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Fig 4. Changes in polysialic acid (PSA)-positive cells in hemilesioned animals. Substantia nigra of hemi-parkinsonian model mon-
key (A, B, E, F) and ras (C, D, G, H) showed reduced tyrosine hydroxylase (TH; A-D) and increased PSA (E~H) immunostain-
ing. The substantia nigra of the monkey ipsilateral to 1-methyl-4-phenyl-1,2,3,6-tetrabydropyridine (Sigma, St. Louis, MO)—injected
caudate (B, F) and that of the rat ipsilateral to I-methyl-4-phenylpyridinium salt (MPP" )—injected medial forebrain bundle (D,
H) are shown side by side to their respective contralateral sides (A, C, E, G). (I, ]) Six intact and six hemi-MPP" lesioned rats
were subjected 1o densitometric analysis, and the results are expressed as the ratio of staining density of MPP™ -injected side o the
saline-injected side. Each dot represents one animal, and the horizontal bars indicate the average of the group. Marked reduction

in TH (p < 0.01) and a slight increase in PSA (p < 0.01) immunostaining were detected in the MPP" -treated side (two-tailed
t test), whereas the ratio was almost even in the intact rats. Scale bars = 500um (A, B); 100um (C-H).

can label the proliferating cells in a small area.'”*?

However, unlike the migration from subventricular
zone (SVZ) to the olfactory bulb, the number of GFP-
labeled cells beside the aqueduct was small, especially
in mice. Because injection of the same retroviral solu-
-tion into the dorsal striatum close to the lateral ventri-
cle succeeded in labeling a large number of neuronal
stem cells,”* the small number noted in our study is
not likely to be because of leakage of the viral solution
into the aqueduct. Our preliminary study showed nes-
tin, Ki67 immunostaining, and BrdU-positive nuclei
after the current method of BrdU-administration was
not evident around the midbrain aqueduct, whereas
marked staining of them was noted in SVZ of the lat-
eral ventricle (data not shown). These results suggest
that the aqueduct area is not likely the source of new
neurons in the adult midbrain.

Does Polysialic Acid in Substantia Nigra

Suggest Neurogenesis?

Many cells in the SNr in PD midbrain were PSA-
positive. Similar results were noted in the monkey and
six rats after dopaminergic deprivation in the left hemi-
sphere. In the hippocampus, PSA expresses on neurons
under plastic changes of synapses and newly generated
neurons.** In the midbrain, it is unclear whether PSA
can be a marker of newly formed neurons.>®> Despite
the negative results of retroviral labeling, it is possible

38 Annals of Neurology Vol 58 No 1 July 2005

that neurogenesis is present but undetectable by BrdU
or retroviral vector. Neurogenesis in SVZ is well doc-
umented®® and can be separated into three steps: pro-
liferation, migration, and neuronal differentiation.
BrdU and retroviral vector label DNA during its du-
plication. These methods have been effective in detect-
ing neurogenesis in SVZ and hippocampus, but they
are not direct markers of neuronal differentiation.
Neural progenitor cells may not necessarily differenti-
ate to neurons sequentially after cell proliferation. Ac-
tually, the cells start the final step of neuronal differ-
entiation a few days after they reach the olfactory bulb.

Immature cells that can differentiate into neurons in
vivo on transplantation into the hilar region of the hip-
pocampus have been isolated from the adult rac mid-
brain.'' It is unclear whether immature cells can dif-
ferentiate into neurons and express PSA without cell
division. In this study, most GFP-labeled cells were mi-
croglia and NG2-positive glial precursors (see Table 2),
which can recover the multipotency and differentiate
into neurons in certain environments.>**° These pre-
cursor cells may starc neuronal differentiation without
further proliferation when more neurons are required -
in the brain.

Regeneration of nigral neurons is still an accractive
therapeutic target in PD. It is not appropriate to give a
negative conclusion to this therapeutic possibilicy sim-
ply because the proliferative cells failed to differentiate
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Table 3. Characteristics of Patients and Disease Controls

PSA-Positive

' Dopa Cells*
Subject Age Duration Yahr Treatment _—
(yr) Sex Diagnosis of Tllness Stage (yr) SNc SNr
Control
81 M Cerebral infarction 6.0 0.0
63 M Myotonic muscu- 13.5 1.5
lar dystrophy
57 F Myasthenia gravis 21.0 2.5
77 M Cerebral hemor- 10.5 8.5
rhage
92 M Cerebral hemor- 99.5 11.0
rhage
67 F Alzheimer’s disease 4.0 11.5
Mean 72.8 25.8 5.8
SD 12.9 36.6 5.1
PD
85 F PD 13 5 13 7.5 0.0
77 M PD 7 4 7 5.0 8.5
74 F PD 8 4 8 8.5 17.0
69 F PD 9 4 7 33.0 28.0
62 M PD 13 3 13 33.0 38.5
70 M PD 16 4 16 14.5 55.5
Mean 72.8 16.9 24.6
SD 7.8 12.8° 20.4°

“The average of duplicate counting of each sample by blinded observer is shown. Dara are aligned from top to bottom in the order of PSA cell

number in SNr.

%5 < 0.05; and “p < 0.01, significant difference of distribution, F-test.
PSA = polysialic acid; SN¢ = substantia nigra pars compacta; SNr =

Parkinson’s disease.

into dopaminergic neurons. Nigrostriatal dopaminergic
projection shows considerable recovery after MPTP
treatment of animals, and a small number of TH-
positive neurons appear in the SN after such treat-
ment.*'#* We speculate that the PSA-TH double-
positive cells identified in this study represent newly
generated dopaminergic neurons in the adult SN. In
this regard, a recent study showed that dopaminergic
agonists stimulate neurogenesis in SVZ.*> It has been
suggested that certain therapeutic agents currently in
use, such as selegiline, ropinirole, and pramipexole, can
slow the progress of the disease.**4> Further studies are
warranted to examine the effects of these compounds
on neurogenesis in the midbrain.
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Abstract This report concerns a clinicopathological
study of three additional patients with corticobasal
degeneration (CBD), described here for the first time,
and a clinicopathological correlation between pyrami-
dal signs and upper motor neuron involvement. in ten
autopsy cases of CBD, including seven cases reported
by us previously. We investigated pyramidal signs,
including hyperreflexia, Babinski sign, and spasticity.
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and involvement of the primary motor cortex and
pyramidal tract, focusing on the astrocytosis of the fifth
layer of the primary motor cortex. Pyramidal signs were
observed in six (60%) of the ten cases. Hyperreflexia
was evident in six patients (60%). with spasticity being
observed in three patients (30%). Loss of Betz cells
associated with prominent astrocylosis and presence of
ballooned ncurons in the fifth laver of the primary
motor corlex was observed in all ten cases. In all cases,
involvement of the pyramidal tract was obvious in the
medulla oblongata, without involvement of the pyra-
midal tract in the midbrain. Constant and severe
involvement of the fifth layer of the primary motor
cortex, including the Betz cells. has not previously been
reported in CBD. We suggest that the pyramidal signs
in CBD have been disregarded.

Keywords Betz cells - Charcot-Rebeiz disease -
Corticobasal degeneration - Pyramidal signs -
Pyramidal tract degeneration

introduction

Corticobasal degeneration (CBD) (3, 9. 10, 11, 16, 17,
20, 21, 28. 29, 31, 38, 42, 43, 51, 56, 58, 59, 72. 73. 74]
or cortical-basal ganglionic degeneration {4, 5, 37) was
first described by Rebeiz et al. in 1967 and 1968 [52, 53]
as corticodentatonigral degeneration with neuronal
achromasia. It is a rare neurodegenerative disorder and
can be classified as “‘Parkinson plus™ together with
multiple system atrophy and progressive supranucicar
palsy [22, 23, 24, 25, 30). CBD may occur more fre-
quently as initially thought, as indicated by the growing
number of reported cases since the report of three
autopsy cases of CBD by Gibb ct al. [18] in 1989. With
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more autopsy cases and clinicopathological studies of
CBD. Goeiz [19] in 2000 noticed that the CBD proto-
iype may be the “atypical Parkinson’s discase™ de-
scribed by Jean-Martin Charcot. In 2000. Agid (1]
proposed that the clinical diagnosis of CBD was evident
when the following features were observed in a given
patient: an akineto-rigid syndrome unresponsive 1o L-
DOPA associated with dystonic posturcs. apraxia. and
a marked asymmetry of symptoms. Furthermore. Agid
noted that if Jean-Martin Charcot was really the first to
point out this form of parkinsonism (atypical Parkin-
son’s disease) at the end of the last century. that is,
75 vears before Rebeiz ¢t al. described the three cases
that became the archetype of the syndrome. it might
perhaps be more reasonable to name this affliction
Charcot-Rebeiz discase. at least until its mechanism
and causes are discovered. In 1999, Tsuchiva et al. [65]
found that basal gangla lesions of Group B Pick’s
disease. which have prominent degencration of the
pallidum and substantia nigra. and those classified by
Constantinidis et al. [8] in 1974 and Constantinidis {7]
in 1985, which macroscopically show frontal atrophy
and histologically cortical degeneration characterized
by ballooned neurons without Pick bodies. are funda-
mentally consistent with the basal ganglia lesions of
CBD elucidated by Tsuchiva et al. in 1997 [63]. Re-
cently. CBD has been regarded a member of the “Pick
complex™ [13, 60]. & "unifving concept of overlapping
clinical syndromes and neuropathological findings of
neurodegencrative diseases causing focal cortical atro-
phy'. as proposed by Kertesz and Munoz. emphasizing
the similarities. rather than the differences. between
them (32, 33, 44].

It is generally believed that pyramidal signs. including
hyperreflexia, Babinski sign. and spasticity. arc usually
observed in cases of CBD [6. 36. 54. 35. 76}. Further-
more. it has been reported that the frequency of pyra-
midal signs in cases ol CBD, ranged from cxtremely
common {37] to about 27% [57}. In contrast. clinico-
pathological correlation studies of pyramidal signs with
the lesions of the primary motor cortex and pyramidal
tract in CBD have been rare [27, 53].

The purpose of this report is to describe the clini-
copathological features of CBD in ten Japanese
autopsy cases. including pyramidal signs and involve-
ment of the primary motor cortex and pyramidal
tract. focusing on the presence or absence of astro-
cytosis in the fifth layer of the primary motor cortex
associated with presence of ballooned ncurons and
loss of Betz cells: i.e.. small groupings of fat granule
cells in the spaces in which Betz cells were present [66,
70]). We investigated the clinicopathological correlation
between pyramidal signs and involvement of the
pyramidal tract in ten autopsy cases. In addition. we
address in the discussion the pathological heterogene-
ity in the primary motor cortex among multiple
system atrophy (MSA). amyotrophic lateral sclerosis
(ALS) with dementia, and CBD, paying attention to
the clinicopathological dissociation of the pyramidal

signs and lesions of the Betz cells and pyramidal tract
in CBD. compared with those of MSA and ALS with
dementia.

Materials and methods

The present investigation was carried out on ten autopsy
cascs from three Japanese institutions. The clinical re-
cords and tissue specimens in cases 1. 3. 6. 7. 8, and 9
were from the Department of Neuropathology. Tokyo
Institute of Psychiatry. Those in cases 2. 5. and 10 were
from the Department of Neuropathology. Tokyo
Metropolitan Gerontology. and those in case 4 were
from the Department of Laboratory Medicine. National
Center Hospital for Mental. Nervous. and Muscular
Disorders.

After lixation in formalin. the brains of the ten cases
were sectioned in the coronal plane. The cerebral
hemisphere and;or small blocks. including the frontal.
temporal. parictal, and occipital lobes. and the strintum.
pallidum. subthalamic nucleus, thalamus, amygdala.
and hippocampus, were taken. Additional tissue blocks
were laken from the midbrain. including the substuntia
nigra. brain stem. and cerebellum. The brains™ were
embedded in paraffin and cut at a thickness of about
10 pm. The sections were stained with hematoxylin-eo-
sin (HE). and also using the Kliiver-Barrera, Holzer,
Bodian. methenamine silver. and modified Gallyas-
Braak mecthods. Immunocytochemistry was performed
using antibodies against human-tau pool 2 (from Dr. H.
Mori: Osaka City university). polyclonal neurofilament
(200 kDa). and glial fibrillary acidic protein (GFAP).

The neuropathological diagnosis in the ten cases was
made on the basis of the findings described below. which
included many astrocytic plaques and ballooned ncu-
rons {14, 15. 34, 35] in the cerebral cortex and the
widespread presence of argyrophilic threads in the cen-
tral nervous system (Figs. 1. 2. 3). The neuropathologi-
cal features of all ten cases were fundamentally
consistent with the recently proposed neuropathological
criteria for CBD by Dickson ct al. {12].

The clinicopathological findings in cases 1, 3. 4. 6. 7.
8. and 9 have been reported previously by Tsuchiva et al.
{61]. Mimura et al. [39]. Arima ¢t al. [2]. Oda et al. [49).
Mitani et al. [40]. Miyazaki et al. [41]. and Oda et al.
[50]. respectively. The neuropathological hallmarks of
case 7. including the abnormal cytoskeletal pathology
peculiar to CBD, have been described by Uchihara ct al.
[71}. The distribution of cerebral cortical lesions identi-
fied by light microscopy, classified into three categorics
in cases 1. 6. 7. 8. and 9, has been reported by Tsuchiya
et al. [62). The distribution of basal ganglia lesions.
classified into three categories in cases 1. 4. 6.7, 8. and 9.
has been investigated by Tsuchiya et al. [63]. Serial brain
CT of cases | and 8 have also been described by Tsu-
chiya et al. [64].

Basal ganglia lesions, including the pallidum. cau-
date nucleus. putamen, and subthalamic nucleus. was
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Table 2 Clinicopathological correlation between pyramidal signs and imvolvement of the primary motor cortex and pyramidal tract { -+

present, — absent.¥.R. not recorded)

Case ]

(%)
‘>

£~y
W
>

-~
x
L

Pyvramidal sign : -
Hyperreflexia - -
Babinski sign
Spasticity

Loss of Betz clls

Astrocytosis of the primary

motor cortex layer V

Degencration of the pyramidal tract
Midbrain - - -
Medulla oblongata + - .

|
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Fig. 1 A-C Case 2. A Superior
frontal gyrus showing obvious
neuronal loss. B. Enlargement
of area indicated by arrow in A
showing a ballooned neuron
tarrow) and fibrillary glia
{arrowhead). C Relative
preservation of the subthalamic
nucleus (arrow). A. B HE stain;
C Kliver-Barrera stain; bars A
0.2 mm. B 0.05 mm. C 0.5 mm

classified as follows. Lesions

identified by
microscopy were assigned to one of three categories:
slight, showing relative preservation of the neurons with
slight proliferation of the glia; moderate. showing
obvious neuronal loss with evident astrocytosis and

light

slight fibrillary gliosis: or severe, showing pronounced
neuronal loss with neuropil rarefaction and/or promi-
nent fibrillary gliosis. The classification of basal ganglia
lesions described above is fundamentally consistent
with the classification of basal ganglia lesions in CBD.
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Fig. 2 A-C Casc 5. A Astrocytic plaque (arrow) in the cerebral
cortex. B Substantia nigra showing prominent neuronal loss with
frece melanin (arrow). C Substantia nigra showing neurofibrillary
tangles (arrow). A modified Gallyas-Braak stain. B Kliiver-Barrera
stain. C modified Gallyas-Braak stain: hars A-C 0.05 mm

Pick’s disease with Pick bodies (PDPB) [65]. u gener-
alized variant of Pick’s diseasc (gvPD) [67]. diffuse
neurofibrillary tangles (NFT) with calcification. re-
ported by Tsuchiya et al. [63. 65. 67. 69], respectively.
The clinical and pathological features of all cases are
summarized in Table 1.

Pyramidal signs were judged to be present in patients
who showed one or more signs of hyperreflexia in the
extremities, Babinski sign. and spasticity in the extrem-
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ities. Loss of Betz cells was judged 10 be present'in casés
that showed small groupings of lipofuscin-laden mac-
rophages in the holes. from which Betz cells had pre-
sumably disappeared. in the primary motor cortex with
the presence of normal and degenerated Betz cells in the
absence of an internal granular layer [26, 45. 46, 47. 48.
75] (Fig. 4). Astrocytosis of primary molor cortex layer
V was considered present in cascs showing definite
astrocytosis determined using HE and Holzer staining or
immunohistochemistry using an antibody against GFAP
(Fig. 4). Pyramidal tract degeneration was also judged
as present in cases showing definite loss of mvelinated
fibers shown by Kliiver-Barrera stain. accompanied by
gliosis revealed using Holzer stain and immunohisto-
chemistry using an antibody against GFAP (Fig. 5). The
determination of loss of Betz cells. astrocytosis of pri-
mary motor cortex layer V. and the pyramidal tract
degeneration described above was fundamentally con-
sistent with that in MSA and ALS with dementia, as
described by Tsuchiyu et al. [66. 70]. The pertinent data
are summarized in Table 2.

Case reports
Clinical course and neurepathological findings in case 2

The patient was a Japanese man aged 76 years at the time
of death. He was in good health until the age of 71. when
he became aware of clumsiness of the right hand and ac-
tion tremor of the right upper extremity, followed by
bradyvkinesia 3 months later and action tremor of the left
upper extremity 7 months after the onset of the disease. A
neurological examination at theage of 72 vears (8 months
after the disease onset ). revealed right limbkinetic apraxia.
mild agraphia. bilateral action myoclonus on the upper
extremities, prominent on the right, muscular rigidity.
bradykinesia, and hyperreflexia in the upper and lower
extremities without Babinski sign. At this stage, obvious
dementia was not observed. Neurological examination
1 vear after disease onset disclosed evident dementia. At
2 vears after the disease onset, he could no longer walk
without assistance. Vertical ocular movement involve-
ment and dysphagia were noticed 3 years after discase
onset. During this period, he was bed-ridden. At 3 years
10 months after disease onset. severe dementia and spas-
ticity were obvious. He died of pneumonia at age 76.
4 years 8 months after the onset of the disease. He was
clinically diagnosed as having CBD.

The brain weighed 1.345 g. Macroscopic examination
revealed atrophy of the posterior portion in the superior
frontal gyrus abutting the precentral gyrus, atrophy of
the pallidum. and depigmentation of the substantia ni-
gra. A histological examination showed neuronal loss
with astrocytosis, status spongiosus. many ballooned
neurons, and astrocytic plaques in the cerebral cortex of
the frontal and parietal lobes (Fig. 1A, B). In the pri-
mary mortor cortex layer V. there was loss of Betz cells
associated with prominent astrocylosis and ballooned



[
L
»

Fig. 3 A-C Case 10. A Obvious
tibrillary gliosis in the pallidum
tarrow). in contrast to slight
fibrillary gliosis in the putamen.
B Obvious fibrillary gliosis in
the pallidum. C Slight fibrillary
gliosis in the putamen. A, B, C
Holzer stain: bars A 1 mm: B. C
.05 mm

neurons were present. Fibrillary gliosis was observed in
the cerebral white matter. Neuronal loss was not ob-
served in the hippocampus. parahippocampal gyrus,
amygdala, nucleus basalis of Meynert. oculomotor nu-
cleus. pontine nucleus. Purkinje cells, hypoglossal nu-
cleus. dorsal motor nucleus of the vagus. or inferior
olive. Severe neuronal loss was observed in the pallidum.
prominently in the dorsal part. The caudate nucleus and
putamen showed modcrate neuronal loss. but the sub-
thalamic nucleus disclosed relative preservation of the
neurons with slight proliferation of the glia (Fig. 1C). In
the substantia nigra, there was prominent neuronal loss
with melanin pigment incontinence. In the dentate nu-
cleus. there was mild neuronal loss and ““grumose
degeneration”. Senile plagues were not observed using
methenamine silver staining. Using modified.-Gallyas-
Braak methods, a few NFT in the hippocampus CAl
and a small quantity of NFT in the parahippocampal
gyrus were seen, compalible with stage Il of Braak’s

classification. and many argyrophilic threads were
encounterd in the central nervous system.

Clinical course and neuropathological findings
in case 5

This autopsy case was a Japanese man who was 70 years
old at the time of death. He was well until the age of 64.
when he developed memory disturbance. followed by
topographical disorientation 10 months later and
aspontancity | vear 6 months after the onset of the dis-
ease. A ncurological examination when the patient was
69 vears old (4 years 4 months after the disease onsel)
revealed severe dementia (revised Hasegawa dementia
rating scale 0), vertical ocular movement involvement.
rigidity of the right upper and lower extremities, absence
of Babinski sign and hyperreflexia in the upper and lower
extremitics. At 4 years 7 months after disease onsel. he



could walk and eat a meal with assistance. but he was
doubly incontinent. Dysphagia became cvident 5 vears
2 montbhs after the onset of the disease. Severe dysphagia
very often caused misswallowing, which necessitated a
gastrostomy, performed 5 years 5 months after the dis-
casc onsel. He died of repeated pneumonia. probably due
to severe dysphagia, 5 years 8 months after the onset of
the discase. He was clinically diagnosed as having CBD,
mainly because of prominent dementia and obvious
rigidity in the clinical stage without difficulty in walking.
by one of the authors (K. Tsuchiya).

Fig. 4 Involvement of the primary motor cortex. A. BCuse 1: C. D
case 3: E-G case 7: H. I case 10. A Ballooned ncuron (lurge arrow)
and hypertrophic gha (arrowhead) in the primary motor cortex.
including Beiz cell (small arrow). B Loss of Betz cell (furge arrow) in
the primary motor cortex, including Betz cell (small arrow). C
Ballooned neuron (arrow) in the primary motor cortex. D Loss of
Betz cell (large arrow) in the primary motor cortex. including Betz
cell (small arrow). E Obvious involvement of the primary motor
cortex. including degenerated Betz cell (arrow). showing prominent
spongy state in the upper cortical layers. F Enlargement of the area
indicated by arrow in E. showing degenerated Betz cell (arrow) and
hypertrophic glia (arrowhead). G Hypertrophic glia (arrowhead) in
the primary motor cortex., including degenerated Betz cell (arrow).
H Deep layer of the primary motor cortex, including Betz cell
(arrow). 1 Enlargement of the area indicated by arrow in H.
showing loss of Betz cell (arrow) and hypertrophic glia (arrowhead).
A.B. E.F. H.1 H.E. stain: C. D K-B stain: G Holzer stain: hars A-
D.F.G.10.04 mm: E. H 0.2 mm

KAL)

The brain weighed 1.100 g before fixation. Macro-
scopic examination revealed atrophy of the frontal and
parietal lobes. with depigmentation of the substantia
nigra. A histological examination showed neuronal loss
with astrocytosis, status spongiosus, many ballooned
neurons. and astrocytic plaques in the cerebral cortex of
the frontal and parietal lobes (Fig. 2A). In the primary
morter cortex layer V. there was loss of Betz cells
associated with obvious astrocytosis and prescnce of
ballooned ncurons. In the cerebral white matter. hyali-
nosis of the small vessels was obvious. Neuronal loss was
not observed in the hippocampus. parahippocampal
gyrus. amygdala. pontine nucleus. Purkinje cells. hypo-
glossal nucleus, dorsal motor nucleus of the vagus. or
inferior olive. Severe neuronal loss was encountered in
the pallidum. prominently in the dorsal part. The cau-
date nucleus and putamen showed moderate neuronal
loss, but the subthalamic nuclcus disclosed relative
preservation of the neurons with slight proliferation of
the glia. In the substantia nigra. there was prominent
neuronal loss with leakage of melanin pigment and the
presence of NFT (Fig. 2B. C). In the dentate nucleus.
there was mild neuronal loss and grumose degeneration.
Senile plaques were not observed using methenamine
silver staining. Using modified Gallyas-Braak staining. a
few NFT in the hippocampus CA and a smail quantity
of NFT in the parahippocampal gyrus were seen. con-
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Fig. 4 (Conld.)

sistent with stage II of Braak's classification. as well as
many argyrophic threads.

Clinical course and neuropathological findings
in case 10

This patient was a Japanese woman aged 78 years at the
time of death. She was in good health until the age of 67.

when she developed memory disturbance, followed
about 2 year later by action tremor. and at 3 years afler
the onset of the disease by difficulty in walking. At
S years after the disease onset. memory disturbance
worsened. followed by dyskinesia in the upper extremi-
ties. A neurological examination at the age of 75, 8 years
after the disease onset. disclosed severe dementia. dvs-
kinesia in the upper and lower extremities. hyperreflexia
in the four extremities without Babinski sign. She died of



Fig. 5 A-H [nvolvement of the
pyramidal tract in the medulla
oblongata. A. B Case 1; C. D
case 6: E. F case 7: G, H casc 8.
A. C. E. G Kliiver-Barrera stain:
B. D. F. H Holzer stain: burs A-
H Il mm

pneumonia al age 78, 11 vears after the onset of the
discase. She was clinically diagnosed as having atypical
progressive supranuclear palsy.

The brain weighed 810 g. Macroscopic examination
revealed atrophy of the frontal and parietal lobes. with
depigmentation of the substantia nigra. A histological
examination showed neuronal loss with astrocylosis,
spongy state. many ballooned neurons. and astrocylic

plaques in the cerebral cortex of the frontal and parietal
lobes. In the primary motor cortex layer V. there was
loss of Betz cells associated with prominent astrocytosis.
and ballooned neurons were present. Fibrillary gliosis
was observed in the cerebral white matter. Neuronal loss
was not observed in the hippocampus. parahippocampal
gyrus, amygdala, nucleus basalis of Meynert, oculomo-
tor nucleus. trochlear nucleus. pontine nucleus. Purkinje
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cells. hypoglossal nucleus. dorsal motor nucleus of the
vagus, or inferior olive. Scvere neuronal loss was
observed in the pallidum. prominently in the dorsal part
(Fig. 3A. B). The caudate nucleus and putamen
(Fig. 3C) showed moderate ncuronal loss. but the
subthalamic nucleus disclosed relative preservation of
the neurons with slight proliteration ol the glia. In the
substantia nigra. there was prominent neuronal loss with
leakage of melanin pigment. In the dentate nucleus.
there was mild neuronal loss and grumose degeneration.
Senile plaques were not observed with mcthenamine
silver staining. A few NFT in the hippocampus CAl and
a small quantity of NFT in the parahippocampal gyrus,
compatible with stage 11 of Braak's classification, and
many argyrophilic threads were encountered  using
modified Gallyas-Braak methods.

Results
Clinical features

The main clinical information on the ten patients (five
males, five females) is summarized in Table 1. The
patients had no hereditary burden. The age at onset of
symptoms was from the fifth 1o eighth decade of life
(average of 62 years | month). The duration of the
discase ranged from 2 years | month in case | to
11 years in case 10 (mcan duration 5 years 9 months).
Three patients presented with limbkinetic apraxia as the
initial sign (cases 1, 2, and 7). Two paticnts initially
developed aphasia and motor aphasia (cases 3 and 4).
Memory disturbance was observed in two patients as the
initial sign (cases 3 and 10). Delusion of persecution was
noted as the initial sign in case 6. Abnormal behavior,
reminiscent of Pick’s disease. was noticed as the initial
sign in cases 8 and 9. Muscular nigidity was noted in
eight patients during the clinical course. but in cases 3
and 8. with relative shorter clinical courses. muscular
rigidity was not noticed. All ten cases presented with
dementia during the clinical course.

Pathological features

The neuropathological data are also summarized in
Table 1. Brain weights at autopsy ranged from 1.370 to
810 g (average 1.096.2 g). In the cerebral cortex of all
ten cases, neuronal loss and gliosis associated with the
presence of ballooned ncurons and astrocytic plaqucs
were encounterd in the frontal and parictal lobes. In all
cases, the pallidum revealed severe ncuronal loss and
prominent gliosis, while moderate lesions were evident in
the caudate nucleus and putamen. In the subthalamic
nucleus, slight lesions were found in cach CBD casc
examined in this study. Neuronal loss of the substantia
nigra was prominent in all cases.

Clinicopathological correlation between pyramidal
signs and involvement of the primary motor cortex
and pyramidal tract

Pyramidal signs and involvement of the primary motor
cortex and pyramidal tract are summarized in Table 2.
Pyramidal signs. including hyperreflexia and Babinski
sign. were noted in six cases (cases 1. 2. 6. 7. 9 and 10).
Spasticity was noliced in only three cases (cases 1. 2. and
7). Loss of Betz cells was observed in all ten cases
(Fig. 4). Furthermore. astrocytosis of the primary motor
cortex laver V. detected by HE, Holzer. and GFAP
staining. was obvious in all ten cases (Fig. 4). Degener-
ation of the pyramidal tract was lound in cuch case. and
the distal portion {medulla oblongata) was more afiected
than the proximal portion (midbrain). suggestive of a
dying back phenomenon (Fig. 5).

Discussion
Clinical features

Pyramidal signs. including hyperreflexia, Babinski sign.
and spasticity. are said to be common in CBD cases. but
the frequency of pyramidal signs in CBD patients re-
mains unclear to date. In 1990, Riley ct al. [54]. who
designated CBD as cortical-basul ganglionic degenera-
tion. described 15 patients with CBD. including 2 au-
topsy-confirmed CBD cases (patients | and 2 in their
report). noticed that in their 15 patients. hyperrefiexia
associated with Babinski sign was observed in 5 patients
(33%). but that hyperreflexia without Babinski sign was
found in 7 paticnts (47%). Rinne et al. [55], in 1994,
conducted a clinical study of 36 CBD cases. including 6
pathologically confirmed CBD cases, noted that hyper-
reflexia was observed in 26 patients (72%). with
Babinski sign in 17 patients (47%). In 1997. Schneider
et al. [57). who investigated clinical and neuropatho-
logical heterogeneity in 11 cascs of pathologically diag-
nosed CBD. observed that 3 patients manifested
Babinski sign (27%). Kompoliti et al. {36}. in 1998. who
examined the clinical presentation and pharmacological
therapy in 147 CBD patients. including 7 autopsy-pro-
ven CBD cases, noted that pyramidal signs were ob-
served in 84 CBD patients (57%), but that they were
encountered in 6 cases (86%) of the 7 autopsy-proven
CBD cases. In 1998, Wenning et al. [76] analyzed the
natural history and survival of 14 patients with CBD
confirmed at postmortem examination, and noticed that
hyperreflexia was observed in 5 cases {36%). with Ba-
binski sign being lound in 3 cases (21%). about 3 years
after the discase onset. but that hyperreflexia was ob-
served in 7 cases (58%). with Babinski sign being found
in 5 cases (42%). respectively. about 6.1 years after the
disease ansct. Boeve ct al. [6]. in 1999, investigated the
pathological heterogeneity in 13 clinically diagnosed
CBD patients and found 7 autopsy CBD cases among
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these patients. Furthermore. Boeve et al. noted that in
their 7 autopsy CBD cases. pyramidal signs were obvi-
ous in 4 cases (57%). :
Reviewing the literature regarding the frequency of
the pyramidal signs in CBD. including hyperreflexia,
Babinski sign, and spasticity. it becomes cleur that there
are many discrepancies between the frequencies of the
pyramidal signs in CBD cases reported to dute.

Pathological features

Neuropathological studies of CBD. focusing on the
primary motor cortex and pyramidal tract. are very rare.
Rebeitz et al. [53] noticed that in their three autopsy
cases, in which case 1 had a very brisk left patellar reflex
with cases 2 and 3 having prominent Babinski sign. there
was evident pyramidal tract involvement in cases 2 and
3. but that in case 1 the Betz cells in the precentral cortex
appeared normal with a good complement of Nissl
granules. Gibb et al. [18] described three autopsy cases
of CBD, in which three cases clinically presented with
brisk tendon reflexes. but Babinski sign was only
encountered in case 2. In their pathological findings,
Gibb et al. noted that their three cases had mild to
moderate corticospinal tract involvement. but they did
not notice whether or not there was loss of Betz cells. In
contrast. Horoupian and Chu [27] reported an aumtopsy
case of CBD. in which bilateral Babinski signs. more
prominent on the right. were clinically observed. and the
pathological examination revealed prominent neuronal
loss of the primary motor cortex, including Betz cells,
associated with astrocytosis and presence of ballooned
neurons.

From the literaturce concerning the involvement of the
primary motor cortex and pyramidal tract in CBD. it
becomes obvious that there have been few reports
showing loss of Betz cells in the primary motor cortex
and involvement of the pyramidal tract of CBD patients.
Thus, our data, showing constant and severe involve-
ment of Betz cells associated with constant involvement
of the pyramidal tract in the medulla oblongata in ten
cases of CBD, are important.

Clinicopathological correlation and pathological
heterogeneity in the primary motor cortex among
MSA, ALS with dementia, and CBD

Tsuchiya et al. [66]} investigated the pyramidal signs,
including spasticity. hyperreflexia, and Babinski sign,
and the involvement of the primary motor cortex and
pyramidal tract, in seven Japanese autopsy cases of
MSA. In that study. pyramidal signs were observed in
six (86%) of the seven MSA autopsy cases. Hyperref-
lexia and Babinski sign were each evident in five pa-
tients, but spasticity was observed in only one¢ patient.
Loss of Betz cells and presence of glial cytoplasmic
inclusions (Papp-Lantos inclusions) in the primary
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motor coriex were noticed in all seven MSA autopsy
cases. Astrocytosis in the fifth layer of the primary
motor corlex wis noted in five (71%) of the seven MSA
autopsy cases. Involvement of the pyramidal tract in the
medulla oblongata was observed in all seven MSA au-
topsy cases. but no involvement of the pyramidal tract in
the midbrain was evident in any of the six autopsy cascs in
which this structure was examined.

Subsequently. Tsuchiya et al. [70] explored the
pyramidal signs, including hyperreflexia, Babinski sign.
and spasticity, as well as the involvement of the primary
motor cortex and pyramidal tract, in eight Japanese
autopsy cases o’ ALS with dementia. Pyramidal signs
were observed in seven (88%) of the eight autopsy cases.
Hyperreflexia and Babinski sign were evident in seven
(88" ) and three (38%) patients. respectively. but spas-
ticity was not observed in any of the eight patients. Loss
of Betz cells in the primary cortex was evident in all
seven autopsy cases in which this structure was exam-
ined. In contrast, astrocytosis in the fifth layer of the
primary motor cortex was noticed in only three cases
(38%). Involvement of the pyramidal tract in the me-
dulla oblongata was observed in all eight ALS with
dementia autopsy cases. but no involvement of the
pyvramidal tract in the midbrain was found in any of the
eight autopsy cases.

Given the high frequency of pyramidal signs in MSA
(86%) [66] and ALS with dementia (88%) [70]. the rel-
atively tow frequency of pyramidal signs (60%) in the
ten CBD .autopsy cascs scen in the present study
descrves @ mention.

In this study, constant and severc involvement of the
primary molor cortex, including loss of Betz cells and
obvious astrocytosis of the fifth layer of the primary
motor cortex. was observed in all ten CBD cuses.
suggesting that in CBD there is a clinicopathological
dissociation between the involvement of the primary
motor cortex and py¥ramidal tract. and pyramidal signs.
In contrast. in seven MSA autopsy cases reported by
Tsuchiya et al., astrocytosis in the fifth layer of the
primary moltor cortex was noticed in five cases (71%).
consistent with the high frequency ol pyramidal signs
(86%). und in cight ALS with dementia cases reported
by Tsuchiya et al.. astrocytosis in the fifth layer of the
primary motor cortex was noted in only three cases
(38%). inconsistent with the high frequency of the
pyramidal signs (88%).

On the basis of our data showing that pyramidal sign
were observed in six (60%) of the ten CBD autopsy
cases, and that astrocytosis in the fifth layer of the pri-
mary motor cortex and loss of Betz cells were obvious in
all ten CBD autopsy cases. we believe that the pyramidal
signs in CBD have been disregarded.
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Multiple candidate gene analysis identifies
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Parkinson’s disease (PD), one of the most common human neurodegenerative diseases, is characterized by
the loss of dopaminergic neurons in the substantia nigra of the midbrain. PD is a complex disorder with mul-
tiple genetic and environmental factors influencing disease risk. To identify susceptible genes for sporadic
PD, we performed case—control association studies of 268 single nucleotide polymorphisms (SNPs) in 121
candidate genes. In two independent case—control populations, we found that a SNP in a-synuclein
(SNCA), rs7684318, showed the strongest association with PD (P = 5.0 x 107'9). Linkage disequilibrium
(LD) analysis using 29 SNPs in a region around rs7684318 revealed that the entire SNCA gene lies within a
single LD block (D > 0.9) spanning ~120 kb. A tight LD group (7* > 0.85) of six SNPs, including rs7684318,
associated most strongly with PD (P = 2.0 x 1079-1.7 x 10~""). Haplotype association analysis did not
show lower P-values than any single SNP within this group. SNCA is a major component of Lewy bodies,
the pathological halimark of PD. Aggregation of SNCA is thought to play a crucial role in PD. SNCA
expression levels tended to be positively correlated with the number of the associated allele in autopsied
frontal cortices. These findings establish SNCA as a definite susceptibility gene for sporadic PD.

INTRODUCTION

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

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

Causal genes for Mendelian-inherited PD have been
reported, including a-synuclein [4q21, autosomal dominant
(AD)] (6), parkin [6q25.2-27, autosomal recessive (AR}]
(7), UCH-L1 (4pl4, AD) (8), PINK! (1p36, AR) (9), DJ-1
(1p36, AR) (10), LRRK2/dardarin (12q12, AD) (11,12) and
NR4A2/Nurrl (2q22-23, AD) (13). .

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

To date, polymorphisms that influence PD as strongly
as APOE-€4 influences Alzheimer’s disease have not been
identified. Through extensive candidate gene association
studies, we have established a-synuclein (SNCA) as a definite
susceptibility gene for sporadic PD.

RESULTS
Screening of SNPs in candidate geneS for PD

We selected candidate genes from the literature describing
genetic, pathological and biochemical findings in PD, as
well as genes that participate in the proposed mechanisms
for PD. Finally, we picked up 121 genes relevant to familial
PD, Lewy bodies, dopaminergic neurons, cytokines and
trophic factors, mitochondrial functions, oxidative stress,
proteasome function, autophagy, endoplasmic reticulum-
associated degradation (ERAD) and toxins. One to seven
SNPs per gene (268 SNPs total) were selected from the
dbSNP, JSNP and Celera Discovery System databases.

In the initial screen, we genotyped 190 patients and 190
controls (Supplementary Material, Table S1). To avoid false
negatives, we set the a-value at 0.05 in the first screen.
From 268 SNPs, 22 SNPs in 16 genes showed association
with PD (P < 0.05) in genotype frequency, allele frequency,
dominant model or recessive model. We genotyped the 22
qualifying SNPs in a replication panel of 692 patients and
748 controls and tested again for association. This inde-
pendent test revealed that SNP0070 (rs7684318 C/T) was
prominently associated with PD (P = 5.0 x 107'° for allele
frequency) (Table 1). We corrected the a-value to 0.00019
after Bonferroni’s correction (tests for 268 SNPs). The
remaining 21 SNPs did not show P-values lower than

0.00019 (data not shown). SNP0070 is located in intron 4
of the a-synuclein (SNCA) gene on chromosome 4q2l.
SNCA is a primary component of intracellular inclusions
called Lewy bodies, which are considered to be the patho-
logical hallmark of PD (20). Aggregation of SNCA is
thought to play a crucial role in the pathogenesis of PD
(21). The allele C frequency of SNPO070 was higher in PD
(0.67) than in controls (0.57) (Table 1). The association of
SNP0070 was significant in genotype frequency, allele
frequency, dominant model and recessive model. Of the two
disease models, allele C of SNP0070 was more significantly
associated in the recessive model than in the dominant
model (Table 1).

Linkage disequilibrium (LD) mapping and search for
susceptibility SNPs

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

To search for the most strongly associated SNP(s) in the
region, we next performed association studies with these 29
SNPs (Fig. 2; Table 2). We found significant associations
for SNPs in block 2, but not in blocks 1 and 3. Block 2,
thought to be a susceptibility block for PD, was further
analyzed on the basis of r*-values. Of the 19 SNPs in block
2, 16 belonged to three groups with high pairwise r?
(>0.85) and the remaining three did not belong to any
group (Fig. 1; Table 2) (Supplementary Material, Table S2).
Six SNPs in group 1, including originally screened SNP0070
and five additional SNPs (0203, 0204, 0205, 0207 and
0209), showed prominent association with PD (P =
20x 107°-1.7 x 107", allele 1 versus allele 2) (Fig. 2;
Table 2). Population attributable risk (PAR) (22) of SNP0070
was 42.5% in the dominant model and 18.5% in the recessive
model.

We next performed haplotype analysis using six representa-
tive SNPs in block 2 (Table 3). Six common haplotypes (>1%
of PD and controls) covered >90% of the population haplo-
types in both PD and controls. The major haplotypes 1 and
2 showed significant associations; however, their P-values
were not lower than that of any single SNP in group 1. There-
fore, the presence of hidden SNP(s) with a lower P-value than
group | seemed unlikely, as was the possibility that the haplo-
type(s) is implicated in PD susceptibility. These findings
establish the six SNPs in group 1 as the strongest susceptibility
SNPs. All showed stronger associations in the recessive model
than in the dominant model, similar to the originally screened
SNP0070 (Table 4).

Taken together, our genetic analyses indicate that SNCA is a

definite susceptibility gene for sporadic PD and that multiple

SNPs in group 1 are susceptibility SNPs, likely in a recessive
model. '



Table 1. Association of SNP0O070 in SNCA between cases and controls

Human Molecular Genetics, 2006, Vol. 15, No. 7 1153

Genotype Allele P-value (xz-tcst)
cC CT T Total C T Total Genotype  Allele Dominant®  Recessive®
model model
First screen
Case 87(046) 87(046) 14(0.07) 188 261 (0.69) 115(0.31) 376 34x107* 18x107* 18x107% 1.1 x1072
Control 62 (0.33) 85 (0.46) 39 (0.21) 186 209 (0.56) 163 (0.44) 372
Replication
Case 298 (0.44) 307 (0.45) 75(0.11) 680 903 (0.66) 457(0.34) 1360 13 x107° 42x 1077 1.5x 107 90x 1077
Contro! 233 (0.31) 387 (0.52) 126(0.17) 746 853 (0.57) 639 (0.43) 1492
Toct:a;se 385(0.44) 394 (045) 89(0.10) 868 1164 (0.67) 572(033) 1736 27x10™° 50x107"° 57x107® 28x10°8
Control 295 (0.32) 472(0.51) 165(0.18) 932 1062 (0.57) 802 (0.43) 1864
Frequencies of genotypes and alleles are in parentheses.
:Genotype CC+CT versus TT.
Genotype CC versus CT+TT.
®095-1
B0.9-095
085-09
08-085
0.75-0.8
+0,7-0.78
®0.65-07
»06-0.65
=0.55-0.6
®05-055
=045-05
B0.4-0.45
0.35-0.4
$0.3-0.35
®0.28-0.3
0.2-0.28
0.16-0.2
20.1-0.18
90.05-0.
®0-0.05

Figure 1. LD structure of the susceptibility region for sporadic PD. Pairwise LD between SNPs, as measured by D’ in 134 controls, is graphically indicated. The
region spanning 430 kb around the originally screened SNPO070(*) was divided into three LD blocks (D' > 0.9) (upper right). On the basis of 2, SNPs in
block 2, including SNP0070, were further divided into three groups (+* > 0.85) and three solitary SNPs (lower left). The scale is nominal.

SNCA gene expression in relation to susceptibility
genotypes

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

The relative values of SNC4 mRNA for all cases (n = 21)
and all controls (n = 18) were 1.07 + 0.10 and 0.95 + 0.13,
respectively, showing almost the same level (P =046,
Student’s r-test). When compared among the genotypes in
cases, the mean tended to decrease in the order of CC, CT
and TT (Fig. 3), although the differences did not reach the sig-
nificant levels (P = 0.71 for CC versus CT, P= 0.16 for CT
versus TT and P = 0.32 for CC versus TT). Similar tendency



