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Abstract Introduction: We have conducted the pathological cohort study of autopsied cases of Hisayama res-
The authors have

*Corresponding a

5540.

E-mail address: iw

https://doi.org/10.1016

2352-8729/� 2019 T

license (http://creative
idents to reveal a recent trend of dementia-related pathology.We noticed a trend of putaminal involve-
ment of Alzheimer’s disease (AD) with parkinsonism. Then, we investigated the accurate prevalence
of neurological diseases with putaminal AD pathology in the general population.
Methods: We examined a series of 291 autopsies in the Hisayama study and performed image anal-
ysis of immunohistochemistry for microtubule-associated protein tau (MAPT) and amyloid b.
Results: Approximately 65.6% and 36.1% of cases showed putaminal MAPTand amyloid deposits,
respectively. Diffuse deposits of them were mainly found in the AD cases. Putaminal MAPT was
highly associated with AD-related pathological criteria. Four of 22 cases with severe putaminal
MAPT deposition were documented as having developed parkinsonism.
Discussion: Severe MAPTaccumulation in the basal ganglia was closely related to the development
of AD pathology and could occur most frequently in AD cases without comorbidities.
� 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Until recently, the pathological diagnosis of Alzheimer’s
disease (AD) was performed using the National Institute on
Aging (NIA)-Reagan Institute criteria based on the density
of the amyloid b (Ab) deposition and the spread of neurofi-
brillary tangles in the cerebral cortices [1]. The updated
criteria of NIA-Alzheimer’s Association (AA) guidelines
[2] have been changed to take into account the spread of
Ab deposition in multiple cortical and subcortical regions.
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On the other hand, the clinical diagnosis of AD has been re-
inforced by the measurement of cerebrospinal fluid markers
and positron emission tomography (PET) study. Several ra-
diotracers recognizing microtubule-associated protein tau
(MAPT) aggregates have been clinically applied to MAPT
PET (Tau-PET) studies, and knowledge about the progress
of MAPT has been obtained. However, the actual situation
of subcortical p-MAPT deposition in the general aging pop-
ulation has not been clarified yet.

In Japan, the prevalence of AD has increased according to
longevity. Our pathological cohort study of autopsied
cases of Hisayama residents revealed a recent trend of
dementia-related pathology [3,4]. Among them, we
experienced a unique case in which clear symptoms of
both AD and parkinsonism were shown, but there was no
imer’s Association. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:iwaki@np.med.kyushu-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dadm.2019.04.008&domain=pdf
https://doi.org/10.1016/j.dadm.2019.04.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.dadm.2019.04.008
https://doi.org/10.1016/j.dadm.2019.04.008


Table 1

Participant characteristics

Diagnosis

Male cases/

female cases

Mean age

at death 6SD

Not demented 94/61 77.8 6 11.1

AD 24/44 90.5 6 6.0

AD 1 AGD 1/0 81

AD 1 DLB 4/4 90.3 6 4.8

AD 1 FTLD-TDP 1/0 71

AD 1 PD with dementia 1/0 88

AD 1 PSP 1/0 93

AD 1 VD 4/5 86.9 6 6.8

AGD 0/1 94

DLB 2/1 85.7 6 4.04

PD 1/0 64

PD with dementia 0/1 84

PSP 1/0 75
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a-synucleinopathy and only AD pathology existed in the
brain. The case presented severe MAPT and Ab deposits
in the brain, including the putamen. Parkinsonism can
sometimes be seen in AD cases [5,6]. The density of
neurofibrillary tangles (NFTs) correlated with
parkinsonism only in the substantia nigra (SN) but not in
putamen [7]. The previous study focused on NFTs alone,
but we observed that some cases showed severe neuropil
MAPT depositions in putamen. Therefore, we decided to
focus on putaminal MAPT and Ab pathology to study the
significance of the putaminal involvement. To clarify the
pathological basis, we examined a series of autopsied cases
obtained between 2009 and 2016 (291 cases) to semiquanti-
tatively evaluate MAPT and Ab deposits in the putamen of
an aging Japanese population.
SD-NFT 6/6 90.1 6 3.5

SD-NFT 1 AGD 1/2 91.7 6 6.4

VD 6/8 83.0 6 7.8

VD 1 AD 0/3 96 6 6.1

VD 1 SD-NFT 1/3 89.5 6 6.2

VD 1 SD-NFT 1 AGD 0/1 96

Other dementia 2/1 80.7 6 4.7

Total 291

NOTE. Other dementia included normal pressure hydrocephalus, mito-

chondrial brain muscle disease, and unknown case.

Abbreviations: AD, Alzheimer’s disease; AGD, argyrophilic grain dis-

ease; DLB, dementia with Lewy bodies; FTLD-TDP, frontotemporal lobar

degeneration-TAR domain binding protein; PD, Parkinson’s disease; PSP,

progressive supranuclear palsy; SD, standard deviation; SD-NFT, senile de-

mentia of neurofibrillary tangle type; VD, vascular dementia.
2. Methods

2.1. Subjects

This study included specimens from a series of
autopsies (2009–2016; 291 cases [mean age at death,
82.9 6 10.9 years, range, 42–105 years]) performed on res-
idents of the town of Hisayama in Fukuoka Prefecture,
Japan. In principle, all residents of the town of Hisayama
are proposed to be autopsied when they die, and the total
autopsy rate is about 75%. The characteristics of the exam-
ined cases are shown in Table 1. The clinical diagnosis of
dementia was made based on the Diagnostic and Statistical
Manual of Mental Disorders, Third Edition–Revised [8].
In addition, we also performed the revised version of Hase-
gawa’s dementia scale (HDS-R) [9] for assessment of cogni-
tive function. Details of the clinical survey have been
described in a previous report [10].

The study was approved by the Ethics Committee of the
Faculty of Medicine, Kyushu University and was performed
in accordancewith the ethical standards described in the fifth
revision of the Declaration of Helsinki, 2000.

2.2. Neuropathological assessment

The brains were weighed and fixed in 10% buffered
formalin for at least 2 weeks. The specimens included
the middle frontal gyrus, superior and middle temporal
gyri, inferior parietal lobule, hippocampus with entorhinal
cortex and transentorhinal cortex (at the level of the lateral
geniculate body), calcarine cortex, basal ganglia including
the nucleus basalis of Meynert, thalamus, SN, locus
coeruleus, and the dorsal vagal nucleus. Sections were
embedded in paraffin and routinely stained using
hematoxylin-eosin (HE), the Kl€uver-Barrera, and a modi-
fied Bielschowsky method [11]. The specimens were
immunostained using antibodies against phosphorylated-
MAPT (clone AT8, mouse monoclonal, 1:500; Innoge-
netics, Ghent, Belgium), Ab (clone 6F/3D, mouse mono-
clonal, 1:200; Dako, Glostrup, Denmark), Anti-4-repeat
tau (RD4, clone 1E1/A6, mouse monoclonal, 1:200; Milli-
pore, Upstate, Lake Placid, NY, USA), anti-3-repeat tau
(RD3, clone 8E6/C11, mouse monoclonal, 1:200; Milli-
pore), and p-a-synuclein (clone pSyn #64, mouse mono-
clonal, 1:1000; Wako, Osaka, Japan), and then detected
using a standard indirect immunoperoxidase method and
visualized using diaminobenzidine (Dojindo, Kumamoto,
Japan) as a chromogen. Antigen retrieval for AT8 and
p-a-synuclein was autoclaving in 0.01 M citrate buffer,
pH 6, for Ab was incubating in 90% formic acid for one
hour, and for RD3 and RD4 was both of them. Senile pla-
ques were detected using both a modified Bielschowsky
method and immunohistochemistry for Ab. The assess-
ment of AD pathology was assessed according to the Con-
sortium to Establish a Registry for Alzheimer’s disease
(CERAD) guidelines [12], Braak and Braak stage
[13,14], and Thal phase [15]. The pathological diagnosis
of AD was conducted according to the NIA-AA guidelines
[2]. The neuropathological assessment of dementia with
Lewy bodies (DLBs) was performed using standard diag-
nostic criteria for DLB [16,17]. The neuropathological
changes were examined as described previously [10].
The semiquantitative assessment of neuronal loss of SN
was performed using HE-stained sections of the ventrolat-
eral area in the pars compacta of the SN. That of Lewy
body pathology was also done using HE-stained sections
and immunohistochemistry for a-synuclein.



Fig. 1. Plotting of the areas of p-MAPT (A) and Ab (B) accumulations in the putamen according to age at death.
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2.3. Image analyses using custom software in MATLAB

We developed custom software in MATLAB (Math-
Works Inc., Natick, MA, USA) for semiquantitatively
analyzing abnormal MAPT and Ab deposits. From the
results of the immunohistochemical analyses using AT8
and 6 F/3D, we chose the regions of interest and captured
images with a 20 ! objective lens with a total field size
of 704 ! 528 mm2 consisting of 1600 ! 1200 pixels
(0.44 mm ! 0.44 mm/pixel). The minimum size we calcu-
lated was 1 pixel: 0.44 ! 0.44 mm2. The color space of
each image captured was converted from RGB to the CIE
1976 L*a*b* color space, which is more suitable for quanti-
fying human vision than the RGB usingMATLAB, and then,
the Euclidean distance in CIE 1976 L*a*b* color space was
calculated. In CIE 1976 L*a*b*, the differences between
any two colors can be approximated by taking the Euclidean
distance between them [18]. Abnormal MAPT and Ab de-
posits were then divided into two groups including the tau
deposits and the backgrounds by K-means clustering [19],
and small objects of four or fewer pixels were removed as
noise. In the extracted image of putaminal MAPT deposits,
both NFT and neuropil threads could be extracted
(Supplementary Fig. 1A, C). Extraction of putaminal amy-
loid structures, both diffuse plaques and granular objects,
was also possible (Supplementary. Fig. 1B, D). We calcu-
lated a variety of indices characterizing the extracted
abnormal MAPT and Ab deposits. The total area (mm2)
and the percentage of MAPT and Ab deposits were calcu-
lated directly to give the polygon area.

2.4. Semiquantitative analyses of MAPT and Ab deposits
in the putamen

In most cases, homogeneous putaminal MAPT deposits
were demonstrated, but some cases showed focal dense
MAPT accumulation in the medial part of the putamen
(Supplementary Fig. 2). We thought this local accumulation
was not reflecting the overall accumulation of putaminal
MAPT because the cases with localized MAPT accumula-
tion in the medial putamen did not have severe MAPT accu-
mulation in other broad areas of the putamen. Then, we
chose a MAPT-dense region around central areas of the pu-
tamen as the regions of interest to represent the overall
MAPT deposits. For comparison, putaminal Ab was homo-
geneously deposited in all cases.

2.5. Statistical analyses

Statistical analyses were conducted using JMP Pro
13 (SAS Institute, Cary, NC, USA). The P values of the me-
dian area of total MAPT deposits were calculated using
Mann–Whitney U tests. Significance was defined as P, .05.
3. Results

3.1. Analysis of the areas of p-MAPT and Ab
accumulations according to age at death and
neuropathological diagnoses

Putaminal MAPT and Ab deposits became marked
around 70 years of age (Fig. 1). The number of MAPT and
Ab positive cases was 191 of 291 cases and 105 of 291 cases,
respectively. Ab deposition was increased with aging. Puta-
minal MAPT deposits were quite different even among cases
over 70 years of age. The area of MAPT was only weakly
correlated with the area of Ab (Supplementary Fig. 3, corre-
lation coefficient, r 5 0.260, P , .01).

Next, we evaluated separately the putaminal accumula-
tions according to the neurological disorders (Fig. 2).
Among the nondementia cases, 80 of 155 cases were
immunopositive for p-MAPT, 33 of 155 cases were
immunopositive for Ab, and 22 of 155 cases showed
immunopositive for both antigens. Demented cases
had significantly higher putaminal MAPTand Ab deposition
in comparison with no dementia cases. Median area of
MAPT and Ab of no dementia versus dementia were 0.03
versus 0.35, 0 versus 0.69, respectively, P , .01. AD cases



Fig. 2. Plotting of the areas of p-MAPT (A) and Ab (B) accumulations ac-

cording to neuropathological diagnoses. The bar in each diagnosis represents

amedianvalue. (A) p-MAPTarea and (B)Ab area ofADcases are higher than

other diseases. (B) Some cases diagnosed as no dementia show severe Ab ac-

cumulations, but themedian is quite low.Abbreviations:AD,Alzheimer’s dis-

ease; AGD, argyrophilic grain disease; DLBs, dementia with Lewy bodies;

FTLD-TDP, frontotemporal lobar degeneration-TARdomain bindingprotein;

PD, Parkinson’s disease; PSP, progressive supranuclear palsy; SD-NFT, senile

dementia of neurofibrillary tangle type; VD, vascular dementia.
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most frequently showed severe putaminal MAPT accumula-
tion. AD comorbid with other degenerative diseases cases
also showed higher MAPT deposition. Vascular dementia
(VD), progressive supranuclear palsy (PSP), argyrophilic
grain disease (AGD), and senile dementia of NFT type
(SD-NFT) tended to be higher than other diseases, although
not as high as AD. Severe putaminal Ab accumulation was
also observed frequently in AD cases. Even in nondemented
cases, there were some cases that showed strong Ab
accumulation in the putamen.
3.2. Severe p-MAPT and Ab depositions in the putamen

To investigate the effects of MAPT in detail, we selected
cases with an MAPT area of over 1.1% as severe MAPT
deposition cases. This threshold indicated that the diffuse
deposition of p-MAPT in the putamen was discernible by
a macroscopic view (Fig. 3). Severe MAPT accumulation
was observed in 7.6% of cases (22 of 291 cases), and in
most of the cases with severe MAPT accumulation, deposi-
tion of Ab was also severe (Fig. 3). Additionally, we
observed that 5.5% of cases (16 of 291 cases) had focal accu-
mulation on the putamen side, along the lateral medullary
lamina (Supplementary Fig. 2). Among severe MAPT cases,
4 cases were documented as having developed parkinsonism
in their clinical courses (Table 2). These 4 cases tended to
have lower HDS-R score. In regard to SN, all 4 cases had
MAPT deposits, but the extent of MAPT and neuronal loss
varied among them.
3.3. Representative case of AD with parkinsonism

A 75-year-old female (case 1 in Table 2) showed cogni-
tive impairment (HDS-R: 17 of 30 maximum). Magnetic
resonance imaging revealed bilateral hippocampal atrophy,
and she was diagnosed with AD. In the following year, the
score was markedly decreased to 6 of 30. At the age of 78,
parkinsonism such as resting tremor, rigidity, bradykine-
sia, gait disturbance, and mask-like face were observed,
and she was diagnosed with Parkinson’s disease. Levodopa
medication was started, but the effect was limited. She
died of aspiration pneumonia at age 79 years and had a
postmortem examination. Pathologically, this case was
advanced AD (Braak 6, CERAD frequent, and Ab phase
score A3). A small amount of free melanin was present
on the outer side of the SN, and mild degeneration was
observed. In the putamen, NFTs and neuropil MAPT accu-
mulation were observed (Fig. 3). MAPT-positive threads
were also observed in pencil fibers (Fig. 3). NFTs and
threads were stained with 3-repeat and 4-repeat MAPT-
specific antibodies (Fig. 3). The shape of Ab deposition
was predominantly coarse granular and some diffuse pla-
ques (Fig. 3). Both MAPT and Ab accumulations in the
globus pallidus were usually less severe. There were no
globose NFTs or tufted astrocytes, and it did not match
the pathological findings of PSP or corticobasal degenera-
tion. There was no phosphorylated a-synuclein in the
brain. In the SN, severe MAPT pathology and amyloid pa-
thology was also found. However, as there were no MAPT
accumulations in the pontine nuclei and medullary retic-
ular formation, this case was not diagnosed as PSP. These
pathological features of the putaminal MAPT deposition
were common findings in most cases with severe MAPT
accumulation. In most cases with mild putaminal MAPT,
NFTs in large neurons and neuropil threads were homoge-
neously distributed within the putamen. Phosphorylated
a-synuclein-positive Lewy bodies in the SN were detected
in 12 of 83 AD without DLB and PD cases (14.5 %). The
percentage is close to the previous report [20]. There was
no correlation between the density of putaminal tau and
synucleinopathy in the SN.



Fig. 3. A representative case (case 1 in Table 2) with p-MAPTandAb depositions in the putamen. (A) Kl€uver-Barrera stain, (B, D, E) p-MAPT, (C, F) Ab, (G) 3-

repeat MAPT, and (H) 4-repeat MAPT. (D) In the putamen, both neuropil threads and NFTs are observed. (E) p-MAPT-positive threads are present both in gray

matter neuropil and in pencil fibers (asterisk). (F) Immunohistochemistry for Ab shows diffuse or coarse granular plaques. Classical senile plaques with core and

surrounding degenerative neurites are rare. Both NFTs and threads were stained with (G) 3-repeat and (H) 4-repeat MAPT-specific antibodies. Scale bars,

50 mm. Abbreviations: GP, globus pallidus; Pt, putamen.
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3.4. Relationship between putaminal p-MAPT depositions
and the different stages of pathological criteria for AD

We found that very high accumulation of putaminal
MAPT and Ab was observed in AD cases. We examined
the relationship between putaminal MAPT accumulation
and Braak stage, CERAD, Ab phase score, and NIA-AA
(Fig. 4). We subdivided all cases into 3 groups (Fig. 4).
Group 1 included the cases of the spread of MAPT confined
to the hippocampal formation (Braak 0–2), group 2 showed
NFTs accumulated in the limbic system (Braak 3 and 4), and
group 3 showed NFTs accumulated in isocortical areas
(Braak 5 and 6). The dependence on aging in all groups
was mild. When subdivided according to Braak stage, the
MAPT-positive area of Braak 0–4 cases did not increase
with age. In Braak 5 and 6 cases, static examination showed
little correlation between MAPT accumulation and aging
(data not shown). Compared to Braak stages 0–4, MAPT
pathology of the putamen was significantly increased in
Braak stages 5 (vs. 0–3; P , .01, vs. 4; P 5 .021) and 6
(P , .01). In addition, the CERAD frequent, Ab phase
score A3, and NIA-AA score of high AD pathological
change also showed a significant increase (P , .01).

The accumulation of Ab in the putamen was reported in
the Thal phase. Putaminal Ab was significantly increased
in Braak stage 5–6, CERAD frequent, Ab phase score
A2–A3, and NIA-AA intermediate and high AD patholog-
ical change (P , .01, Supplementary Fig. 4).
4. Discussion

In this consecutive autopsy study, we revealed that there
was a group of cases showing marked MAPT deposits in the
putamen. Putaminal MAPT was markedly increased, espe-
cially at Braak NFT stages 5 and 6, at a later stage than
the accumulation in the limbic system. In addition, most of
the cases showing marked putaminal MAPT deposits corre-
sponded to the CERAD frequent stage. These pathological
associations reinforce that AD most frequently showed se-
vere putaminal MAPTaccumulation. However, the influence
of aging was relatively small. The increase of putaminal



Table 2

Clinicopathological features of severe putaminal MAPT cases

Case

no. Diagnosis Parkinsonism HDS-R

Substantia nigra

Neuronal

loss MAPT Lewy

1 AD 1 6 1 3 0

2 AD - 14 1 1 0

3 AD - 4 1 3 0

4 AD - 5 2 3 0

5 AD - 10 1 2 0

6 AD - 4 3 3 0

7 AD - 5 1 n.d. 0

8 AD - 5 1 2 0

9 AD - 4 1 2 0

10 AD - 14 1 1 0

11 AD - 15 3 3 0

12 AD - 0 1 1 1

13 AD - 9 3 1 0

14 AD 1 AGD - 8 1 3 0

15 AD 1 PSP - 7 3 3 0

16 AD 1 VD 1 0 2 1 2

17 AD 1 VD 1 0 n.d. n.d. 0

18 AD 1 VD - 4 3 2 0

19 VD 1 0 3 2 0

20 VD 1 SD-

NFT

- 9 1 2 0

21 SD-NFT 1
AGD

- 20 1 2 1

22 SD-NFT 1
AGD

- 10 1 1 0

NOTE. The severity of the substantia nigra lesion was categorized into 4

groups (0: none, 1: sparse, 2: moderate, 3: severe).

Abbreviations: AD, Alzheimer’s disease; AGD, argyrophilic grain dis-

ease; HDS-R, revised version of Hasegawa’s dementia scale; MAPT,

microtubule-associated protein tau; n.d., not determined; PSP, progressive

supranuclear palsy; SD-NFT, senile dementia of neurofibrillary tangle

type; VD, vascular dementia.
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MAPT accumulation was not simply due to aging, but in
most settings was due to pathological events associated
with the development of AD pathology. Conversely, 19 of
138 cases showing Braak NFT stages 5 and 6 had no putami-
nal MAPT accumulation. Previous studies have shown that
AD can be classified into three subtypes according to neuro-
pathological features. One is typical AD, another is
hippocampal-sparing AD, which shows a relative abundance
of NFTs in the hippocampus and cortex, and the last is
limbic-predominant AD [21,22]. Although the clinical
background of putaminal MAPT accumulation in AD has
not been clarified, our neuropathological findings suggest a
subcategory of AD with basal ganglia involvement.

In most of the cases showing marked putaminal MAPT,
putaminal atrophy and neuronal loss were not remarkable.
Immunohistochemistry for p-MAPT revealed a character-
istic pattern of MAPT deposition in the putamen. There
were numerous neuropil threads and occasional NFTs.
NFTs were mainly observed in large neurons. In this study,
neuropil threads were also noted in the pencil fibers, indi-
cating medium spiny projection neurons could also be
involved in tauopathy. Oyanagi et al. [23] reported that
NFTs were mainly in remaining large interneurons and in
some medium neurons of PSP and in quite a few medium
neurons of AD cases.

Neuropil threads and NFTs were equally immunopositive
for 3-repeat MAPT and 4-repeat MAPT. There was no glial
tauopathy, such as tuft-shaped astrocytes and coiled bodies
indicating PSP [24]. In addition, marked neuropil threads
were observed to be pencil fibers; however, there were no as-
trocytic plaques indicating corticobasal degeneration [25].
The patterns of Ab deposition in the putamen were diffuse
or amorphous plaques, and there were few dystrophic neu-
rites around areas of Ab accumulation, even if severe
MAPT accumulation occurred. It was previously reported
that striatal amyloid deposits were predominantly small fi-
brillary deposits; large fibrillary deposits were also present,
but core deposits were seldom seen [26]. Our results are
consistent with these reports, and we observed MAPT depo-
sition did not affect the morphology of Ab in the putamen.

We observed another unique pattern of MAPTaccumula-
tion in the putamen alongside the lateral medullary lamina.
While accumulations of Ab were homogeneously distrib-
uted in the putamen, previous studies showed NFTs dis-
played significantly higher densities in the ventral striatal
components, such as nucleus accumbens, olfactory tubercle,
and the tail of the caudate nucleus [27,28], and the putamen
could be involved in tauopathy. This suggests that there are
at least two patterns of MAPT propagation. One is diffuse
putaminal tauopathy, which appears homogeneously
together with Ab deposition. The other is spread from
connected regions such as the SN.

Among the cases with severe putaminal MAPT accumu-
lation, there were some cases in which parkinsonism was
clinically observed. As previously reported, a-synucleinop-
athy is not seen among half of the cases of AD with parkin-
sonism cases [29]. Degeneration of the brainstem and
involvement of amyloid oligomers are also considered as a
cause of the impairment of the dopaminergic system of
AD [30]. Other neuropathological evaluations of parkin-
sonism in AD patients showed significant neuronal loss in
both the SN and putamen. In the present study, we observed
a case of AD with parkinsonism that had severe tauopathy in
both the putamen and SN but mild neuronal loss in the SN. It
is suggested that severe MAPT deposits in the putamen and
SN may cause parkinsonism. It was reported that AD pa-
tients with extrapyramidal signs showed lower score of
neuropsychological examination than AD without parkin-
sonism [31]. Our study also showed that AD with parkin-
sonism tended to have a lower score of HDS-R. More
detailed analysis will be required for elucidation of the
cause of parkinsonism in AD.

The pathological hallmark of DLB is the presence of
Lewy bodies, and co-occurrence of a-synucleinopathies
with other neurodegenerative diseases, in particular
tauopathies, has been reported [32]. In DLB cases, MAPT
and Ab were shown throughout the brain, including the



Fig. 4. Relationship between p-MAPT depositions in the putamen and the different stages of pathological criteria for AD. The horizontal axis shows (A) the age

at death, (B) Braak NFT stage, (C) CERAD stage, (D) Ab phase score, and (E) NIA-AA scores. *P, .01. Abbreviations: CERAD, Consortium to Establish a

Registry for Alzheimer’s disease; NIA-AA, National Institute on Aging-Alzheimer’s Association; NFT, neurofibrillary tangle.
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putamen [33]. In the present study, most of the cases with
severe putaminal MAPT deposition had no or little a-synu-
cleinopathy, and DLB was not the main cause of the severe
putaminal MAPT accumulation.

PSP, SD-NFT, VD, and AGD cases tended to have higher
putaminal MAPT deposits. PSP is a neurodegenerative
disease involving the basal ganglia and leads to parkin-
sonism and dementia [34]. PSP may be mistaken for other
neurodegenerative diseases such as Parkinson’s disease
and AD. With the advent of Tau-PET, it should be noted
that severe MAPT accumulation in the basal ganglia may
occur most frequently in AD cases and that certain cases
with AD pathology alone developed parkinsonism as well
as dementia.

SD-NFT, also known as NFT-predominant dementia,
showed NFTs either with no amyloid deposits or only diffuse
plaques [35]. In SD-NFT, NFTs are relatively localized
to the anteromedial region of the temporal lobe, such as
entorhinal cortex, Ammon’s horn, and amygdala. In this
study, putaminal MAPT accumulation in SD-NFT cases
was somewhat higher but not as high as AD, which is consis-
tent with the distribution of MAPT in SD-NFT.

Regarding VD, it is known that the putamen is one of the
preferred areas of vascular lesions and that cerebral ischemia
[36] and infarcts [37] may induce hyperphosphorylation of
MAPT. These could be related to accumulation of putaminal
MAPT in VD.
In AGD, it is known that grains appear mainly in the an-
teromedial temporal lobe, including the entorhinal cortex,
Ammon’s horn, and amygdala [38,39]. In AGD, other
MAPT immunoreactive structures are ramified astrocytes
and oligodendroglial coiled bodies. They are seen most
commonly in the amygdala and temporal stem white
matter, respectively. These structures were seldom seen in
the putamen. Putaminal MAPT in AGD cases could be
influenced by comorbid disease, such as AD, SD-NFT,
and VD.

Two limitations of this study also need to be noted. One
is that all participants were residents of Hisayama town,
Japan. Hisayama town has demographic characteristics
representative of the national average of Japan, including
the distribution of age, occupational status, and nutrient
intake [40] and therefore may not reflect other populations
and races. The other is there are not many cases of some
neurodegenerative diseases since the subject of this study
is the general population. For revealing the exact prevalence
of putaminal tauopathy in rare neurodegenerative diseases,
additional investigation is needed.
5. Conclusion

In this study, we discovered that there were AD cases with
severe putaminal tauopathy, and the increase in putaminal
MAPT mainly correlated with severe Braak NFT stages.
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MAPT deposition in the putamen may partly account
for parkinsonism of AD. With the advent of Tau-PET, it
should be noted that severe MAPT accumulation in the
basal ganglia may occur most frequently in AD cases,
without comorbidity of other neurodegenerative diseases
in a general aging population.
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RESEARCH IN CONTEXT

1. Systematic review: Recent tau positron emission to-
mography enables a new way to study the basal
ganglia involvement in cases such as progressive
supranuclear palsy. However, the accurate preva-
lence and the cause of the putaminal microtubule-
associated protein tau (MAPT) pathology in an
aged general population have not been investigated.

2. Interpretation: We determined the prevalence of pu-
taminal MAPT pathology in Japanese general popu-
lation. MAPT accumulation in basal ganglia
occurred most frequently in Alzheimer’s disease
cases without comorbidity of other tauopathies.

3. Future directions: Our results suggest that the puta-
minal accumulation of MAPT may account for the
parkinsonism of the minor subset of Alzheimer’s dis-
ease. Additional investigation of dopamine trans-
porter in the putamen may be necessary to evaluate
the degeneration of the nigrostriatal pathway.
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