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Since our results are considering relatively low methylation
level differences between AD and NC brains, it could raise the
concern of pathological significance. For this reason, the results

were further analyzed by bisulfite cloning and sequencing of

APP and MAPT in a limited numbers of samples. This revealed
some heavily methylated clones among fully unmethylated
clones in the AD samples (Supplementary Material, Fig. S8),
thus suggesting that a small percentage of abnormally methylated
cells are located among normal cells in AD brains. This result sup-
ports the aggregation propagation hypothesis that proposes aggre-
gation seed formed somewhere in the brain spreads to other areas
(27), that these “abnormally’ methylated cells could serve as seed
clones for aggregated protein production. Regional differences
observed in this study that most of the methylation differences
were observed only in the temporal lobe, where AD pathology
usually begins, could also be supportive of the aggregation propa-
gation hypothesis. Our result suggests that there are nearly 2--5%
of abnormally methylated cells in the AD temporal cortex. Those
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Figure 6. Subgroup analysis of the APP methylation status in temporal lobe
samples by the presence or absence of APOE g4 (APOE4). Overall significance
was tested by two-way ANOVA and Bonferroni’s multiple comparison tests,
which revealed a statistically significant positive relationship *# < 0.0001
versus NC APOE4 | P = 0.0333 versus AD APOE4+, **P == 0.0015 versus
NC APOE4 -, ***P < 0.005 versus NC APOE4~. We analyzed 64 NC
APOE4-- 10 NC APOE4+4-, 27 AD APOE4 - and 29 AD APOE4+ cases.

cells overproduce APP and MAPT, which could aggregate locally
and further spread to adjacent areas of the brain where abnormal
seed cells are less abundant. This is further supported by the
data shown in Figure SD that even increase in << 10% methylation
level can associate with expression alteration, which is due to low
transfection and expression efficiency resulting in similar situ-
ation observed in the brain that a few abnormally methylated
cells are present among normal cells.

Several genes are considered risk factors for AD; APOE, espe-
cially the g4 genotype, confers the strongest risk. This has been
shown to affect the disease pathogenesis by impairing A clear-
ance. Approximately 60% of patients with sporadic AD have this
allele (28); however, possession of the £4 allele does not guaran-
tee that an individual will develop AD. Similarly, a significant
portion of patients with AD has €3 alleles, which does not in-
crease the risk of dementia (29). Thus, it is of great interest to
identify AD risk factors for the APOE e4-negative population.
Our results suggest a potential role of epigenetic alterations in
the disease pathogenesis, especially in the APOE e4-negative
AD population. APOE is a protein related to AR clearance,
while the E4 protein is reported to be less effective at this task
(30); for this reason, it is thought to play a major role in AP ac-
cumulation in APOE &4 cases. Thus, in APOE e4-negative indi-
viduals, it may be increased APP production rather than less
effective APOE that is related to the disease pathogenesis.

AD is the most prevalent neurodegenerative disease among the
elderly and is characterized by the slow progressive decline in
memory and executive function, both of which impair the
patient’s quality of life. As a result of the growing aging popula-
tion in both developed and developing countries, the number of
AD patients will increase dramatically by the year 2050, and the
subsequent impact of this on the world economy will be disastrous
(31). Existing symptomatic treatments do not change the under-
lying disease process or halt symptomatic progression (32). Spor-
adic AD pathogenesis is still unclear, but it is assumed to be
somewhat similar to the FAD disease process. Here, we report a
novel epigenetic alteration that specifically occurs in sporadic
AD patient brains. This result pathomechanistically links FAD
and sporadic AD. We hope this finding improves our
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Figure 7. Structures of CpG islands analyzed in this study. Each vertical bar represents a CpG. Regions translated to mRNAs are shown as ‘exon’, and the first ATG
positions are shown. Detected CpG regions are located below the sequences. (A) APP, (B) MAPT, (C) GSK3B.
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understanding of AD and can lead to better therapies for this de-
bilitating disease.

MATERIALS AND METHODS
Sample preparation and pyrosequencing

Post-mortem brains were obtained with written consent from
patient families, and frozen at —80°C until use. Fifty NC, AD
and DL B subjects were obtained from Tokyo Metropolitan Geri-
atric Hospital brain bank, 16 NC and 10 AD were from Univer-
sity of Tsukuba and 30 NC and 2 AD were from the University of
Tokyo. The research was approved by the ethics committee of
the University of Tokyo (#2183-6). Unless otherwise noted,
gray matter from the inferior temporal lobe, the superior parietal
lobe and the cerebellum were excised, and DNA was extracted
using the DNeasy Blood and tissue kit (Qiagen, Hilden,
Germany), as according to the manufacturer’s protocol. After
extraction, DNA concentration was measured using a Qubit
dsDNA BR assay kit (Invitrogen, Carlsbad, CA, USA). Next,
500 ng genomic DNA was subjected to the Epitect Bisulfite
Kit (Qiagen) and eluted with 40 w1 buffer. Next, 0.5 w1 of the
post-bisulfite reaction eluate was amplified via polymerase
chain reaction (PCR) with a Pyromark PCR Kit (Qiagen), sub-
jected to pyrosequencing with a Pyromark Q24 analyzer
(Qiagen), and the result was analyzed with the Pyromark Q24
software (Qiagen). The list of PCR primers, sequencing
primers and analysis settings are shown in Supplementary Ma-
terial, Table S1. Primer sets for pyrosequencing were designed
by the Pyromark Assay Design 2.0 software (Qiagen). EpiTect
PCR Control DNA set (Qiagen) was used for primer calibration.

Statistical analyses

Statistical analyses were performed using the Graphpad Prism
software (Graphpad Software, La Jolla, CA, USA). Statistical
significance was tested by #-test and two-way ANOVA with
Bonferroni’s multiple comparison tests. Correlation analysis
was tested by Pearson product-moment correlation coefficient
analysis.

Neuropathological diagnosis

According to established criteria by Braak and McKeith
(33-35), trained neuropathologists made diagnosis of AD,
DLB or NC using hematoxylin—eosin, Nissl and silver staining,
as well as immunostainings. Diagnosis of AD was based on
Braak stage >3 and amyloid stage >B. DLB samples were at
Lewy body score >4, Braak stage <3 and amyloid stage <B.

CpG island detection

CpG islands were detected using the CpG island searcher
software (www.uscnorris.com/cpgislands/) (12).

Quantitative PCR

Cells were cultured under 5% CO, and 95% air, and kept at 37°C
in ATCC recommended medium conditions. Cultured cells
included 293, 293T, BE-(2)-C, H4, HeLa, HeLa-S3, IMR-32,
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SH-SYS5Y and SK-SN which were used in Supplementary Ma-
terial, Figure SS experiments. Cells were treated with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) to extract RNA and
DNA. A total of 1 pg total RNA per sample was reverse tran-
scribed with Rever-Tra-ACE (Toyobo, Osaka, Japan) and ana-
lyzed by a Tagqman assay using Hs00902194_ml1 (MAPT),
Hs01552283_ml1 (4PP), Hs01047719_ml (GSK) and Hu
GAPDH probe sets (Applied Biosystems, Foster City, CA,
USA) in the 7900HT Fast Real-time PCR system (Applied Bio-
systems). Each individual experiments were assayed in quadru-
plicate and average values were used for further statistical
analysis.

APOE genotyping

APOE genotyping was performed with a Tagman assay using
probes C_3084793_20 and C_904973_10 (Applied Biosystems).

FACS nucleus sorting

FACS sorting was performed according to a published protocol
(13). One hundred to 200 mg of brain tissue were processed to
obtain 100 000-2 000000 events following NeuN antibody
staining.

TALE construct

TALE constructs were made with the TALE toolbox kit
(Addgene, Cambridge, MA, USA). The target sequences for
APP were 5'-TGCCGAGCGGGGTGGGCCGG-3’ and 5'-TGG
GCCGGATCAGCTGACTC-3'. The target sequence for MAPT
was 5’-TTCTCCTCCGGCCACTAGTG-3'. The TALE effector
sequence was confirmed by direct sequencing. DNMT3a cDNA
(FXC03883) was purchased from Kazusa DNA Research
Institute (Kisarazu, Ciba, Japan). The V777G mutation was
introduced by PCR. Transfection was performed by Lipofecta-
mine2000 (Lifetechnologies, Carlsbad, CA, USA) following
manufacturer’s protocol.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at /MG online.

ACKNOWLEDGEMENTS

We are grateful for the technical support provided by Yuko
Mitani, Yuki Inukai, and Yuko Naramoto. We are grateful to
the Support Unit for Bio-Material Analysis, RIKEN BSI Re-
search Resources Center, for the cell sorting.

Conflict of Interest statement. None declared.

FUNDING

This study was supported by JST PRESTO (Kawaguchi,
Saitama), the Cell Science Research Foundation (Osaka,
Japan), the Ichiro Kanehara Foundation for the Promotion of
Medical Sciences and Medical Care (Tokyo, Japan), the

— 357 —



656

Human Molecular Genetics, 2014, Vol. 23, No. 3

Takeda Science Foundation (Osaka, Japan), Janssen Pharma-
ceutical K.K. (Tokyo, Japan) and Eisai Co. (Tokyo, Japan).

REFERENCES

1.

Karran, E., Mercken, M. and De Strooper, B, (201 1) The amyloid cascade
hypothesis for Alzheimer’s disease: an appraisal for the development of
therapeutics. Nat. Rev. Drug. Discov., 10, 698712,

. Rovelet-Lecrux, A., Hannequin, D., Raux, G., Le Meur, N., Laquerriere, A,

Vital, A,, Dumanchin, C., Feuillette, S., Brice, A., Vercelletto, M. ez al.
(2006) APP Locus duplication causes autosomal dominant early-onset
Alzheimer disease with cerebral amyloid angiopathy. Nat. Genet., 38,
2426,

. Wisniewski, K.E., Wisniewski, H.M, and Wen, G.Y. (1985) Occurrence of

neuropathological changes and dementia of Alzheimer’s disease in Down’s
syndrome. Ann. Newrol., 17, 278282,

. Golde, T.E., Estus, S., Usiak, M., Younkin, L.H. and Younkin, S.G. (1990)

Expression of beta amyloid protein precursor mRNAs: recognition ofa novel
alternatively spliced form and quantitation in Alzheimer’s disease using
PCR. Neuron, 4, 253267,

. Palmert, MR, Podlisny, M.B., Golde, T.E., Cohen, M.L., Kovacs, D.M.,

Tanzi, R.E., Gusella, J.F., Whitehouse, P.J., Witker, D.S., Oltersdorf, T. et al.
(1990) Analysis of the beta-amyloid protein precursor of Alzheimer’s
disease: mRNAs and protein products. Adv, Neurol., 51, 181184,

. Koo, E.H., Sisodia, S.S., Cork, L.C., Unterbeck, A., Bayney, R.M. and Price,

D.L. (1990) Differential expression of amyloid precursor protein mRNAs in
cases of Alzheimer’s disease and in aged nonhuman primates. Newron, 4,
97-104.

. Harrison, P.J., Wighton-Benn, W.H., Heffernan, J.M., Sanders, M.W. and

Pearson, R.C. (1996) Amyloid precursor protein mRNAs in Alzheimer’s
disease. Neurodegeneration, 5, 409415,

. Matsumoto, L., Takuma, H., Tamaoka, A, Kurisaki, H., Date, H., Tsuji, S.

and Iwata, A. (2010) Cpg demethylation enhances alpha-synuclein
expression and affects the pathogenesis of Parkinson’s disease. PLoS One, 5,
¢15522.

. Hyman, B.T., Phelps, C.H., Beach, T.G., Bigio, E.H., Cairns, N.J., Carrillo,

M.C., Dickson, D.W., Duyckaerts, C., Frosch, M.P., Masliah, E. eral. (2012)
National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement., 8,
1-13.

. Montine, T.J., Phelps, C.H., Beach, T.G., Bigio, E.H., Cairns, N.J., Dickson,

D.W., Duyckaerts, C., Frosch, M.P., Masliah, E., Mirra, S.S. et al. (2012)
National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease: a practical approach.
Acta Newropathol., 123, 1-11.

. De Strooper, B., Vassar, R. and Golde, T. (2010) The secretases: enzymes

with therapeutic potential in Alzheimer disease. Nat. Rev. Newrol., 6,
99-107.

. Takai, D. and Jones, P.A. (2003) The CpG island searcher: a new WWW

resource. [n Silico Biol., 3, 235240,

. Iwamoto, K., Bundo, M., Ueda, J., Oldham, M.C., Ukai, W., Hashimoto, E.,

Saito, T., Geschwind, D.H. and Kato, T. (2011) Neurons show distinctive
DNA methylation profile and higher interindividual variations compared
with non-neurons. Genome Res., 21, 688-696.

. Boch, J,, Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., Lahaye,

T., Nickstadt, A. and Bonas, U. (2009) Breaking the code of DNA binding
specificity of TAL-type 111 effectors. Science, 326, 1509-1512.

. Moscou, M.1 and Bogdanove, A.J. (2009) A simple cipher governs DNA

recognition by TAL effectors. Science, 326, 1501,

. Sanjana, N.E., Cong, L., Zhou, Y., Cunniff, M.M., Feng, ;. and Zhang, F.

(2012) A transcription activator-like effector toolbox for genome
engineering, Nat. Protoc., 7, 171192,

. Gowher, H. and Jeltsch, A, (2002) Molecular enzymology of the catalytic

domains of the Dnmt3a and Dnmt3b DNA methyltransferases. /. Biol,
Chem., 277, 2040920414,

. Barrachina, M., and Ferrer, 1, (2009) DNA Methylation of Alzheimer disease

and tauopathy-related genes in postmortem brain. J. Newropathol. Exp.
Neurol., 68, 880891,

. Wang, S.C., Qelze, B, and Schumacher, A, (2008) Age-specific epigenetic

drift in late-onset Alzheimer’s disease, PLoS One, 3, €2698.

20. Rogaev, E.L, Lukiw, W.L, Lavrushina, O., Rogacva, E.A, and St

3L

32.

33.

George-Hyslop, P.H. (1994) The upstream promoter of the beta-amyloid
precursor protein gene (APP) shows differential patterns of methylation in
human brain. Genomics, 22, 340--347.

. Grunau, C., Clark, 8.1, and Rosenthal, A. (2001) Bisulfite genomic

sequencing: systematic investigation of critical experimental parameters.
Nucleic. Acids. Res., 29, ¢65.

. Warnecke, P.M., Stirzaker, C., Song, J., Grunau, C., Melki, J.R. and Clark,

S.J. (2002) Identification and resolution of artifacts in bisulfite sequencing.
Methods, 27, 101107,

23, Gius, D, Cui, H., Bradbury, C.M., Cook, I., Smart, D.K., Zhao, S., Young.

L., Brandenburg, S.A., Hu, Y., Bisht, K.S. et al. (2004) Distinct effects on
gene expression of chemical and genetic manipulation of the cancer
cpigenome revealed by a multimodality approach. Cancer Cell, 6,361--371.

. Suzuki, M.M. and Bird, A. (2008) DNA Methylation landscapes:

provocative insights from epigenomics. Nat. Rev. Genet., 9, 465476,

. Jones, P.A. (2012) Functions of DNA methylation: islands, start sites, gene

bodies and beyond. Nat. Rev. Genet., 13, 484--492,

. Lee, V.M. and Trojanowski, J.Q. (1992) The disordered neuronal

cytoskeleton in Alzheimer’s disease. Curr. Opin. Neurobiol., 2, 653 656,

. Frost, B. and Diamond, M.L (2010) Prion-like mechanisms in

neurodegenerative diseases, Nat. Rev. Neurosci., 11, 155159,

. Verghese, P.B., Castellano, J.M. and Holtzman, D.M, (2011)

Apolipoprotein E in Alzheimer’s disease and other neurological disorders.
Lancet Neurol., 10, 241252,

. Liu, C.C., Kanekiyo, T., Xu, H. and Bu, G. (2013) Apolipoprotein E

and Alzheimer disease: risk, mechanisms and therapy. Nut. Rev. Newrol., 9,
106-118.

. Castellano, JM., Kim, J,, Stewart, F.R., liang, H., DeMattos, R.B.,

Patterson, B.W_, Fagan, A.M., Morris, J.C., Mawuenyega, K.G., Cruchaga,
C.etal. (2011) Human apokE isoforms differentially regulate brain
amyloid-beta peptide clearance. Sci. Transl. Med., 3, 89ra57.

Wimo, A. and Price, M. (2010) World Alzheimer Report 2010. Alzheimer’s
Disease International, 1 -54.

Iwata, A. and Iwatsubo, T. (2013) Disease-modifying therapy for
Alzheimer’s disease: challenges and hopes. Newrol. Clin. Neurocience,
1,49--54.

Braak, H. and Braak, E. (1991) Demonstration of amyloid deposits and
neurofibrillary changes in whole brain sections. Brain Pathol., 1,213-216.

. McKeith, 1.G., Galasko, D., Kosaka, K., Perry, E.K., Dickson, D.W.,

Hansen, L.A., Salmon, D.P., Lowe, J., Mirra, S.S., Byrne, E.J. et al. (1996)
Consensus guidelines for the clinical and pathologic diagnosis of dementia
with Lewy bodies (DLB): report of the consortium on DLB international
workshop. Neurology, 47, 1113--1124.

. Braak, H. and Braak, E. (1991) Neuropathological stageing of

Alzheimer-related changes. Acta Neuropathol., 82, 239-259.

— 358 —



Journal of the Neurological Sciences 343 (2014) 149-152

Contents lists available at ScienceDirect

NS

JEUROLOGICAL

- SCENCES

Journal of the Neurological Sciences

journal homepage: www.elsevier.com/locate/jns

Sudden death in Parkinson's disease: A retrospective autopsy study

Hideyuki Matsumoto *>*, Renpei Sengoku ¢, Yuko Saito 9, Yukio Kakuta ¢, Shigeo Murayama ¢, Ichiro Imafuku

* Department of Neurology, japanese Red Cross Medical Center, japan

® Department of Neurology, Yokohama Rosai Hospital, japan

< Department of Neurology and Neuropathology, Tokyo Metropolitan Geriatric Hospital, Japan

4 Department of Pathology and Laboratory Medicine, National Center of Neurology and Psychiatry, japan
¢ Department of Pathology, Yokohama Rosai Hospital, japan

ARTICLE INFO ABSTRACT

Article history:

Received 1 March 2014

Received in revised form 15 May 2014
Accepted 19 May 2014

Available online 2 June 2014

The aim of this paper is to reveal the causes of death and to verify sudden death of Parkinson's disease (PD) in an
autopsy study. We reviewed the clinical data and the causes of death in 16 PD patients who had postmortem
examinations. Prior to autopsy, nine patients died of known causes: five patients died of aspiration pneumonia,
two of myocardial infarction, one of asphyxia, and one of dilated cardiomyopathy. Autopsy confirmed that the
putative causes of death were compatible with the pathological ones. The remaining seven patients died sudden-
ly of unknown causes. Autopsy revealed that the causes of death were asphyxia in two patients and perforation of

ﬁgfmgi-s disease a duodenal ulcer in one patient. Autopsy did not determine the causes of unknown death in the remaining four
Lewy body disease patients. Consequently, autopsy revealed that eight patients died of swallowing problems such as aspiration
Autopsy pneumonia and asphyxia, four of sudden death, three of cardiac problems, and one of a gastrointestinal problem.
Necropsy Although there was a bias that all patients had a postmortem examination, our study revealed that several PD
Pathology patients died of sudden death without any satisfactory causes of death determined even by autopsy. Therefore,
Sudden death we propose that a non-negligible number of PD patients die of sudden death.

© 2014 Elsevier BV. All rights reserved.
1. Introduction 2. Materials and methods

The most common cause of death in Parkinson's disease (PD) is aspi-
ration pneumonia [1-9]. Most PD patients die of swallowing problems
such as aspiration pneumonia and asphyxia. Several papers have also
described sudden death in PD [10-12]. In particular, Rajput and
Rozdilsky (1976) reported that their necropsy study revealed that one
out of six PD patients died suddenly without any satisfactory causes of
death [10]. Sato et al. (2006) reported that 10 out of 131 PD patients
died of sudden death (7.6%) [12,13]. However, autopsies were not
conducted to investigate the true causes of death in their study [12,
13]. Therefore, there are few pathological studies on sudden death in
PD patients.

Here, to reveal the causes of death and to verify sudden death of PD,
we reviewed the clinical data and the causes of death in 16 PD patients
who had postmortem examinations. On the basis of the results, we
propose that a non-negligible number of PD patients die of sudden
death.

* Corresponding author at: Department of Neurology, Japanese Red Cross Medical
Center, 4-1-22 Hiroo, Shibuya-ku, Tokyo 150-8935, Japan. Tel.: +81 3 3400 1311;
fax: +81 3 3409 1604.

E-mail address: hideyukimatsumoto.jp@gmail.com (H. Matsumoto).

http://dx.doi.org/10.1016/1,ins.2014.05.060
0022-510X/© 2014 Elsevier B.V. All rights reserved.

We reviewed 451 serial autopsy cases from 1991 to 2006 in
Yokohama Rosai Hospital to extract definite PD cases that were con-
firmed by the pathological findings [14]. This autopsy study was con-
ducted only if the patient's family agreed with our recommendation
on autopsy. All the patients fulfilled the criteria of idiopathic PD accord-
ing to the British Parkinson's Disease Society Brain Bank Criteria [15].
The patients who fulfilled the criteria of dementia with Lewy bodies
were excluded [16]. The brain and spinal cord were removed from the
body and the tissue was fixed in 20% buffered formalin. After gross in-
spection, the appropriate areas were processed for deparaffinized and
6-pn-thick sections were stained with hematoxylin-eosin (HE) and
Kliiver-Barrera methods. The pathological diagnosis of PD was based
on finding a clear depletion of brainstem pigmented neurons with
Lewy bodies [15]. In the 16 total PD patients (12 males and 4 females),
a diagnosis of PD was confirmed by both clinical and pathological
findings. The clinical characteristics of the 16 PD patients are shown in
Table 1. The mean & standard deviation (SD) age of death in PD pa-
tients was 72.8 + 8.4 years (range: 48-84 years) and that of onset
was 63.6 & 10.9 years (range: 41-77 years). The duration of disease
was 10.2 4 6.1 years (range: 1-22 years). Hoehn and Yahr stage ranged
from 3 to 5 (stage 3: 2 patients, stage 3.5: 2 patients, stage 4: 2 patients,
and stage 5: 10 patients). All patients had taken anti-Parkinsonian
drugs. Written informed consent to conduct an autopsy study was
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Table 1

Clinical characteristics and causes of death in 16 patients with PD proven by autopsy.

Cause of death

Response to  Cause of death

Dementia Durationto Autonomic

Rigidity Akinesia Laterality of Postural

Age of onset Disease duration Hoehn & Tremor

Case Age of death Gender

(pathological)

Unknown

{clinical}

dysfunction levodopa

N.D.

instability (years) dementia

onset

(resting)

Yahr

(years)

(years)

(years)

Aspiration pneumonia
Unknown

Asphyxia

Aspiration pneumonia

Sudden death
Sudden death
Sudden death

good
poor
poor
good

9
2
N.D.
2

N.D.

N.D
N.D.
N.D.
+

N.D. N.D. ND
N.D. N.D.
+
+

N.D.
N.D

76
73
77
69

===

Dilated cardiomyopathy  Dilated cardiomyopathy

Sudden death
Sudden death

N.D.

N.D.

41

48

w

Dundenal ulcer

Unknown
Aspiration pneumonia

Asphyxia

good
good
good

35

20

52
59
63
50
64
76
68

71

N.D.

10
10
19

68
72
68
71

Aspiration preumonia

Asphyxia

N.D.

11

N.D.

Asphyxia

Sudden death

poor

N.D.

35

10

11
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Aspiration preumonia

Aspiration preumnonia

poor

78
81

Myocardial infarction
Aspiration pneumonia

Unknown

Myocardial infarction

14
12

N.D.
N.D.
+

14
13

12

Aspiration pneumonia

Sudden death

good
poor

N.D.

66

74

60

50
M12/F4 636+ 109

=3

13 78
14 80

15
16

Aspiration pneumonia

Aspiration preumonia
Myocardial infarction

N.D.

=

G6
71

Myocardial infarction

good

22

=

10/16

11715 70+£43  10/11

777

14/14  14/14

11/14

102 £ 6.1

728 4 84
M: male, F: female, N.D.: not described, R: right, L: left.

obtained from all families of the patients. The present study was con-
ducted in accordance with the ethical standards of the Declaration of
Helsinki,

To identify the cause of death in PD patients, all of the major organs
in the body were retrieved for the pathological examination. We de-
fined the cause of death as ‘sudden death’ when no satisfactory causes
of death were revealed even by autopsy. We also retrospectively inves-
tigated the clinical features by reviewing the charts of inpatients and
outpatients as follows: resting tremor, rigidity, akinesia, laterality of
onset, postural instability, dementia, autonomic dysfunctions, and
response to levodopa.

3. Results
3.1. Clinical characteristics and cause of death

Table 1 shows the clinical characteristics and causes of death in the
16 PD patients. Prior to autopsy, nine PD patients died of presumable
causes: five patients died of aspiration pneumonia (cases 3, 8, 11, 13,
and 15), two of myocardial infarction (cases 12 and 16), one of asphyxia
(case 9), and one of dilated cardiomyopathy (case 5). Autopsy con-
firmed that the putative causes of death were compatible with the path-
ological ones. The remaining seven patients died suddenly of unknown
causes (cases 1,2,4, 6,7, 10, and 14). Autopsy revealed that the causes
of death were asphyxia in two patients (cases 2 and 10) and perforation
of a duodenal ulcer in one patient (case 6). Autopsy did not reveal the
causes of sudden death in the remaining four patients (cases 1, 4, 7,
and 14). Consequently, autopsy revealed that eight patients died of
swallowing problems such as aspiration pneumonia and asphyxia,
four of sudden death, three of cardiac problems, and one of a gastroin-
testinal problem.

Although the retrospective review did not find several descriptions,
it revealed the following clinical findings in the period from disease
onset to death: resting tremor was described in 11 out of 14 patients
(except for cases 8, 11, and 14), rigidity in 14 out of 14 patients, akinesia
in 14 out of 14 patients, laterality of onset in 13 out of 13 patients, pos-
tural instability in seven out of seven patients, dementia in 11 out of 15
patients (except for cases 5, 6, 10, and 16, who were Hoehn and Yahr
stage 3 or 3.5), autonomic dysfunctions in 10 out of 11 patients (except
for case 5, who was Hoehn and Yahr stage 3), and good response to
levodopa in 10 out of 16 patients (except for cases 2, 3, 10, 11, 14, and
15).

The autonomic dysfunctions were constipation in seven out of eight
patients (cases 6, 8, 12, 13, 14, 15, and 16), urinary disturbance in five
out of six patients (cases 2, 8, 11, 14, and 16), and orthostatic hypoten-
sion in four out of five patients (cases 2,4, 8, and 15). Bilateral vocal cord
palsy with obstructive sleep apnea was observed in one patient (case
12). The duration from disease onset to dementia was 7.0 4 4.3 years
(range: 2-14 years). Dementia was observed only in patients with
Hoehn and Yahr stage 4 or 5.

3.2. Cases of sudden death

In the following four cases, we could not find any satisfactory causes
of death in the clinical and pathological findings. The mean & SD age of
sudden death was 77.3 & 6.8 years (range: 68-84 years) and that of
onset was 69.5 + 7.6 years (range: 59-76 years). The duration of
disease was 8.8 + 1.3 years (range: 7-10 years). Hoehn and Yahr
stage was 4 or 5. Autonomic dysfunctions were described in two pa-
tients (cases 4: orthostatic hypotension, case 14: urinary disturbance),
although there were no descriptions on autonomic dysfunctions in the
other two patients. The corrected-QT (QTc) interval was prolonged in
two out of three patients (cases 4 and 14). We described the actual
clinical situations of sudden death.
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Case 1. The patient was a 76-year-old-male who presented with trem-
or. His past histories were unremarkable. The diagnosis of Parkinson's
disease was made. At the age of 84, he became bedridden. Although
he was admitted to our hospital to control his anti-Parkinsonian medi-
cines, he went into cardiopulmonary arrest the next morning. His
Hoehn and Yahr stage was 5. Total disease duration was nine years.
Anti-Parkinsonian medicines at the time of death were levodopa-
carbidopa 400 mg, bromocriptine 2.5 mg, amantadine 150 mg, and
trihexyphenidyl hydrochloride 6 mg. The other medicines and QTc in-
terval were unknown.

Case4. The patient was a 69-year-old-male who presented with tremor
and gait disturbance. His past history was urinary calculus. The diagno-
sis of Parkinson's disease was made. At the age of 77, he showed loss of
appetite and difficulty in walking. He was admitted to our hospital to
control his anti-Parkinsonian medicines. Head-up tilt test showed se-
vere orthostatic hypotension (systolic blood pressure decreased from
138 mm Hg to 62 mm Hg). Plasma noradrenaline (NA) and vasopressin
(ADH) did not change during the test (pre-standing NA 0.36 ng/ml,
post-standing NA 0.37 ng/ml; pre-standing ADH 1.89 pmol/l, post-
standing ADH 1.93 pmol/l). During the hospitalization, he died suddenly
in the supine position in bed with his eyes open in front of doctors. His
Hoehn and Yahr stage was 4. Total disease duration was nine years.
Anti-Parkinsonian medicines were levodopa-carbidopa 600 mg and
droxidopa 900 mg. The other medicines were midodrine hydrochloride
6 mg for orthostatic hypotension, flunitrazepam 1 mg for insomnia, and
sennoside (tablet) 24 mg for constipation. QTc interval was 480 ms
(>450 ms).

Case 7. The patient was a 59-year-old-female who presented with gait
disturbance and akinesia. Her past history was unremarkable. At the age
of 64, the diagnosis of Parkinson's disease was made. At the age of 67,
she became bedridden due to femoral neck fracture. At the age of 68,
she complained of a loss of appetite in the morning. In the evening,
her caregiver found her in cardiopulmonary arrest at her house. She
was transferred to our hospital, although she had already died. Her
Hoehn and Yahr stage was 5. Total disease duration was 10 years.
Anti-Parkinsonian medicines were levodopa-carbidopa 200 mg and
trihexyphenidyl hydrochloride 4 mg. The other medicines were halo-
peridol 0.75 mg for agitation, clotiazepam 5 mg for insomnia, and
sennoside (tablet) 24 mg for constipation. QTc interval was 433 ms
(<450 ms).

Case 14. The patient was a 74-year-old-male who presented with gait
freezing. His past history was benign prostatic hypertrophy surgically
cured. At the age of 75, the diagnosis of Parkinson's disease was made.
At the age of 80, he became bedridden and he was admitted to our
hospital for treatment of aspiration pneumonia. A few days following
post-recovery discharge, he suddenly lost consciousness and went
into cardiopulmonary arrest after eating a negligible amount of rice.
He was transferred to our hospital, although he had already died. His
Hoehn and Yahr stage was 5. Total disease duration was seven years.
Anti-Parkinsonian medicines were pergolide mesilate 150 pug and
amantadine 100 mg. The other medicines were tiapride hydrochloride
25 mg for agitation, etizolam 0.5 mg for insomnia, and sennoside
(granule) 1 mg for constipation. QTc interval was 454 ms (>450 ms).

4. Discussion

This paper described the following findings: (i) the most common
cause of death was swallowing problems, aspiration pneumonia or as-
phyxia, (ii) the second most common cause of death was sudden
death, (iii) some patients did not exhibit resting tremor before death,
(iv) all patients exhibited rigidity, akinesia, and postural instability be-
fore death, (v} all patients with Hoehn and Yahr stage 4 or 5 exhibited
dementia, (vi) average duration from disease onset to dementia was

approximately seven years, (vii) almost all patients exhibited some au-
tonomic dysfunctions exceptin a relatively young and mild case (case 5:
the age of death was 48 years and Hoehn and Yahr stage was 3), and
(viii) response to levodopa was not always good. Our study revealed
that four out of 16 PD patients died of sudden death without any satis-
factory causes of death determined even by autopsy. In the present
study, there must be a bias for this high frequent sudden death, because
all families requested a postmortem examination. Additionally, we ana-
lyzed only the PD patients who had a postmortem examination and did
not show the clinical incidence of sudden death in PD patients who did
not have a postmortem examination. Actually, the previous large clini-
cal studies mentioned thatonly 10 out of 131 PD patients died of sudden
death (7.6%) [12,13]. Thus, the actual incidence of sudden death would
be less than that in our study. However, there are very few previous pa-
pers regarding sudden death in PD patients. In particular, there are few
pathological studies on sudden death. Here, we discuss the causes of
sudden death, which is the most important finding in our study. As as-
sumed easily, the true causes of sudden death must be heterogeneous.

In our four cases, the clinical situations did not suggest any clues on
the definite causes of sudden death. However, all these cases certainly
died without any putative causes of death. The age at death and the
disease severity in all cases with sudden death were relatively high, sug-
gesting that these factors might be related to the mechanisms of sudden
death. We assume that orthostatic hypotension might be related to
sudden death as follows.

Actually, in one patient who died of sudden death (case 4), head-up
tilt test showed that the plasma NA and ADH did not change during an
abrupt drop in blood pressure, i.e. severe orthostatic hypotension, sug-
gesting the neurogenic orthostatic hypotension due to the impairment
of both post-ganglionic efferent fibers and afferent fibers in sympathetic
nervous systems. Although the head-up tilt test was conducted only for
the one patient, it suggests that orthostatic hypotension may be one of
the causes of sudden death. Sato et al. (2006) reported that 10 out of
131 PD patients died of sudden death (7.6%) and that three out of the
10 patients died in the bathtub [12,13]. On the basis of the high frequen-
cy of death in the bathtub, they assume that one of the causes of sudden
death might be related to orthostatic hypotension, because the vasodi-
lation effect experienced in the bathtub could lead to fatal syncope in
patients with severe orthostatic hypotension [13]. It is reported that
severe syncope can cause cardiac sudden death [17]. Moreover, anti-
Parkinsonian medicines such as levodopa and dopamine receptor
agonists can exacerbate orthostatic hypotension [18,19].

On the other hand, QTc interval was prolonged in two patients who
died of sudden death (cases 4 and 14). The prolongation of the QTc in-
terval is well known as a risk factor of cardiac sudden death [20]. It is
also reported that the QTc interval in PD patients was prolonged
compared to that in normal controls [11,21,22]. Ishizaki et al. (1996)
also reported that the QTc interval in two PD patients who died of sud-
den death was prolonged. Furthermore, drug-induced QTc prolongation
is also well known as a risk factor of cardiac sudden death. Amantadine,
taken by two patients in sudden death (cases 1 and 14), and psychotro-
pic medicines, taken by three patients in sudden death (cases 4, 7, and
14), also could prolong the QTc interval [23,24]. Therefore, we propose
the possibility that the prolongation of the QTc interval also might
cause cardiac sudden death.

On the basis of our study, we assume that some of the true causes of
sudden death may be related to orthostatic hypotension and QTc
prolongation. To evaluate orthostatic hypotension, the various exami-
nations on autonomic nervous system such as head-up tilt test, coeffi-
cient of variation of RR intervals (CVRR), heart rate variability (HRV),
and '#*I-metaiodobenzylguanidine (MIBG) scintigraphy may be useful.
To measure QTc interval, conventional electrocardiogram (ECG) is
needed. Justifiably, there must be a lot of true causes of sudden death
other than our assumptions. Furthermore, sudden death may be
overlooked when interpreted as death from natural causes according
to the insufficient postmortem examinations. To identify the true causes
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of sudden death and to draw a final conclusion of the death from natural
causes scientifically, a prospective study using clinical and pathological
examinations including head-up tilt test, CVRR, HRV, MIBG scintigra-
phy, and QTc interval must be required.

In conclusion, our retrospective autopsy study revealed that eight
out of 16 PD patients died of swallowing problems, whereas four out
of 16 PD patients died of sudden death. Although there is a bias derived
from a postmortem examination, we propose that a non-negligible
number of PD patients die of sudden death.

Conflict of interest
There is no conflict of interest.

References

[1] Ben-Shlomo Y, Marmot MG. Survival and cause of death in a cohort of patients with par-
kinsonism: possible clues to aetiology? | Neurol Neurosurg Psychiatry 1995;58:293-9,

(2] Wermuth L, Stenager EN, Stenager E, Boldsen [ Mortality in patients with
Parkinson’s disease, Acta Neurol Scand 1995;92:55-8,

3] Nakashima K, Maeda M, Tabata M, Adachi Y, Kusumi M, Ohishiro H. Prognosis of

Parkinson's disease in Japan. Tottori University Parkinson's Disease Epidemiology
(TUPDE) Study Group, Eur Neurol 1997;38:560-3.

4] Hely MA, Morris |G, Traficante R, Reid WG, O'Sullivan D}, Williamson PM. The
Sydney multicentre study of Parkinson's disease: progression and mortality at
10 years. | Neurol Neurosurg Psychiatry 1999:67:300-7.

[5] Beyer MK, Herlofson K, Arsland D, Larsen JP. Causes of death in a community-based
study of Parkinson's disease, Acta Neurol Scand 2001;103:7-11.

|6] Chen RC, Chang SF, Su CL, Chen TH, Yen MF, Wu HM, ¢t al. Prevalence, incidence, and
mortality of PD: a door-to-door survey in Han county, Taiwan, Neurology
2001;57:1679-86.

[7] Fali PA, Saleh A, Fredrickson M, Olsson JE, Granérus AK. Survival time, mortality, and
cause of death in elderly patients with Parkinson's disease: a 9-year follow-up, Mov
Disord 2003;18:1312-6.

(8] D'Amelio M, Ragonese P, Morgante L, Reggio A, Callari G, Salemi G, et al. Long-tern
survival of Parkinson's disease: a population-based study. | Neurol 2006;253:33-7.

19] Pennington 5, Spell K, Lee M, Walker B The cause of death in idiopathic Parkinson’s
disease. Parkinsonism Relat Disord 2010;16:434-7.

110] Rajput AH, Rozdilsky B. Dysautonomia in Parkinsonism: a clinicopathological study. |
Neurol Neurosurg Psychiatry 1976;38:1092-100,

111} Ishizaki ¥, Harada T, Yoshinaga M, Nakayama T, Yamarnura ¥, Nakamura S, Prolonged
Qe intervals in Parkinson's disease—relation to sudden death and autonomic dys-
function. No To Shinkei 1996;48:443-8 {Japanese].

112] Sato K, Hatano T, Yamashiro K, Kagohashi M, Nishioka K, lzawa N, et al. Prognosis of
Parkinson’s disease: time to stage I, 1V, V, and to motor fluctuations, Mov Disord
2006:21:1384-95.

[13] Izawa N, Hattori N. Cause of death and sudden death in Parkinson's disease, Neurol
Med 2007;66:98-102 | Japanese],

[14] Matsumoto M, Sengoku K, Saito Y, Imafuku |, Murayama S, Parkinson Disease Brain
Resource Network (PDBRN}-a report from a regional center hospital, Neuropathol-
ogy 2006;26:A56,

[15] Hughes A}, Daniel SE, Kilford L, Lees Al Accuracy of dinical diagnosis of idiopathic
Parkinson's disease: a clinicopathological study of 100 cases, | Neurol Neurosurg
Psychiatry 1992:55:181-4.

[16] McKeith I1G, Dickson DW, Lowe |, Emre M, O'Brien JT, Feldman H, et al. Diagnosis and
management of dementia with Lewy bodies: third report of the DLB Consortium.
Neurology 2005:65:1863-72,

[17} Grubb BP, Temesy-Armos P, Moore |, Wolfe D, Hahn H, Elliot L. Head-upright tilt-
table testing in evaluation and management of the malignant vasovagal syndrome.
Am | Cardiol 1992:69:904-8,

[18] Pleiffer R. Optimization of levodopa therapy. Neurology 1992;42:539-43.

{191 Perez-Lloret 5, Rascol 0. Dopamine receptor agonists for the treatment of early or
advanced Parkinson's disease, CNS Drugs 2010;24:941-68,

[20] Straus SM, Kors JA, De Bruin ML, van der Hooft 5, Hofman A, Heeringa |, et al.
Prolonged QTc¢ interval and risk of sudden cardiac death in a population of older
adults. J Am Coll Cardiol 2006:47:362-7.

[21] Deguchi K, Sasaki 1, Tsukaguchi M, Kamoda M, Touge T, Takeuchi H, et al. Abnormal-
ities of rate-corrected QT intervals in Parkinson's disease-a comparison with
multiple system atrophy and progressive supranuclear palsy, | Neurol Sci
2002;199:31-7.

122] Cunnington AL, Hood K, White L. Outcomes of screening Parkinson's patients for QTc
prolongation. Parkinsonism Relat Disord 2013;19:1000-3.

[23] Schwartz M, Patel M, Kazzi Z, Morgan B, Cardiotoxicity after massive amantadine
overdose. | Med Toxicol 2008;4:173-9,

124] Goodnick P, Jerry §, Parra F. Psychotropic drugs and the ECG: focus on the QTc inter-
val. Expert Opin Pharmacother 2002:3:479-98.

— 362 —



Eur Arch Psychiatry Clin Neurosci (2014) 264:317-331
DOI 10.1007/s00406-013-0472-6

Argyrophilic grain disease as a neurodegenerative substrate
in late-onset schizophrenia and delusional disorders

Shigeto Nagao + Osamu Yokota + Chikako Ikeda - Naoya Takeda *
Hideki Ishizu - Shigetoshi Kuroda - Koichiro Sudo -+ Seishi Terada -

Shigeo Murayama * Yosuke Uchitomi

Received: 12 June 2013/ Accepted: 5 November 2013/ Published online: 23 November 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract To study the relationship between neurode-
generative diseases including argyrophilic grain disease
(AGD) and late-onset schizophrenia and delusional disor-
ders (LOSD; onset >40 years of age), we pathologically
examined 23 patients with LOSD, 71 age-matched normal
controls, and 22 psychiatric disease controls (11 depres-
sion, six personality disorder, two bipolar disorders, and
three neurotic disorders cases). In all LOSD cases (com-
pared to age-matched normal controls), the frequencies of
Lewy body disease (LBD), AGD, and -corticobasal
degeneration (CBD) were 26.1 % (113 %), 21.7 %
(8.5 %), and 4.3 % (0.0 %), respectively. There was no
case of pure Alzheimer’s disease (AD). The total frequency
of LBD, AGD, and CBD was significantly higher in LOSD
cases than in normal controls. Argyrophilic grains were
significantly more severe in LOSD than in controls, but
were almost completely restricted to the limbic system and
adjacent temporal cortex. In LOSD patients whose onset
occurred at >65 years of age (versus age-matched normal
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controls), the frequencies of LBD and AGD were 36.4 %
(19.4 %) and 36.4 % (8.3 %), respectively, and AGD was
significantly more frequent in LOSD patients than in nor-
mal controls. In LOSD patients whose onset occurred at
<65 years of age, the frequencies of LBD, AGD, and CBD
were 16.7, 8.3, and 8.3 %, comparable to those of age-
matched normal controls (10.2, 5.1, and 0.0 %). In all
psychiatric cases, delusion was significantly more frequent
in AGD cases than in cases bearing minimal AD pathology
alone. Given these findings, LOSD patients may have
heterogeneous pathological backgrounds, and AGD may be
associated with the occurrence of LOSD especially after
65 years of age.

Keywords Argyrophilic grain - o-Synuclein -
Corticobasal degeneration - Four-repeat tau -
Late onset - Tauopathy

Introduction

Schizophrenia is most prevalent in early and middle life,
before 40 years of age, but it is also known that this dis-
order is not infrequent in later life [1]. While there is no
limitation regarding the age at onset in the current diag-
nostic criteria for schizophrenia, the International Classi-
fication of Diseases, Revision 10 (ICD-10) and Diagnostic
and Statistical Manual of Mental Disorders-IV (DSM-1V)
[2], it has been also considered that the pathogenic back-
grounds of early- and late-onset schizophrenia may not be
identical. Indeed, since a historic report on schizophrenia
developing after 40 years of age, called late-onset schizo-
phrenia, was published by Bleuler [3] in 1943, many
studies have demonstrated that patients with late-onset
schizophrenia have clinical features different from those in
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early-onset cases: less severe affective flattening, less
severe thought disorder, and a more favorable prognosis
[4-9]. In 2000, the International Late-Onset Schizophrenia
Group proposed that patients who develop symptoms of
schizophrenia after 40 and 60 years of age should be dif-
ferentiated from carly-onset cases and the diseases called
late-onset schizophrenia and very-late-onset schizophrenia-
like psychosis, respectively [10]. In the present paper, we
call psychotic disorders that occurred in cognitively pre-
served people older than 40 years of age “late-onset
schizophrenia and delusional disorders™ (LOSD).

Potential pathological backgrounds in patients with late-
life depression have been explored mainly by focusing on
cerebrovascular lesions [11-15], Alzheimer’s disease (AD)
[16], and Lewy body disease (LBD) [17-19], although
several pathological studies suggested that vascular lesions
and AD pathology are usually unrelated to the occurrence of
late-life depression [20, 21]. Several studies demonstrated
that the frequencies of AD [22, 23] and LLBD pathologies
[23] were not increased in elderly patients with chronic or
residual schizophrenia. On the other hand, the available
pathological data regarding psychoses that have developed
in elderly people are limited. A few studies demonstrated
that LOSD patients often had mild to moderate neurofibril-
lary tangles (NFTs) in the limbic region [24] and that
pyramidal neurons in the hippocampus were spared in
number [25, 26]. It is also known that some LBD cases show
paranoia as the first symptom [27]. It was also reported that
some cases of corticobasal degeneration (CBD) and pro-
gressive supranuclear palsy (PSP), common four-repeat
tauopathies, show psychosis along with characteristic motor
disturbance [28-31]. Argyrophilic grain disease (AGD) is
another of the four-repeat tauopathies that increases in fre-
quency with age [32]. It was reported that cases bearing
extensively and intensively distributed argyrophilic grains
frequently show dementia [33] and that some AGD cases
with dementia additionally show prominent psychiatric
symptoms, such as aggression, irritability, depression, and
psychosis [31, 34-38]. However, to our knowledge, no study
that comprehensively examined these neurodegenerative
changes common in the elderly in patients developing
LOSD has been reported.

The primary aims of this study were to systematically
examine the neurodegenerative bases in LOSD cases and to
clarify whether AGD is associated with the occurrence of
LOSD. To address these, we examined 23 LOSD cases, 71
age-matched normal controls, and 22 cases of various
psychiatric disorders as a disease control using modern
sensitive and standardized pathological methods. In this
paper, we demonstrated that AGD may be a common
pathology in LOSD cases that is comparable to LBD in
frequency and that AGD may be associated with the
occurrence of LOSD especially after the age of 65 years.

@ Springer

Materials and methods
Subjects

We selected 39 LOSD cases and 71 age-matched normal
control cases without neurological or psychiatric disor-
ders, as well as 22 cases having psychiatric disorders other
than LOSD as disease controls (11 depression, six per-
sonality disorder (personality change), two bipolar dis-
order, and three neurotic disorder cases). All psychiatric
cases were selected from an autopsy case series registered
with the Department of Neuropsychiatry, Okayama Uni-
versity Graduate School of Medicine, Dentistry and
Pharmaceutical Sciences. The common selection criteria
for the psychiatric cases including LOSD cases were as
follows: (1) the initial psychiatric symptoms occurred
after 40 years of age, (2) the absence of a history of
neurological or psychiatric disorders before 40 years of
age, (3) the absence of dementia in the early to middle
stage of the course, and (4) the absence of episodes sug-
gesting evident memory impairment, including delusion of
theft. In this study, LOSD was defined as psychosis that
developed after 40 years of age, fit the criteria of
schizophrenia or delusional disorders of ICD-10, and
lacked dementia at least in the early to middle stage of the
course. Some of the LOSD cases were originally diag-
nosed as presenile-onset schizophrenia or senile-onset
psychosis. Nine LOSD cases were excluded from the
study because they had alcohol dependence, respiratory
diseases, liver diseases, renal diseases, neurosyphilis,
Huntington disease, or pathological evidence of large
cerebral infarction or dentatorubral-pallidoluysian atro-
phy, which may be associated with the development of
psychotic symptoms. Seven LOSD cases without detailed
clinical data were also excluded. Finally, we pathologi-
cally re-examined 23 LOSD cases, 71 age-matched nor-
mal controls, and 22 disease control cases (11 depression,
six personality disorder, two bipolar disorder, and three
neurotic disorder cases) using modern standardized
methods including a panel of immunohistochemistry and
sensitive silver stains. Two psychiatrists (SN and OY)
reviewed the available clinical information, interviewed
clinicians if necessary, and made a consensus diagnosis
based on ICD10. All of the LOSD cases but four died in
psychiatric hospitals. Age-matched normal control cases
(n = 71) were selected from an autopsy case series reg-
istered with the Tokyo Metropolitan Geriatric Hospital
and Institute of Gerontology. Selection criteria for these
normal control cases were as follows: (1) the absence of
primary neurological and psychiatric disorders including
dementia, stroke, and gait disturbance, (2) the absence of
pathological evidence of large cerebral infarctions, and
(3) the availability of medical and autopsy records and
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Table 1 Demographic data of all cases
Late-onset schizophrenia ~ Normal Other late-life psychiatric disorders
and delusional disorders controls
Depression  Bipolar Personality Neurotic
disorders disorders disorders
N 23 71 11 2 6 3
Female, n (%)* 15 (65.2) 20 (28.2) 6 (54.5) 2 (100.0) 2(33.3) 2 (66.7)
Age at onset, mean £ SD (years) 63.3 £ 129 - 623 £ 88 68.0 68.3 =109 657 +£9.2
(Range, years) (41-86) - (51-74) (68) (58-82) (55-71)
Age at death, mean & SD (years) 75.1x£75 723 £ 6.6 683+£72 785+£49 707+£11.0 73.0=+30
Disease duration, mean + SD (years) 12.0 &+ 7.7 - 71 £ 64 1054+49 23410 73 4+ 638
Dementia in the last stage, n (%)° 7/19 (36.8) 0/71 (0.0 %)  4/9 (44.4) 0/2 (0.0) 1/6 (16.7) 173 (33.3)
Cause of death (n)
Neoplasm 41 - - 1 -
Acute myocardial infarction 2 5 - - - -
Aortic aneurysm dissection - 1 - - - -
Acute respiratory distress syndrome - 1 - - - -
Heart failure 2 1 - - - -
Pulmonary infarction - 1 - - - -
Pneumonia 5 3 5 - 3 1
Respiratory failure 4 4 - - 1 -
Lung abscess - 1 - - - -
Gastrointestinal bleeding 1 1 1 - — -
Ileus 1 - - - - -
Hepatic failure - 1 - - - -
Liver cirrhosis - 1 - - — -
Goodpasture syndrome - 1 - - - -
Renal failure - 3 - - - —
Diabetes mellitus - 2 - - - —
Sepsis 1 1 - 1 - -
Shock 1 1 - - - -
Sudden death 1 2 1 1 1 1
Suicide 1 - 2 - - _
Not available 3 - 2 - - 1

SD standard deviation
# The proportion of cases in each category of clinical diagnosis

® The proportion of cases that had dementia in the last stage of the course to all subjects which clinical data in the terminal stage was available

paraffin-embedded tissues. All subjects were autopsied
after informed consent was obtained from family mem-
bers. All experiments in this study were approved by the
ethical committees of the Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical Sci-
ences, and the Tokyo Metropolitan Geriatric Hospital and
Institute of Gerontology. The demographic data of all
subjects are shown in Table 1.

Conventional neuropathological examination

Brains tissue samples were fixed postmortem with 10 %
formaldehyde and embedded in paraffin. The median

fixation time was 141 days (range 35-3,918 days, 25-75th
percentile range 72-270 days) in LOSD cases for which
data were available (n = 11, 47.8 %), 90 days (range
16-2,647 days, 25-75th percentile range 34-464 days) in
psychiatric disease control cases (n = 13, 59.1 %), and
19 days (range 7-65 days, 25-75th percentile range
14-38 days) in age-matched normal control cases (n = 46,
63.4 %), respectively. The fixation time in age-matched
normal controls was significantly shorter than those in
LOSD cases and psychiatric disease control cases,
respectively (P < 0.0001, respectively. Mann—Whitney
U test [0/2]). Ten-um-thick sections from the frontal,
temporal, parietal, occipital, insular, and cingulate cortices,

@ Springer

— 365 —



320

Eur Arch Psychiatry Clin Neurosci (2014) 264:317-331

hippocampus, amygdala, basal ganglia, midbrain, pons,
medulla oblongata, and cerebellum were prepared. Sec-
tions of the left hemisphere in psychiatric cases including
LOSD cases and standard size sections including each
anatomical region examined in age-matched normal con-
trol cases were stained with hematoxylin-eosin (H&E) and
Kliiver-Barrera (KB) stains. Selected regions were stained
with modified Bielschowsky silver, methenamine silver,
Gallyas-Braak silver methods, and Holzer stain.

Immunohistochemistry

Paraffin sections were cut at 6 pm thickness from regions
for the standard assessments described below and immu-
nostained by the immunoperoxidase method using 3'3-di-
aminobenzidine tetrahydrochloride as reported previously
[39]. Antibodies used were against phosphorylated tau
(AT8, mouse, monoclonal, 1:1,000, Innogenetics, Ghent,
Belgium), tau (T46: mouse, monoclonal, 1:1,000, Invitro-
gen, Carlsbad, CA, USA), three-repeat (3R) tau (RD3:
mouse, monoclonal, 1:3,000, Upstate, Syracuse, NY, USA),
and four-repeat (4R) tau (RD4: mouse, monoclonal, 1:200,
Upstate), AB11-28 (12B2, mouse, monocloncal, 1:2,000,
Immuno-Biological Laboratories, Fujioka, Japan), A[p42
(AP42, rabbit, polyclonal, 1:100, Immuno-Biological Lab-
oratories), phosphorylated o-synuclein (psyn#64, mouse,
monoclonal, 1:5,000, Wako, Osaka, Japan), o-synuclein
(anti-o-synuclein, mouse monoclonal, 1:10,000, Invitrogen,
Burlington, ON, Canada), phosphorylated TDP-43 (pS409/
410-2, rabbit polyclonal, 1:5,000, Cosmo Bio, Tokyo,
Japan), TDP-43 (anti-TDP-43, rabbit polyclonal, 1:1,000,
ProteinTech, Chicago, IL, USA), and phosphorylated neu-
rofilament (SMI31, mouse, monoclonal IgG, 1:10,000,
Sternberger Monoclonals, Baltimore, MD, USA). When
using anti-A antibody, sections were pretreated with 70 %
formic acid for 10 min for antigen retrieval. When using
psyn#64, SMI31, anti-TDP-43, and pS409/410-2, sections
were pretreated in a pressure cooker for 3 min in 10 mM
sodium citrate buffer pH 6.0 to enhance immunoreaction.
When using phosphorylation-independent anti-o-synuclein
antibody, RD3 and RD4, sections were pretreated with 70 %
formic acid for 10 min and heated for 3 min in 10 mM
sodium citrate buffer in a pressure cooker. Sections were
lightly counterstained with hematoxylin.

Assessment of histopathological changes

The distribution and severity of histopathological changes
were assessed according to standardized methods. (1) The
distribution of NFTs was assessed according to the Braak
NFT stage (stage 0-VI) using AT8 immunohistochemistry
[40]. (2) The distribution of senile plaques was assessed
according to the Braak senile plaque stage using AR
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immunohistochemistry [41]. In statistical analyses, the
original stages (i.e., none, A, B, and C) were indicated as
stages 0, 1, 2, and 3, respectively. The pathological diag-
nosis of AD was made according to the NIA-Reagan cri-
teria [42-44] using the modified Bielschowsky silver
method, and tau and AP immunohistochemistry. (3) Lewy
body-related pathology was classified into four histological
subtypes (i.e., brain stem type, limbic type, diffuse neo-
cortical type, amygdala-predominant type) according to the
Third Consensus Guidelines for DLB [45] and a more
recent report [46] with o-synuclein immunohistochemistry,
(4) The distribution of argyrophilic grains was classified
into four stages (stage 0-I11) using a system proposed by
Saito et al. [33]. For this evaluation, sections from the
ambient gyrus, amygdala, entorhinal cortex, hippocampus,
temporal, cingulate, and insular cortex, and orbital gyrus
were stained with the Gallyas—Braak silver method and tau
immunohistochemistry. In cases having argyrophilic
grains, four-repeat tau-predominant accumulation was
confirmed by RD4 and RD3 immunostaining. (5) The
diagnoses of CBD and PSP were made according to
established criteria [47, 48]: astroglial lesions (i.e., tufted
astrocytes and astrocytic plaques), NFTs, pretangles, neu-
ropil threads, and ballooned neurons were examined in the
posterior superior and middle frontal gyri, primary motor
cortex, parietal and temporal cortices, hippocampus,
amygdala, caudate nucleus, putamen, globus pallidus,
subthalamic nucleus, oculomotor nucleus, substantia nigra,
pontine nucleus, inferior olivary nucleus, and dentate
nucleus in the cerebellum using both the Gallyas—Braak
silver method and tau immunohistochemistry. In this study,
cases having not only sufficient NFTs but also astroglial
lesions (tufted astrocytes or astrocytic plaques) were
diagnosed with CBD or PSP. (6) TDP-43-positive lesions
were assessed in the amygdala, entorhinal cortex, hippo-
campus, frontal and temporal cortices, and hypoglossal
nuclei using an anti-TDP-43 antibody. The distribution of
TDP-43-positive inclusions in the limbic region was clas-
sified into three pathological subtypes using the following
system [39], which is similar to that reported by Amador-
Ortiz et al. [49]: the amygdala type, in which inclusions
were present only in the amygdala; the limbic type, in
which inclusions extend to the amygdala, hippocampal
dentate gyrus, entorhinal cortex, and fusiform gyrus, but
not into the occipitotemporal gyrus; and the temporal type,
in which inclusions are also present in the occipitotemporal
gyrus. (7) Neuronal loss associated with gliosis and vas-
cular lesions were assessed on H&E- and KB-stained
sections according to the grading system employed in our
previous studies [50, 51]. Cerebrovascular lesions in the
cerebral cortex and basal ganglia were assessed on sections
including the whole left hemisphere in LOSD cases
(n = 23) and psychiatric disease control cases (1 = 22)
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according to a four-point grading system, respectively:
grade 0, no lacuna; grade 1, one small lacuna; grade 2, two
or more small lacuna without large infarction; grade 3, one
or more large infarction. Then, the severity of vascular
lesions was compared between LOSD cases and psychiatric
disease controls. The severity (the number and size) of
vascular lesions in LOSD cases was not compared with that
in age-matched normal controls because in the latter group,
only sections on standard size slides that included each
anatomical region (cortices and nuclei) with only adjacent
white matter were available.

Statistical analysis

The Mann—Whitney U test and Fisher’s exact test were
used to compare two groups. In multiple comparisons,
Bonferroni correction was done. The odds ratio was used as
the measure of the strength of association between binary
variables. A P value <0.05 was accepted as significant.
Statistical analyses were performed using Excel and sta-
tistical package R (http://www.r-project.org/). Clinical
diagnosis subgroups were compared with age (the age at
death)-matched control cases that were serially extracted
from all 71 normal control cases, respectively: LOSD cases
with the onset of =65 years of age (the age at death:
median 79 years of age, range 72-91 years) were com-
pared with 59 age-matched normal controls (median
76 years of age, range 73-90 years), and LOSD cases with
the onset at <65 years of age (median 70 years of age,
range 58-77 years) were compared with 36 age-matched
normal controls (median 72 years of age, range
58-77 years). The variation in the number of normal
control cases is due to this procedure.

Results

Frequencies of neurodegenerative changes in all LOSD
and control cases

The pathological diagnoses of all LOSD and age-matched
normal control cases are shown in Table 2 and Fig. 4. Of
23 LOSD cases, six cases (26.1 %) had LBD, five (21.7 %)
had AGD, and one (4.3 %) had CBD. Two cases (8.7 %)
had moderate AD pathology alone (Braak stage III-1V/0-
(), and nine (39.1 %) had mild AD pathology alone (Braak
stage I-1I/0-C). Argyrophilic grains in all LOSD cases
were almost completely restricted to the amygdala, hip-
pocampus, and adjacent temporal cortex, corresponding to
Saito’s stages I-II (i.e., mild to moderate AGD). A few
TDP-43-positive inclusions in the limbic region were found
in two LOSD cases (one diffuse neocortical type LBD and
one limbic type LBD). Representative AGD, LBD, and

CBD cases that clinically exhibited LOSD are shown in
Figs. 1, 2, 3. No LOSD case had pathological evidence of
demyelinating diseases, neoplasms, or infections in the
central nervous system. In all age-matched normal con-
trols, eight cases (11.3 %) had LBD, and six (8.5 %) had
AGD, respectively. In addition, one case (1.4 %) had
moderate AD pathology alone (Braak stage II-IV), 52
(77.8 %) had minimal AD pathology alone (Braak stage 0—
II), and four (5.6 %) lacked any degenerative change. No
normal control case had CBD pathology. A few TDP-43-
positive inclusions in the limbic region were found in one
age-matched control case having Saito’s stage II AGD.

None of our subjects was pathologically diagnosed as
having pure AD (Braak NFT stage V-VI [44]), PSP, Pick’s
disease (with tau-positive Pick bodies), white matter tau-
opathy with globular glial inclusions [52], or frontotem-
poral lobar degeneration with TDP-43-positive inclusions.
In addition, no case had senile dementia of the neurofi-
brillary tangle type (SD-NFT), a form of tangle-only
dementia characterized by abundant extracellular NFTs,
severe neuronal loss in the hippocampus, and no or mini-
mal AB deposits [53].

A comparison of LOSD and control cases demonstrated
a significant relationship between LOSD and the distribu-
tion of pathological diagnoses [P = 0.0015, Fisher’s exact
test (a/7)]. The frequencies of AGD, LBD, and CBD in all
LOSD cases tended to be higher than those in normal
controls, although statistically not significantly [P = 0.09,
0.09, and 0.24, Fisher’s exact test (¢/7)]. On the other hand,
the total frequency of cases having either AGD, LBD, or
CBD was significantly higher in LOSD cases than in
controls [P = 0.0037, Fisher’s exact test (o/7)]. The fre-
quency of cases having no or mild AD pathology alone
(Braak stage 0-1I) was significantly lower in LOSD cases
than in control cases [P = 0.0006, Fisher’s exact test (o/
7)], while the frequency of cases having moderate AD
pathology alone (Braak stage I1II-IV) was not significantly
different between two groups [P = 0.15, Fisher’s exact test
(0/7)]. Odds ratio analyses demonstrated that patients who
developed LOSD after the age of 40 years had a signifi-
cantly increased risk of having either AGD, LBD, or CBD
pathology [odds ratio 4.44, 95 % confidence interval (CI),
1.62-12.1] compared with normal controls.

The AGD stages in all LOSD cases were (versus nor-
mal controls): 75th percentile 0.5 (0); median 0 (0); and
25th percentile 0 (0). The AGD stage was significantly
higher in LOSD cases than in control cases (P = 0.0225,
Mann-Whitney U test). The Braak NFT stages in all
LOSD cases were (versus normal controls): 75th percen-
tile 3 (1); median 2 (1); and 25th percentile 2 (1). The
Braak NFT stage was also significantly higher in all
LOSD cases than that in controls (P < 0.0001, Mann—
Whitney U test). The Braak stages of AB-positive senile
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Table 2 Pathological diagnoses in all cases

Pathological diagnosis Late-onset schizophrenia Normal Other late-onset psychiatric disorders
and delusional disorders controls - - - -
(n = 23) (=171 Depression Bilpo]ar P;rsonallty N.curouc
(n==11) disorders disorders disorders
(n=2) (n = 6) (n=23)
Argyrophilic grain disease
AGD2 + NFT2-4 + SPB 2 - - - - -
AGD2 + NFT2 + SP0O I -~ 1 - - -
AGD2 + NFT2 + SPA + TDPlim - 1 - - - -
AGDI1 + NFT3 + SPB - 1 - - - -
AGDI1 + NFT1-2 4 SPO-A 2 4 - - - -
Total (n) 5 6 1 - - -
Lewy body disease
LBDdn + NFT5 + SPC + TDPlim 1 - - - - -
LBDdn + NFT5 4 SPO 1 -~ - - - -
LBDdn -+ NFT1-3 4 SPC - 1 1 - - -
LBDlim -+ NFT4 4 SPC + TDPlim I - - - - -
LBDlim 4 NFT1-2 4 SPC 1 1 i - - -
LBDbs + NFT1-2 + SPA 2 6 1 - - -
Total (n) 6 8 3 - - -
Corticobasal degeneration
CBD + AGD3 + NFT3 + SPC - - - - 1 -
CBD + AGD1 + NFT1 + LBDbs - - 1 - - -
CBD + AGDI1 + NFT2 1 - - - - -
CBD + AGDI + NFTI - - - - I -
Total (n) 1 - 1 - 2 -
Mild to moderate AD pathology
NFT3-4 4 SPO-C 2 I { 1 - 1
NFT1-2 4+ SPB-C 1 11 1 - 1 -
NFT1-2 + SPO-A 8 38 4 1 3 2
NFTO -+ SPA-C - 3 - - - -
Total (n) 11 53 6 2 4 3
No degeneration
Total (n) - 4 - - - -

NFTI, 2, 3, 4 and 5, Braak NFT stage 1, 11, 111, 1V, and V; SPA, B, and C, Braak senile plaque stage A, B, and C; LBDbs, brain stem type Lewy
body disease; LBDlim, limbic type Lewy body disease; LBDdn, diffuse neocortical type Lewy body disease; TDPlim, limbic type TDP-43
pathology, AGD1, argyrophilic grain disease stage 1; AGD2, AGD stage 1I, AGD3, AGD stage 11I; CBD, corticobasal degeneration; PSP,

progressive supranuclear palsy

plaques in all LOSD cases were (versus normal controls):
75th percentile 2 (1); median 1 (1); and 25th percentile O
(0). The Braak AB-positive plaque stage was not statisti-
cally different between two groups (P = 0.83, Mann—
Whitney U test).

Frequencies of neurodegenerative changes in LOSD
cases with onset age of >65 years

Of 11 LOSD cases with onset at >65 years of age
(median age at death, 79 years), four cases (36.4 %) had
AGD, four (36.4 %) had LBD, two (18.2 %) had mod-
erate AD pathology (Braak stage 11I-1V) alone, and one
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(9.1 %) had minimal AD pathology (Braak stage I-II)
alone (Fig. 4). In contrast, in 36 age-matched normal
controls (median age at death, 76 years), three cases
(8.3 %) had AGD, seven (19.4 %) had LBD, one
(2.8 %) had moderate AD pathology (Braak stage I1ll-
1V) alone, and 25 (69.4 %) had minimal AD pathology
(Braak stage I-1I) alone.

The frequency of AGD was significantly higher in
LOSD cases with onset at >65 years of age than in normal
controls (P = 0.0424, Fisher’s exact test). LOSD patients
with onset at >65 years of age had a significantly increased
risk of having AGD (odds ratio 6.29; 95 % CI 1.14-34.6)
compared to age-matched normal controls.
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Fig. 1 Pathological findings in a representative argyrophilic grain
disease case showing LOSD. Argyrophilic grain disease (AGD) seen
in a 79-year-old woman who was diagnosed with senile-onset
schizophrenia. She initially showed persecutory delusion and tactile
hallucination at 68 years of age. Motor disturbance or dementia was
absent throughout the course, and she died suddenly. The brain
weighed 1,305 g. a Moderate argyrophilic grains in the ambient
gyrus. b Ballooned neurons in the amygdala. ¢ In contrast to the

Frequencies of neurodegenerative changes in LOSD
cases with onset at <65 years of age

Of 12 LOSD cases with onset at <65 years of age
(median age at death, 70 years), one had AGD (8.3 %),
two (16.7 %) had LBD, and one (8.3 %) had CBD
(Fig. 4). Of 59 age-matched normal controls (median
age at death, 72 years), three (5.1 %) had AGD, and six
(10.2 %) had LBD. The frequency of AGD was not
significantly different between LOSD cases whose onset
age was <65 years and control cases (P = 0.53, Fisher’s
exact test).

Comparison of severities of neurodegenerative changes
between LOSD cases with and without dementia in last
stage

The clinical data regarding the presence or absence of
dementia in the last stage were available for 19 of 23
LOSD cases, and seven had dementia in the last stage. The
Braak NFT stage (LOSD with vs. without dementia,
median: 2 vs. 2), Braak A stage (2 vs. 0.5), AGD stage (0
vs. 0), and the frequency of LBD (42.9 vs. 14.3 %) did not
significantly differ between LOSD cases with and without
dementia in the last stage (P = 0.54, 0.27, 0.33, and 0.12,
Mann—Whitney U test and Fisher’s exact test).

presence of argyrophilic grains, neuronal loss or gliosis is not noted in
the amygdala. Pyramidal neurons in the hippocampal CA1 were well
spared in number (d), but argyrophilic grains were densely distributed
in the hippocampal CA1l, corresponding to Saito’s AGD stage 11 (e).
f Tau-positive argyrophilic grains with a few neurofibrillary tangles in
the hippocampus (Braak stage 11). a, e Gallyas—Braak silver stain, b—
d hematoxylin—eosin stain, f AT8 immunohistochemistry. All scale
bars = 50 pm

Frequencies of degenerative changes in cases of various
psychiatric disorders with onset at >40 years of age

We additionally examined pathological changes in 22
patients who developed various psychiatric disorders other
than LOSD after 40 years of age (Table 2).

AGD and LBD were found in some depression cases,
but not in any case in the other clinical diagnosis
groups. The frequencies of AGD (9.1 vs. 8.5 %) and
LBD (27.3 vs. 11.3 %) were not statistically different
between all depression cases and normal control cases,
respectively [P = 0.56 and 0.12, Fisher’s exact test (o/
2), Table 2]. Of five depression patients with onset at
>65 years of age, while no case had AGD, three had
LBD. The frequency of LBD was significantly higher in
depression patients whose onset age was >65 years of
age than in normal controls (n = 56) (60.0 vs. 10.7 %,
P = 0.0198, Fisher’s exact test). On the other hand, of
six depression patients whose onset age was <65 years
of age, one had AGD and no case had LBD. The fre-
quency of AGD in this subgroup of depression was not
significantly different between LOSD and normal con-
trol cases (n = 21) [16.7 vs. 14.3 %, P = 0.66, Fisher’s
exact test (a/2)].

Pathological changes of CBD were found in one
depression case and two cases of presenile-onset
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Fig. 2 Pathological findings in a representative Lewy body disease
case showing LOSD. Limbic type Lewy body disease seen in a
82-year-old man diagnosed with senile-onset schizophrenia-like
psychotic disorder. He initially developed delusion of observation
and auditory hallucination at 72 years of age. His intelligence was
mildly impaired after 77 years of age, but he did not exhibit dementia
throughout the course. Although dysphasia was seen in the terminal
stage, muscle rigidity or tremor was absent during the course. He died
of pneumonia. The brain weighed 1,150 g. Many a«-synuclein-positive
Lewy bodies in the entorhinal cortex (a) and amygdala (b). ¢ Moderate

personality disorder. No psychiatric case had pathologi-
cal evidence of demyelinating diseases, neoplasms, or
infections in the central nervous system.

Comparison of vascular lesions between LOSD cases
and psychiatric disease control cases

The severities of vascular lesions in the cerebral cortex in
LOSD cases (versus psychiatric disease controls) were:
75th percentile 0.5 (0); median 0 (0); and 25th percentile
0 (0). The severity of vascular lesions in the cerebral
cortex was not significantly different between the two
groups (P = 0.42, Mann—Whitney U test). Likewise, the
severities of vascular lesions in the basal ganglia in
LOSD cases (versus psychiatric disease controls) were:
75th percentile 1 (1); median O (0); and 25th percentile 0
(0). The severity of vascular lesions in the basal ganglia
was not significantly different between the two groups
(P = 0.78, Mann—Whitney U test). The age at death in
LOSD cases (the mean age at death 75.1 &£ 7.5 years)
was not significantly different from that in psychiatric
disease control cases (70.5 &£ 8.1 years) (P = 0.082,
Mann—-Whitney U test).
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neuronal loss with astrocytosis in the amygdala. d Neurons in the
substantia nigra were well spared in number. e Tau-positive
neurofibrillary tangles (NFTs) in the hippocampal CAl. This case
had NFTs in the insular cortex, corresponding to Braak NFT stage 1V.
f In contrast to NFTs, pyramidal neurons in the hippocampal CAl
were relatively well preserved in number. a, b Psyn#64 immunohis-
tochemistry, ¢, d hematoxylin—eosin stain, e AT8 immunohistochem-
istry, f Kliiver—Barrera stain. Scale bars = (a, b, e) 50 um, (¢, d,
f) 100 um

Clinical features in pathological diagnosis groups

The demographic data in four pathological diagnosis
groups, i.e., AGD (AGD cases lacking LBD or CBD
pathology), LBD (LBD cases lacking AGD or CBD
pathology), CBD (cases having pathology of CBD), and
non-degenerative disease groups (cases having minimal
AD pathology of Braak stage I-11/0-A alone) are shown in
Table 3. The ages of onset and death in CBD cases were
about 10 years lower than those in AGD and LBD cases,
respectively. Figure 5 shows the frequencies of clinical
symptoms in each pathological diagnosis group. Delusion
was significantly more frequent in the AGD group, and
disinhibition was significantly more frequent in the CBD
group than those in a non-degenerative disease group,
respectively [P = 0.0127 and 0.0026, Fisher’s exact test
(o/3)].

Discussion

To our knowledge, this is the first study that comprehen-
sively examined the neurodegenerative bases in patients
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Fig. 3 Pathological findings in a representative corticobasal degen-
eration case showing LOSD. Corticobasal degeneration (CBD) seen
in a 58-year-old man who was diagnosed with late-onset schizophre-
nia. His initial symptom was apathy at 41 years of age. Auditory
hallucination and irritability occurred at 52 years of age. Motor
disturbance, aphasia, or dementia was absent throughout the course.
He died of chronic obstructive pulmonary disease. The brain weighed
1,480 g. Astrocytic plaques in the superior frontal gyrus (a), motor
cortex (b), caudate nucleus (c), and putamen (d). e A small number of
tau-positive threads were seen in the putamen. A small number of tau-
positive and Gallyas-positive neurofibrillary tangles and threads were

with LOSD and demonstrated a significant relationship
between LOSD and AGD. The main findings in the present
study were as follows: (1) AGD and LBD had comparably
common pathological bases in our LOSD cases (21.7 and
26.1 %), frequencies about 2.5 times higher than those in
normal controls (8.5 and 11.3 %). Argyrophilic grains in
LOSD cases are almost completely restricted to the limbic
system and adjacent temporal cortex. CBD was rarely
found in LOSD but never in normal control cases. Con-
sequently, LOSD patients who experienced onset after
40 years of age had about a fourfold increased risk of
having either AGD, LBD, or CBD (odds ratio 4.44, 95 %
CI 1.62-12.1) compared with normal controls. (2) AGD
was significantly more frequent in LOSD patients whose
onset occurred at >65 years of age than in normal controls,
and the LOSD patients had about a sixfold increased risk of

found in the frontal cortex, caudate nucleus, putamen, subthalamic
nucleus, substantia nigra (g), oculomotor nucleus, pontine nucleus (i),
and inferior olivary nucleus. Unlike classic CBD cases, neuronal loss
with glial proliferation was not seen in the putamen (f) or substantia
nigra (h). j-1 This case also had Gallyas- and tau-positive argyrophilic
grains (j, k), mild neurofibrillary tangles (Braak stage II), and
ballooned neurons (k, 1) in the ambient gyrus and amygdala.
However, neuronal loss and gliosis were minimal in these regions
(D). a, j Gallyas—Braak silver stain, f, h, I hematoxylin—eosin stain, (b—
e, g, i, k) AT8 immunohistochemistry. Scale bars = (a, ¢, d, e-g, i~
1) 50 um, b 25 um, h 100 pm

having AGD (odds ratio 6.29; 95 % CI 1.14-34.6) com-
pared with normal controls. (3) In a psychiatric case series,
the frequency of delusion in AGD cases was significantly
more frequent than that in cases having minimal AD
pathology alone. These findings suggest that LOSD cases
may have heterogeneous pathological backgrounds,
including AGD, LLBD, and CBD and that mild to moderate
argyrophilic grains may play an important role in the
occurrence of LOSD, especially in elderly people.

It has been reported that some AGD cases with dementia
show various psychiatric features, including delusion,
hallucination, aggression, irritability, and obsession [31,
34-38]. However, as far as we know, there has been no
study that demonstrated a significant relationship between
AGD and LOSD in non-demented elderly people. In gen-
eral, it is difficult to determine whether histopathological
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Fig. 4 Distribution of pathological diagnoses in LOSD cases and
age-matched normal controls. Right A comparison of all LOSD and
age-matched normal control cases. The frequencies of AGD and LBD
in LOSD cases were about 2.5 times those in controls, and CBD was
found only in LOSD cases. The total proportion of AGD, LBD, and
CBD was significantly higher in LOSD cases than in controls
[P = 0.0037, Fisher’s exact test («/7)]. Center A comparison of
LOSD patients =65 years of age at onset and age-matched normal

Control
(265, n=11) (n=36)

LOSD  Control
(all, n=23) (n=71)

controls. The frequency of AGD was significantly higher in LOSD
cases than in controls (P = 0.0424, Fisher's exact test). Left A
comparison of LOSD patients whose onset occurred at <65 years of
age and age-matched normal controls. The frequency of AGD did not
statistically differ between two groups (Fisher’s exact test). LOSD
late-onset schizophrenia and delusional disorders, NFT neurofibrillary
tangles, CBD corticobasal degeneration, LBD Lewy body disease,
AGD argyrophilic grain disease

Table 3 Demographic data by pathological diagnosis in cases with psychiatric disorders

Pathological diagnosis n  Female Age at onset Age at death Disease duration Brain weight ~ Dementia in last
n (%) (years) (years) (years) (g) stage
Mean =+ SD Mean + SD Mean + SD Mean =+ SD n (%)*
Argyrophilic grain disease 6 4 (67.7)  67.0 £ 120 77.8 £73" 10.8 £59 1,179 £ 1382 1/4 (25.0)
group”
Lewy body disease group® 9 3(33.3)  70.1 & 83°¢ 78.2 + 5.7¢ 8.9 + 6.1 1,273 + 1432 5/7 (71.4)
Corticobasal degeneration 4 1(25.00 605168 66.8 = 12.4 63 +73 1,315 £ 124.8  2/4 (50.0)
group®
Total 19 8@42.1) 669+11.6 757 £ 838 8.9 £6.1 1,240 £ 133.6  8/15 (53.3)
Non-degenerative groupd 18 14 (77.8) 592 + 94 68.3 £+ 5.7 9.7 4+£92 1,204 4 182.2 3/15 (20.0)

LBD Lewy body disease, AGD argyrophilic grain disease, CBD corticobasal degeneration, PSP progressive supranuclear palsy, SD standard

deviation

# Lewy body disease (LBD) cases with variable degrees of Alzheimer’s disease (AD) pathology but without argyrophilic grain disease (AGD),
corticobasal degeneration (CBD), or progressive supranuclear palsy (PSP) pathology

® AGD cases without LBD, CBD, or PSP pathology
€ All cases diagnosed pathologically as having CBD or PSP

¢ Cases having only minimal AD pathology (Braak NFT stage 0-I1 and/or Braak senile plaque stage 0-A)

¢ The onset age and age at death in the LBD group were significantly higher than those in the non-degenerative disease group, respectively
[median age at onset: 71.5 vs. 61.0 years; median age at death: 77.0 vs. 69.0 years. P = 0.0090 and 0.00007. Mann-Whitney U test and
Bonferroni correction (P < 0.016]

T The age at death in the AGD group was significantly higher than that in the non-degenerative disease group [median age at death: 76.0 vs.
69.0 years. P = 0.0026, Mann—Whitney U test and Bonferroni correction (P < 0.016)]

€ The proportion of cases that had dementia in the last stage of the course of all subjects whose clinical data in the terminal stage was available
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Fig. 5 Frequencies of clinical features by pathological diagnosis
group. The frequencies of prominent clinical symptoms in the early
stages of LBD (n=9), AGD (n =6), CBD (n =4), and non-
degenerative disease groups (n = 18). The frequency of delusion in
the AGD group was significantly higher than those in a non-
degenerative disease group |Fisher's exact test, P = 0.0162,

changes are causally related to young-onset psychiatric
disorders because the initial symptoms usually occur sev-
eral decades before death, and some major degenerative
changes, e.g., argyrophilic grains [32], Lewy bodies [54],
NFTs [55], and AP deposits [55], increase in frequency

(%) LBD (n =9)
100»<g

(%)
100 Non-degenerative disease group (n = 18)

Bonferroni correction (0/3)]. The frequency of disinhibition in the
CBD group was also significantly higher than that in a non-
degenerative disease group [P = 0.0026, Fisher’s exact test and
Bonferroni correction (a/3)]. See the definition of each pathological
diagnosis group in the text. LBD Lewy body disease, AGD
argyrophilic grain disease, CBD corticobasal degeneration

with age. However, our study demonstrated that the high
frequency of AGD in LOSD cases may not be explained
only by the age at death.

Argyrophilic grains in our LOSD cases tended to be less
severe in topographical distribution (i.e., Saito’s stage I-1I)
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compared with those in AGD cases showing dementia
reported previously: some previous studies demonstrated
that AGD cases with dementia frequently had argyrophilic
grains more extensively distributed in the neocortex (i.e.,
Saito’s stage 111) [33]. In this context, it seems to be natural
that our AGD cases lacking dementia, at least in the early to
middle stage of the course, had less severe tau pathology.
The impact of such mild to moderate argyrophilic grains on
psychological functions, such as mood, anxiety, and thought,
has hardly been explored. Our results suggest that LOSD
without dementia at the onset may be one of the clinical
presentations in elderly people having mild to moderate
AGD. It is known that psychosis tends to occur secondarily
when the limbic region and temporal cortex are involved in
various diseases, such as cerebrovascular disease, traumatic
brain injury, and epilepsy [56, 57]. These findings led us to
consider that the occurrence of psychotic symptoms in AGD
cases may be associated with the initial involvement of the
limbic system by tau pathology in AGD [33].

It was reported that some LBD cases show systematized
delusion [58]. The frequencies of delusion in LBD cases
was reported to be 17-30 % in Parkinson’s disease cases
with or without dementia [59, 60] and 25-28.6 % in DLB
cases [61, 62]. In our study also, although the difference
did not reach statistical significance, the frequency of LBD
in LOSD cases was about 2.5 times that in normal controls.
Further, LBD was significantly more frequent in our
depression cases with the onset at >65 years of age than in
normal controls. On the other hand, AGD was not found in
our depression cases. Because the number of cases exam-
ined in our study was small, whether the clinical spectrum
in LBD cases is different from that in AGD cases cannot be
concluded from these results. However, considering that
the topographical distribution of degenerative changes,
which is usually closely associated with clinical presenta-
tion, is different in AGD and LBD, it is plausible that these
two degenerative diseases have different neuropsychiatric
spectrums. For example, the limbic system and some brain
stem nuclei (e.g., the raphe nuclei and locus coeruleus)
frequently degenerate in LBD [45, 63], while argyrophilic
grains consistently occur in the limbic regions but not in
the brain stem nuclei. Dysfunction of the limbic system and
brain stem nuclei was reported to be associated with
depression [64]. Whether AGD is associated with the
occurrence of depression or other psychiatric conditions
should be explored by further studies using a larger sample.

In our study, although rare, some LOSD cases had CBD
pathology. Several previous studies have also demonstrated
that autopsy-confirmed CBD cases rarely showed psychotic
symptoms [28-30, 65]. Interestingly, psychiatric symptoms
occurred in all of our CBD cases younger than 65 years of
age, in contrast to the relatively higher onset age in AGD
and LBD cases (Table 3). Given these findings, in
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psychiatric practice, CBD should be considered one of the
possible underlying pathologies in a patient who develops
psychiatric symptoms before 65 years of age rather than
after. The pathophysiological mechanism in the develop-
ment of LOSD in CBD cases remains unclear. However,
the coexistence of argyrophilic grains observed in all of our
CBD cases might contribute at least partially to the
occurrence of psychiatric symptoms.

Several previous studies, as well as this study, have
consistently demonstrated that LOSD may not be associ-
ated with severe AD pathology (i.e., Braak NFT stage V-
VI) [24, 25]. However, previous findings regarding the
relationship between moderate NFTs in the limbic system
and LOSD are not always consistent: while the severity of
NFTs in the hippocampal CAl, entorhinal cortex, and
temporal cortex was reported to be not significantly dif-
ferent between young-onset schizophrenia and LOSD cases
[25], another study demonstrated that moderate NFTs dis-
tributed mainly in the limbic system and adjacent temporal
cortex (Braak stage 11-1V) may be associated with the
development of LOSD [24]. In our study, the Braak NFT
stage in LOSD cases was significantly higher than that in
age-matched normal controls. However, our results cannot
be simply compared with previous findings because various
histological changes, including AD, LBD, AGD, and CBD
pathologies, were not simultaneously evaluated in previous
studies. For example, the high Braak NFT stage observed
in our LOSD cases may be affected by the high proportions
of LBD, AGD, and CBD cases having various severities of
NFTs. Interestingly, in our LOSD cases, although the
proportion of cases having only moderate NFTs (Braak
stage 11I-1V) is not very large (8.7 %), it tends to be higher
than that in normal controls (1.4 %). Considering our
results together with previously reported findings, there
may be LOSD patients whose onset is explained only by
moderate numbers of NFTs distributed mainly in the limbic
system; however, the proportion of such cases in all LOSD
cases may not necessarily be large.

Limitations of our study are several. First, the sample
sizes, especially those in clinical and pathological sub-
groups, are small. Therefore, our results may not always
refute the possibility that LOSD is actually associated not
only with AGD but also with LBD, CBD, and PSP. For
example, in our study, although statistically not significant,
the frequency of LBD in LOSD cases was over double that
in age-matched normal controls (26.1 vs. 11.3 %), and
CBD was found only in LOSD cases but not in age-mat-
ched normal controls. It is also known that LBD is found in
some patients with paranoia [27, 59-61] and that clinically
diagnosed PSP cases rarely show delusions [66]. Second,
because almost all of our LOSD cases were psychiatric
hospital inpatients, who probably had more severe clinical
symptoms than outpatients, the case selection bias may
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affect the frequency of each underlying pathology. Third,
vascular lesions of the LOSD and age-matched normal
control groups in this study could not be compared because
the method of tissue sampling was different between these
two groups. The impact of vascular changes on the
occurrence of LOSD needs to be examined in the future.
Fourth, in general, the immunoreactivity in tissue sections
can be reduced by long fixation with formaldehyde, espe-
cially when using phosphorylation-dependent antibodies.
However, in this study, AGD was explored by not only tau
immunohistochemistry using phosphorylation-dependent
and phosphorylation-independent anti-tau antibodies but
also by Gallyas-Braak silver stain. Further, the fixation
time in LOSD cases was longer than that in age-matched
normal controls. Therefore, the significantly high fre-
quency of AGD in LOSD cases observed in this study
could not be explained by the effect of fixation time.
Finally, whether neuronal loss and gliosis occur in AGD
cases with LOSD are less severe than that in AGD cases
with dementia should be also examined by further studies.

Although the present study demonstrated that LOSD
patients have heterogeneous neurodegenerative back-
grounds, including AGD, it may be still difficult to predict
the underlying pathology in LOSD patients in life. Based
on our results, biomarkers for tauopathies [67, 68] and o-
synucleinopathies [67, 69], which continue to be developed
for the precise clinical diagnosis of neurodegenerative
dementias, might be useful to predict the pathogenic
background in LOSD patients. Further clinicopathological
studies are awaited to provide precise prognostic infor-
mation to families based on biological findings and to
develop novel therapeutic strategies for patients with
LOSD.
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