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STAGING OF ARGYROPHILIC GRAIN DISEASE

methods, as well as immunohistochemically using anti-phos-
phorylated tau (AT8, Innogenetics, Themes, Belgium; PHFI, a
gift from Dr. P. Davies), anti-tau {anti-human tau, a gift from
Dr. Y. Thara; Alz50, a gift from Dr. P Davies), anti-4-repeat-
specific (4R) tau antibody (a kind gift from Dr. H. Mori). anti-
Af 11-28 (12B2, IBL, Maebashi, Japan), anti-a-synuclein
(LB509, a gift from Dr. T. Iwatsubo), and anti-ubiqguitin (Dako,
Glostrup, Denmark) antibodies using a Ventana NX20 (Ven-
tana, Tucson, AZ) autoimmunostainer (11).

For the staging of neurofibrillary tangles (NFTs) and senile
plaques (SPs), Braak and Braak criterion (9) was applied. For
the staging of Lewy bodies, our staging method (12) was em-
ployed. Neuropathological diagnosis of degenerative dementia
followed the previously reported criteria (1). Briefly, a diag-
nosis of Alzheimer disease (AD) was based on Braak's tangle
stage equal to or above IV combined with plaque stage C, di-

agnoses of neurofibrillary tangle-predominant form of dementia.

and dementia with grains on Jellinger’s criteria (13, 14), and a
diagnosis of dementia with Lewy bodies (DLB) on its consen-
sus guidelines (15). Neuropathological diagnosis of vascular de-
mentia followed clinical (16), radiological (17), or pathological
(18) criteria,

ApoE Genotyping
Genomic DNA was extracted from the kidneys (which had
been snap-frozen at autopsy) and apoE genotyping was per-
formed by the PCR method (19), as previously reported (1, 2).
The results of typing were available for 1,114 of 1,241 cases
in Group A.

Statistical Analysis

Statistical analysis was performed using the chi-square test
or the Fisher exact test for comparisons of categorical data,
Student t-test for comparison of means for continoous out-
comes, Mann-Whitney U-test and Kruskal-Wallis test for non-
parametric analysis, and Spearman correlation coefficient by
rank for correlation of discrete scores. Statistical significance
was established at the p < 0.05 level

RESULTS
Neuropathology

The cases of degenerative dementia in Group A were
neuropathologically classified into 105 cases of AD, 50
cases of dementia with grains, 33 cases of DLB (14 cases
of neocortical form and 19 cases of transitional form}, 13
cases of AD plus DLB, 13 cases of neurofibrillary tangle-
predominant form of dementia, 8 cases of progressive
supranuclear palsy, 4 cases of corticobasal degeneration,
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4 cases of dementia with grains plus neurofibriilary tan-
gle-predominant form of dementia, and 2 cases of DLB
plus dementia with grains. 103 cases were categorized as
vascular dementia. Group B did not include either de-
generative or vascular dementia, except for a 49-year-old
man with Huntington disease and a 57-year-old man with
myotonic dystrophy, both of whom may have presented
with mild cognitive impairment.

Staging of AGs

The detection of AGs was done by the Gallyas-Braak
method and confirmed by immunohistochemical analyses
with ATS&, PHFI, Alz50, anti-human tau, anti-4R-specific
antibody, and anti-ubiquitin antibodies.

The youngest case with AGs was a 56-year-old male
from Group B. The incidence of grain-positive cases def-
initely increased with age. The distribution of AGs fol-
lowed a stereotypic regional pattern and could be clas-
sified into the following stages (Fig. 1):

Stage 0. No grains are detected.

Stage I: Argyrophilic grains are observed in the am-
bient gyrus, usually forming clusters and frequently af-
fecting the most anterior area of the CAl of the hippo-
campus. The cortical and basolateral nuclei of the
amygdala may be mildly involved. Oligodendroglial
coiled bodies are scattered in the affected gray matter as
well as its subcortical white matter. Bush-like astrocytes
(20), defined as astrocytes with many thin processes im-
munoreactive with anti-phosphorylated tau antibodies but
not well visualized with the Gallyas-Braak silver staining
method, may be seen in the affected areas of the amyg-
dala, but are quite rare. ‘
~ Stage II: Argyrophilic grains definitely involve the
amygdala and accompany ballooned neurons and bush-
like astrocytes. Argyrophilic grains are apparent in the
more posterior transentorhinal cortex and subiculum and
the more anterior medial temporal lobe. A few pretangles,
defined as intracytoplasmic neuronal accumulation of the
epitope of anti-phosphorylated tau antibody not recog-
nized by authentic silver staining, appear in the dentate
gyrus. Bush-like astrocytes appear in the ambient gyrus,
but superficial spongy degeneration involving the ambi-
ent gyrus is not observed.

Stage [1I: Argyrophilic grains are more apparent now
in the insular cortex, the anterior cingulate gyrus, the nu-
cleus accumbens, the septal nuclei, the hypothalamus,

—

Fig. 1.

The topographical distribution of argyrophilic grains (AGs) in each grain stage. Three coronal sections through the

genu of corpus callosum, the mammillary body, and the lateral geniculate body. Scoring of the frequency of AGs in sections

stained with the Gallyas-Braak silver impregnation method, based on the number of grains in a X400 field was as follows: +

20 to 50; ++ = 50 to 100; and +++ = >100, as reported (1). A: Stage I: AGs are localized to the ambient gyrus, the anterior
CATl of hippocampus, the anterior entorhinal area, and the amygdala. B: Stage II: AGs are more apparent in the medial temporal
pole, in the posterior subiculum, and the entorhinal and transentorhinai cortex. C: Stage III: AGs involve the anterior cingulate
gyrus, septumn, accumbens, gyri recti, insular cortex, and hypothalamus in addition to the medial temporal lobe.
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and the gyri recti beyond the boundary of the temporal
lobe. Pretangles in the fascia dentata increase in number.
Tau-immunoreactive ballooned neurons are scattered in
the affected area, including the anterior cingulate gyrus
and the entorhinal area. Bush-like astrocytes are frequent
in the amygdala, the gyrus rectus, and the nucleus ac-
cumbens and are scattered in the other affected areas.
Superficial spongy degeneration associated with grains is
present most prominently in the ambient gyrus, followed
by the cortical subnucleus of amygdala, the posterior en-
torhinal area, and the medial temporal pole. In the ter-
minal stage, marked atrophy of the junction between the
amygdala and the anterior temporal lobe is a character-
istic feature (2). The size of AGs apparently increases
with advanced staging. However, in the terminal stage,
the number of grains appears to be decreased in the areas
where severe neuronal loss is present (1).

Clinical Correlation with the Staging of AGs

Cases from Group A were categorized as follows:
stage 0, 792 cases (63.8%); stage 1, 234 cases (18.9%);
stage II, 118 cases (9.5%); and stage 111, 97 cases (7.8%).

CDR was available in 1,105 out of 1,241 cases in
Group A as follows: CDRO, 436 cases; CDRO0.5, 190 cas-
es; CDRI1, 193 cases; CDR2, 124 cases: and CDR3, 162
cases. Further analysis was done for these CDR cases.

Among the 479 cases of dementia (CDR 1, 2, and 3),
50 cases presented with AGs as the only morphological
substrate that might explain the cognitive decline. Forty-
seven of these 50 cases were classified as argyrophilic
grain stage II and the remaining 3 cases as stage II. The
3 stage Il cases presented with sparse NFTs (Braak stage
I) and SPs (Braak stage A) without Lewy bodies (stage
0) or any vascular lesions possibly contributing to cog-
nitive decline (17, 18).

Among the 66 stage III cases whose CDR was avail-
able and who did not have any other degenerative or
vascular dementing lesions, 47 cases had a clinical de-
scription of dementia as stated above, 17 cases were clas-
sified as CDRO0.5, and 2 cases as CDRO. The rate of de-
mentia (CDR> = 1) among argyrophilic grain stage 111
cases was 71.2%, and the percentage of cases with cog-
nitive impairment (CDR> = (.5) reached 97%. One of
the 2 CDRO cases had a history of suicide attempt and
the degeneration of the ambient gyrus was milder, and
the remaining case showed marked right-sided predomi-
nance of grains with right-handedness. The difference be-
tween the CDRO.5 and CDR3 cases was macroscopically
distinct atrophy of the ambient gyrus in the latter.

ApoE Genotyping and AGs

There was no correlation between the staging of AGs
and apoFE genotyping or apoE allelic frequency (Table 1),
However, comparing the average argyrophilic grain stage
of each allele, the heterozygotes for the £2 allele (0.64)
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TABLE 1
Apolipoprotein E Status and Staging of Argyrophilic
Grains (AGs)

AG Stage

Genotype 0 I IT 11
23 4.8 1.7 0.3 0.6
33 48 145 7 5.6
34 10.7 3.1 1.3 0.4
44 1.2 0.1 0 0.2
Allelic frequency

2 24 0.9 0.4 0.3

3 55.8 17 8 6.1

4 6.5 16 0.6 0.4

The percentage of each apoE genotype and allelic frequency
with argyrophilic grain (AG) stage. The total number was 1,114
cases. There was no significant difference among the AG stag-
€s.
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Fig. 2. The correlation between age and the argyrophilic
grain stage. The argyrophilic grain stage significantly increased
with age (Spearman correlation coefficient by rank, p <
0.0001).

tended to have higher stage than the combinations of the
other alleles (£3: 0.54 and e4: 0.44, Mann-Whitney U-
test, p = (.094) and homo- or heterozygotes for &3 tended
to have higher stage than homozygotes for ¢4 (p =
0.056), although no statistical significance of these dif-
ferences was found,

The Influence of Age, Gender, and
Brain Atrophy on AGs

The percentage of cases carrying AGs and the average
staging both increased with age (Spearman rank corre-
lation coefficient, p << 0.0001, Fig. 2). As for gender dif-
ference, the stage was significantly higher (Mann-Whit-
ney U-test, p = 0.003) in females (average = 0.69) than
in males (average = 0.54) and the frequency of grains
was also significantly higher (? test, p = 0.0049) in fe-
males (40%) than in males (32%). However, no gender
difference was detected in stage III cases (2 test, p =
0.053) (Fig. 3). The average brain weight from each grain
staging was as follows: stage 0, 1,227 + 139 g; stage I,
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Fig. 3. The correlation between each gender and the stage
of argyrophilic grains (AGs). Both average AG stage (Mann-
Whitney U-test, p = 0.003) and frequency (x? test, p = 0.0041)
were higher in females than males. No statistically significant

gender difference was found among stage III cases (x? test, p
= 0.53).
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Fig. 4. The stage of argyrophilic grains and the brain
weight. The average brain weight was significantly lower in
argyrophilic grain stage II than stage O (Student rtest, p =
0.001) and I {(p = 0.026). However, there were no significant
differences between stage 0 and I {p = 0.39), stage 0 and III
(p = 0.65), stages I and IIT (p = 0.25), or stages II and III (p
= 0.31).

AG Stage

1,218 = 134 g; stage II, 1,183 * 136 g: and stage III,
1,201 = 109 g. The average brain weight in stage 1T was
significantly lower than in stage O (Student r-test, p =
0.001) and I (p = 0.026) (Fig. 4).

The average NFT stage (Braak) was significantly high-
er in argyrophilic grain-positive cases than in negative
ones (Fig. 5A), but NFT stage was not correlated with
argyrophilic grain staging. There was no relationship be-
tween the staging of AGs and Braak staging of SPs or
our staging of Lewy bodies (Fig. 5B, C).

AGs in Other Neurodegenerative Diseases

The average staging of AGs in several neurodegener-
ative diseases is shown in Table 2. Both the frequency
(Fisher exact probability test) and stage (Mann-Whitney
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U-test) were significantly higher in progressive supranu-
clear palsy (p < 0.0001 and p < 0.0001, respectively),
neurofibrillary tangle-predominant form of dementia (p
= 0.0048 and p = 0.0017), and DLB (p = 0.001 and p
= 0.0017) compared with those of the background (Table
2).

DISCUSSION

This is the first report proposing a system for the stag-
ing of AGs and demonstrating the usefulness of this stag-
ing system for examining the contribution of AGs to cog-
nitive decline.

In this report, we confirmed our previous finding (1)
that dementia with grains is associated with grain-asso-
ciated spongy degeneration of the ambient gyrus, spread-
ing to the more anterior medial temporal lobe and to the
more posterior parahippocampal gyrus. In this stage, AGs
are observed beyond the boundary of the medial temporal
lobe to the anterior cingulate gyrus, the gyri recti, the
septal nuclei, the nucleus accumbens, the hypothalamus,
and the insular cortex. In turn, when the cognitive state
of the cases with AGs showing such widespread distri-
bution was examined, 97% of the cases presented with
cognitive impairment. Therefore, we categorized this
phase as advanced stage (stage III). In more than 50 per-
cent of cases, AGs were found only in the ambient gyrus
and its vicinity, confirming the ambient gyrus as an initial
site of involvement in argyrophilic grain-related senile
change. Thus, we categorized these cases as the early
stage (stage I). The relatively uniform progression of
AGs may result in progression to the intermediate stage
II. This staging method is quite convenient and only re-
quires a section of the ambient gyrus as the minimal re-
quirement, in addition to the sections recommended for
use in CERAD and Braak methods.

The age-dependent increase in the incidence and se-
verity of AGs that we observed here is in accordance
with a previous report (21), although some exceptional
cases of dementia with grains with either younger onset
or with neocortical involvement have been reported (2,
22, 23).

Qur statistical analysis showed that AGs were inde-
pendent of SPs or Lewy bodies. NFT stage was signifi-
cantly higher in argyrophilic grain-positive cases than
negative ones, suggesting a mutual interaction in the de-
position of tau. However, since NFT stage was not related
to argyrophilic grain stage, the interaction may not be
strong. The preponderance of AGs in females but a lack
of gender difference in dementia with grains was first
noted in this study and will require further confirmation
in other groups.

The genetic effect of ApoE genotype on AGs is con-
troversial (}, 24-26). In dementia with grains, a higher
frequency of apoE €2 and a lower frequency of apoE &4
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Fig. 5. The correlation between the stage of argyrophilic
grains {AGs), and each stage of neurofibrillary tangles (NFTs),
senile plaques (SPs), or Lewy bodies (LBs). A: The average
NFT stage (Braak) was significantly higher in AG-positive cas-
es than in negative cases (Mann-Whitney U-test, stage I: p <
0.0001, stage II: p = 0.035, stage 1lII: p = 0.0035), but NFT
stage was not related to AG staging. B: Average SP stage
(Braak) was not different in the ditferent AG stages. C: Aver
age LB stage showed no ditference among AG stages.

were reported (1, 24-26). We could not find any signif-
icant correlation between the staging of AGs and apoE
genotyping in this study. Previously, we reported that
dementia with grains with minimal senile changes was
more common in subjects with apoE &2 (1). The exclu-
sion of stages B and C of SPs (Braak), which was done
to highlight pure cases of dementia with grains in that
study, might have contributed to the increase of the &2
allele rather than dementia with grains itself. In this
study, we strictly excluded cases with any vascular le-
sions possibly contributing to dementia (17, 18) in order
to highlight the independent contribution of argyrophilic
grain stages to cognitive decline, This difference in the
selection of the cases of dementia with grains may also
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have influenced the difference in the correlation with
apoE genotype.

The distinction between argyrophilic grain stages II
and III is the involvement of the frontal lobe beyond
the boundaries of the medial temporal lobe, as well as
the presence of grain-associated spongy degeneration
involving the ambient gyrus. For strictly accurate gval-
uation of this advanced stage, sections of the insular
cortex, the anterior cingulate gyrus, the septal nuclei
with the nucleus accumbens, and the gyri recti should
be investigated with the Gallyas-Braak method for the
presence of grains. It is still controversial whether AGs
really contribute to cognitive decline. QOur study
showed that it is highly probable that the pathology in
argyrophilic grain stage III contributed to cognitive de-
cline. It is worth noting that approximaltely one fourth
of stage [II cases were categorized into CDRO.5 or the
mild cognitive impairment level. The macroscopically
distinct atrophy of the ambient gyrus separated more
advanced dementia with grain cases from these
CDRO.5 cases, confirming the importance of the am-
bient gyrus in cognitive decline associated with grains.
However, the distinction between CDRO0.5 and CDR1
cases was often very difficult and may indicate the lim-
itation of this type of retrospective study. Prospective
studies are now ongoing in our institute. Dementia with
grains was the second most common form of degen-
erative dementia in our series as wel!l as in studies by
Braak and Tolnay (perscnal communication with Drs,
Braak and Tolnay). Cases in these series represent data
from the general geriatric population and have been
analyzed by morphological examination able to detect
AGs. Since many of dementia with grains cases present
clinically. with a milder form of dementia or miid cog-
nitive impairment, prospective studies with special at-
tention to clinical cognitive decline as well as morpho-
logical appearance of AGs may confirm the biological
significance of AGs in human aging.

Argyrophilic grains have frequently been reported to
be associated with other neurodegenerative diseases (27).
In this large series, cases of progressive supranuclear pal-
sy, neurofibrillary tangle-predominant form of dementia,
and DLB clearly had a higher incidence as well as more
advanced staging of grains compared with the back-
ground.

In conclusion, our staging method may contribute to
better understanding of the role of AGs in the age-asso-
ciated cognitive decline involving the human central ner-
vous system.
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TABLE 2
Argyrophilic Grains in Neurodegenerative Disorders
Stage 0 Stage 1 Stage I1 Stage III Frequency Average stage
PSP 0 4 4 2 /10 (100%)** 1.8++
NFTD 5 5 3 4 12/17 (71%)** 1.35++
DLB 12 12 7 3 22/34  (65%)** 1.029+
MSA 1 1 | 0 213 (67%) 1
AD 5 20 7 3 30/105 (29%) 0.4
ALS 7 1 ! 0 2/9 (22%) 0.33
FD 8 1 ! 0 2710 (20%) 0.3
CBD 3 ! 0 0 1/4 (25%) 0.25
Group A 792 234 118 97 449/1,241 (36%) 0.53

Stage: argyrophilic grain stage, PSP: progressive supranuclear palsy, NFTD: neurofibrillary tangle-predominant form of de-
mentia, DLB: dementia with Lewy bodies, MSA: multiple system atrophy, AD: Alzheimer disease, ALS: amyotrophic lateral
sclerosis, PD: Parkinson disease and CBD: corticobasal degeneration; Group A: total cases in Group A. '

**: Significantly high incidence compared with background, Fisher exact probability test, p < 0.01. +: Mann-Whitney U test,

p < 0.05, ++: Mann-Whitney U test, p < 0.01.

The average AG stage of 1,241 cases was 0.53. The incidence of AG in the background was 36%. Both the frequency and
stage of argyrophilic grains were higher in PSP, NFTD, and DLB.
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SEHNBEEUTE M, ARRAENS {, ERSREENS L, BETHBER
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Neuropathology of mild cognitive impairment

Shigeo Murayama, Yuke Saito, Naoki Kasahata

from

Department of Neuropathology, Tokyo Metropolitan Institute of Gerontology, 35-2 Sakae-cho, Itabashi-ku,
Tokyo 173-0015, Japan.

Mild cognitive impairment (MCI} is defined as the intermediate state between normal cognition and dementia.
MCI has been highlighted as the main target for preventive scheme against cognitive decline in the elderly. How-
ever, there are very few studies about neuropathalogical background of this state. Moreover, many of these stud-
ies only reported MCI as substrate of early Alzheimer disease (AD).

We screened clinical records of 1,120 serial autopsy cases from Tokyo Metropolitan Brain Bank for Aging Re-
search in these five years. These cases represent serial autopsy cases from a general geriatric hospital for commu-
nity care and reasonably represent a cohort of the elderly in Tokyo metropolitan urban district. The cases equiva-
lent to MCI were retrospectively selected by two professional neurologists, on the following criteria : 1) the de-
scription of memory impairment incurring problems for medical care, 2) no definite description of dementia, and
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3} CDR 0.5. One hundred and seventy cases were pulled out. A male to female ratio was 1.44, the average age,
82.0 years and the average brain weight, 1,260 g respectively. These values were just between those of the cases
with normal cognition and with dementia. The frequency of apoE ¢ 4 allele is also between cognitively normal
cases and cases with dementia.

The background patholegy of these MCI cases were evaluated on our standard pathology protocol. The areas ex-
amined followed the recommendations of the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) and the consensus guidelines for the diagnosis of dementia with Lewy bodies. Six- ¢t m—thick sections
were routinely stained with hematoxylin and eosin (H & E) and the Kliiver-Barrera (KB) method. Selected sec-
tions were stained with the modified methenamine silver and Gallyas-Braak silver method for senile changes,
with Congo red for amyloid deposition, and with elastica Masson trichrome for vascular changes. Immunchisto-
chemically employed were the antibodies raised against amyloid 8, phosphorylated tau {ATS), phosphorylated
a -synuclein, ubiquitin, phosphorylated neurofilament, glial fibrillary acidic protein and HLA-DR. The descrip-
tion of the location, size and nature (thrombotic, embolic or lacunar) of all vascular lesions and the semi-quantita-
tive assessment of each abnormally accumulated proteins (tau, amyloid beta protein, alpha-synuclein and ubig-
uitin) were applied to all the cases examined.

Among the 170 cases, 25 cases mainly presented with Alzheimer—type pathology including neurofibrillary tan-
gles and senile plaques. 10 cases presented with Lewy-related neuronal degeneration without parkinsonism. 11
cases each show dementia with grain-or neuforibrillary tangle predominant form of dementia-type changes and
one case showed the combination of these two changes. All of these changes were generally milder than the cases
with dementia. :

In addition to cases with mainly degenerative changes, 72 cases presented with mainly vascular lesions. Among
them, 27 cases experienced stroke events, among whom 2 cases exhibited with Binswanger—type white matter
changes. These vascular changes were generally milder than those of cases with vascular dementia. Moreover, 35
cases carried asymptomtic cerebral infarcts as only morphological substrates of cognitive decline.

QOur data indicate that MCI comprised heterogeneous background pathology of probable pre-symptomatic
phase. Similar data have been now accumulating in the literature. Thus, the prospective studies of MCl is quite im-
portant to develop the tools for the prevention of the progression to dementia from MCI stage.

(Received : March 30, 2004)
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Accumulation of Phosphorylated a-Synuclein in Aging Human Brain

Yuko Sarto, MD, PHD, Axkiko KawasHiva, MSc, Nyoka N. Ruseru, MD, HiDEO Funtwara, MSc,
SHunicHt Kovama, MD, MoTton SAwWARE, MD, PuD, Tomio Aral, MD, PHD, HirosHI NAGURA, MD,
HiroSHI YAMANOUCHI, MD, PHD, MasaTo HASEGAWA, PHD, TAkesHI IwaTsuso, MD, PHD,
AND SHIGEO MURAYAMA, MD, PRD

Abstract. w«-Synuclein in Lewy bodies (LBs) is phosphorylated at Ser129. We raised monoclonal and polyclonal antibodies
to this phosphorylation site {psyn) and examined 157 serial autopsy brains from a geriatric hospital. Anti-psyn immunore-
activity was observed in 40 of these cases (25.5%). Immunohistochemistry revealed 4 novel types of pathology: diffuse
neuronzl cytoplasmic staining (pre-LB); neuropil thread-like structures (Lewy threads), dot-like structures similar to argyro-
philic grains (Lewy dots); and axons in the white matter (Lewy axons). This novel pathology was abundantly present around
LBs and also involved the limbic subcortical white matter, the cerebral cortical molecular layer, and the spongiform changes
of the medial temporal lobe associated with cases of dementia with LBs {DLB). The phosphorylated o-synuclein was limited
to the temporal lobe in cases of Parkinson disease, spread from the temporal lobe to the frontal lobe in cases of DLB transitional
form and further spread to the parietal and occipital lobes in DLB necocortical form. Qur findings suggest that LB-related
pathology initially involves the neuronal perikarya, dendrites, and axons, causes impairment of axonal transport and synaptic
transmission, and later leads to the formation of LBs, a hallmark of functional disturbance long before neuronal cell death,

Key Words:

INTRODUCTION

Lewy body (LB)-related pathology was originally rec-
ognized in the brains of patients with Parkinson disease.
Since it was discovered that ubiquitin (1) and a-synuclein
(2, 3) are components of LBs, the locations of LB-related
pathology and the corresponding specific neurological
abnormalities have received considerable attention. In-
volved sites include the peripheral autonomic nervous
system in cases with autonomic failure (4), the dorsal
motor nucleus of the vagus nerve in cases with dysphagia
(5), and the limbic system and neocortex in cases with
cognitive decline (i.e. dementia with Lewy bodies
[DLB]) (6). The severity of clinical abnormalities in these
cases parallels the number of LBs (7) rather than neuronal
cell loss (8), especially in cases with DLB neocortical
form.

Recent immunohistochemical studies with anti-a-syn-
uclein antibodies suggest that the dorsal motor nucleus
of the vagus is the initial site of involvement in Parkinson
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disease (9). In contrast, a-synuclein-positive structures
preferentially localize in the amygdala in familial (10)
and sporadic (11) Alzheimer disease (AD). Further clar-
ification of the relationship between these 2 reported
types of a-synucleinopathy has been difficult, because o-
synuclein is a normal constituent of presynaptic struc-
tures (12), and interpretation of abnormal accumulations
based on staining intensity may be influenced by the con-
ditions of staining or fixation.

We recently reported that the a-synuclein accumulated
in LBs (13) is phosphorylated at Ser129, and that a poly-
clonal anti-phosphorylated a-synuclein antibody (anti-
PSerl129) produced strong staining of LBs and Lewy neu-
rites (13). We have now raised a monoclonal antibody
(psyn#64) that specifically recognizes this phosphoryla-
tion site. Immunohistochemistry with this highly specific
monoclonal antibody produces intense staining of LBs
and Lewy neurites without staining normal presynaptic
structures.

In the current study, we examined serial autopsy brains
from an aging population to assess the progression of the
2 reported types of LB-related a-synucleinopathy. We
also correlated the morphological changes with the severe
functional impairment that occurs prior to cell loss in LB-
related cognitive decline.

MATERIALS AND METHODS
Tissue Source

One hundred and fifty-seven serial autopsy brains from To-
kyo Metropolitan Geriatric Hospital (TMGH) were studied in
the present work, The patients’ ages ranged from 48 to 100
years. The mean age was 81.1 * 8.6 years and the male to
female ratio was 89:68.
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Fig. 1. Western blot analysis of a-synuclein differentially
extracted with Triton X-100 (Triton), Sarkosyl, or urea from
cerebral cortices of a patient with DLB, neocortical form (Case
4y and a normal control individual probed with LB509 (left
panel) or psyn#64 (right panel). Sarkosyl soluble fractions that
did not contain detectable amounts of o-synuclein are not
shown. Molecular weight markers are shown in kilodaltons at
the left side of the panels. A ~15 kDa polypeptide, labeled by
LB509 (3), was detected in TX-soluble fractions of DLB and
normal control brains and represents normal a-synuclein, as
previously reported (13). A major ~15 kDa polypeptide and
additional minor higher molecular weight polypéptides were
specifically detected by LB509 in Sarkosyl-insoluble, urea-sol-
uble fractions from DLB cortices. Monoclonal antibody
psyn#64 did not label TX-soluble a-synuclein, but strongly re-
acted with the urea-soluble a-synuclein in DLB brains.

Neuropathology

Sections of the right substantia nigra, amygdala, anterior hip-
pocampus and frontal, temporal, parietal, and occipital lobes
were fixed in 4% paraformaldehyde for 48 hours and embedded
in paraffin, The left half of the brain was fixed in 20% neural
buffered formalin (Wako, Osaka, Japan) for 7 to 13 days and
representative areas were embedded in paraffin.

Six-pm-thick sections were stained with hematoxylin and eo-
sin (H&E) and by the Kliiver-Barrera method. Selected sections
were examined with modified methenamine and Gallyas-Braak
silver staining for senile changes, with Congo red staining for
amyloid deposition, and with elastica Masson staining for vas-
cular changes.

Preparation and Characterization of
Anti-Phosphorylated «-Synucliein (psyn)
Monoclonal Antibedy (psyn#64)

Anti-péyn monoclonal antiobody (psyn#64) was raised
against a synthetic peptide corresponding to residues 124-134

645

of human a-synuclein containing phosphoserine at position 129
and screened by ELISA. For the characterization of the anti-
body, neocortex from the medial temporal Iobe of brains with
DLE neocortical form and of normal control brains from the
present autopsy series were differentially extracted as previous-
ly described (13), with some modifications. Briefly, the neo-
cortices were directly homogenized in 1% Triton X-100 (TX)
containing protease inhibitors (instead of Tris saline) and then
extracted with Sarkosyl and urea. TX- or urea-soluble fractions,
in which normal and deposited a-synuclein is extracted, re-
spectively, were separated by SDS-PAGE and analyzed by im-
munoblotting with LB509 (3) or psyn#64 as primary antibodies.
In addition, the immunoreactivity was confirmed by immuno-
blot with nonphosphorylated recombinant human o-synuclein
and a-synuclein phosphorylated in vitro by casein kinase 2,
which specifically phosphorylates Ser129 (3) (A.K., H.E, and
T.I., unpublished observation).

Immunohistochemistry

Six-wm-thick serial sections were obtained from paraffin
blocks and immunohistochemically stained using a Ventana
20NX autostainer {Ventana, Tucson, AZ) for single or double
immunolabeling as previously described (14). Two antibodies
specific for phosphorylated a-synuclein {(mouse monoclonal an-
tibody psyn#64 and polyconal antibody anti-Pser129 [13]) were
used. In addition, other antibodies against a-synuclein (LB509,
monoclonal [3] & and S1, recognizing the C terminus [a kind
gift from Dr. Y. Thara]); phosphorylated tau (AT8, monoclonal,
Innogenetics, Temse, Belgium); AB11-28 (12B2, monoclonal,
IBL, Maebashi, Japan); ubiquitin (polyclonal, Sigma-Aldrich,
St. Louis, MQ); glial fibrillary acidic protein (GFAP, polyclonal,
DAKO, Carpinteria, CA), and HLA-DR (CD68, monoclonal,
DAKO) were also used. The sections were pretreated with 99%
formic acid for 5 min for psyn#64 and anti-Ap, or heated in a
microwave oven (Nisshin EM, Tokyo, Japan) for 10 min in
citrate buffer before incubation with LBS509, CD68, or anti-
ubiguitin antibody. Areas selected for staining with psyn#64
included all of the paraformaldehyde-fixed tissues, as well as
areas from the formalin-fixed tissues recornmended by the con-
sensus guidelines for dementia with Lewy bodies (DLB) (6)
(lumbar, thoracic, and cervical spinal cord, medulla oblongata
at the level of the dorsal motor nucleus of the vagus nerve,
upper pons at the level of the locus ceruleus, midbrain, and
basal ganglia, anterior cingolate and entorhinal cortex, amyg-
*dala, and second frontal, temporal and supramarginal gyri).

Phosphorylated a-synuclein was detected in dendrites or ax-
ons with confocal double immunofluorescence using anti-
Pserl29 combined with anti-MAP2 (HM2, monoclonal, Sigma,
St. Louis, MQ) or anti-phosphorylated neurofilament (SMI 31,
monoclonal, Sternberger Immunochemicals, Bethesda, MA) an-
tibody. Primary antibodies were visualized with anti-rabbit Al-
exa 568 Fluor™ and anti-mouse IgG Alexa 488™ (Molecular
Probes, Eugene, OR) using a confocal laser microscope
(BioRad, Hercules, CA). SMI 31 was diluted up to 1:10,000 in
order to avoid possible cross-reaction with phosphorylated tau
protein.

Evaluation of Lewy Body-Related Neuropathology

The brains were initially evaluated and their LB scores cal-
culated from sections stained with H&E and anti-ubiquitin im-
munohistochemistry, as recommended by the consensus guide-
lines for DLB (6). The presence of LB-related pathology was
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Fig. 2. Novel morphological alterations visualized by immunchistochemistry with anti-phosphorylated a-synuclein (psyn) antibod-
ies. A: Numerous dots and threads within the spongiosis in the entorhinal cortex (case 1, bar = 50 pum). B-E: Possible morphologic
progression in the formation of LBs in melanin-containing neurons of the substantia nigra (Ventana red staining for alkaline phosphatase,
bars = 10 um). B: Weak cytoplasmic staining (case 13). C: Diffuse cytoplasmic staining (case 14). D: Focal cytoplasmic aggregate
and positive axon (arrowhead) (case 13). Er Typical lamellar staining (small arrowheads), consistent with LBs, associated with neuropil
dots (large arrowhead) and a glial inclusion (arrow) (case 6). F: Anti-psyn-immunoreactive threads (thick arrow) and dots (arrowhead)
with cortical LBs (thin arrows) in the entorhinal cortex (stained with diaminobenzidine) (case 2). G: Axons in the white matter of the
amygdala (fibrac amygdalofugal) with focal swellings (arrow), positive for anti-psyn antibodies. Anti-psyn-immunoreactive glial inclu-
stons are also visible (arrowheads, case 2).
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Fig. 3. Morphological alterations visualized by immunohistochemistry with anti-phosphorylated o-synuclein (psyn) antibod-
ies. A: Prominent positive staining in the anterior alveus (bar = 0.25 mm, case 2). B: Clustered thick neurites in the molecular
layer of the anterior subiculum (bar = 50 pum, case 2). C: Higher magnification of the alveus shown in (A}, showing numerous
axons with focal thickening (bar = 10 pm, case 2). D: Intracytoplasmic neuronal inclusions with neuritic threads and dots in
CA2 and CA3 (bar = 50 pm, case 2). E: A large immunoreactive spheroid in the dorsomedial putamen (bar = 10 pm, casel).
F: Neuronal intracytoplasmic inclusions in the inferior olivary nucleus (bar = 10 pum, case from stage 1B). G: Lewy dots, threads,
and globules in the molecular layer of the striated cortex (bar = 15 pm, case 1).
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