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Incipient progressive supranuclear palsy is more common
than expected and may comprise clinicopathological subtypes:

a forensic autopsy series
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Abstract We investigated 998 serial Japanese forensic
autopsy cases (0-101 years old, mean age 61.7 £ 21.9),
with no case selection, using immunohistochemistry to
detect cases with progressive supranuclear palsy (PSP).
Twenty-nine cases (mean age 82.3 £ 7.2 years, 11 males,
18 females) fulfilled the National Institute of Neuronal
Disorders and Stroke (NINDS)-PSP pathological criteria
(2.9% of all cases, 4.6% of cases over 60). All had neu-
ronal and glial inclusions in the basal ganglia and brain-
stem. However, 13 cases had low tau pathology and were
categorized as atypical PSP. In addition to PSP pathol-
ogy, multiple types of astrocytic inclusions and comorbid
proteinopathies, particularly a high prevalence of argyro-
philic grain disease, were found. All cases had not been
diagnosed with PSP and had preserved daily functioning
prior to death. However, 14 (48.3%), 11 (37.9%), and 16
(55.2%) cases showed signs of dementia, depressive state,
and gait disturbance, respectively. Sixteen accidental death
cases (55.2%), including from falls and getting lost, and 11
suicide cases (37.9%) appear to have a relationship with
incipient PSP pathology. Cluster analysis using the distri-
bution and amount of 4-repeat-tau pathology classified the
cases into three subgroups: Group 1 (10 cases) had typical
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PSP pathology and seven cases (70.0%) had dementia as
the most frequent symptom; Group 2 (7 cases) had signifi-
cantly higher frequency of gait disorder (6 cases, 85.7%),
and less neocortical tau pathology than Group 1; Group
3 (12 cases) had relatively mild PSP pathology and high
argyrophilic grain burdens. Granular-shaped astrocytes
were the dominant astrocytic inclusion in all cases. We
conclude that in forensic cases incipient PSP occurs with
a higher prevalence than expected. If these findings can be
extrapolated to other population-based cohorts, PSP may
be more common than previously thought.

Keywords Astrocytes - Autopsy - Immunohistochemistry -
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Introduction

Progressive supranuclear palsy (PSP) is a late-onset neuro-
degenerative disease with unknown etiology. Supranuclear
gaze palsy, progressive axial rigidity, pseudobulbar palsy,
and mild dementia were the initial symptoms of the dis-
ease described by Steele et al. [65]. Since then, accumu-
lated clinicopathological evidence has shown that the clini-
cal presentation of PSP varies between patients [16, 62].
Recent studies have proposed the existence of clinicopatho-
logical variants of PSP: with Parkinsonism (PSP-P) [72],
with pure akinesia with gait freezing (PSP-PAGF) [14, 73],
with corticobasal syndrome (PSP-CBS) [40, 70], and with
cerebellar ataxia (PSP-C) [33].

The PSP-affected brain appears grossly normal, or mildly
atrophic. The substantia nigra shows a loss of pigmentation
in many cases. The most important microscopic finding of
PSP is the accumulation of phosphorylated 4-repeat-tau
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(4R) as neurofibrillary tangles (NFTs) and neuronal threads
(NTs). The globose type NFTs, cortical NFTs with flame-,
coiled- or curvilinear-forms, and pretangle neurons are fre-
quently found [16, 17]. The most affected areas are the
brainstem and basal ganglia, and in particular the globus
pallidus, subthalamic nuclei, substantia nigra, and pontine
nucleus. The cerebral cortex, especially the frontal lobe, may
also be involved in some cases [13, 16]. The other prominent
pathological feature of PSP is tufted astrocytes (TsA) show-
ing 4R- and Gallyas-Braak-positive fine processes [11, 75].
The presence of TsA is important for distinguishing between
PSP and corticobasal degeneration (CBD), another 4R-posi-
tive neurodegenerative disease [23, 36].

Some studies have revealed that other forms of astrocytes
appear in 4-repeat-tauopathies. Granular astrocytes (GsA),
which were initially reported as bush-like astrocytes by Botez
et al. [6], are frequently found in argyrophilic grain disease
(AGD), and and GsA has been considered as one of the dis-
tinct morphological form for detecting aging-related tau
astrogliopathy (ARTAG) that is a morphological spectrum of
astroglial pathology detected by tau immunohistochemistry,
especially with phosphorylation-dependent and 4R isoform-
specific antibodies [37]. Another form, spiny-shaped astro-
cytes (SsA), have a TsA-like appearance, but with broader
and shorter processes [36]. It is possible that the different
pathological appearances of abnormal astrocytes may be use-
ful for differentiating between different 4-repeat-tauopathies.

The prevalence rate of clinical PSP is reported to be 5.8—
10 per 100,000 in Japan [34, 59], which may be slightly
higher than in Western countries (1.0-6.5 per 100,000)
[7, 12, 24, 56, 64, 71]. However, while some incipient
PSP cases have been reported [22, 38], the detailed clin-
icopathological features of such cases have not yet been
fully established. We recently detected preclinical, or early
clinical, CBD cases by immunohistochemistry, without
case selection, in serial forensic autopsy cases [58]. Such
analysis is useful for examining the early clinicopathologi-
cal features and prevalence of disease. Here we examined
serial forensic autopsy cases, applying immunohistochem-
istry to detect incipient PSP and reveal the clinicopatholog-
ical features of such cases.

Materials and methods
Subjects

We reviewed the archives of all 1239 cases of medicolegal
autopsies from our department between 2007 and 2014. Of
these cases, brain specimens from 998 people (0-101 years
old, mean age 61.7 £ 21.9) without severe injury or severe
postmortem degeneration, such as liquefaction preventing his-
tological analysis, were examined. A total of 215 cases had a
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natural cause of death, and 422 cases suffered accidental trau-
matic death, such as a fall, traffic accident, burning, drowning,
hypothermia, and the like. Suicide or homicide accounted for
332 cases, and there were 29 cases with undetermined causes
of death. There were 626 cases (350 male and 276 female) and
121 cases (54 male and 67 female) from patients over 60 and
85 years of age, respectively. The clinical histories of patients
were obtained from the family and the records of police exam-
inations. When there was a history of a hospital visit, the med-
ical records were provided by the primary physician.

Tissue sampling and pathological assessment

All brains were fixed in 20% buffered formalin for at least
2 weeks prior to sampling. Specimens that is routinely
sampled in our department is shown in Fig. 1. All sections
were cut and stained with Luxol fast blue-hematoxylin
eosin. Gallyas-Braak and Holzer stainings were also per-
formed [58].

Immunohistochemistry was routinely performed on the
frontal lobe, temporal lobes, basal ganglia, and midbrain of
all cases to detect phosphorylated tau (clone ATS8, 1:1000;
Endogen, Woburn, MA, USA), phosphorylated a-synuclein
(clone LB508, 1:500; Zymed, San Francisco, CA, USA),
TAR DNA binding protein-43 (TDP-43, 1:5000; Protein
Tech group, Chicago, IL, USA), Glial fibrillary acidic pro-
tein (GFAP, clone ZCG 29, 1:1000, Nichirei Tokyo, Japan),
and P-amyloid (clone 6F/3D, 1:50; Novocastra Vector
Labs, Burlingame, CA, USA).

Antibody bindings were detected using a biotin-streptavi-
din detection system (Nichilei, Tokyo Japan) using 3.3’-diam-
inobenzidine as the chromogenic substrate. If positive find-
ings were detected in the preliminary immunohistochemistry,
an additional staining procedure was performed on subse-
quent sections. Staining for 3-repeat-tau (3R) and 4R (Merck-
Millipore, Billerica, MA, USA) was also performed in cases
positive for ATS8. In 4-repeat-tauopathy cases, thioflavin-S
staining was also performed to differentiate 4R specific NFT's
from Alzheimer’s disease (AD) related NFTs [29].

We used the National Institute of Neuronal Disorders
and Stroke (NINDS) criteria to define the neuropathologi-
cal diagnosis of PSP as typical or atypical PSP [25, 43].

The type of astrocytic inclusion was assessed in detail
with Gallyas-Braak silver staining, ATS, 3R, and 4R immu-
nostaining. We classified four types of ATS, 4R-positive,
and 3R-negative astrocytic inclusions (Fig. 2). TsA was
defined by a radial arrangement of thin, long, branching
accumulated tau protein from the cytoplasm to the proxi-
mal processes of astrocytes that stained well with Gallyas-
Braak [75]. The definition of GsA was that its processes
stained like beaded fine granules with tau immunostaining,
and did not stain with Gallyas-Braak [37]. We evaluated
GsA and bush-like astrocytes, which were initially reported
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Fig.1 Low power view of one histological specimen (Luxol fast
blue/hematoxylin eosin). a Frontal lobe. b Nucleus accumbens. ¢
Motor cortex. d Anterior temporal lobe. e Basal ganglia and amyg-

dala. f Anterior hippocampus and thalamus. g Posterior hippocampus
and temporal lobe. h, i Posterior lobe. j Cerebellar vermis. k Dentate
nucleus. 1 Mid brain. m Pons. n Medulla oblongata

& -

Fig. 2 Pathological appearances of three types of astrocytic inclusion. Photomicrograph of AT8 a—c and Gallyas-Braak d-f. a, d Tufted astro-

cyte. b, e Granular astrocyte. ¢, f Spiny astrocyte. Scale bar 50 pm

by Botez et al., as synonymous because the pathological
features of each are considered to be almost identical [6].
Spiny-shaped astrocytes (SsA), which have been reported
in atypical PSP cases [36], have broad and spiny stained
processes that stain well with Gallyas-Braak, with less
staining in the cell body. We also assessed thorn shaped
astrocytes (TrA), which along with GsA, are one of the
diagnostic hallmarks of ARTAG. TrA have more volumi-
nous perinuclear cytoplasms and their processes are often
thicker and shorter [37].

The pathological staging of NFTs was evaluated accord-
ing to the modified Braak stages of NFT burden using
AT8, Gallyas-Braak, and Thioflavin-S [8]. The density
of neuritic plaques was evaluated in accordance with the
Consortium to Establish a Registry for Alzheimer’s dis-
ease (CERAD) criteria using Thioflavin-S and B-amyloid
(AB) immunostaining [54]. The extent of senile plaques
in the brain was evaluated following the criteria of Thal
et al. [67]. Based on these results, the level of AD neuro-
pathological change was divided into four categories (Not,
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Fig. 3 Grading scale for tau pathology. The occurrence of tau pathology was assessed using a 4-point scale: a Absent (grade 0), b mild (grade
1), ¢ moderate (grade 2), d severe (grade 3). Subthalamic nucleus immunostaining with AT8. Scale bar 200 pm

Low, Intermediate, High) following the National Institute
on Aging-Alzheimer’s Association (NIA-AA) guidelines
[27]. The pathology of Lewy body disease (LBD) was
assessed according to the Third Consensus Guidelines for
Dementia with Lewy body and Braak stages in the develop-
ment of Parkinson’s disease (PD)-related pathology using
a-synuclein immunohistochemistry [9, 15, 52]. The path-
ological staging of argyrophilic grains was assessed fol-
lowing the AGD system proposed by Saito et al. [63]. The
pathological type of TDP-43 proteinopathy was assessed
following the stages of AD [32] and the classification sys-
tem for frontotemporal lobar degeneration (FTLD)-TDP
pathology [46]. The pathology of ARTAG and chronic
traumatic encephalopathy (CTE), which are both associ-
ated with a distinctive pattern of progressive neuronal and
glial tau pathology, was assessed following the criteria. The
criteria were: ARTAG, the presence of either or both TrA
and GSA in the subpial, subependymal, gray matter, white
matter, or perivascular region [37]; CTE, the presence of
AT8 positive neurons, astrocytes, and cell processes around
small vessels in an irregular pattern at the depths of the cor-
tical sulci [49].

Semiquantitative assessment of neuronal loss,
and tau-positive neuronal and glial inclusions

The degree of neuronal loss was assessed using a 4-point
scale (0, absent; 1, mild; 2, moderate; 3, severe) in the
superior frontal gyrus, precentral gyrus, middle temporal
gyrus, globus pallidus, putamen, thalamus, subthalamic
nucleus, amygdala, CAl, red nucleus, substantia nigra,
pontine nuclei, inferior olivary nucleus, and cerebellar den-
tate nucleus. The degree of neuronal loss in the lesions of
PSP cases was compared with 17 age-matched autopsy
cases from our department. Control cases were randomly
selected from over 70 subjects with both CERAD 0 or A
and Braak NFT stage 0-2 and without any of Lewy body
and TDP-43 pathology, cerebral hemorrhage, or territo-
rial large cerebral infarction. The density of tau pathology
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including NFTs, NTs, and glial cell inclusions in PSP
cases was also assessed using a 4-point scale (0, absent; 1,
sparse; 2, moderate; 3, severe) (Fig. 3).

In same region, the number of TAs, GsA, and SsA
were also semiquantitatively evaluated (0, absent; 1, 1 per
250 x field; 2, 2-9 per 250 x field; 3, >10 per 250 x field).

Statistical analysis

Data were analyzed using JMP pro (Version 11.2.0; SAS
Institute Inc. Cary, NC, USA) and IBM SPSS Statistics
(Version 23; SPSS Inc, Chicago, IL, USA), and the signifi-
cance level was set at 0.05. Fisher’s exact test was used for
categorical variables (sex, symptom presence, and patho-
logical findings). Continuous variables (age at death and
brain weight) and ordinal variables (pathological scales and
densities) were compared using the Mann-Whitney U test
(comparison of two groups) or Kruskal-Wallis test with
post hoc test (comparison of three or more groups). Addi-
tionally, we performed Ward’s hierarchical cluster analysis
using the distribution pattern and amount of 4R pathology
in PSP specific regions (frontal cortex, motor cortex, glo-
bus pallidus, subthalamic nucleus, red nucleus, substantia
nigra, pontine nucleus, inferior olivary nucleus, cerebellar
dentate nucleus, and the white matter of the frontal lobe
and motor cortex) to classify the pathologically defined
PSP cases into subgroups.

Results
Clinical profiles and demographics

A total of 29 cases (2.9%, 11 males, 18 females) fulfilled
the pathological criteria for PSP. The demographics of
these cases are summarized in Table 1, with a summary of
their clinicopathological features in Table 2.

The mean age was 82.3 £ 7.2 years (range 64-94).
The prevalence rate in cases over 60 years old was 4.6%



813

<

+
+
m

+ + + +
+ + + +
+ + + |
o N N
m o mm <
cn O N A
<+ N <

+
<
(9]

+

VsD
VSL
VsD

VsD
VsL

VSL

VsD
VSL

VSL

VSL
VSL

VSL

VSL

VsD

VsL

VSL
VsD
VsD
VSL

VsD
VsS

VsL
VsS

+
+

+ + + +
+ + + +
N e e ]

+

+

+
J’_

<

<<= K

< &=

L
v

L6Cl
8¢Cl
Socl

0811
96¢1

(11941

8601
9801

(494!

cocl
LLTT

00¢€1

13941

LSTI

0291

Isel
LSTI
3:141
06cCl

9911
00zl

9011
08¥1

(Surumoip) apIong
(SurSuey) [epromg
(Surumoip) apIong

(3uruing) apromg
(1rey) Aafur feurdg
(owoy
Surwoo 3so[ 103) eruuayodAH

JUOPIOSE [BITPIN
(1)) ewner peay

(Irey) ewojewdy [eInpgns ANIY

(1re3) exmdna feusy
(Irey) ewnexn pesy

(Sutumoip) opoIng

(Sur3uey) opromg
)eap JRIPIRD UIPPNS
([rey)ewnen) peay

(1rey) ewner peoy
(Irey) wuaptooe dyjel],
(Surumoip) opromg

(Surumoip) apromg

(I1ey) ewnen peay
(Irey) uing

(Sutumoip) apIoIng
qmyreq ur IUTUMOI

(Arrurey £q) 9138 2A1ssardo(q
(Arrurey £q) 9138 2A1ssardoq
uorssardoq

JUSPIOOE dYJen) Jo AI0ISTH
‘(A[uaey £q) 9eys aarssardoq
TOIN YA pasouser(

IO yim pasouserq
Q0UBQINSIP

JIeD) "2IN[Iej [BUI JTUOIYD)

(Arrurey Aq) 2oueqIMISIp 31RD)
Q0uBqINISIp BT pue (SIeak §)

Apoq AAQT YIIM eTjUSWR(
9oueqINSIp 1S pue

(IDIN) WST[OYOJTE JO AI0ISTH

QUON

uorssaidop
pue [DIN M pasouderq
(ATrurey £q)
QouBqINISIp J1en) “uoissaidop
puE [l PIM pasouse(
(s1eak 01
‘TOIN pue 2oueqImistp 1res) qd
(s1e9A 7) 90uRqINISIp
J1e3 ‘Apoq AMaT YIIM eUW(]
(ATrurey Aq) @oueq
-INJSIp J1e3 pue enuawap Pl
QUON
(Arrurey £q) 9ye3s aarssardo(q
uorssardoq
(Arurey £q)
9010A MO[ PUE 9JUBQINISIP JIBD)
(s189A § “Qoueqrmsip 1e3) d
(A[rurey £q) eoueqIystp jred
pue ‘enuawap ‘9rels dAIssardoq
(s1eak ¢ ‘oouequmysip 31e3) (qd

&

S =2 3

SR

d
W

88
88
L8

98
S8

¢8

78
78

€8

8
I8

I8

08

6L

8L

8L
SL
SL
SL

YL
€L

L
¥9

4
C
IC

0¢
6l

81

Ll
91

Sl

4!
el

4!

I

0l

i O >~ ©

<

Iv-d

1D SANIN

@Bmg

[JBap JO JoUUBW PUE 9sne))

Arewrwins [eOTUI[O Joug XS o3y

ase)

Acta Neuropathol (2017) 133:809-823

dSd 103 ey [ear3ojoyred ayy Surfyng sased Jo sarniedy [edrdojoyied pue [edrul[d jo Arewwing I d[qeL,

pringer

a's



Acta Neuropathol (2017) 133:809-823

814
2
&
< +
g
= +
<
< |
%
a)
= <t
o)
m
—
=)
Q
< o
=)
a4
©] o
=]
=
I o
=5
S
[as] [Se}
< s
a =
3
n +
3
Qo +

BW(g) NINDS Gr.
T

1180

Cause and manner of death

Suicide (drowning)

History of post-stroke depres-

Case Age Sex Brief clinical summary

e
[}
g
= &)
=
I}
© N
- %)
o
=2
= <
= N

@ Springer

sion, mild dementia, and gait

disturbance

GsA 4

+

T

1185

Acute subdural hematoma (fall)

History of post-stroke depres-

F

89

25

sion and gait disturbance
M  Mild dementia and gait distur-

2

TsA 2

T

1290

Brain injury (fall)

91

26

bance (by family)

GsA 4

A
T

1163
1100
1216

Drowning (fall)

Diagnosed with dementia

9
94
94

27

TsA 3

+

Burning (house fire)

Gait disturbance (by family)

F
F

28

GsA 4

A

Suicide (drowning)

Dementia and depressive state

29

(by family)

BW Brain weight, NINDS National Institute of Neurological Disorders and Stroke Groups neuropathologic criteria for PSP [25], Gr Groups divided with cluster analysis, GsA granular-shaped

astrocyte, SsA spiny-shaped astrocyte, D-Al dominant astrocytic inclusion, Braak Braak pathological stage in Alzheimer’s disease, Thal Thal Ap plaque score, CRD CERAD AP plaque score,
AGD The pathological staging of argyrophilic grain disease, LBD Braak pathological stage in Lewy body disease, TDP The stage of TDP-43 proteinopathy in Alzheimer’s disease, AA amyloid

angiopathy, 7rA Thorn shaped astrocyte, ARTAG Aging-related tau astrogliopathy, PD Parkinson’s disease, A atypical PSP, T typical PSP, TsA tuft-shaped astrocyte, MCI Mild cognitive impair-

ment

(29/626) and 9.9% in cases over 85 years old (12/121). No
case diagnosed as having clinical PSP was bedridden prior
to their death. Prior to their deaths five cases (17.2%) had
been diagnosed with Lewy body-related disorders and had
responded to levodopa: three had Parkinson’s disease and
the other two had Dementia with Lewy bodies. The other
cases had not been examined by a neurologist.

Fourteen of the 29 cases (48.3%) showed signs of
dementia, 11 cases (37.9%) had signs of depressive states,
and 16 cases (55.2%) had gait disturbances. The number of
accidental death cases was 16 (55.2%) and 12 these cases
died of injuries relating to falls. The number of suicide
cases was 11 (37.9%) and two cases (6.9%) had a cause of
death of ‘other’.

Neuropathological findings

The mean brain weight was 1263.9 £ 128.5 g (range
1058-1620 g). Case 20, with a previous history of a traf-
fic accident, had a scar from a cerebral contusion on both
frontal bases. No case had severe brain atrophy except for
Case 19, which had severe atrophy in the inner part of the
temporal lobe. Other 28 cases had mild or moderate atro-
phy in the frontal and temporal lobes. The number of typi-
cal PSP cases according to NINDS-PSP criteria was 17 and
the other 12 cases had atypical PSP. All of these atypical
cases did not fulfill the first criterion of typical PSP, which
is “two or more neurons with neurofibrillary tangles or neu-
ropil threads (high density) must be found in the same field
in at least three of following areas: pallidum, subthalamic
nucleus, substantia nigra, and pons”. However, all the atyp-
ical PSP cases in this study had low amounts of exclusively
4R-positive neuronal thread and astrocytic inclusions in
these four areas. The distribution of tau pathology in these
four areas in atypical PSP cases is shown in Table 3. The
globus pallidus and pons were frequent “negative” areas in
atypical PSP cases.

In addition to NFTs, NTs, oligodendroglial coiled bod-
ies, and TsA were found in all 29 cases (Fig. 4). GsA and
SsA were also found in 27 and 26 cases, respectively. The
severity of neuronal loss, amount of tau pathology, and the
topographical frequency of the three types of astrocytic
inclusions are shown in Supplemental Table 1. Neuronal
loss tended to be frequent in the substantia nigra, insula,
and amygdala. Besides these regions, mild but significant
neuronal loss was found in many other regions, compared
with control subjects (Supplemental Table 1). The total
amount of tau pathology was higher in the subthalamus,
substantia nigra, motor cortex, and amygdala. TsA were
frequently observed in the motor cortex (75.9%), thalamus
(55.2%), and red nucleus (50.0%). GsA were frequently
observed in the limbic cortex, such as in the amygdala
(81.5%), and in the temporal cortex (76.9%), putamen and
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Table 2 The clinical and
pathological profiles of 29 PSP

PSP cases (n = 29) Controls (n = 17)

cases and 17 controls Age, mean = SD, years

Sex (male/female)
Dementia, n (%)

Depressive state, n (%)

Gait disturbance, n (%)
Accidental death, n (%)
Other cause of death, n (%)
Suicide, n (%)

Brain weight, mean =+ SD, g
NINDS typical PSP, n (%)

Braak AD tau stage (O-1I/III-IV/V-VI)

CERAD (0/A/B/C)

Thal (0-1/2-3/4-5)

AGD (0/I/I/I1I)

LBD (0/I-11 + olf/III-IV/V-VI)
TDP-43 (O/UI/II/IV/V)

Dominant astrocytic inclusion (TsA/GsA/SsA)

Presence of TrA, n (%)
Presence of ARTAG, n (%)

823+72 79.6 & 3.9
11/18 11/6

14 (48.3)%* 1(5.9)

11 (37.9) 7(41.2)

16 (55.2)* 2(11.8)

16 (55.2) 9 (52.9)

2(6.9) 2(11.8)

11 (37.9) 6 (35.3)

1263.9 + 130.8 1346.8 + 138.4
17 (58.6)

13/15/1 17/0/0
5/11/10/3 8/9/0/0

12/16/1 12/5/0

8/2/9/10 17/0/0/0
21/4/1/3 17/0/0/0
17/521212/1 17/0/0/0
16/1172

21 (72.4)

28 (96.6)

NINDS National Institute of Neurological Disorders and Stroke Groups neuropathologic criteria for PSP
[25], AD Alzheimer’s disease, CERAD Ceriteria of Consortium to Establish a Registry for Alzheimer’s dis-
ease, Thal Thal AP plaque score, AGD Pathological staging of argyrophilic grain disease, LBD Braak path-
ological stage in Lewy body disease, TDP-43 Stage of TDP-43 proteinopathy in Alzheimer’s disease, TsA
tuft-shaped astrocyte, GsA granular-shaped astrocyte, SsA spiny-shaped astrocyte, 7rA thorn-shaped astro-
cyte, ARTAG Aging-related tau astrogliopathy

* p <0.05; ** p<0.01 vs. control cases (Fisher’s exact test)

Table 3 Frequent sites of tau pathology in atypical PSP cases

Positive cases (1)

Globus pallidus 8
Subthalamic nucleus 10
Substantia nigra 12
Pontine nucleus 6

frontal cortex (both 70.4%), and insula (65.4%). SsA were
frequently observed in the putamen (80.8%) and globus
pallidus (65.4%). Of the three types of astrocytes, 16 cases
were TsA dominant and 11 and 2 cases were GsA and SsA
dominant, respectively.

Comorbid AD pathology (Fig. 4) was limited, with 14
cases (48.3%) assessed as having Low pathology accord-
ing to NIA-AA guidelines and only one High case (Case
19, 3.4%) was seen. Case 19 had both 3R and 4R positive
NFT and neuronal threads and 4R positive NFT and neu-
ronal threads in the globus pallidus and substantia nigra,
AGD was seen in 21 cases (72.4%), and Lewy body pathol-
ogy was seen in 8 cases (27.6%). Of these latter cases, two
(6.9%) were assessed as being in PD Braak stage 6, and
both cases had been diagnosed with Lewy body-related

disease prior to their death. The stage of the Lewy pathol-
ogy in these cases could be consistently classified using the
criteria recently proposed by Del Tredict and Braak [15].
TDP-43 proteinopathy was seen in 12 cases (41.4%), and
the subtype of TDP-43 pathology was type A in all cases.
Four cases (13.8%) did not show any obvious comorbid
pathology.

Twenty-eight cases fulfilled the criteria for ARTAG, and
TrA were found in 21 cases. The case being consistent with
CTE was not found in present PSP cases.

Subgroups classified with cluster analysis

We classified all 29 cases into three groups using cluster
analysis of the distribution pattern of tau pathology in PSP
specific regions (Fig. 5). The severity and the amount of
tau pathology in various areas are shown in Supplemental
Table 2, and the pathological features and clinical informa-
tion of each group are shown in Table 4.

In Group 1 (10 cases), all cases fulfilled the NINDS
criteria for typical PSP. Pathologically, both neuronal loss
and tau pathology found in almost all favorite sites. TsA
was the dominant astrocytic pathology in all cases. A
high prevalence of clinical dementia may be a feature of
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Group 1. Group 2 (7 cases) had an almost identical burden
of tau pathology to Group 1, other than in the neocortical
and limbic areas. A higher prevalence of gait disorder (6
cases, 85.7%) and low prevalence of depression (1 case,
14.3%) may be a feature of Group 2 when compared with
the other groups. Group 3 (12 cases) had a low prevalence
of typical PSP. Significant low intensity tau pathology and
a low prevalence of neuronal loss were found in many of
the brain areas, other than frontal cortex and limbic area in
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this group. The number of GsA dominant cases was signifi-
cantly higher than in Group 1.

Discussion

This study investigated a large autopsy cohort study target-
ing PSP by examining serial Japanese forensic autopsies.
With few exceptions, many forensic autopsies in Japan are
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Table 4 Clinicopathological
features of each group

Group 1 (n =10) Group2 (n=17) Group 3 (n =12)

Age, mean £ SD, years
Sex (male/female)

Gait disturbance, n (%)
Dementia, n (%)
Depressive state, n (%)
Accidental death, n (%)
Other cause of death, n (%)
Suicide, n (%)

Brain weight, mean &+ SD, g
NINDS Typical PSP, n (%)
GsA existence, n (%)

SsA existence, n (%)

TsA dominant, n (%)

GsA dominant, n (%)

SsA dominant, n (%)
Braak AD tau stage, mean £ SD
CERAD, mean + SD

Thal, mean 4+ SD

AGD, mean £ SD

LBD, mean &+ SD

TDP-43, mean + SD

AGD existence, n (%)
LBD existence, n (%)

TDP existence, n (%)
Presence of AA, n (%)
Presence of TrA, n (%)
Presence of ARTAG, n (%)

81.6 £6.5 80.3 = 8.8 84.0 £ 7.0
4/6 4/3 3/9

6 (60.0) 6 (85.7) 4(33.3)

7 (70.0) 3 (42.9) 4(33.3)

4 (40.0) 1(14.3) 6 (50.0)

6 (60.0) 5(71.4) 5(41.7)

0 (0.0) 1(14.3) 1(8.3)

4 (40.0) 1(14.3) 6 (50.0)
1295.2 + 162.8 1280.4 + 179.1 1228.2 + 43.6
9 (90.0) 5(71.4) 3 (25.0)%
10 (100.0) 6 (85.7) 11 (91.7)
10 (100.0) 6 (85.7) 10 (83.3)
10 (100.0) 4(57.1) 2 (16.7)*

0 (0.0) 2(28.6) 9 (75.0)*

0 (0.0) 1(14.3) 1 (10.0)
2.60 £ 1.51 229 4 0.76 2754+ 122
1.50 £ 0.85 1.29 £ 0.76 1.33 + 1.07
1.90 & 1.45 1.43 £0.79 175+ 1.22
1.40 + 1.51 1.71 £0.95 2.00 £ 1.13
1.70 £ 2.21 0.14 & 0.38 0.58 &+ 1.73
1.20 &+ 1.69 0.29 & 0.49 1.17 + 1.64
5 (50.0) 6 (85.7) 10 (83.3)

5 (50.0) 1(14.3) 2(16.7)

4 (40.0) 2(28.6) 6 (50.0)

6 (60.0) 5(71.4) 8 (66.7)

7 (70.0) 5(71.4) 9 (75.0)

10 (100.0) 7 (100.0) 11 91.7)

NINDS Typical PSP in National Institute of Neurological Disorders and Stroke Groups diagnostic crite-
ria for progressive supranuclear palsy, GsA granular-shaped astrocyte, SsA spiny-shaped astrocyte, TsA
tuft-shaped astrocyte, AD Alzheimer’s disease, CERAD Criteria of Consortium to Establish a Registry for
Alzheimer’s disease, Thal Thal Ap plaque score, AGD The pathological staging of argyrophilic grain dis-
ease, LBD Braak pathological stage of Lewy body disease, TDP-43 The stage of TDP-43 proteinopathy in
Alzheimer’s disease, AA amyloid angiopathy, 7rA thorn-shaped astrocyte, ARTAG Aging-related tau astro-

gliopathy

* p <0.01 vs. Group 1 (Fisher’s exact test after Bonferroni collection)

performed under the Criminal Code. They are typically per-
formed when the cause of death is suspected to be unnatu-
ral or is possibly linked to a crime [58]. We assume that
many unusual deaths, as examined in present study, have
not been investigated in previous clinical and/or pathologi-
cal studies relating to PSP. No individual was in a bedrid-
den state, and all had reasonable functioning in daily life,
at the time of death. Although our forensic autopsy case
series may not accurately represent the general Japanese
population, we believe that the results of present study may
be useful for exploring the various pathological and clinical
features of incipient PSP. This may lead to the prevention
of unusual deaths including accidental falls or suicide in
older individuals.

Pathological features of the present cases

In this study, immunohistochemistry without case selec-
tion detected many incipient PSP cases. A relatively high
prevalence of atypical PSP was one of the features of the
present study. These cases were clinically heterogeneous
and had 3R-enriched tau protein deposits, as found in AD
[16]. However, some incipient cases might be identified as
typical PSP with a certain level of difficulty, due to the low
burden of 4R in the designated area such as pallidum, sub-
thalamic nucleus, substantia nigra, and pons. Immunohis-
tochemistry for 3R and 4R in this study may be sufficient
to avoid the inclusion of AD cases. Therefore, we assume
that the incomplete distribution and low burden of tau

@ Springer



818

Acta Neuropathol (2017) 133:809-823

pathology is a feature of incipient PSP rather than atypical
PSP in this study. The high prevalence of tau pathology in
the substantia nigra and subthalamic nucleus in the atypi-
cal PSP cases suggests that these two areas might be the
initial sites of tau pathology in the incipient stage of PSP.
Our semiquantitative analysis of neuronal loss may have
a certain level of unavoidable error. This type of neuronal
loss estimate may give inaccurate high values due to the
possible shrinkage of neuronal cell bodies or nuclei, mak-
ing it less likely for cells or nuclei to be included in the
plane of the section. Also, the number of cells observed is
influenced by variations in section thickness, and, as it is
difficult to distinguish small neurons from glia, there may
be errors resulting from this. Our comparisons with age-
matched healthier controls may show that the present cases,
including many incipient ones, already had more mild neu-
ronal loss than “near healthy” cases. A recent quantitative
analysis of incidental CBD cases showed that astrocytic
rather than neuronal lesions predominate the earliest CBD
pathological findings [42]. From that perspective, astro-
gliopathy proceeding to advanced neuronal loss, as found
in this study, may represent early pathology of incipient
PSP, like that in early CBD.

Comorbid pathologies were observed in all cases
although the type and amount varied. We observed one case
with high-staged pathology according to NIA-AA guide-
lines, and two cases showed advanced Lewy body disease
with a clinical diagnosis of PD. These three cases may
reflect the clinical appearance of the cases more than the
PSP-related pathology. However, a high prevalence of AGD
as associated pathology was one of the features of this
study. It has been well documented that PSP cases often
have various quantities of argyrophilic grains, and a recent
study demonstrated that eight out of 30 PSP cases (26.7%)
had AGD [66]. The large number of elderly cases in this
study may be related to the high frequency of AGD.

GsA and SsA were also found in all cases examined.
The distribution of three kind of astrocytic inclusion was
different (Supplemental Table 2). The frequent appearance
of TsA in the motor cortex was in accordance with previous
reports [1, 18, 30]. Conversely, the appearing prevalence of
TsA itself in each case varied. We assume that the amount
of TsA in the present cases tended to be fewer due to a
lower total burden of tau pathology than seen in advanced
PSP cases. Caution is required when deciding whether TsA
is an absolute requirement for diagnosing incipient PSP,
and an additional examination of a larger number of incipi-
ent PSP cases is required in the future.

GsA may be a helpful biomarker for the diagnosis of
AGD due to its high prevalence in AGD and almost iden-
tical topographical distribution with argyrophilic grains
[6]. However, as there are some cases with GsA but with-
out argyrophilic grains in both this and a previous study
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[39], so we cannot use GsA as a specific pathology comor-
bid with AGD. SsA has a unique distribution with strong
pathology in the putamen and motor cortex. This distribu-
tion may be consistent with that of TsA in this study. The
high prevalence of SsA and its common distribution with
TsA in the present incipient cases suggests that SsA and
TsA may have a common etiology and diagnostic signifi-
cance for PSP.

A recent study showed that the prevalence of ARTAG
in the brain increases with age, being around 31% in PD,
25.0% in dementia with Lewy bodies, and 41.7% in AD
in the degenerating basal forebrain [45]. Whereas the high
prevalence of ARTAG in PSP cases in this study may be
notable, it is strongly associated with both higher age and
a high prevalence of GsA, even though TrA was also found
in 21 of the 29 cases. Additional case studies are essential
for exploring the significance of the association between
PSP, AGD, and ARTAG. On the other hand, CTE is a neu-
rodegenerative sequela of repeated traumatic brain injury
[50]. No CTE pathology were found in these asymptomatic
and early PSP cases in the present series, while comorbid
neurodegenerative disorders have been identified in CTE
cases [51] and 12 out of the 50 (24%) end-stage PSP cases
had histological evidence of CTE as reported by Ling
et al. [41]. One possible explanation is that the early CTE
changes in some of the end-stage PSP cases were caused
by frequent falls following the onset of clinical symptoms
of PSP while frequent falls were not a feature in the asymp-
tomatic and early PSP cases in the present series. Another
possibility is that ARTAG with only glial involvement is
the earliest feature of CTE, supporting the hypothesis that
these two entities share a common etiological pathway
[45].

Clinical features of the present PSP cases

A higher PSP prevalence rate (2.9% of all subjects and
4.6% of subjects over 60) than many previous clinical stud-
ies targeting Japanese and Western populations is a high-
light of this study. The prevalence in subjects over 60 in this
study was higher than that observed in a study that prospec-
tively followed 119 normal cognitive and movement dis-
order participants (mean age 83.5 years, range 67-99) and
detected pathologically proven PSP with a prevalence of
3.0% [20]. Due to the certain level of intrinsic bias in this
study, we cannot conclude whether the prevalence of PSP
in Japan is higher than in other territories. However, some
analysis targeting for the MAPT gene in PSP patients may
support the possibility of a high prevalence of PSP in the
Japanese population. A high frequency of MAPT gene H1
homozygosity, which is strongly associated with increased
risk of developing PSP and CBD [2], is common in the
Japanese population [21]. Ling et al. recently reported three
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cases of CBD in the earliest clinical stage and, interest-
ingly, found that the H2 allele may be distinctive protective
factor against the progression of CBD [42]. The other pos-
sible factor associated with the high prevalence of PSP in
the Japanese population is a low frequency of rs8070723-
G. rs8070723-A is a major allele but may possibly increase
the risk of PSP, whereas individuals with rs8070723-G
may have a lower risk of PSP [26]. In our investigation of
the Japanese population database of 104 individuals in the
1000 Genomes Browser (https://www.ncbi.nlm.nih.gov/
variation/tools/1000genomes/) and the Human Genetic Var-
iation Database (HGVD), which includes 1208 Japanese
individuals  (http://www.hgvd.genome.med.kyoto-u.ac.jp/
index.html), the allele frequency of rs8070723-G was much
lower in Japanese individuals (0.48% and not detected,
respectively).

Other than differences in study populations, discrepan-
cies in the prevalence of PSP between clinical and autopsy
studies may be radically underestimated in clinical stud-
ies. The clinical identification of PSP depends largely on
the presence of the characteristic vertical gaze palsy, but
this can be absent in the majority of autopsy-confirmed
PSP cases [4, 20]. The high prevalence of PSP in the pre-
sent study may be the result of the coincidental detection
of a considerable number of late-onset incipient cases who
died before progressing to the advanced clinical stage. In
addition, the mean age in this study (82.3 £ 7.2 years)
was higher than the average age at death for PSP samples
in the brain bank at the Mayo Clinic and a recent multi-
center study of 100 definite cases, which are 75 + 8 and
65.2 £ 0.9 years, respectively [18, 62]. Conversely, the
mean age of the incipient PSP cases in other previous stud-
ies tended to be high at 95.1 4 10.1 and 89.1 £ 5.6 years
[20, 22]. Older incipient PSP patients may be considered to
have signs of advanced aging or might be overlooked and
immunohistochemistry not conducted even if an autopsy
was performed.

Litvan et al. reported that patients’ mean time interval
between onset and first clinical visit was 3.7 years (range
1-11 years). Most of their patients showed extrapyramidal
signs, such as gait disorder and postural instability, bilat-
eral bradykinesia, and history of fall [44]. Although many
of our cases did not undergo detailed neurological and
psychological examinations before their deaths, many of
the present PSP cases already showed some sort of clinical
signs possibly associated with PSP lesions. All PSP cases,
other than two who died of sudden cardiac death and medi-
cal accident, died from unnatural causes such as falls asso-
ciated with gait disorder, or hypothermia associated with
disorientation, before progressing to the advanced stage
of PSP. All cases with gait disorder, other than the cases
diagnosed with PD, were considered to have locomotor
disability when alive, and many cases with mild cognitive

impairment were believed to be aging phenomenon. While
the pathological PSP cases in which dementia was the only
clinical symptom are a few [22, 60], cases in which demen-
tia is an initial clinical symptom of PSP have been reported
[19, 61].

A high prevalence of suicide is one of the important find-
ings of this study. Psychiatric symptoms are one of the sig-
nificant features of PSP, with a prevalence of approximately
20-59.1% [31, 47, 55, 60]. Our recent study showed that
post-stroke depression, combined with PSP or AGD, con-
ferred a significant risk of suicide [57]. The present study
showed that incipient PSP pathology might be responsible
for suicidal attempts related to a depressive state in elderly
patients. This is a significant result of this study. Bloise
et al. revealed the 8 of 15 PSP cases showed depression that
met fourth edition of Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV), and they additionally showed
the depression occurred more frequently in PSP patients
than in controls individual [5]. Also, atypical cases of PSP
in which psychiatric symptoms appeared in the early stage
have also been reported [5, 35]. Although the mechanism
of psychiatric disorders in PSP has been proposed to be
dysfunction of the orbitofrontal circuits, with preferential
involvement of the mesofrontal targets of striatal projec-
tions [53], this circuit is usually associated with symptoms
other than depression, which are behavioral disturbance,
personality changes, irritability, and apathy [10]. A high
prevalence of combined PSP and AGD, which has been
considered to be associated with prominent psychiatric
symptoms such as aggression, irritability, depression, psy-
chosis, and mild dementia [28, 68, 69], might additionally
increase the risk of suicide attempts. We cannot yet con-
clude whether PSP is an independent risk factor for suicide.
Additional examination of suicide cases with other neuro-
degenerative disorders, such as AD or PD, or a larger num-
ber of control cases are essential for exploring the signifi-
cance of PSP and/or AGD as a risk factor for suicide.

Pathological subclassification of incipient PSP cases

Cluster analysis using the distribution and degree of tau
pathology showed that incipient PSP cases can be classified
into three groups. However, differences in the pathological
or clinical parameters between the groups were not always
statistically significant. We propose two reasons for this:
one is that the burden of tau pathology was insufficient to
reveal differences between the groups, and the other is that
comorbid pathology may influence the clinical presentation
due to the less advanced PSP pathology.

Group 1 contained the cases with typical and classical
PSP pathology, many of which showed dementia (70.0%)
as the main symptom. Bigio et al. reported that PSP cases
with dementia had more severe pathology in the cortex than
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PSP cases without dementia [3]. Conversely, Group 1 con-
tained only four cases with a record of gait disturbance,
although these cases tended to show tau pathology in the
motor cortex, substantia nigra, and dentate nucleus, which
are associated with movement disorders. Although we can-
not explain the reason for this discrepancy in a reproduc-
ible fashion, gait disturbances might be underestimated by
family and primary care physicians because of increased
attention to the associated dementia.

The severity of the tau pathology in the basal ganglia and
substantia nigra in Group 2 were almost identical to Group 1,
while the neocortical 4R pathology of Group 2 was milder.
In addition to the lower severity of 4R pathology in the lim-
bic system, a higher prevalence of gait disturbance and asso-
ciated fall-related deaths and lower prevalence of dementia
and depressive states were found in Group 2. From the dis-
tribution of tau pathology and the clinical appearance, we
assume that Group 2 might correspond to PSP-P, pallido—
nigro—luysian degeneration and axonal dystrophy as recently
reported by Yokoyama et al. [74] or both.

Group 3 had significantly less neuronal loss and tau
pathology in some PSP specific regions than Group 1, and
a characteristically high prevalence of GsA-predominant
astrocytic pathology. Group 3 might consist of additional
incipient cases and/or cases associated with advanced
AGD pathology. Some cases are consistent with the diffuse
form of AGD reported by Maurage et al. [48], and a high
prevalence of suicide may be a characteristic of this group.
Although not statistically significant, a higher average
prevalence and severity of AGD lesions in Group 3 might
be related to a higher prevalence of suicide. Further case
studies to investigate this are needed.

Limitations

In addition to a certain level of bias in our study population,
this study was also limited by the clinical information of
some cases was not circumstantiality mainly due to a lack
of severe clinical symptoms or low neurologist consultation
rates. In particular, the level of education and standard of
living of each patient were not fully evaluated. Addition-
ally, ocular motion and other neurological and psycho-
logical evaluations were only performed in a very limited
number of individuals. In addition, comparison between
incipient cases and the cases with advanced PSP may be
essential for additionally revealing the clinicopathological
features of incipient PSP.

Conclusion

We revealed a high prevalence of pathologically proven
PSP in Japanese forensic autopsy cases, especially in cases
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older than a previous report. Although many cases had mild
and/or an incomplete distribution of 4R pathology, the high
prevalence of fall-related deaths or suicides, which might
be associated with PSP, was characteristic. Three types of
astrocytic inclusion and comorbid pathologies were also
found in many of the cases. Cluster analysis based on the
distribution and severity of 4R pathology divided the cases
into three groups. Although more study is required, some
clinical appearances, comorbid pathologies, and astrocytic
pathologies might support the validity of the subclassifica-
tion of these incipient PSP cases. Early clinical diagnosis
of incipient PSP may be a significant factor for preventing
some unusual deaths in the elderly. Here we have dem-
onstrated that neuropathological examination, including
immunohistochemistry without case selection, is useful in
revealing the clinicopathological features of incipient neu-
rodegenerative diseases.
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