensus guidelines (34). DLBL, dementia with Lewy bodies and a Lewy body score corresponding to the
limbic form; DLBN, dementia with Lewy bodies and a Lewy body score corresponding to the neocortical form; LB, Lewy body; LBD, Lewy body
disease; PD, Parkinson’s disease; PDDL, Parkinson’s disease with dementia and a Lewy body score corresponding to the limbic form; PDDN,
Parkinson’s disease with dementia and a Lewy body score corresponding to the neocortical form; Psyn-IR, phosphorylated alpha-synuclein
immunoreactivity; SN, substantia nigra.

PD or PDD or DLB |

Clinically'no’

Clinically‘yes’ _—

Immunoreactivity for
phosphorylated
alpha-synuclein

-~ NG

] Immunoreactivity for
; phosphorylated
g alpha-synuclein

yes . no yes . no
l Cognitive impairment ‘Stage 0 Loss of Substantia nigra Stage 0
// N pigmentation '
\\\ ol \
yes 4 y Be yes / no
\\ / N ‘
Fig. 3 Flow-chart of the Lewy body staging N ¢ h
system of the Brain Bank for Aging Research LB score ‘Stage 3 Stage 2 Lewy body (+)
(BBAR). PD, Parkinson’s disease; PDD, Par- / - Ta— . aq
kinson’s disease with dementia; DLB, demen- 7\
i , o y \ no
tia with Lewy bodies; SN, substantia nigra; 7 10‘/‘/ \\\ 3-6 s y \
LB score, Lewy body score. See Table 2 for Stages Stage4 stage 1 Stage 0.5

detailed description of each stage.
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dementia was differentiated from DLB by applying the
‘12-month (1-year)’ rule noted in the Consensus Guide-
lines (i.e., ‘dementia appears more than one year after the
onset of Parkinsonism’).”’

Evaluation of senile changes and
neuropathologic diagnosis

NFTs were classified according to Braak and Braak’s
staging system using modified Gallyas-Braak staining” and
AT8 immunohistochemistry.® The staging system for senile
plaques (SPs) comprises four stages (0-C). Argyrophilic
grains were classified into our four stages (0-III), as
reported previously.”® The neuropathologic diagnosis of
Alzheimer disease was based on our previous definition,”
which proposed a modification of the National Institute
on Aging and Reagan Institute criteria.***! The diagnoses
of dementia with grains and NFT-predominant forms
of dementia were based on the previously described
definitions.***

Statistical analysis

Fisher’s exact test was carried out to compare the number
of cases having LBAS pathology in the olfactory mucosa.

RESULTS

Clinical information

Of the 105 consecutive autopsy patients, 58 were men and
47 were women. The patient ages at death ranged from 65
to 104 years (82 + 37, mean + SD). Twelve patients showed
Parkinson’s disease-related symptoms according to the
clinical criteria in this study. Six out of 105 patients were
clinically diagnosed as LBD including Parkinson’s disease,
Parkinson’s disease with dementia and DLB.

Neuropathologic diagnosis

The neuropathologic diagnoses consisted of Alzheimer
disease (n=15), dementia with grains (n=11), NFTI-
predominant form of dementia (n = 8), Parkinson’s disease
(n=2), Parkinson’s disease with dementia (n=2), and
DLB (n=1), as well as one case each of dentatorubral-
pallidoluysian atrophy, neuronal hyaline inclusion body
disease, frontotemporal lobar degeneration with transac-
tion response (TAR) DNA-binding protein-43 kDa-
immunoreactive inclusions, and progressive multifocal
leukoencephalopathy. Patients with combined pathologies,
included Alzheimer’s disease plus DLB (n = 2), dementia
with grains plus NFT-predominant form of dementia
(n =3), and one patient each of diffuse NFTs with calcifi-
cation (DNTC)* plus DLB and dementia with grains plus
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Alzheimer’s disease. The remaining patients did not fulfil
the clinical and/or pathological criteria for neurodegenera-
tive diseases.

Eight out of 105 patients (8/105 =7.6%) were clinically
and neuropathologically diagnosed as having LBD, includ-
ing Parkinson’s disease (2 patients), Parkinson’s disease
with dementia (2 patients) and DLB (4 patients).

Incidence, distribution and extent of LBAS

BBAR staging

Based on clinical and neuropathologic analyses, the BBAR
LB stages were as follows: stage 0 = 66 cases, stage 0.5 =6
cases, stage 1 =21 cases, stage 2 = 4 cases, stage 3 = 2 cases,
stage 4 =3 cases and stage 5 =3 cases. All of the stage 5
cases had DLB, with an LB score corresponding to the
value for the neocortical form (DLBN).

LBAS in CNS and peripheral nervous system

We identified 39 (37.1%) out of the 105 individuals with
o-synuclein immunopositive LBAS in the CNS or periph-
eral nervous system (Table 3). Therefore, we focused on
these 39 cases in the present study. Here, LBAS was
identified by using o-synuclein immunohistochemistry.
In LBAS, LBs were confirmed with HE stains and
o-synuclein immunohistochemistry. Out of the 39 cases,
33 showed LBAS in the olfactory bulb, 15 in the enteric
nerve plexus, 23 in the sympathetic ganglia, and 16 in the
pericardial nerve fibers of the left ventricle (Tables3
and 4).

Olfactory mucosa

The olfactory epithelium is a pseudostratified columnar
epithelium lying deep within the recess of the superior
nasal cavity; it is composed of a mixture of multipotential
stem cells (basal cells), supporting cells and olfactory
receptor neurons (Fig. 2). Mature neurons are reported to
give rise to fine and unmyelinated axons that ascend
through the cribriform plate to synapse at glomeruli in the
olfactory bulb.*#

LBAS were found in the olfactory mucosa of seven
(17.9%) out of 39 cases (Tables 3 and 4). These seven also
had LBAS in the olfactory bulb. LBAS was present in the
lamina propria mucosa of the seven cases (Fig. 4a—c). In
addition, one case showed LBAS in a bundle of axons in
the cribriform plate (Fig. 4d). None of the cases showed
LBAS in the olfactory epithelial paraneuron. We summa-
rized the demographic results of these seven individuals
with LBAS in the olfactory mucosa in Table 5. Neither
phosphorylated tau-positive deposits nor amyloid B
immunopositive deposits were detected in the olfactory
mucosa.
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Table 3 The distribution of a-synuclein deposits in various anatomical regions of 39 cases with Lewy body disease
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the semiquantitative scoring system of Lewy-related pathology. 0 =neither Lewy neurites nor bodies detected by using anti-phosphorylated
o-synuclein antibody. 1 = sparse phosphorylated o-synuclein immunopositive dots or neurites, neither Lewy bodies nor phosphorylated a-synuclein
immunopositive intracytoplasmic aggregations. 2 =one to three Lewy bodies or phosphorylated o-synuclein immunopositive intracytoplasmic
aggregations in a low-power field (x10). 3 = more than four Lewy bodies and scattered Lewy neurites in a low-power field (x10).4 = numerous LBs
and neurites with severe immunoreactivity for phosphorylated o-synuclein in the neuropil or background. Individuals of BBAR LB stages 3-5, with
clinical Parkinsonism and neuropathologically numerous LBASs in the CNS, showed high incidence (75%, 6/8 individuals) of LBASs in the
olfactory mucosa. In contrast, individuals of BBAR LB stages 1-3 without Parkinsonism showed extremely low incidence of Lewy body-related
o-synucleinopathy (LBAS) (3%, 1/31) in the olfactory mucosa. LBAS was found in the olfactory mucosa mostly in advanced BBAR LB stages 3-5.
BBAR LB Brain Bank for Aging Research Lewy body staging, NFT stage, Braak’s stages for neurofibrillary tangles; SP stage, Braak’s stages for
senile plaques.
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Table 4 Regional frequency of Lewy body-related a-synucleinopathy (LBAS) in various anatomical regions

The BBAR Olfactory Olfactory Olfactory Spinal GI Sympathetic Adrenal Pericardial Skin
LB stage epithelium mucosa bulb cord tract ganglia gland nerve

0.5 0/6 0/6 2/6 0/6 0/6 2/6 0/6 1/6 0/6
1 0/21 1/21 1921 721 6/27 10/21 121 6/21 121
2 0/4 0/4 4/4 3/4 1/4 3/4 0/4 2/4 0/4
3 0/2 12 212 212 212 212 212 12 212
4 0/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 213
5 0/3 23 3/3 3/3 3/3 3/3 1/3 3/3 0/3
All 0/39 7139 33/39 18/39 15/39 23/39 7139 16/39 5139

BBAR LB Brain Bank for Aging Research Lewy body staging.

Correlations between a-synuclein
immunopositive LBs or LNs in the olfactory
mucosa and CNS

Alpha-synuclein immunopositive LBs or LNs in the olfac-
tory mucosa were detected in seven cases, including three
with DLB, three with Parkinson’s disease or Parkinson’s
discase with dementia, and one with incidental LBD
(Tables 3-5). LBAS in the olfactory mucosa was compared
with those in other locations of the CNS (Table 3). Indi-
viduals of BBAR LB stages 3-5, clinical and neuropatho-
logical diagnosis of LBD, showed a high incidence (75%,
6/8 individuals) of o-synuclein immunopositive LBAS in
the olfactory mucosa (Table 6, Fig.5). Six individuals
with Parkinson’s disease also showed a high incidence of
o-synuclein accumulation (66%, 4/6 individuals) in the
olfactory mucosa. In contrast, individuals of BBAR LB

Fig. 4 Photomicrographs show o-synuclein
immunopositive deposits (arrows indicate
Lewy neurites) in the axonal bundle of the
lamina propria (a—c) and cribriform plate (d).
The inset in figure (d) shows a higher magni-
fication image of a-synuclein immunoposi-
tive deposits in the axonal bundle of the
cribriform  plate. Immunohistochemistry
using monoclonal antibody against phospho-
rylated o-synuclein (pSyn#64). Photomicro-
graphs (a, b, ¢ and d) were obtained from
cases 4, 5, 7 and 3, respectively, in Table 5.
(a—c), scale bar=10 pm; (d) scale bar=
100 um (inset, 10 pm).

stages 0.5-2 (here we classified them into asymptomatic
group) showed a low incidence of LBAS (3%, 1/31) in the
olfactory mucosa.

Olfactory bulb

There is neural connectivity among olfactory receptor
neurons and nuclei in the olfactory bulbs.* Hence, we ana-
lyzed the frequency of LBAS in the glomeruli, tufted cells,
mitral cells and granular cells between LBAS-positive and
LBAS-negative groups in the olfactory epithelium.

In individuals of BBAR LB stages 3-5 (symptomatic
stage), LBAS was frequently observed in the glomeruli (8/8
cases, 100%), granular cells (8/8, 100%) and tufted cells
(7/8, 87.5%). In contrast, there were low numbers of cases
with LBAS in the mitral cells (2/8, 25%). Asymptomatic
stage cases of LBD, corresponding to BBAR stage 0.5-2,
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Table 5 Clinical and neuropathological demography of seven individuals with Lewy body-related a-synucleinopathy (LBAS) identified in the olfactory mucosa
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AD, Alzhf:imer’s disease; BBAR LB stage, Lewy body staging system of the Brain Bank for Aging Research; CHF, congestive heart failure; DLB, dementia with Lewy bodies; DLBL,
dementia with Lewy bodies and a Lewy body score corresponding to the limbic form; DLBN, dementia with Lewy bodies and a Lewy body score corresponding to the neocortical form; F,

female; LB, Lewy body; LBD, Lewy body disease; M, male; M1, acute myocardial infarction; NFT stage, Braak’s stages for neurofibrillary tangles; PD, Parkinson’s disease; PDDL, Parkinson’s
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disease with dementia and a Lewy body score corresponding to the limbic form; PDDN, Parkinson’s disease with dementia and a Lewy body score corresponding to the neocortical form; SP

stage, Braak’s stages for senile plaques.
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Table 6 Incidence of LBAS in the olfactory mucosa in cases
with symptomatic LBD (BBAR stage 3-5)

Clinical and neuropathologic LBAS in OM Total
diagnosis of LBD Present Absent
Symptomatic (BBAR 3-5) 6* 2 8
Asymptomatic (BBAR 0.5-2) 1 30 31

*P < (.05. BBAR, Brain Bank for Aging Research; LBAS; Lewy
body-related alpha-synucleinopathy; LBD, Lewey body disease; OM;
olfactory mucosa.

showed high incidence of LBAS in the glomeruli (23/31,
74.1%) and granular cells (22/31, 70.9%) of the olfactory
bulb (Fig. 5).

DISCUSSION

Our study provides two novel observations.

1 LBAS in the olfactory mucosa was frequently observed
(6/8 cases, 75%) in the symptomatic patients with LBD,
but was a rare condition (1/31 cases, 3.2%) in asymp-
tomatic LBD patients.

2 LBAS was seen in the glomeruli and granular cells in
the olfactory bulbs of most symptomatic and asymp-
tomatic cases with LBD.

It has been widely accepted that LB pathology does not
develop simultaneously in all anatomical regions of the
central and peripheral nervous systems. Hawkes er al. pro-
posed that neurotropic pathogens may enter the brain via
two routes: (i) a nasal route, with anterograde progression
into the temporal lobe; and (ii) a gastric route secondary to
the swallowing of nasal secretions in saliva (a dual hit
hypothesis).* The former route may be associated with the
early accumulation of a-synuclein in the human olfactory
bulb and cause olfactory dysfunction in sporadic Parkin-
son’s disease. In the present study, there was rare observa-
tion of LBAS in the olfactory mucosa in the asymptomatic
cases of LBD. Further analysis is important to clarify the
possibility of propagation of a-synuclein in the nervous
systems.

In the present study, LBAS was frequently observed in
the olfactory mucosa (6/8 cases, 75%) in the individuals
with clinical LBD. In contrast, LBAS in the olfactory
mucosa was a rare observation in asymptomatic patients. It
is also important that all seven cases with LBAS in the
olfactory mucosa had LBAS in the cerebral cortex and
brainstem. Our results have similarities with a previous
report concerning Alzheimer’s disease.”’ Detection of
LBAS in the olfactory mucosa could be hindered by two
problems: technical difficulty in obtaining enough nerve
fibers and rapid turnover of olfactory receptor neurons.”’*
In fact, a recent study reported that a biopsy study revealed
no o-synuclein immunopositive deposits in the olfactory
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Fig.5 Frequencies of cases having Lewy-
related o-synucleinopathy (LBAS) pathol-
ogy in the olfactory mucosa and each
anatomical region of the olfactory bulb. (a)

Olfactory mucosa _ X Olfactory mucosa | 7 Cases with symptomatic dementia with Lewy

Glomeruius z Glomerulus | i bodies (LBD) (n =8, Brain Bank for Aging
oo ] PR

; i Research [BBAR] stages 3-5). Most of the

Tufted cell  REETRPENR Tufted cell SRS cases show LBAS pathology in the olfactory

Mitral cell WEEE Mitral ce!l Do mucosa (6/8, 75%), glomeruli (8/8, 100%),

fratcel i : ' > | tufted cells (6/7, 85.7%) and granular cells

Granufar cell  EG—G_—— Crovus ol EOEERDERE (8/8,100%). The number of cases with LBAS

' . ) . . in the mitral cells is low (2/6, 33.3%). (b)

0% 50% 100% 0% 50% 100% Cases with asymptomatic LBD (n =25,

E LBAS present LBAS absent BBAR stages 0.5-2). Most of the cases show

LBAS pathology in the glomeruli (23/31,

74.1%), tufted cells (17/31, 54.8%) and granular cells (22/31, 70.9%). The number of cases with LBAS in the mitral cells (12/31, 38.7%) is low. LBAS

pathology of the olfactory mucosa is present in only one case (1/31, 3.2%).

mucosa of patients of Parkinson’s disease.?! Our previous
study indicated a high incidence of o-synuclein immunopo-
sitive LBs or neurites in aging human olfactory bulbs, and
suggested that they extend from the periphery (the second
olfactory structure) to the anterior olfactory nucleus (the
tertiary olfactory structure).!! The present study, using
6 um-thick paraffin embedded sections, revealed that
LBAS was most frequently observed in the glomeruli
which were composed of axon terminals of olfactory epi-
thelial cells and dendrites of mitral and tufted cells* as well
as in the glomerular cells which were most numerous in the
periphery of the olfactory bulb (Fig.5). We consider
that high incidence of LBAS in glomeruli may represent
affected terminal axons of olfactory epithelial neurons. In
contrast to our result, a previous study, employing 50 pm-
thick floating sections, reported high frequency of LBAS in
mitral cells and the internal plexiform layer in individuals
with Parkinson’s disease but no LBAS in age-matched con-
trols.*” Further studies are necessary to identify the most
vulnerable subset in the periphery of the olfactory bulb.
In conclusion, presence of LBAS in the olfactory
mucosa and olfactory glomeruli further supports the
importance of olfactory system as an entry zone of LBD.
Future studies of LB pathology involving the olfactory
system are indicated to understand the pathomechanism of
o-synuclein accumulation in individuals with LBD.
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