Absence of nuclear inclusion in cerebellar Purkinje cells of hereditary ataxios 45]
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Figure 1 Ubiquitin-like immunoreactivity {A-G) in cerebellar cortex
of SCAT (A), SCA2 (B], SCA3 (C), and DRPLA (D}, Neither
aggregates nor inclusions were prasent in nuclet of Purkinje cells in
any of cases examined (bars=100 pm; A-D: the same
magnification). Nis were occasionally found in dentate neurons in
SCA3 (E), DRPLA (F) and rarely found in Golgi cells, as seen in
SCAL [G). These Nis were alse immuostained with the antibady
against expanded polyglutamine [1C2), as seen in Gelgi cells in
SCAT {H} (bars=10 pm; E-H: the some magnification).

Table T Number of Pukinje cells in hereditary
~ataxias

Cases [n) Range Average
SCA1 3 310-600 420
SCAZ . 3 140-160 150
SCA3 5 1290-3720 2320
DRPLA 4 1600-4560 3130

NIs in any of the remaining Pj cells irrespective of the disease
zxamined.

JISCUSSION :

erebellar ataxia is one of the important clinical features of
SCAl, SCA2, SCA3, and DRPLA, all exhibit cerebellar
legeneration of different degree. Cerebellar cortex is severely
Ufected in SCA2 and SCAL, while relative preservation of Pj
ells s a morphological feature of SCA3 and DRPLA ® Different
eports, including ours, confirmed the absence of NIs in Fj
ells of SCA2’ ' and DRPLA" brains. In this study, we tried to
¥pand this observation by comparing a variety of cases with

different degree of cerebellar degeneration associated in com-
mon with pathological expansion of CAG repeat. Although
several animal models were successfully generated to repro-
duce NI formation and neurodegeneration in the cerebellar
cortex,” our in vivo observation based on a series of human
necropsied cases, which includes a variety of hereditary
ataxias, failed to identify NIs in any of Pj cells, Because some
NIs were identified in dentate neurones or Golgi cells on the
same ubiquitin immunolabelled preparations, the absence of
Nis in Pj cells was not attributable to a technical failure, Fur-
thermore, we confirmed the absence of NIs in Pj celis by
immunohistochemical examination with 1C2, which labels
the pathological moiety of abnormal gene product found in
Nls.

At least two conflicting interpretations are possible to
explain this consistent absence of Nls in Pj cells. Pj cells con-
laining NIs may be more susceptible to neurconal degeneration
and degenerate rapidly, leaving only those not containing NIs.
Ii Pj cells develop NIs before degeneration, however, some NIs
should have appeared at least once during the degenerative
process. The consistent absence of NIs in Pj cells with various
severity of degeneration linked to different genetic abnormali-
ties, therefore, is againist this hypothesis. On the other hand,
accumulating evidence claimed that neurodegeneraticn and
NI formation were not necessarily correlated® or even
inversely correlated’ with each other, consistent with a possi-
ble protective role of NIs against neuronal degeneration.
Indeed, inactivation of ubiquitin-proteasome cascade was
reported to accelerate cell death and attenuate formation of
NIs induced in cultured cell lines transfected with expanded
CAG tagged to ataxin-1.° Inversely, inactivation of caspases,
which counteracted cell death, was reported to promote NI
formation.” This inverse relation between NI formation and
cell death has been verified also in necropsied brains with
Huntington’s disease® or with NIHID,® which exhibit similar
ubiquitin-immunopositive inclusions, 1t supposes, therefore,
an intrinsic cellular mechanism that links cell death and NI
formation in opposite directions, although both of them are
triggered by the expansion of CAG/polyglutamine repeat. As
shown in this study, Pj cells without NIs could, therefore, be
more vulnerable if NI formation is linked to a mechanism
counteracting a cascade that accelerates neuronal death.

It remains to be proved, however, why Pj cells hardly
develop NIs in human brains. Because targeted expression of
a mutated gene {for example, ataxin-1) to Pj cells induces NIs
in murine brains,* mechanisms involved after the expression
of the mutated gene may be different in human Pj cells.
Otherwise, smaller repeat size in the cerebellum, a commeon
phenomenon in several CAG/polyglutamine repeat expansion
disorders known as “somnatic mosaicism”, may locally
influence the phenotype by modifying cell death and NI
formation. Recent reports demonstrated, however, that
transcribed repeat size in Pj cells of DRPLA brains was longer
than that in cerebellar granule cells,” * suggesting that the
absence of NI in Pj cells is not related to shorter repeat size.
Anyway, this study demonstrated that Pj cells, more or less
affected in these hereditary ataxias, were uniformly character-
ised by the paradoxical absence of NIs in necropsied human
brains with different CAG/polyglutamine expansion disorders
with ataxia, If NI formation is linked to a protective
mechanism against cell death, its complete absence renders Pj
cells more susceptible to cell death. Further studies are
required to darify cellular and molecular mechanism to
explain these particular characteristics of human Pj cells seen
commonly in these hereditary ataxias. it may provide clues to
understanding a common mechanistic link, which involves
cell death and NI formation both triggered by CAG repeat
expansion,
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Addendum

A recent study on knocked-in mice with SCAl gene flanking
expanded CAG repeat demonstrated an extreme scarcity of intranu-
clear inclusions in degenerated cerebellar Purkinje cells. This corrobo-
rated our findings on human necropsied brains {(Newron 2002;34:905-
19),
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Abstract We investigated clinicopathologically pyrami-
dal signs, including hyperreflexia, Babinski sign, and
spasticity, and the involvement of the primary motor cor-
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tex and pyramidal tract, in eight Japanese autopsy cases of
amyotrophic lateral sclerosis (ALS) with dementia. Pyra-
midal signs were observed in seven (88%) of the eight au-
topsy cases. Hyperreflexia and Babinski sign were evi-
dent in seven (88%) and three (38%) patients, respec-
tively, but spasticity was not observed in any of the eight
patients. Loss of Betz cells in the primary motor cortex
was evident in the seven cases in which this structure was
examined. Astrocytosis in the fifth layer of the primary
motor cortex was noticed in three cases. In all eight cases,
involvement of the pyramidal tract was obvious in the
meduila oblongata, but no involvement of the pyramidal
tract was found in the midbrain. Involvement of the pyra-
midal tract in the spinal cord, particularly of large myeli-
nated fibers, was observed in all six cases in which the
spinal cord was examined. In ALS with dementia, pyra-
midal signs were shown to be present more frequently
than previously believed, and the clinicopathelogical cor-
relation between pyramidal signs and involvement of the
pyramidal tract was obvious. Constant involvement of
Betz cells and the pyramidal tract in ALS with dementia
has not been reported. Our clinicopathological findings
may make a contribution to the understanding of the clin-
icopathological hallmarks of this disorder. Furthermore,
we believe that this study will also contribute to the eluci-
dation of the nosological status of ALS with dementia.

Keywords Amyotrophic latera! sclerosis - Betz cells
Dementia - Pyramidal signs - Pyramidal tract
degeneration

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neu-
rodegenerative disorder, clinically characterized by upper
and lower motor neuron signs, with degeneration of the
upper and lower motor neurons of the brain and spinal
cord {41, 42]. The familial form of the disease accounts
for about 5-10% of patients with ALS and is usually
transmitted by an autosomal dominant trait [38, 39, 40,
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Fig. 1A-I Case 2. A Ubiquitin-immunoreactive intraneuronal in-
clusions in the hippocampal dentate granular cells. B Right ante-
rior homn of the lower cervical cord showing prominent neuronal
loss; Klitver-Barrera stain. C Bunina body (arrow) of the lumbar
cord; H&E stain. D, E Left parahippocampal gyrus showing obvi-
ous neuronal loss with gliosis; D H&E stain, E Holzer stain. F, G
Left amygdala showing overt neuronal loss with gliosis; F H&E
stain, G Holzer stain. H, 1 Left substantia nigra showing obvious
neuronal loss with gliosis; H Kltiver-Barrera stain, I Holzer stain.
Bars A 0.03 mm; B, D 0.1 mm; C 0.02 mm, E-T 0.05 mm

45, 46]. An association between dementia and ALS was
first described by Meyer in 1929 [18], but this has since
become increasingly recognized [9]. In Japan, a clinical
case of ALS with dementia (ALS+D) was first noticed by
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Yuasa in 1964 [53], and thereafter, as autopsy cases of
ALS+D accumulated [23, 37, 54], Mitsuyama and Mit-
suyama et al. {20, 21, 22] proposed ALS+D as a new clin-
icopathological entity. Recently, motor neuron disease-in-
clusion dementia (MNDID) has been shown to be part of
a subgroup of dementia of frontal lobe type [10, 11, 47].
MNDID, as proposed by Jackson et al. in 1996 [11], is a
variant of frontotemporal dementia characterized not only
clinically by progressive dementia without clinical evi-
dence of ALS, but also pathologically by variable macro-
scopic atrophy and neurcnal loss in the frontotemporal
lobes with intraneuronal ubiquitin-immunoreactive inclu-
sions in the hippocampal dentate granular cells and resid-
ual neurons in layer I of the frontotemporal cortex with-
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out pathological evidence of motor system degeneration.
Furthermore, in MNDID, it is known that ubiquitin-im-
munoreactive dystrophic neurites are prominent in areas
of cortical microvacuolation [10]. Whether or not ALS+D
[2, 3, 4, 7] or motor neuron disease-type dementia
(MNDD)[186, 28, 29, 48] is a rare variant of ALS, making
up a few percent of ALS cases [50], and/or a subgroup of
frontotemporal group, including MNDID, remains to be
elucidated.

It is generally believed that pyramidal signs, including
hyperreflexia, Babinski sign, and spasticity, are rarely ob-
served in case of ALS+D [20, 21, 22]. Furthermore, it has
been reported that in ALS+D, loss of Betz cells of the pri-
mary motor cortex is not usually noted, and that despite
the loss of anterior horn cells, degeneration of the pyrami-
dal tract within the spinal cord and brain stem is rarely
seen in patients with ALS+D [28, 29], except for a few
unusual cases of ALS+D having prominent degeneration
of the pyramidal tract [47].

The purpose of this report is to describe the clinico-
pathological features of ALS+D in eight Japanese autopsy
cases, including pyramidal signs and involvement of the
pyramidal tract and primary motor cortex, and to examine
the clinicopathological correlation between pyramidal
signs and involvement of the pyramidal tract. We also ad-

dress in the discussion the nosological status of ALS+D,
and whether this disorder belongs to a variant of ALS or a
new disorder.

Materials and methods

The present study was carried out on eight Japanese autopsy cases
of ALS+D from a Japanese Institution. The clinical records and
tissue specimens in all eight cases are stored at the Department of
Neuropathology, Tokyo Institute of Psychiatry.

After fixation in formalin, the brains of the eight cases were
sectioned in the coronal plane. Cerebral hemisphere blocks, in-
cluding the frontal, temporal, parietal, and occipital lobes, and the
striatum, pallidum, subthalamic nucleus, thalamus, amygdala, and
hippocampus, were taken. Additional tissue blocks were taken
from the midbrain, including the substantia nigra, brain stem, and
cerebellum. The spinal cord was examined in six of eight cases.
The brains and spinal cords were embedded in paraffin and cut at
a thickness of about 10 pm. The sections were stained with hema-
toxylin-eosin (H&E), and by the Kliiver-Barrera, Holzer, Bodian,
methenamine silver, and modified Gallyas-Braak methods, Im-
munocytochemistry was also performed using antibodies against
monoclonal ubiquitin (from Dr. H. Mori; Osaka City University),
and glial fibrillary acidic protein (GFAP).

The neuropathological diagnosis of ALS+D in the eight cases
was made on the basis of the findings described below, which in-
cluded not only presence of ubiquitin-immunoreactive intraneu-
ronal inclusions [33, 34, 35, 51] in the hippocampal dentate gran-
ular cells, frontotemporal cortical layer II neurons, and motor neu-
rons of the brain stem and spinal cord, but also neuronal loss with
astrocytosis in the dorsomedial portion of the anterior first tempo-
ral gyrus, subiculum, parahippocampal gyrus, amygdala, and sub-
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stantia nigra [23, 26, 27], in addition to the degeneration of the up-
per and lower motor neuron consistent with the pathology of ALS
(Fig. 1).

The clinicopathological findings for some of these cases have
been reported previously (case 1 [43], cases 5 and 6 [19], cases 6
and 7 [30, 31], and case & {45]). Previously, we reported cases 6
{case 2 [30, 31]) and 7 (case 1 [30, 31]) as ,,Pick’s disease with
amyotrophic lateral sclerosis” because of the prominent lobar atro-
phy of the tempeoral lobes found in both cases, in spite of the pres-
ence of ubiquitin-immunereactive inclusions of the hippocampal
dentate granular cells in case 7. Jellinger [12] mentioned that our
cases 6 and 7 might be frontotemporal dementia with motor neuron
disease, and ALS+D, respectively. Since then, we have encoun-
tered not only an autopsy case of ALS+D with circumscribed lobar
atrophy that clinically showed rapidly progressive aphasia [43],
but also an atypical autopsy case of ALS+D mimicking frontal
Pick’s disease with a clinical course of 15 years [47]. Therefore,
we reinvestigated cases 6 and 7 pathologically, also using im-
munchistochemisty, The clinical and pathological features of all
cases are summarized in Tables 1 and 2.

Pyramidal signs were judged to be present in patients who
showed one or more signs of hyperreflexia in the exiremities,
Babinski sign, and spasticity in the extremities. Pyramidal tract de-
generation was also judged as present in cases showing definite
loss of myelinated fibers determined by myelin staining, including
Kliiver-Barrera stain, Holzer stain, and immunohistochemistry us-
ing an antibody against GFAP (Fig.2). Loss of Betz cells was
judged to be present in cases that showed small grouping of lipo-
fuscin-laden macrophages in the holes, from which Betz cells had
presumably disappeared, in the primary motor cortex showing the
presence of normal and degenerated Betz cells in the absence of in-
ternal granular layer (Fig.3). Astrocytosis of primary motor area
layer V was considered present in cases showing definite astrocy-
tosis determined by Holzer staining or immunochistochemistry us-
ing an antibody against GFAP. The determination of loss of Betz
cells, astrocytosis of primary motor cortex layer V, and pyramidal
tract degeneration described above was fundamentally consistent

~with that in multiple system atrophy (MSA), as described by
Tsuchiya et al. [44]. The pertinent data are summarized in Table 3.

Case reports
Clinical course and neuropathological findings in case 2

The patient was in good health unti! the age of 77, when she be-
came aware of weakness in the right hand, followed by dysarthria
4 months later and memory disturbance 6 months after the disease
onset. A neurological examination when the patient was 78 years
old, about 1 year 2 months after the onset of the disease, revealed
dementia, dysphagia, fasciculation and atrophy of the tongue,
weakness and atrophy of the upper and lower extremities, promi-
nently in the distal paris of the upper extremitics, and hyperreflexia
in the lower extremities. Neurological examination, about I year
3 months after disease onset, showed bilateral Babinski signs with-
out spasticity. She developed respiratory difficulty I year 10 months
after the disease onset. She died of suffocation at age 79, about
2 years after the onset of the disease. No respiratory support was
given throughout the clinical course. She was clinically diagnosed
as having ALS+D.

The weight of the brain was 1,125 g. Macroscopic examination
revealed atrophy of the frontotemporal lobes, with accentuation of
the anterior portion, bilateral parahippocampal gyri, and bilateral
amygdalae, with depigmentation of the substantia nigra and atro-
phy of the anterior homns and anterior roots of the cervical cord.
A histological examination showed neuronal loss with astrocytosis
in the frontotemporal lobes, parahippocampal gyrus, subiculum,
amygdala, substantia nigra, right trigeminal motor nucleus, hypo-
glossal nucleus, and anterior horns of the spinal cord (Fig. 1b, d—i).
Ubiquitin-immunoreactive intraneurenal inclusions were found in
the hippocampal dentate granular cells, frontotemporal cortical
layer II neurons, hypoglossal nucleus, and anterior horns of the

spinal cord (Fig. 1a). Bunina bodies were also evident in the right
trigeminal motor nucleus, hypoglossal nucleus, and anterior horns
of the spinal cords (Fig. 1¢). Degeneration of the pyramidal tract
was evident in the spinal cord and medulla oblongata, but was not
obvious in the midbrain (Fig. 2). No senile plaques were seen with
methenamine silver staining. A moderate number of neurofibril-
lary changes, including neurofibrillary tangles and neuropil
threads, were found in the hippocampal CA 1 and parahippocampal
gyrus, compatible with stage IIT of Braak’s classification [6], using
Gallyas-Braak staining.

Clinical course and neuropathological findings in case 3

The patient was well until the age of 39, when she lost interest
in household affairs and became antisocial, followed by apathy
5 months later. Abnormal behavior and dysarthria appeared about
7 months after the disease onset, followed by emotional lability
and character changes 2 months later, Aspontaneity became appar-
ent 1 year 3 months after the onset of the disease. Dysphagia be-
came obvious 1 year 7 months after the disease onset. A neurolog-
ical examination when the patient was 41 years old, about 2 years
after the disease onset, showed atrophy and fasciculation of the
tongue, weakness of the upper and lower extremities, prominently
in the upper extremitics, and hyperreflexia in the lower extremi-
ties. Tube feeding was started 2 years 4 months after the onset of
the disease. She developed a respiratory disorder about 4 months
before her death. She died of the respiratory disorder at age 42,
about 3 years 2 months after the disease onset. No respiratory sup-
port was given throughout the clinical course. She was clinically
diagnosed as having ALS+D.

The weight of the brain was 1,200 g. Macroscopic examination
showed slight atrophy of the frontotemporal lobes. A histological
examination revealed neuronal loss with astrocytosis in the fron-
totemporal lobes, including the dorsomedial portion of the anterior
first temporal gyrus, the subiculum, parahippocampal gyrus,
amygdala, candate nucleus, thalamus, substantia nigra, facial nu-
cleus, and hypoglossal nucleus. Ubiquitin-immunoreactive intra-
neuronal inclusions were found in the hippocampal dentate granu-
lar cells, frontotemporal cortical layer IT neurons, and facial nu-
cleus. Bunina bodies were also evident in the facial nucleus and
hypoglossal nucleus. Degeneration of the pyramidal tract was evi-
dent in the medulla oblongata, but was not obvious in the mid-
brain. No senile plaques were seen using methenamine silver stain-
ing. A few neurofibrillary changes were found in the parahip-
pocampal gyrus, without neurofibrillary changes in the hippocam-
pal CA1, compatible with stage I of Braak’s classification [6], us-
ing Gallyas-Braak staining.

Clinical course and neuropathological findings in case 4

The patient was in good bealth until the age of 72, when she be-
came aware of weakness in the distal part of the upper extremities.
Memory disturbance appeared about 8 months after the disease on-
set. A neurological examination when the patient was 73 years old,
about 11 months after the onset of the disease, revealed dementia,
dysarthria, dysphagia, atrophy and fasciculation of the tongue,
muscle atrophy of the upper extremities, fasciculation in the upper
and lower extremities, hyperreflexia in the lower extremities, and
absence of Babinski sign. She died of respiratory difticulty at age
73, about 1.5 years after the onset of the disease. No respiratory
support was given throughout the clinical course. She was clini-
cally diagnosed as having ALS+D.

Brain weight was 1,202 g. Macroscopic examination revealed
slight atrophy of the frontal lobe and anterior parahippocampal
gyrus, with depigmentation of the substantia nigra. A histological
examination showed neuronal loss with astrocytosis in the fron-
totemporal lobes, including the dorsomedial portion of the anterior
first temporal gyrus, the subiculum, parzhippocampal gyrus,
amygdala, caudate nucleus, substantia nigra, facial nucleus, hy-
poglossal nucleus, and anterior horns of the spinal cord. Ubigquitin-
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immunoreactive intraneuronal inclusions were evident in the hip-
pocampal dentate granular cells, frontotemporal cortical layer II
neurons, amygdala, facial nucleus, hypoglossal nucleus, and ante-
rior horns of the spinal cord. Bunina bodies were also obvious in
the facial nucleus, hypoglossal nucleus, and anterior homs of the
spinal cord. Degeneration of the pyramidal tract was evident in the
spinal cord and medulla oblongata, but was not obvious in the mid-
brain. No senile plaques were seen using methenamine silver stain-
ing. A few neurofibrillary changes were found in the hippocampal
CAl and amygdala, with a small quantity of neurofibrillary
changes in the parahippocampal gyrus, compatible with stage II of
Braak’s classification [6], using Gallyas-Braak staining.

Results
Clinical features

The main clinical information on the eight patients (one
male, seven female) is summarized in Table 1. The pa-
tients had no hereditary burden. The age at onset of symp-
toms was from the fourth to eighth decade of life, with an
average of about 61 years 5 months. The duration of the
disease ranged from 10 months in case 1 to 3 years 2 months
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in case 3; the mean duration was 1 year 11 months. Four
patients presented with psychiatric signs, including abnor-
mal behavior and indifference, or dementia as the initial
sign. Three patients initially developed lower motor neu-
ron signs, including dysarthria, dysphagia, and weakness
of the upper extremities. Dementia and slight memory
disturbance were observed in all eight cases. Lower motor
neuron signs were found in seven cases, but not in case 8.
Five patients were diagnosed as having ALS+D, one
aphasia + ALS, one ALS, and one frontal lobe dementia.

Pathological features

The neuropathological data are summarized in Table 2.
Brain weights at autopsy ranged from 1,070 to 1,365 g
(average 1,221.5 g). Ubiquitin-immunoreactive infraneu-
ronal inclusions were evident in the hippocampal dentate
granular cells, frontotemporal cortical layer II neurons,
and motor neurons in the brain stem and/or spinal cord in
all eight cases. Neuronal loss with astrocytosis and pres-
ence of Bunina bodies was obvious in the motor neurons

Table | Summary of clinical features (+ present, — absent, ALS amyotrophic lateral sclerosis, D dementia, y years, m months)

Case 1 2 3 4 5 6 7 8
Sex F F F F F M F F
Heredity - - - - - - - -
Age atonset 74 77 39 72 56 49 65 59
(years)
Durationof 10m 2y 3y2m lyém 2y3im 2yI0m 2y ly
the discase
Initial sign Aphasia, Weakness  Indifference Weakness of the Dementia Dementia Dysarthria, Abnormal
dysphagia  of the right distal part of the dysphagia behavior
hand upper extremities
Dementia + + + + + + Slight +
memory
disturbance
Lower motor + + + + + + + -
neuron sign
Clinical Aphasia+  ALS+D ALS+D ALS+D ALS+D  ALS+D  ALS Frontal lobe
diagnosis ALS dementia
Table 2 Summary of pathological features (+ present, — absent, N.E. not examined)
Case 1 2 3 4 5 6 7 3
Brain weight (g) 1,070 1,125 1,200 1,202 1,210 1,260 1,340 1,365
Ubiquitin-immunoreactive intraneuronal inclusions in the + + + + + + + +
hippocampal dentate granular cells, frontotemporal cortical layer II
neurons, and motor neuron in the brain stem and/or spinal cord
Neuronal loss with Bunina bodies in the motor neuron of the brain + + + + + + + +
stem and/or spinal cord
Neuronal loss with astrocytosis in the dorsomedial portion of the + N.E + + + + + N.E.
anterior first temporal gyrus '
Neuronal loss with astrocytosis in the subiculum + + + + + NE. + +
Neuronal loss with astrocytosis in the parahippocampal gyrus + + + + + + + +
Neuronal loss with astrocytosis in the amygdala + + + + + + + +
Neuronal loss with astrocytosis in the substantia nigra + + + + + + + +
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Table 3 Clinicopathological correlation between pyramidal signs and involvement of the pyramidal tract (+ present, — absent, ¥.R. not

recorded, NV.E. not examined)

Case _ 1 2 3 4 5 6 7 ]
Pyramidal sign : + + + + + + + -
Hyperreflexia + + + + + + + -
Babinski sign + + N.R - - - + -
Spasticity NR - N.R N.R N.R. N.R. N.R. -
Loss of Betz cells + + + + N.E. + + +
Astrocytosis of the primary motor cortex layer V + - + - N.E. + - -
Degeneration of the pyramidal tract
Midbrain - - - - - - - -
Medulla oblongata + + + + + + + +
Spinal cord + + N.E. + + + + N.E.

of the brain stem and/or spinal cord in all cases. Neuronal
loss with astrocytosis in the dorsomedial portion of the
oral first temporal gyrus was observed in all six cases in
which this structure was examined. Neuronal loss with as-
trocytosis in the subiculum was found in all seven cases
examined. In all eight cases, neuronal loss with astrocyto-
sis was evident in the parahippocampal gyrus, amygdala,
and substantia nigra.

Clinicopathological correlation between pyramidal signs
and involvement of the pyramidal tract

Pyramidatl signs and involvement of the pyramidal tract
are summarized in Table 3. Pyramidal signs, including hy-
perreflexia and Babinski sign, were noted in seven cases.
Spasticity was not found in any patients with ALS+D,
Loss of Betz cells was observed in all seven cases in
which the primary motor cortex was examined. In con-
trast, astrocytosis of the primary motor cortex layer V, de-
tected by Holzer and GFAP staining, was obvious in three
cases (cases 1, 3, and 6). Degeneration of the pyramidal
tract, particularly of large myelinated fibers, was observed
in all eight cases, and the distal portion was more affected
than the proximal portion.

Discussion
Clinical features

According to Mitsuyama and colleagues [20, 21, 22], who
proposed ALS+D as a new clinicopathological entity,
pyramidal signs, including hyperreflexia, Babinski sign,
and spasticity, were rarely observed in ALS+D. Further-
more, they noticed that the clinical hallmarks of motor
neuron involvement in ALS+D were usually bulbar-type
ALS, and that the lower motor neuron signs were more
predominant than the upper motor neuron signs. Neary et
al. [28] also reported that in MNND there was a relative
absence of severe spasticity of the limbs. In contrast, there
are few reports concerning obvious pyramidal signs in
cases of ALS+D. According to Abe et al. [1], who con-

ducted a single-photon emission computed tomographic
investigation of 11 patients with motor neuron disease, in-
cluding four cases of ALS+D, hyperreflexia was evident
in all four cases of ALS+D, and Babinski sign was also
found in three cases of ALS+D. Matsumoto et al. [17],
who reported an autopsy case of ALS+D with ubiquitin-
immunoreactive intraneuronal inclusions in the small neu-
rons of temporal cortex, noted that, in their case, spastic-
ity and brisk tendon reflexes were evident. According to
Kato ¢t al. [13], who investigated the topographic distrib-
ution of degenerative changes in the cerebral cortices and
subcortical structures using large brain sections from
eight autopsy cases of ALS, including five autopsy cases
of ALS+D, hyperreflexia was evident in four (80%) of
five cases of ALS+D and Babinski sign was positive in
three (60%) of five cases of ALS+D. Nakano [26], who
reviewed 36 autopsy cases of ALS+D reported in Japan
up to 1996, noticed that hyperreflexia was observed in 17
(57%) of 30 autopsy cases in which clinical features were
adequately reported, with Babinski sign being found in
10 cases (33%). _

When we consider the frequency of pyramidal signs in
ALSAD, our data showing that pyramidal signs were ob-
served in seven (88%) of eight autopsy cases deserve
mention.

Pathological features

It is thought that Betz cells of the primary motor area in
ALS+D are relatively preserved. In 1990, Neary et al.
{28] reported that in two autopsy cases of MNDD, Betz
cells of the precentral gyrus were largely preserved in
number, though many were grossly shrunken. In 2000,
Mitsuyama [21] noted that in ALS+D, Betz cells of the
primary motor cortex were usually intact. In contrast, loss
of Betz cells in ALS+D has been rarely reported. In 1970,
Shirabe et al. [37] reported an autopsy case of ALS+D
having a clinical course of 1 year 3 months, and noticed
that in their case Betz cells in the primary motor area were
almost depleted. In 1976, Miyamoto et al. [23] also re-
ported a Japanese autopsy case of ALS+D with parkin-
sonism and a clinical course of 2 years, and noted that



Betz cells in the primary cortex were diminished in num-
ber, Furthermore, in 1986, Kuroda et al. [15] reported an
autopsy case of ALS+D with neck extension and a clini-
cal course of | year 5 months, and noted that in their case
the primary motor area showed marked diminution of
Betz cells with astrocytic proliferation. In 1999, Noda et
al. [32], who investigated Gallyas- and tau-positive glial
structures in three autopsy cases of ALS+D in which the
ages at onset were 70, 74, and 71 years, respectively, no-
ticed that in their three cases Betz cells in the primary mo-
tor cortex were depleted.

From a perusal of the literature concerning the in-
volvement of Betz cells in ALS+D, it has become obvicus
that there have been few reports showing loss of Betz
cells in the primary motor cortex of these patients. Thus,
our data, showing that there is constant loss of Betz cells
in cases of ALS+D, are notable.

As mentioned in the introduction, it has been reported
that the pyramidal tracts in patients with ALS+D are rela-
tively preserved. In 1984, Mitsuyama [20], who reviewed
26 cases of ALS+D reported in Japan up to 1984, includ-
ing 18 autopsies cases, noted that although half of the
cases of ALS+D showed pyramidal tract degeneration, it
was very mild compared with that seen in the classical
sporadic ALS. In 1990, Neary et al. [28], who reported
four patients with MNDD, including two autopsy cases,
noticed that in their autopsy cases there was no obvious
demyelination within the corticospinal tracts in the pons,
medulla oblongata, and spinal cord. In 1998, Mann [16]
noted that in MNDD despite the loss of anterior horn
cells, the long white matter tracts within the spinal cord
and brain stem remained well myelinated, and that no
overt loss of axens was seen. In contrast, there are a few
reports conceming the involvement of the pyramidal tract
in ALS+D. In 1992, Okamoto et al. [35], who elucidated
the constant presence of ubiquitin-positive intraneuronal
inclusions in the hippocampal dentate granular cells and
small neurons of the superficial layers of the frontotempo-
ral lobes in ten cases of ALS+D, also noted that pyrami-
dal tract degeneration was present in seven of ten cases. In
1996, Bergman et al. [5], who conducted a neuropatho-
logical and immunohistochemical study on 20 cases of
frontotemporal dementia, including five cases of motor
neuron disease with dementia, noted that the pyramidal
tracts were affected in four of five cases of motor neuron
disease with dementia. In 1998, Kawashima et al. [14],
who reported ubiquitinated skein-like inclusions in the
striatum from an autopsy case of ALS+D, also noticed
that in their case the pyramidal tracts in the spinal cord
had slightly degenerated.

Therefore, our data showing that there is constant in-
volvement of the pyramidal tract in ALS+D patients is an
interesting finding. Furthermore, the involvement of the
pyramidal tracts in our eight cases was more prominent in
the distal portion than in the proximal portion. Dominant
involvement of the pyramidal tract in the distal portion in
our cases is also fundamentally compatible with the re-
sults of a study by Yoshida et al. [52].
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Clinicopathological correlation between pyramidal signs
and involvement of the pyramidal tracts

There have been very few investigations on the clinico-
pathological correlation between pyramidal signs and in-
volvement of the pyramidal tract in cases of ALS+D.
Morita et al. [24], who reviewed 34 Japanese cases of
ALS+D reported, including 26 neuropathologically con-
firmed autopsy cases, noted that hyperreflexia was seen in
only 27% of patients, with Babinski sign being evident in
18%. Furthermore, they noticed that degeneration of the
pyramidal tract was found in only 27% of autopsy cases
of ALS+D, and proposed that from the point of view of
motor neuron disease, ALS+D should be considered as an
atypical spinal progressive muscular atrophy rather than
ALS. However, Morita et al. [24] did not comment on
whether there was any clinicopathological correlation be-
tween pyramidal signs and involvement of the pyramidal
tract in 26 Japanese autopsy cases of ALS+D. However,
Yoshida et al. [52] clinicopathologically investigated
13 cases of ALS+D, comprising 11 sporadic cases and
2 familial cases, and reported the pathological features of
6 of the sporadic cases and 1 familial case. They noted
that in each of the 6 sporadic autopsy cases of ALS+D,
hyperreflexia, including jaw jerk, was found, with Babin-
ski sign being evident in 4 cases (67%). Furthermore, they
noticed that in the spinal cords of these 6 cases, degener-
ation of the pyramidal tract, with preferential involvement
of the distal portion of the pyramidal tract, was evident,
and that, in contrast to the previous studies [20, 22, 24],
there was an obvious clinicopathological correlation be-
tween pyramidal signs and involvement of the pyramidal
tract.

On the basis of our data showing that pyramidal signs
were observed in seven of eight autopsy cases, and that
involvement of the pyramidal tract was obvious in all
cases, we believe that there is an obvious clinicopatholog-
ical correlation between pyramidal signs and involvement
of the pyramidal tract in ALS+D.

Nosological status of ALS+D

Mitsuyama and Takamiya [22], who reported an addi-
tional Japanese female case of ALS+D, who had a clinical
course of 3 years, and proposed ALS+D as a new disease
entity, noted that in ALS+D there were not only no defi-
nite pyramidal signs or pathological reflexes, but also a
low incidence of pyramidal tract degeneration, inconsis-
tent with the pathology of classic ALS. Therefore, they
believed that ALS+D was a new disease entity rather than
a variant of ALS. In contrast, Hudson [9], who reviewed
42 cases of sporadic ALS accompanied by dementia
and/or parkinsonism reported up to 1981 throughout the
world, noted that the sporadic type of ALS+D or ALS as-
sociated with dementia and parkinsonism might be a vari-
ant of classical ALS. Salazar et al. [36], who reviewed
231 cases of dementia with early lower motor neuron
signs, including 65 cases referred to their laboratory, con-
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cluded that the syndromes of dementia and lower motor
neuron disease were closely related to the usual forms of
sporadic and familial ALS. Furthermore, Horoupian et al.
[8], who reported three autopsy cases of ALS+D in which
dementia without neurofibrillary tangles or Pick bodics
antedated amyotrophy by several years and in which pyra-
midal tract degeneration was found in all three cases, con-
sidered that their cases might represent a subset of motor
neuron disease.

Based on our data for eight autopsy cases showing a
high frequency (88%) of pyramidal signs and constant in-
volvement of Betz cells and the pyramidal tract, and on
the obvious clinicopathological correlation between pyra-
midal signs and pyramidal tract involvement, we believe
that ALS+D is not a new clinicopathological entity, but a
rare variant of ALS.
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Alpha-synuclein{a-S) and ubiquitin(Ub) are constit-
uents of the Lewy bodies (LBs), composed of fibrillary
structures. To clarify morphological heterogeneity of
LBs, we looked for localization of these epitopes in
relation to fibrillary structure possibly detectable by a
fluorochrome, thiazin red (TR). On the sections of the
substantia nigra (SN) and the cingulate gyrus (CG)
obtained from Parkinson’s disease brains, double am-
plification by CARD fluorescent immunchistochemis-
try with anti-a-S monoclonal! (LB509) and anti-Ub
polyclonal antibodies was performed, followed by
staining with TR. These triple-labeled images were
captured by a confocal laser microscope and subse-
quently stained with Campbell-Switzer method, a sil-
ver staining specific for LBs. Staining profiles of LBs
were different between those in the SN and in the CG.
Immunolabeling either with the anti-o-8 or anti-Ub
antibody was diffuse without hale structure in LBs of
CG. In addition to this diffuse staining, a lot of LBs of
SN exhibited a halo structure immunopositive for o«-S
and Ub, probably representing later stages of LB evo-
lution. Irrespective of the presence of this halo strue-
ture, the TR signal was always concentrated in the
center of LBs, as the silver-stained material was, sug-
gesting that fibrillary components in the central por-
tion of LBs undergo some conformational changes de-
tectable by TR and the silver-staining. This technique
reveals different epitopes in relation to LB evolution
in vivo. Heterogeneity in staining profile of LBs, as
clarified by this method, may represent evolutional
changes of LBs, related to conformational states of
their constituents. o 2002 Elsevier Science (USA)

Key Words: Lewy body; triple-labeling immunchisto-
chemical study; CARD; thiazin red; Alpha-synuclein;
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ubiquitin; substantia nigra; cingulate gyrus; confocal
laser microscope; Campbell-Switzer method.

INTRODUCTION

Lewy bodies (LBs) are recognized as eosinophilic in-
clusions found in restricted areas of the brain. Their
morphology and prevalence are greatly varied accord-
ing to their location or disease condition (1, 2). Al-
though morphological heterogeneity of LBs is more
apparent on immunohistochemical (3, 4) and electron-
microscopic (1, 5-16) examination, it is now known
that they are commonly composed of fibrils or aggre-
gates of alpha-synuclein(e-S) (17, 18). It is, therefore,
probable that factors other than a-S itself may be re-
sponsible to explain the morphological heterogeneity of
LBs (19-26). Because o-S in LBs is woven into fibrils,
it is likely that difference in composition of fibrils and
in its underlying conformation may be responsible for
these heterogeneity (3, 16-18). Inversely, these heter-
ogeneities between LBs (inter-LB heterogeneity} or in
internal structure of each LB (intra-LB heterogeneity)
may represent different conformation or fibril compo-
sition. In the present study, we attempted to define
these inter- and intra-LB heterogeneities on the basis
of immunohistochemistry, silver staining and a fluoro-
chrome, thiazin red, that has an affinity to fibrillary
structures such as neurofibrillary tangles (27). Dual
enhancement of double immunofluorescent signals by
CARD, as we have established recently {(28), enabled
immunofluorescent signals from «-S and ubiquitin
(Ub) to be quantified precisely. Simultaneous detection
of TR signal from the same structure provided addi-
tional information, possibly related to fibrillary status
of the LB under observation. Finally, superimposition
of silver-stained image, specific for LBs (29), onto this
triple-labeled fluorescence image enabled to exclude
non-specific fluorescence not related to LBs. The
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FIG. 1. Various types of Lewy bodies (LBs) differentiated by triple-flucrescence labeling. Green alpha-synculein (2-S) labeled by FITC;
blue: ubiquitin (Ub) labeled by Cy-5; red: stained by thiazin red (TR); and merge: merged image of the three, and stained by Campbell-Switzer
silver pyridine technique (silver). Five images, arranged horizontally, were obtained from the same LB. A, B are two representative types of
LBs in the substantia nigra. C, D are two representative types of LBs in the cingulate gyrus. Bars, 20 um.

present study clarified inter-LB and intra-LB hetero-
geneities and their possible relation to evolution of LBs
and to conformational states will be discussed.

MATERIALS AND METHODS

Five patients with the clinicopathological diagnosis
of PD (1 male/4 females; age at death, range 60-78
years), obtained from the Department of Pathology,
Tokyo Metropolitan Neurological Hospital, Tokyo, Ja-
pan, were enrolled in this study. Duration of the dis-
ease ranged 2-20 years. Clinical diagnosis of PD was
confirmed postmortem on the basis of neuronal loss
and the presence of LBs in the substantia nigra (SN),
locus coeruleus, and dorsal motor vagal nucleus. All
these were compatible with limbic/transitional type of
DLB according to the consensus guidelines (30). For-
malin-fixed, paraffin-embedded blocks were sampled
from the cingulate gyrus (CG) and the SN at the level

of the red nucleus. And sections were deparaffinized
after cutting at 4 um.

In order to observe localization of the two epitopes
more clearly without crosstalk, each fluorescent signal
from the two epitopes was amplified as described pre-
viously as dual enhancement of double immunofluores-
cent signals by CARD (28). After treatment with 2%
H;O; to inactivate endogenous peroxidases, sections
were incubated with the monoclonal antibody against
a-S LB509 (18) (1:300, courtesy of Professor Iwatsubo,
University of Tokyo, Tokyo, Japan) diluted with 0.01M
phosphate buffered saline (pH 7.4) containing 0.03%
Triton-X 100 (PBST) and 5% normal goat serum for 48
h at 4°C. Sections were washed for ten minutes three
times with PBST between the steps throughout the
procedure. After incubation with an anti-mouse IgG
conjugated with horseradish peroxidase (HRP) (1:500,
Kirkegaard & Perry, Gaithersburg, MD) for 2 h, the
HRP signal was directly visualized with FITC-conju-
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gated tyramide (1:200, FITC-tyramide, NEN Life Sci-
ence Products, Boston, MA) in the dark. Next, HRP
was again blocked by incubating the section with 2%
H,O, in 0.1M Tris-buffered saline for 30 min. The
sections were then incubated with a rabbit polyclonal
antibody against Ub (1:500, Dako, Denmark) at 4°C for
48 h. After incubation with an anti-rabbit IgG conju-
gated with HRP (1:500, Pierce, Rockford, IL} for 2 h,
the HRP signal was amplified with biotinylated tyra-
mide (1:1000) (31) for 10 min. The amplified signal was
visualized with Cy5-conjugated streptavidin (1:200,
Kirkegaard & Perry). After washing, stained sections
were then immersed in 0.01 M phosphate-buffered sa-
line containing TR (1:30,000; Wako, Japan) for 30 min.
After washing, they were mounted with buffered glyc-
erol containing p-phenylenediamine to minimize pho-
tobleaching. Sections were observed under a fluores-
cence microscope combined with lager confocal system
(TCS-8P, Leica, Heidelberg, Germany). This system is
equipped with spectrophotometer consisting of a prism
and two sets of movable slit in front of the detection
photomultiplier, which select arbitrarily whatever
wavelength between 400-800 nm for the light path
(LP) to be detected. For balanced excitation of fluoro-
chromes, Ar-Kr laser is combined with acoustico-opti-
cal tunable filter (AOTF) system, which enables to
adjust the individual intensity of each of the three
laser beams (488, 568, and 647 nm) independently,
FITC, which labeled a-S epitope, was excited by 488
nm beam and was detected through a LP ranging 500—
540 nm. Cy-5, which labeled Ub epitope, was excited by
647 nm beam and was detected through a LP ranging
690~730 nm. TR (emission peak: 620 nm) was excited
by 568 nm beam and was detected through LP ranging
600-640 nm. After triple-stained images were photo-
graphed and recorded on magneto-optical disks, the
same section was subjected to Campbell-Switzer silver
pyridine technique, which is an advanced silver-stain-
ing, specific for LBs (29). Those stained by this silver
technique were identified as LBs. This procedure en-
abled the relationship between four different staining
features; a-S-like immunoreactivity (IR), Ub-like IR,
TR positivity, and argyrophilia by the silver staining,
to be assessed on each LB. Morphological profile of
each LB was classified based on both these staining
features and its morphology (presence or absence of
halo). At least twenty LBs on sections from the CG and
from SN from each case were screened for these mor-
phological profiles.

RESULTS

Dual enhancement of two different fluorescent sig-
nals enabled to detect highly intense signals from a-S
(FITC) and from Ub (Cy-5) without cross talk between
the TR signal (Fig. 1). Because the same section was
subjected to the silver staining, the same LB, already

recorded as multilabeling flugrescence images, was
identified on the silver-stained section to assure that
the silver-stained inclusions were nothing other than
LBs. No structures lacking argyrophilia were neither
immunopositive for a-S nor Ub. Other structures such
as corpora amylacea, which often exhibit nonspecific
immunolabeling and fluorescence were, therefore, ex-
cluded because they were not stained by this silver

staining (29).

Although o-S-like IR and Ub-like IR looked similar
in most of the LBs in general, Ub-like IR localized to
the periphery of LB and always surrounded o-S-like
IR. In other words, a-8-like IR never extended over the
area occupied by the Ub-like IR. TR-positive materials
or silver-stained materials were more or less concen-
trated at the center of the LB (Fig. 1). These staining
profiles were, however, different in the SN and CG.

Substantia Nigra

Nearly two-thirds (684.7%, Table 1) of nigral LBs
exhibited peripheral accentuation of o-S-like IR, recog-
nized as so-called “brain stem-type” of LBs with halo
(Figs. 1B and 1D), Most of them (47.5%) exhibited
concomitant accentuation of Ub-like IR at the periph-
ery. This peripheral accentuation of Ub-like IR was,
however, only seen when «-5 like IR was accumulated
at the periphery. On the other hand, significant pro-
portion (35.8%) of nigral LBs lacked this peripheral
accentuation of these IRs, and most of them (33.3%)
exhibited both -8 and Ub epitopes without peripheral
accumulation (Fig. 1A). TR signal, present only in
24.2% of nigral LBs, was always restricted to the cen-
ter of LBs even when o-S or Ub accumulated at its
periphery (Figs. 1B and 1D). Although all of these LBs
were stained by the silver impregnation technique,
silver-stained materials were more or less concen-
trated at the center of each LB (Figs. 1A-1D) as TR
signal was.

Cerebral Cortex (Cingulate Gyrus)

Over two-thirds (69.6%) of LBs in CG lacked periph-
eral accentuation of a-S-like or Ub-like IR, and were
recognized as so-called “cortical type” of LBs without
hale (Fig. 1C). Frequency of TR positive-LBs was
higher (82.6%) compared with that in SN (24%). This
contrast was still evident even when diffusely immu-
nostained-LBs without halo were compared between
CG (C) and SN (A). The TR signal in LBs was more
prevalent in CG 62/(18 + 62) = 77.5% than in SN
10/(3 + 30 + 10) = 30.3%. The TR signal was always
concentrated at the center of LB as seen in SN. Stain-
ing profiles of LBs in the cingulate gyrus were, there-
fore, more homogeneous than those observed in SN.
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DISCUSSION

Multi-labeling immunohistochemistry is usually
confronted with a difficulty in visualizing different
epitopes without cross talk. This difficulty is more se-
rious when dealing with fluorescent labeling, which is
sometimes hampered by a significant background
staining, especially when multiple epitopes, possibly

colocalizing to each other, are labeled by different fluo- -

rochromes. Dual enhancement of double immunofluo-
rescent signal by CARD (28) overcame this difficulty by
obtaining two intense fluorescent signals from two dif-
ferent epitopes, o-S and Ub, differently represented on
LBs. Use of FITC and Cy-5, whose emission peaks were
widely separated, enabled to combine another fluoro-
chrome, TR, which has an affinity to fibrillary struc-
tures possibly representing peculiar conformational
state such as neurofibrillary tangles (27). Identity of
LBs, sometimes difficult to verify on immuncfluorola-
beled sections because of their diverse morphology and
non-specific fluorescence, was ultimately confirmed on
the same section, subsequently stained by the silver-
staining method. This allowed us to pick up only gen-
uine LBs and to analyse their morphology in relation to
a-S, Ub and their conformational state in a quantita-
tive way at an optimum condition. Although @-8 is now
considered to be a major constituent of LBs and Ub is
an essential component during formation of LBs, we
found some difference in staining profiles between LBs
found in the SN and those in the CG. As expected, most
of LBs in SN exhibited halo-like structure, which con-
tained both «-S and Ub, representing typical brain-
stem type of LBs. Most of LBs in CG lacked this struc-
ture and contained both «-S and Ub in the center.
Regardless of this heterogeneity in their morphology,
TR signal, when detectable, was always concentrated
at the center of LBs. Lack of TR signal at the periphery
of brain stem-type LBs, where both «-S and Ub are
concentrated, suggests that the presence of o-S or Ub
and their accumulation itself hardly explain this posi-
tive TR signal. Although we only picked up silver-
stained structures as genuine LBs, silver-stained ma-
terials were also concentrated at the center of LBs,
where TR signal was also accumulated. This copositiv-
ity with TR as well as with the silver-stain may, there-
fore, represent some conformational states, which is
represented at the center of LBs.

Previous electron microscopic studies demonstrated
that brain stem-type LBs consisted of radiating fila-
ments at the periphery while their central domain was
densely packed with granular materials and vesicular
substances. In addition, the central domain contains
many filaments that are similar to those in the periph-
ery but are arranged haphazardly (1, 5). On the other
hand, cortical LBs consist of similar, randomly ori-
ented filaments intermingled with some membrancus
profiles as seen in the center of brain stem-type of LBs
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(6-9), while they lacked the peripheral counterpart
consisting of radiating filaments (10-14). It is, there-
fore, speculated that formation of radiating filaments
at the periphery of LBs, as seen in brain stem-type
LBs, may represent later stage of formation of LBs (10,
15, 18), Indeed, the packing density of filamentous
structures in cortical LBs is less dense than that in
brain stem-type LBs, again suggesting that LBs of
cortical type may represent a precursor stage preced-
ing brain stem-type LBs (1, 4-16, 18, 32). These mor-
phological heterogeneities of LBs may, otherwise, rep-
resent an influence dependent on the neuronal types in
which they are formed. Anyway, both types of LBs, in
spite of their morphological heterogeneity, share simi-
lar ultrastructural profile in their center as mentioned
above. In addition, accumulation of mitochondria in
the central part of LBs is another feature shared by
both types of LBs (10, 13, 14). These similarities in
ultrastructural profiles, seen in the center of both types
of LBs, may correspond to some conformational states
detected with both TR and silver staining on fixed
histological sections.

We do not yet know whether differences in staining
profiles seen in LBs of SN and CG represent different
mechanism of LB formation or different stages of LB
formation shared by LBs in SN and those in CG. The
later possibility seems more plausible because there
were significant overlap in the staining profiles be-
tween LBs in SN and those in CG. As previously hy-
pothesized, simple deposition of «-S as amorphous de-
posits may occur as an early event (Fig. 2@), as shown
in Fig. 2. Subsequently, Ub is then integrated into LBs
{Fig. 2@A) followed by some conformational changes
detected by TR (Fig. 2@C). Halo-like structures then
appear, when a-S and Ub are redistributed to the pe-
riphery of LBs (Fig. 2@D). Some of them finally may
evolve into mature LBs, when TR positivity is absent
(Fig. 2@). Our quantitative approach clarified that LBs
in SN exhibited full range of these different staining
profiles, while LBs in CG exhibited only limited stain-
ing profiles restricted to Figs. 24, 2C, and 2D, as en-
cased in the rectangle (Fig. 2). This suggests that LBs
in CG exhibit only limited stages of their morphological
evolution. Formation of halo-like structure, exclusively
observed in LBs in SN, is correlated with an efface-
ment of a-S-like IR, Ub-like IR or TR positivity at the
center of LBs. This effacement may represent disap-
pearance of these epitopes or change in their confor-
mational state. It may, otherwise, be related to pro-
gressive accumulation of dense materials in the center
of LBs, that will modify epitopes or disarrange accu-
mulated fibrils. At any rate, this change in staining
profile represents evolution of LBs, which is unique to
SN.

Although it is considered that a-S is one of the major
constituents of LBs, some studies demonstrated that
simple overexpression of ¢S in cultured cells or high
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FIG. 2. Evolution of Lewy bodies (LBs) based on immunohistochemistry for alpha-synuclein (a-8), ubiquitin (Ub), and positive staining
with thiazin red (TR). Mest of LBs in the cingulate gyrus (CG) could be encased in the rectangle as in Table 1, while those in the substantia
nigra (SN) exhibit more variable staining profiles. Putative direction of LB evolution is indicated with arrows. A, B, C, and D correspond to

staining profiles shown in Figs. 14, 1B, 1C, and 1D, respectively.

concentration of a-S in vitro failed to reproduce struc-
tures reminiscent of LBs seen in diseased human
brains (19-23). It is, therefore, likely that intervention
of factors other than translated «-S fragment may be
necessary to mimic LBs outside human brains.

One of the factors is Ub. Its localization to LBs (3, 4)
is now considered to be more and more relevant to the
pathogenesis of PD, especially after the identification
of parkin gene, because it codes for an E3 ubiquitin

TABLE 1

Heterogeneity in the Staining Profile of Lewy Bodies (LBs)
in the Substantia Nigra and Cingulate Gyrus

Nigra/120 (%} -5 Ub TR Cortex/115 (%)
3 2.5 L (=} (=)
30 (A 25.0 ® L (=) 18 15.7
10 8.3 L L ® 82 (C)y** 53.9
® o ® 13 11.3
2 1.7 O ® *® 8 7.0
12 10.0 @) @] ® 12 (D) 10.4
5 4.2 o (=) e
13 10.8 @] [ (=) 2 1.7
45 (BY* 375 @] G (-}

Note. Stained structures positive for the silver staining were
counted as LBs. In addition te positive (+) or negative (~) staining
each for alpha-synuclein {a-S), ubiquitin (Ub), and thiazin red (TR},
staining pattern was classified as either diffuse (@) or halo-like (O).

* Staining profiles predominant in the substantia nigra (SN).

** Staining profiles predominant in the cingulate gyrus (CG).
Staining profiles with TR positivity were encased in the rectangle
which include most of LBs in CG, Staining profiles of LB in SN were
more variable. A, B, C, and D correspond to staining profiles shown
in Figs. 1A, 1B, 1C, and 1D, respectively.

ligase and some of its mutations are linked to an au-
tosomal recessive type. of Parkinsenism (25). Double
labeling immunofluorescence study at our optimum
condition revealed that area occupied by Ub-like IR
was larger than that occupied by o-S-like IR without
exception. This is in contrast with previous immuneo-
fluorescence studies on LBs, which demonstrated that
Ub-like IR of LBs was surrounded by o-S-like IR (3, 4).
Difference of primary antibodies used or difference in
staining procedure without amplification method in
the previous studies may explain this discrepancy,
which awaits, however, further confirmation. Similar
images as we obtained; a-S-like IR surrounded by Ub-
like IR, however, has been observed on cultured cells
which overexpress o-S, thereby forming its aggregates
surrounded by Ub-like IR (33). Interestingly, similar
composition was noted in cells overexpressing wild-
type a-S, when they were exposed to paraquat, a potent
inducer of intracellular oxidative stress by producing
superoxide (33). Although it remains to be proved
where in neurons or in LBs o-S and Ub interact, one of
the recent studies indicates that ubiqutin-proteasome
system is down regulated where protein aggregates are
accumulated as in the center of LBs (34). These exper-
imental data corroborate our cbservation on LBs that
Ub is localized to their outermost rim.

Other modifications of a-S molecule such as glycosyl-
ation (25), nitration (38—40), or phosphorylation (35—
37) have been noted. Although nitration occurs in a
wide variety of conditions, not restricted to LBs, it has
been reported that this event preferentially takes place
only when «-S has assembled into filaments (38) and
stabilizes pre-assembled filaments (39). Because nitro-
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tyrosine accumulates in the center of LB (40), it is
probable that assembled filaments decorated by nitra-
tion, which are accumulated in the center of LB, un-
dergo some conformational changes. Accentuation of
TR signal in the center of LB may correspond to this
pathological conformation.

Apart from modification of a-8 molecule itself, sev-
eral molecules or structures have been reported to be
present in LBs and some of them may interact with
«-S. Among them, microtubule-associated protein-2
(MAP-2) (41), lipids (4) and microglia (42) as well as
their related factors (43) are accumulated in the center
of LBs, which may possibly be relevant to conforma-
tional changes of LB as similarly detected by TR at the
center of LBs. Presence of synphilin-1 in LBs (44) and
its capacity to interact with o-8 and parkin (24-26, 45)
are attracting increasing attention. Relative scarcity of
synphilin-1-like IR at the periphery of LB (44) again
suggests its possible link to a conformational state
corresponding to more consolidated area of LB, as the
center of LB.

Although the list of molecules or epitopes possibly
linked to the formation of LBs is still growing, we do
not yet know which modification or which interacting
molecule is most relevant to the formation of LBs.
Although it is reasonable and promising to reproduce
this process in vitro or in cellular or animal model,
paralle]l examination of human brain is another indis-
pensable counterpart to verify what is really going on
in the disease brains. Our double-labeling method with
dual amplification of signals combined with TR clari-
fied the morphological heterogeneities between LBs,
which may correspond to their different evolutional
stages. Because this method is also advantageous to
look for structural heterogeneity in each LB; it will
provide an optimum condition to look for other candi-
date molecules or epitopes possibly involved in the
formation of LBs during their evolution from amor-
phous deposits to concentric classical LBs.
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