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Abstract

Progressive supranuclear palsy (PSP) cases frequently have argyrophilic grain disease
(AGD). However, the PSP-like tau pathology in AGD cases has not been fully clarified. To
address this, we examined tau pathologies in the subcortical nuclei and frontal cortex in 19
AGD cases that did not meet the pathological criteria of PSP or corticobasal degeneration,
nine PSP cases and 20 Braak NFT stage-matched controls. Of the 19 AGD cases, five
(26.3%) had a few Gallyas-positive tau-positive tufted astrocytes (TAs) and Gallyas-negative
tau-positive TA-like astrocytic inclusions (TAls), and six (31.6%) had only TAls in the
striatum and/or frontal cortex. Subcortical tau pathology was sequentially and significantly
greater in AGD cases lacking these tau-positive astrocytic lesions, AGD cases having them,
and PSP cases than in controls. There was a significant correlation between three histologic
factors, including the AGD stage and the quantities of subcortical neuronal and astrocytic tau
pathologies. Tau immunoblotting demonstrated 68- and 64-kDa bands and 33-kDa low-
molecular mass tau fragments in PSP cases, and although with lesser intensity, in AGD cases
with and without TAs and TAlIs also. Given these findings, the progression of AGD may be
associated with development of the neuronal and astrocytic tau pathologies characteristic of

PSP.
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INTRODUCTION

Argyrophilic grain disease (AGD) is pathologically defined by
the presence of argyrophilic grains in the limbic system and neo-
cortical regions (6, 7). Pathological studies have demonstrated
that the frequency of AGD increases with age, and that approxi-
mately 10% of autopsy cases aged 70 years or older have various
quantities of argyrophilic grains (8, 28). Argyrophilic grains are
spindle-shaped Gallyas-positive structures in which four-repeat
(4R) tau rather than three-repeat (3R) tau is accumulated (6, 7,
13, 45). In addition, coiled bodies, mild degrees of neurofibril-
lary tangles (NFTs) and pretangles are found in the limbic
regions and adjacent neocortex (7, 8, 19, 46, 47). Argyrophilic
grains initially appear in the ambient gyrus, and spread to adja-
cent amygdala, hippocampus and temporofrontal cortex (38).
Conversely, argyrophilic grains are hardly observed in the basal
ganglia, brain stem nuclei and cerebellum. Cases having argyro-
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philic grains with an extensive distribution in the neocortex fre-
quently show dementia in life (38).

Like AGD, progressive supranuclear palsy (PSP) and cortico-
basal degeneration (CBD) are 4R tauopathies that have distinct
disease-specific glial inclusions (9). Glial lesions characteristic
of PSP are Gallyas- and tau-positive tufted astrocytes (TAs)
(17, 23, 35, 36, 51). Predilection sites for TAs are the frontal
cortex and striatum (22, 31, 44). In addition, NFTs associated
with neuronal loss are observed in the basal ganglia, brain stem
nuclei and dentate nucleus in the cerebellum in PSP cases (16,
41). The pathological diagnosis of PSP is based on the distribu-
tion and quantity of NFTs in the subcortical nuclei and the
presence of TAs (16). That is, while AGD and PSP cases are
characterized by the accumulation of 4R tau in disease-specific
neuronal and glial lesions, the morphological features and topo-
graphical distribution of the pathological hallmarks of AGD and
PSP are different.
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Although it has been reported that PSP cases often have various
quantities of argyrophilic grains (19, 28, 45), a recent study dem-
onstrated that eight of 30 PSP cases (26.7%) had AGD (42). Con-
versely, several reports demonstrated that some AGD cases had a
few TAs characteristic of PSP (25, 26, 40) or a small number of
NFTs in the basal ganglia and brain stem nuclei with a distribution
similar to that observed in PSP brains (18, 20, 21, 25, 26, 29, 32,
40). These previous findings led us to speculate that there may be a
pathophysiological relationship between AGD and PSP, but
detailed histopathological characteristics of the tau pathology asso-
ciated with PSP in AGD cases, including their quantity, frequency
and morphological features, have not been fully explored. To
address these issues, we prepared four groups that were defined by
the presence or absence of argyrophilic grains in the limbic region
and neocortex and NFTs and tau-positive astrocytic lesions in the
subcortical nuclei and frontal cortex, and then compared the histo-
pathological features of these groups.

MATERIALS AND METHODS

Subjects

To examine the relationship between AGD and PSP pathologies,
we selected 20 AGD cases that were pathologically diagnosed as
lacking other degenerative diseases, including PSP and CBD, based
on routine neuropathological examination. We first reexamined
these cases using the Gallyas method and tau (ATS8) imunotohisto-
chemistry to screen for the presence or absence of astrocytic pla-
ques in the frontal cortex and subcortical nuclei. As the result, one
case had a very small number of morphologically typical astrocytic
plaques in the frontal cortex, striatum and globus pallidus with min-
imal threads. This case was excluded from the following examina-
tion. The remaining 19 AGD cases lacked NFTs severe enough to
meet the pathological criteria of PSP (16). The 19 AGD cases,
nine pathologically-confirmed PSP cases and 20 control cases were
included in the further evaluation.

Then, we determined the presence or absence of Gallyas-
positive tau-positive TAs and Gallyas-negative but tau-positive
astrocytic inclusions morphologically similar to TAs (TAls) in the
subcortical nuclei (ie, the basal ganglia, brain stem nuclei, and den-
tate nucleus of the cerebellum) and frontal cortex in the 19 cases
having argyrophilic grains using the Gallyas method and tau (ATS)
immunohistochemistry. As a result, five cases (26.3%) had at least
one Gallyas-positive tau-positive TA, six cases (31.6%) had at least
one TAI alone, and the remaining eight cases (42.1%) lacked TAs
or TAls in any regions. Based on these preliminary results, we
defined the following four pathological groups:

(i) The AGD group (N = 8): AGD was defined by (i) the pres-
ence of argyrophilic grains (Figure 1a—d), (ii) the absence
of TAs and TAls in the frontal cortex, basal ganglia and
brain stem nuclei, and (iii) the quantity of NFTs that did
not meet the pathological criteria of PSP (16).

(i) The AGD with TAs or TAls group (AGD-TA: N=11):
AGD-TA was defined by (i) the presence of argyrophilic
grains, (ii) the presence of one or more TAs (Figure 1k,l)
and/or TAls (Figure le-g) in at least one region of the
frontal cortex and subcortical nuclei and (iii) a quantity of
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NFTs that did not meet the pathological criteria of PSP
(16).

(iii) The PSP group (N =9) was composed of cases having
AT8-positive NFTs whose quantity and distribution met
the pathological criteria of either typical or atypical PSP
(16). The regions examined for assessment of NFTs were
the caudate nucleus, putamen, globus pallidus, subthala-
mic nucleus, oculomotor nucleus, substantia nigra, pontine
nucleus, inferior olivary nucleus and dentate nucleus in
the cerebellum. Of these nine PSP cases, eight cases had
TAs in at least the striatum and frontal cortex, and one had
TAlIs in these regions. Two of nine PSP cases had stage 111
argyrophilic grains. The remaining seven PSP cases lacked
argyrophilic grains. The distribution and quantities of
NFTs, TAs and TAIs in PSP cases with and without argyr-
ophilic grains were comparable (data not shown).

(iv) The control group (N =20) was composed of cases that
lacked abnormal tau accumulation except for mild to mod-
erate NFTs. The Braak NFT stage in the control group
was matched to those in AGD and AGD-TA groups,
respectively.

None of the subjects had a high level of Alzheimer’s disease
(AD) neuropathologic changes with Braak NFT stages V-VI (5,
34), CBD (11), Pick’s disease, white matter tauopathy with globu-
lar glial inclusions (24), primary TDP-43 proteinopathies, or the
NFTs of senile dementia (50). All subjects were selected from an
autopsy case series registered with the Department of Neuropsy-
chiatry, Okayama University Graduate School of Medicine, Den-
tistry and Pharmaceutical Sciences. Seven of eight AGD cases, 10
of 11 AGD-TA cases, two of nine PSP cases, and all control cases
died in psychiatric hospitals, and the remaining cases died in gen-
eral hospitals. Autopsies were performed after informed consent
was obtained from family members, and all experiments in this
study were approved by the ethics committees of the Okayama
University Graduate School of Medicine, Dentistry and Pharma-
ceutical Sciences, the National Hospital Organization Minami-
Okayama Medical Center, Zikei Institute of Psychiatry, and Tokyo
Metropolitan Institute of Medical Science. A standardized neuro-
pathological evaluation was done on all of these subjects. Brain tis-
sue samples were fixed post-mortemwith 10% formaldehyde and
embedded in paraffin. Ten-micrometer-thick sections from the fron-
tal, temporal, parietal, occipital, insular, and cingulate cortices, hip-
pocampus, amygdala, basal ganglia, midbrain, pons, medulla
oblongata and cerebellum were prepared. For the standardized
neuropathological assessment, sections were stained with
hematoxylin-eosin and Kliiver-Barrera stains, and selected regions
with modified Bielschowsky silver and Gallyas methods, and anti-
tau, A, a-synuclein, and TDP-43 antibodies.

Immunohistochemistry

Paraffin sections were cut at 10 um thickness and included the fron-
tal, temporal, parietal, and occipital cortices, basal ganglia, brain
stem and cerebellum from all AGD, PSP and control cases. Immu-
nochemistry was performed by the avidin-biotin-peroxidase com-
plex (ABC) method using a Vectastain Elite ABC kit (Vector
Laboratories, Inc., Burlingame, CA, USA) as reported previously
(52). Antibodies used were against tau phosphorylated at Ser 202
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Figure 1. A-D. Argyrophilic grains in the amygdala in an AGD-TA
case. Argyrophilic grains are (A) Gallyas-positive, (B) AT8-positive, (C)
RD4-positive, but (D) RD3-negative. E-G. AT8-positive TAls in the
frontal cortex in AGD-TA cases lacking Gallyas-positive TAs in any
region. Fine dot-like granular phosphorylated tau accumulations sur-
round the nuclei of astrocytes. H, 1. AT8-positive astrocytic lesions in
the frontal cortex in AGD-TA cases having Gallyas-positive TAs. Phos-
phorylated tau tends to be densely accumulated around the nuclei of
astrocytes. J. An AT8-positive astrocytic lesion in a PSP case. Fibrous
rather than dot-like structures are densely distributed in the central
portion. Their morphological features tended to be similar to those in
AGD-TA cases having Gallyas-positive TAs (H, 1) rather than in AGD-
TA cases lacking them (E, F, G). K, L. Gallyas-positive TAs in the

(AT8, mouse, monoclonal, 1:1000, Innogenetics, Ghent, Belgium),
tau phosphorylated at Thr212 and Ser 214 (AT100, mouse, mono-
clonal, 1:100, Innogenetics), tau phosphorylated at Thr 231
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frontal cortex in (K) AGD-TA and (L) PSP cases. They could not be dis-
tinguished morphologically. M, N. (M) An RD4-positive TAIl in an
AGD-TA case. (N) The lesion lacked RD3 immunoreactivity. Serial sec-
tions from the caudate nucleus. This case lacked Gallyas-positive
structures in this region. O, P. (0) An RD4-positive astrocytic lesion
in a PSP case. (P) The lesion lacked RD3 immunoreactivity. Serial sec-
tions from the putamen. @, R. (@) An RD4-positive astrocytic lesion
in the frontal cortex in an AGD-TA case having Gallyas-positive TAs.
(R) The lesion also showed AT8 immunoreactivity. The identical region
in mirror serial sections is shown after reversal. S, T. (S) RD4-
positive astrocytic lesions in the frontal cortex in a PSP case. S. The
lesions also showed AT8 immunoreactivity. T. Mirror serial section of
the identical region. All scale bars =50 um.

(AT180, mouse, monoclonal, 1:40; Innogenetics), tau phosphoryl-
ated at Thr 181 (AT270, mouse, monoclonal, 1:500, Innogenetics),
tau epitope at aa404-441 (T46, mouse, monoclonal, 1:100,
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Invitrogen, Camarillo, CA, USA), 3R tau (RD3, mouse, monoclo-
nal, 1:2000, Millipore, Temecula, CA, USA), 4R tau (RD4, mouse,
monoclonal, 1:100, Millipore), 4R tau (anti-4R tau, rabbit, polyclo-
nal, 1:2000, Cosmo Bio Co., Tokyo, Japan), Af(11-28) (12B2,
mouse, monoclonal, 1:4000, IBL, Fujioka, Japan), phosphorylated
a-synuclein (psyn#64, mouse, monoclonal, 1:1000, Wako Co. Ltd.,
Osaka, Japan), and phosphorylated TDP-43 (pS409/410-2, rabbit,
polyclonal, 1:5000, Cosmo Bio). When using anti-Af; antibod-
ies, sections were pretreated with 98% formic acid for 1 minute
for antigen retrieval. When using psyn#64 and pS409/410-2,
sections were autoclaved for 10 minutes in 10 mM sodium
citrate buffer at 120°C. When using RD4, RD3, and anti-4R tau,
sections were pretreated with 98% formic acid for 1 minute and
autoclaved for 10 minutes in 10 mM sodium citrate buffer at
120°C (45). Recently, it was also reported that RD3 immunore-
activity was strongly enhanced by additional treatment with
10 pg/mL proteinase K for 30 minutes after autoclaving and for-
mic acid treatment (15). Therefore, this procedure was also
applied to confirm the absence of 3R tau immunoreactivity in
TAs and TAIs. The peroxidase labeling was visualized with
0.2% 3,3’-diaminobenzidine (DAB) as the chromogen. Sections
were lightly counterstained with hematoxylin.

Whether both epitopes in the same astrocytic lesions were recog-
nized by AT8 and RD4 was examined using mirror sections. Two
10-um-thick serial paraffin sections were obtained with the cut
surfaces facing each other. Each section was stained by ATS8 or
RD4 immunohistochemistry, respectively, and then the distribution
of AT8-positive inclusions was compared that of RD4-positive
inclusions.

In addition, to distinguish TAIs from TAs, sections from
the frontal cortex and putamen in representative cases of PSP
and AGD-TA having Gallyas-positive TAs were stained by the
Gallyas method, followed by immunostaining with ATS. The
peroxidase labeling was visualized with DAB or Vector
NovaRED (Vector Laboratories, Inc., Burlingame, CA, USA)
as the chromogen. Sections were lightly counterstained with
hematoxylin.

Semiquantitative assessment of tau-positive
NFTs, Gallyas-positive TAs, tau-positive
astrocytic lesions and neuronal loss in
subcortical nuclei and frontal cortex

NFTs in the superior frontal gyrus, caudate nucleus, putamen,
globus pallidus, subthalamic nucleus, substantia nigra, oculomotor
nucleus, pontine nucleus, inferior olivary nucleus and dentate
nucleus in the cerebellum in all subjects were semiquantitatively
assessed by the following staging system using AT8 immunohisto-
chemistry by a reviewer blinded to any clinical information: stage
0, no lesion; stage 1, one or more thread-like structures without
NFT in the anatomical region; stage 2, one NFT in the anatomical
region; stage 3, two to four NFTs in the anatomical lesion but fewer
than one NFT per X200 visual field; stage 4, one NFT per X200
visual field; stage 5, 2 to 10 NFTs per X200 visual field; stage 6,
11 to 20 NFTs per X200 visual field; stage 7, over 20 NFTs per
X200 visual field. For the pathological diagnosis of PSP (16), at
least our stage 4 for the diagnosis of “atypical PSP” or our stage 5
for the diagnosis of “typical PSP” in prescribed subcortical regions
examined in the present study was necessary.
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In the same regions in AGD-TA cases, TAs were also semiquan-
titatively assessed on sections stained with the Gallyas method
using the following grading system: stage 0, no lesion; stage 1, one
TA in the anatomical region; stage 2, two to four TAs in the ana-
tomical lesion but less than one TA per X200 visual field; stage 3,
one TA per X200 visual field; stage 4, 2 to 10 TAs per X200 vis-
ual field; stage 5, 11 to 20 TAs per X200 visual field; stage 6, over
20 TAs per X200 visual field.

In AGD-TA cases, the number of tau-positive astrocytic lesions
was also examined using the same grading system for TAs on sec-
tions stained with ATS, because AT8 immunoreactivity was stron-
ger than those of AT100, AT180, AT270, T46, anti-4R tau and
RD4 in some cases. In AGD-TA cases without Gallyas-positive
TAs, the number of tau-positive astrocytic lesions is considered the
same as the number of TAls. Conversely, in AGD-TA cases with
Gallyas-positive TAs, we counted “tau-positive astrocytic lesions”
without distinguishing between TAls and TAs because the bound-
ary between morphological features of TAls and TAs could not be
sharply demarcated on AT8-immunostained sections (Figure 1e—i).
Therefore, in this article, we use the term “tau-positive astrocytic
lesion” when the absence of Gallyas-positive structures was not
confirmed in the region or the lesion, and used the term “TAI” only
when it was confirmed. When a case had Af deposits in the frontal
cortex, these tau-positive astrocytic lesions in the site were not
assessed, because dystrophic neurites of neuritic plaques were often
morphologically similar to these astrocytic lesions. None of the
AGD or AGD-TA cases had neuritic plaques in the basal ganglia,
brains stem nuclei, or dentate nucleus in the cerebellum.

The degree of neuronal loss in the caudate nucleus, putamen,
globus pallidus, subthalamic nucleus, substantia nigra and oculomo-
tor nucleus in all subjects was semiquantitatively assessed on sec-
tions stained by hematoxylin-eosin and Kliiver-Barrera methods
according to the grading system used previously (52—54): stage 0, no
neuronal loss; stage 1, mild neuronal loss with gliosis; stage 2, mod-
erate neuronal loss with gliosis, but no tissue rarefaction; stage 3,
severe neuronal loss with severe gliosis and tissue rarefaction.

Assessment of argyrophilic grains
and other lesions

The presence of argyrophilic grains was evaluated using the Gal-
lyas method and AT8 immunohistochemistry. In cases having
argyrophilic grains, the accumulation of 4R tau and absence of 3R
tau in the lesions were confirmed using RD4 and RD3 immunohis-
tochemistry. The distribution of argyrophilic grains was classified
into four stages (stage 0—III) using a system proposed by Saito et al
(38). Briefly, argyrophilic grains initially develop in the ambient
gyrus and amygdala (stage I), subsequently in the entorhinal cortex,
hippocampus and occipitotemporal cortex (stage 1), and finally in
the cingulate and insular cortices and gyri recti (stage I1I).

The distribution of NFTs as AD pathology in the limbic system
and neocortex was evaluated by Braak stage (5). The stage was
first determined using AT8 immunohistochemistry and RD3 immu-
nohistochemistry, respectively, because it is difficult to differentiate
NFTs related to AD (14) from neuronal tau accumulation related
to four-repeat tauopathies (ie, AGD and PSP) only using AT8
immunohistochemistry. As a result, in our subjects, the number of
Braak stage of RD3-positive NFTs tended to be lower than that of
the Braak stage of AT8-positive NFTs, and the numbers of Braak
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Table 1. Demographic data of all subjects.
AGD group* AGD-TA group** PSP group’ Control group™ P value

N 8 11 9 20
Female (%) 4 (50.0) 7 (63.6) 2 (22.2) 6 (30.0) 0.1860
Age at onset* (y, mean = SD) 50.4 = 24.7* 65.1 =24.2F 59.3+9.0 41.4+21.9*
Age at death (y, mean = SD) 740*8.4 82.0+6.8" 67.0+7.2 711+7.9 0.0018
Brain weight (g, mean = SD) 1253 + 130 1111 +£198.3 1155 =190 1229 + 180 0.1653
Braak NFT stage®

Median (25-75 percentile) 2.0 (1.0-2.0) 2.0 (2.0-2.0) 1.0 (1.0-2.0) 2.0 (1.0-2.0) 0.4951

Braak stage 0 [N, (%)] 1(12.5) 0 (0.0) 2 (22.2) 2 (10.0)

Braak stage | [N, (%)] 2 (25.0) 2(18.2) 3(33.3) 7 (35.0)

Braak stage Il [N, (%)] 5 (62.5) 8(72.7) 3(33.3) 7 (35.0)

Braak stage Il [N, (%)] 0(0.0) 0(0.0) 0 (0.0 3(15.0)

Braak stage IV [N, (%)] 0 (0.0) 1(9.1) 1(11.1) 1(5.0)

Braak stage V [N, (%)] 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Braak stage VI [N, (%)] 0 (0.0) 0 (0.0 0 (0.0) 0 (0.0)
Thal AB phase [N, (%)]

Median (25-75 percentile) 0.0 (0.0-3.0) 1.0 (0.0-3.0) 0 (0.0-1.0) 0.0 (0.0-1.0) 0.6629

Phase 0 [N, (%)] 5 (62.5) 5 (45.5) 5 (55.6) 13 (65.0)

Phase 1 [N, (%)] 0(0.0) 1(9.1) 2 (22.2) 3 (15.0)

Phase 2 [N, (%)] 1(12.5) 0(0.0) 1(11.1) 1(5.0)

Phase 3 [N, (%)] 0 (0.0 4 (36.4) 1(11.1) 1(5.0)

Phase 4 [N, (%)] 1(12.5) 0 (0.0) 0 (0.0) 0(0.0)

Phase 5 [N, (%)] 1(12.5) 1(9.1) 0 (0.0) 2 (10.0)
AGD stage

Median (25-75 percentile) 0 (1. 0 2.0)%° 2 (1.0-3.0)" 0 (0-0) 0 (0-0) <0.0001

Stage 0 [N, (%)] 0 (0. 0 (0.0) 7 (77.8) 20 (100.0)

Stage | [N, (%)] 4 (50 0) 4 (36.4) 0 (0.0) 0 (0.0)

Stage I [N, (%)] 4 (50.0) 2 (18.2) 0 (0.0 0 (0.0)

Stage Il [N, (%)] 0(0.0) 5 (45.5) 2 (22.2) 0 (0.0)

*AGD cases had argyrophilic grains but lacked AT8-positive astrocytic lesions and sufficient NFTs that met the pathological criteria of PSP (16).

**AGD-TA cases had argyrophilic grains and a few Gallyas-positive tau-positive TAs and/or Gallyas-negative tau-positive TAls but no NFTs that

met the pathological criteria of PSP (16).

PSP cases had both TAs/TAls and NFTs that meet the pathological criteria of PSP (16).
™The Braak NFT stage in a control group was matched with those in both AGD and AGD-TA groups, respectively.

*The mean age at onset of psychiatric disorders is shown.

*The age at death in the AGD-TA group was significantly higher than that in the PSP group (P= 0.0064) and control group (P= 0.0081).
Braak NFT stage determined with RD3 immunohistochemistry was shown.

$5The AGD stage in the AGD group was significantly higher than that in the control group (P < 0.0001).
The AGD stage in the AGD-TA group was significantly higher than that in the PSP group (P = 0.0451) and control group (P< 0.0001). N = number

of cases; y = years; SD = standard deviation.

stage of RD3-positive NFTs, as well as the Braak stage of AT8-
positive NFTs, did not significantly differ between the four experi-
mental groups (ie, AGD, AGD-TA, PSP, and control groups).
Therefore, only the Braak stage of RD3-positive NFTs, which may
not be affected by tau accumulation as AGD or PSP pathology, is
shown in Tables 1-3.

Af deposits  (43), a-synuclein-positive Lewy body-related
pathology (33, 48), and TDP-43-positive lesions (2, 27, 52) were
assessed using established criteria, respectively.

Confocal laser scanning microscopy

Double-labeling immunofluorescence was performed with the
combination of phosphorylation dependent anti-tau antibody
(AT8, mouse, monoclonal, 1:500) and anti-GFAP antibody
(GFAP, rabbit, polyclonal, 1:100, Dako, Glostrup, Denmark) to
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examine the immunohistochemical features of tau-positive astro-
cytic lesions. Sections from the frontal cortex in AGD-TA and
PSP cases were autoclaved for 10 minutes in 10 mM sodium
citrate buffer at 120°C. Following washing in phosphate buffered
saline (PBS), nonspecific antibody binding was blocked with a
5% skim-milk buffer, and sections were incubated overnight with
a mixture of the two primary antibodies at 4°C. After washing in
PBS, sections were incubated with fluorescence-labeled secondary
antibodies (AlexaFluor 488 anti-mouse IgG (1:200) and Alexa-
Fluor 594 anti-rabbit IgG (1:200), Molecular Probes, Inc., Eugene,
OR) for 1 h. To quench (lipofuscin) autofluorescence, sections
were incubated in 0.1% Sudan Black B for 10 minutes at room
temperature and washed with 0.5% Tx-PBS for 30 minutes. Sec-
tions were coverslipped with Fluoromount™ (Diagnostic Biosys-
tems, Pleasanton, CA, USA). Images were collected using a
confocal microscope LSM780 (Carl Zeiss, Jena, Germany).
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Tau immunoblotting

Frozen brain tissue in one AGD, one AGD-TA having Gallyas-
positive TAs, and four PSP cases was available. These samples
were used for Western blotting according to methods described pre-
viously (10, 30). Brain samples (0.5 g) from patients with AGD
and PSP were individually homogenized in 10 mL of homogeniza-
tion buffer (HB: 10 mM Tris—HCl, pH7.5, containing 0.8 M NaCl,
1 mM EGTA, 10% sucrose). Sarkosyl was added to the lysates
(final concentration: 2%), which were then incubated for 30 minutes
at 37°C and centrifuged at 20 000 X g for 10 minutes at 25°C. The
supernatant was divided into six tubes (each 1.3 mL) and centri-
fuged at 100 000 X g for 20 minutes at 25°C. The pellets were fur-
ther washed with sterile saline (0.5 mL/tube) and centrifuged at 100
000 X g for 20 minutes. The resulting pellets were used as the
sarkosyl-insoluble fraction (ppt).The sarkosyl-ppt was sonicated in
50 uL (/tube) of 30 mM Tris-HCI (pH 7.5) and solubilized in 2X
sample buffer. Samples were run on gradient 4% to 20% polyacryl-
amide gels and electrophoretically transferred to polyvinylidene
difluoride (PVDF) membranes. Residual protein-binding sites were
blocked by incubation with 3% gelatin (Wako) for 10 minutes at
37°C, followed by overnight incubation at room temperature with
the primary antibody (T46, mouse, monoclonal, 1:2000). The mem-
brane was incubated for 1 h at room temperature with anti-mouse
IgG (BA-2000, Vector Lab), then incubated for 30 minutes with
avidin-horseradish peroxidase (Vector Lab), and the reaction prod-
uct was visualized using 0.1% 3,3-diaminobenzidine (DAB) and
0.2 mg/mL NiCl, as the chromogen.

Genetic analysis

The H1/H2 haplotype of one AGD, one AGD-TA having TAs, and
four PSP cases for which frozen tissue samples were available was
determined. Genomic DNA was extracted from frozen brain using
the High Pure PCR Template Preparation kit (Roche, Mannheim,
Germany). We selected a single nucleotide polymorphism of the
microtubule-associated protein tau gene, rs9468, which is used to
determine whether a sample has the H1 or H2 haplotype (1, 39).
Genotyping was performed using TagMan technology on an
ABI7500 Real Time PCR system (Applied Biosystems, Foster City,
CA, USA), according to methods described previously (37).

Statistical analysis

Kruskal-Wallis and Steel tests were used when comparing the con-
trol group and the three disease groups (ie, AGD, AGD-TA and
PSP groups). When comparing AGD, AGD-TA, PSP and control
groups and when comparing the three AGD stage groups (stages
[-1I), Kruskal-Wallis and Steel-Dwass tests were used. The Mann-
Whitney U test and Fisher’s exact test were used to compare two
groups. Spearman rank order correlation analysis was applied for
univariate correlations between (i) the AGD stage, (ii) the quantity
of tau (AT8)-positive NFTs in the subcortical nuclei (ie, the caudate
nucleus, putamen, globus pallidus, subthalamic nucleus and sub-
stantia nigra), (iii) the quantity of tau (ATS8)-positive astrocytic
lesions in the subcortical nuclei (the same regions for AT8-positive
NFTs) and (iv) the Braak stage of RD3-positive NFTs. The correla-
tion between the quantity of AT8-positive NFTs and AT8-positive
astrocytic lesions was examined in each subcortical nucleus,
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respectively. A P value <0.05 was accepted as significant. Statisti-
cal analysis was performed using Excel.

RESULTS

Demographic data of all subjects

he demographic data of all subjects are shown in Table 1. The sex
ratio, brain weight, Braak NFT stage and Thal Af stage were not
significantly different among the four groups (Fisher exact test,
Kruskal-Wallis and Steel-Dwass tests). The age at death was signif-
icantly higher in AGD-TA cases than in PSP and control cases,
respectively (P = 0.0064 and 0.0081, Kruskal-Wallis and Steel-
Dwass tests). Lewy bodies were found in one AGD (limbic type),
two AGD-TA (brain stem type and limbic type), one PSP (brain
stem type), and five control cases (brain stem type [N = 4], limbic
type [N =1]). Mild TDP-43 pathology was found in the limbic
region with or without it in the adjacent temporal cortex in one
AGD, three AGD-TA, and three PSP cases. Clinical diagnoses in
AGD cases were senile-onset psychosis (N =4), schizophrenia
(N'=2), depression (N =1), and dementia (N =1), and those in
AGD-TA cases were senile-onset psychosis (N =4), dementia
(N = 3), schizophrenia (N = 2), cerebral infarction (N = 1) and gait
disturbance (N = 1). Clinical diagnoses in pathologically confirmed
PSP cases were PSP (N = 3), CBD (N = 3), parkinsonian syndrome
(N'=2) and dementia (N = 1). Clinical diagnoses in control cases
were schizophrenia (N = 11), bipolar disorder (N = 3), depression
(N'=2), cerebrovascular disease (N =2), senile-onset psychosis
(N = 1), and dementia with Lewy bodies (N = 1).

Distribution of NFTs in subcortical nuclei and
frontal cortex in AGD, AGD-TA, PSP and
control cases

The distributions of tau (AT8)-positive NFTs in AGD and AGD-
TA groups are shown in Tables 2 and 3, respectively. In both
groups, the region most frequently affected by NFTs was the sub-
stantia nigra, followed by the putamen, globus pallidus, subthalamic
nucleus and pontine nucleus. The frontal cortex was also frequently
affected by NFTs in both groups. NFTs in the medulla oblongata
and cerebellum were rare in AGD cases but frequent in AGD-TA
cases.

In comparisons of the quantities of NFTs in AGD, AGD-TA and
PSP groups to that in the Braak NFT stage-matched control group,
NFTs in all regions in the PSP group were significantly more fre-
quent than those in the control group (P < 0.0001, respectively,
Kruskal-Wallis and Steel tests; Figure 2). Likewise, NFTs in all
regions except for the substantia nigra in the AGD-TA group were
significantly more frequent than those in the control group
(P < 0.05, respectively). Conversely, NFTs were significantly more
frequent in the globus pallidus and pontine nucleus in the AGD
group compared with the control group (P <0.05, respectively).

Severity of neuronal loss in subcortical nuclei
in AGD, AGD-TA, PSP and control cases

In all regions examined, the degree of neuronal loss in PSP
cases was significantly more severe than that in control cases
(P <0.01, respectively, Kruskal-Wallis and Steel tests; Figure
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Figure 2. The quantity of tau (AT8)-positive NFTs in AGD, AGD-TA,
PSP and control groups by anatomical region. The quantity of NFTs is
shown on the vertical axis (see text for the definition of each stage).
In all anatomical regions, NFTs were sequentially increased in number
from control, AGD, AGD-TA, to PSP groups. NFTs in all regions in the
PSP group were significantly more severe than those in the control

3). In contrast, the degree of neuronal loss did not significantly
differ between AGD-TA and control groups in any region
except the oculomotor nucleus (Figure 3). Likewise, there was
no significant difference in the degree of neuronal loss in any
region between the AGD and control groups (Figure 3).

Distributions of Gallyas-positive TAs
and tau-positive astrocytic lesions in
AGD-TA cases

The distributions of Gallyas-positive TAs and tau (ATS8)-positive
astrocytic lesions in AGD-TA cases are shown in Table 4. The
order of cases in this table is identical to that in Table 3. The Gal-
lyas method demonstrated a few TAs in 5 of 11 AGD-TA cases
(AGD-TA 7-11 in Table 4). The morphological features of the
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group. Likewise, NFTs in all regions except for the substantia nigra in
the AGD-TA group were significantly more severe than those in the
control group. NFTs in the globus pallidus and pontine nucleus in the
AGD group were significantly more severe than those in the control
group. Kruskal-Wallis and Steel tests; *P<0.05; **P<0.01.

TAs in AGD-TA cases (Figure 1k) could not be distinguished from
those of TAs observed in PSP cases (Figure 11). TAs were found in
the frontal cortex and putamen in AGD-TA cases that had a rela-
tively large number of NFTs and tau-positive astrocytic lesions in
the subcortical nuclei (Tables 3 and 4).

The remaining six AGD-TA cases (ie, AGD-TA 1-6 in
Table 4) had a small number of tau-positive astrocytic lesions
on AT8 immunostained sections but lacked TAs in any region
on sections stained with the Gallyas method; therefore, all of
the tau-positive astrocytic lesions were considered to be
Gallyas-negative TAls. TAls preferentially occurred in the puta-
men, followed by the frontal cortex, caudate nucleus and globus
pallidus (Table 4). Thus, regions frequently affected by TAls in
these six AGD-TA cases (AGD-TA 1-6) were almost the same
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Figure 3. Severity of neuronal loss in AGD, AGD-TA, PSP and control
groups. The severity of neuronal loss is shown on the vertical axis
(stage 0-3 means no, mild, moderate and severe). Neuronal loss in
the caudate nucleus, putamen, globus pallidus, subthalamic nucleus,
substantia nigra and oculomotor nucleus in the PSP group was signifi-
cantly more severe than that in the control group. In contrast, no sig-

as those of TAs observed in the previous five AGD-TA cases
(AGD-TA 7-11).

Morphological and immunohistochemical
features of Gallyas-positive tau-positive

TAs and Gallyas-negative tau-positive TAls in
AGD-TA and PSP cases

On AT8 immunostained sections, in TAIs in AGD-TA cases

lacking Gallyas-positive TAs, fine granular tau accumulations
were scattered or often radially arranged around the nuclei of
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AGD AGD-TA PSP

Control AGD AGD-TA PSP

nificant loss of neurons was found in any region in the AGD group
compared with the control group. Likewise, significant loss of neurons
was not found in any region except for the oculomotor nucleus in the
AGD-TA group compared with the control group. Kruskal-Wallis and
Steel tests; **P<0.01.

astrocytes, but dense accumulations of tau protein were hardly
found in the proximal portion of astrocytic processes and cyto-
plasm (Figure le-g).

Conversely, in tau-positive astrocytic lesions in AGD-TA cases
having Gallyas-positive TAs, phosphorylated tau tended to be
densely accumulated in the proximal portion of astrocytic processes
and cytoplasm, and tau-positive small granules radially surrounded
the astrocytic nuclei (Figure 1h,i). These features tended to be more
prominent in tau-positive astrocytic lesions in PSP cases (Figure
1j). However, it was difficult to distinguish TAIs from TAs on
ATB8-stained sections.
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In AGD-TA 1-6, the number of AT8-positive astrocytic lesions shown in this table is that of TAls, because these cases lacked TAs. In AGD-TA 7-11, AT8-positive astrocytic lesions may include both TAls and TAs because these lesions cannot be completely differentiated by AT8 immu-

*

nohistochemistry. n.e. = not examined; n.a. = not available. Semiquanatitative TA stages 0 to 6 correspond to — to ++++++ (see text).

1The number of TAs and tau-positive astrocytic lesions in the superior frontal cortex was assessed when the case did not have Af deposits in the region. None of subjects had neuritic plaques in other regions examined

PSP-Like Pathology in Argyrophilic Grain Disease

When double staining with AT8 immunohistochemistry and the
Gallyas method, Gallyas-positive TAs were clearly distinguished
from Gallyas-negative TAls. In AGD-TA cases having Gallyas-
positive TAs, both TAls (Figure 4a) and TAs (Figure 4b—d) were
found. The quantity of Gallyas-positive structures in TAs varied
between TAs (Figure 4b—d). In some TAs, a small number of fine
Gallyas-positive thread-like structures were observed only in the
distal portion of each lesion (Figure 4c). In PSP cases also, not only
TAs but also TAls were observed (Figure 4e—h). The quantity of
argyrophilic thread-like structures tended to be larger than that of
TAs in AGD-TA cases.

RD4 and RD3 immunohistochemistry demonstrated that only
4R tau was accumulated in both TAls in AGD-TA cases (Figure
Im,n) and tau-positive astrocytic lesions in PSP cases (Figure
lo,p). Tau immunohistochemistry using mirror sections demon-
strated that tau-positive astrocytic lesions in AGD-TA cases (Figure
1q,r) and PSP cases (Figure 1s,t) were labeled with both RD4 and
ATS.

Quantities of NFTs and tau-positive astrocytic
lesions by AGD stage in cases of AGD and
AGD-TA

In cases having argyrophilic grains (ie, AGD and AGD-TA cases),
tau (AT8)-positive NFTs in the subcortical nuclei sequentially
increased in number with the progression of AGD (Figure 5). The
difference in the quantity of NFTs in the caudate nucleus, subthala-
mic nucleus, substantia nigra, oculomotor nucleus and dentate
nucleus in the cerebellum reached statistical significance between
groups with different AGD stages (Kruskal-Wallis and Steel-
Dwass tests).

Likewise, tau (AT8)-positive astrocytic lesions including TAs
and TAls successively increased in number with the progression of
AGD in AGD-TA cases (Figure 6). In the caudate nucleus, oculo-
motor nucleus and inferior olivary nucleus, the difference in the
quantities of astrocytic lesions reached statistical significance
between groups with different AGD stages (Kruskal-Wallis and
Steel-Dwass tests).

Correlation between AGD stage, Braak stage of
RD3-positive NFTs and AT8-positive NFTs and
AT8-positive astrocytic lesions in subcortical
nuclei

The correlations between four histological factors, (i) the AGD
stage, (ii) the Braak stage of RD3-positive NFTs, (iii) the quan-
tity of AT8-positive NFTs in the subcortical nuclei and (iv) the
quantity of tau (AT8)-positive astrocytic lesions in the subcorti-
cal nuclei were examined (Figure 7). Regarding AT8-positive
NFTs and astrocytic lesions in the subcortical nuclei, the data on
the caudate nucleus, putamen, globus pallidus, subthalamic
nucleus and substantia nigra were used. Spearman rank order
correlation analysis demonstrated that the AGD stage was signif-
icantly correlated with the quantity of NFTs in the caudate
nucleus (p =0.59, P =0.007), putamen (p =0.57, P=0.011),
globus pallidus (p =0.50, P=0.029), subthalamic nucleus
(p=0.84, P=0.0002), and substantia nigra (p=0.72,
P =0.0005). Likewise, the AGD stage was significantly corre-
lated with the quantity of AT8-positive astrocytic lesions in the
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Figure 4. Double staining of AT8 immunohistochemistry and Gallyas
method in an AGD-TA case having Gallyas-positive TAs and a PSP
case. A, B, C, D. TAIs (A) and TAs (B, C, D) in the superior frontal
cortex in an AGD-TA case (AGD-TA9 in Table 4). The proportion of
Gallyas-positive structures varied between lesions. In some TAs, fine
argyrophilic thread-like structures were found only in the distal portion
of each astrocytic lesion (C). E, F, G, H. TAls and TAs in the puta-
men in a PSP case. (E) As in AGD-TA cases, TAls had fine granular
tau accumulations that were radially arranged. It is hard to morphologi-
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cally distinguish TAls in PSP cases (E) from TAls in AGD-TA cases
(A). F. When the number of Gallyas-positive thread-like structures
was small, they were often found in the distal portion of each astro-
cytic lesion. G. The lesion on the right lacks a Gallyas-positive struc-
ture (ie, TAIl), while the one on the left has Gallyas-positive thread-like
structures (ie, TAs). H. A right-hand lesion has Gallyas-positive thread-
like structures (ie, TA), while the left-hand one lacks Gallyas-positive
structures (ie, TAls). The peroxidase labeling was visualized with DAB
(B, D, F) or Vector NovaRED (A, C, E, G, H). All scale bars =20 um.
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caudate nucleus (p =0.62, P=0.0046), putamen (p=10.47,
P =0.041) and subthalamic nucleus (p =0.57, P =0.034). In
addition, the quantity of AT8-positive NFTs was significantly
correlated with that of AT8-positive astrocytic lesions in the cau-
date nucleus (p =0.74, P =0.0003) and putamen (p=0.54,
P =0.018). In contrast, there was no statistically significant cor-
relation between the Braak stage of RD3-positive NFTs and the
other three factors, including the AGD stage and quantities of
ATS8-positive NFTs and astrocytic lesions in the subcortical
nuclei.

Double-labeling immunofluorescence of tau
and GFAP in tau-positive astrocytic lesions in
frontal cortex of AGD-TA and PSP cases

In AGD-TA cases lacking Gallyas-positive TAs, TAls tended to
have a small number of radially scattered ATS8-positive dot- or
spindle-shaped structures (Figure 8a). In these glial lesions, AT8
epitopes were only partially colocalized with GFAP epitopes (Fig-
ure 8b,c).

In AGD-TA cases having Gallyas-positive TAs, tau-positive
astrocytic lesions tended to have a larger number of AT8-positive
dot- and spindle-shaped structures that were more densely distrib-
uted in the paroxysmal portion of astrocytic processes (Figure 8d—

PSP-Like Pathology in Argyrophilic Grain Disease

i). Tau epitopes were more frequently colocalized with GFAP epi-
topes in AGD-TA cases having Gallyas-positive TAs (Figure 8a—c)
than in AGD-TA cases lacking them (Figure 8d-i).

In PSP cases, fibrillary tau aggregates densely packed in the
proximal and distal portions in astrocytic processes were found
(Figure 8j). AT8 epitopes were frequently colocalized with GFAP
epitopes (Figure 8j-1).

Biochemical analyses of tau in PSP, AGD-TA
and AGD cases

Immunoblot analysis of the sarkosyl-insoluble, urea-soluble frac-
tion with T46 demonstrated approximately 68- and 64-kDa bands
in the frontal cortex (Fr), striatum (St), pons (Po) and/or occipital
cortex (Oc) in all typical PSP (16) (PSP1 and PSP2) and atypical
PSP (16) (PSP3 and PSP4) cases (Figure 9A). All PSP cases
showed the approximately 33-kDa low-molecular mass tau frag-
ments characteristic of PSP. Some lanes of PSP1, PSP3 and PSP4
also showed a minor 60 kDa band that may reflect the coexistence
of mild AD pathology.

Tau immunoblotting was done in one AGD-TA case (AGD-
TA9 in Figure 9B) and one AGD case (AGD2 in Figure 9C).
Because 68- and 64-kDa bands and only weakly reactive bands of
33-kDa low-molecular mass tau fragments were detected in a
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Figure 5. Quantity of tau (AT8)-positive NFTs by AGD stage in
the combined group of AGD and AGD-TA. The quantity of NFTs is
shown on the vertical axis (for definition of each stage, see text). In
all regions except for the frontal cortex, the number of NFTs
was sequentially increased with the progression of the AGD stage. In
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AGD1 AGD2 AGD3

AGD1 AGD2 AGD3 AGD1 AGD2 AGD3

the caudate nucleus, subthalamic nucleus, substantia nigra, oculomo-
tor nucleus and dentate nucleus in the cerebellum, the differences
in the quantities of NFTs reached statistical significance between
AGD stages. Kruskal-Wallis and Steel-Dwass tests; *P<0.05;
**P<0.01.
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Figure 6. Quantity of tau (AT8)-positive astrocytic lesions by AGD
stage in the combined group of AGD and AGD-TA. The number of
astrocytic lesions is shown on the vertical axis (for definition of each
stage, see text). The numbers of TAs and TAls are included as tau-
positive astrocytic lesions because these two kinds of lesions cannot
be assessed separately on AT8-stained sections. In all regions, the

preliminary examination, reexamination was performed using a
larger volume of samples (about twofold compared with PSP
cases). As a result, 68- and 64-kDa bands and minor 33-kDa low-
molecular mass tau fragments were again observed in AGD-TA
and AGD cases (Figure 9B,C, respectively).

The progression of argyrophilic
grains (the Saito AGD stage)

P<0.05

The number of AT8-postive
NFTs in the subcortical nuclei

P<0.05

P<0.05 The numbﬁér of lATS—})ositive
astrocytic lesions in the
subcortical nuclei

< N.S. .
NS, TSl NS

The progression of AD-related NFTs
(the Braak stage of RD3-positive NFTs)

Figure 7. Statistical analyses of the relationship between four
histological factors, the AGD stage, AT8-positivie NFTs in the subcorti-
cal nuclei, AT8-positive astrocytic lesions in the subcortical nuclei and
Braak stage of RD3-positive NFTs, in the combined group of AGD and
AGD-TA. The data regarding the quantity of NFTs and AT8-positive
astrocytic lesions in the caudate nucleus, putamen, globus pallidus,
subthalamic nucleus and substantia nigra were used in this correlation
study. Solid lines represent statistically significant correlation
(P<0.05). N.S. = not significant. See details in the text.
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number of tau-positive astrocytic lesions was sequentially increased
with the progression of AGD stage. In the caudate nucleus, oculomo-
tor nucleus, and inferior olivary nucleus, the differences between the
quantities of astrocytic lesions in different AGD stages reached statis-
tical significance. Kruskal-Wallis and Steel-Dwass tests; *P<0.05;
**P<0.01.

Genetic analysis demonstrated that all four PSP, one AGD-TA,
and one AGD cases examined had the H1/H1 haplotype (Figure 9).

DISCUSSION

This is the first study that comprehensively examined the relation-
ship between the severities of AGD and PSP pathologies. The
major findings in our 19 cases, which had argyrophilic grains but
lacked NFTs whose quantity met the pathological criteria of PSP,
were as follows: (i) five cases (26.3%) had at least one Gallyas-
positive tau-positive TA, six cases (31.6%) had TAls alone and
eight cases (42.1%) lacked them in any region. TAs and TAls com-
monly preferentially developed in the striatum and frontal cortex,
and both lesions, especially TAs, were found in AGD cases that
have relatively severe neuronal tau accumulation in the subcortical
nuclei. (i) Although completely lacking TAs or TAls, AGD cases
had significantly larger numbers of NFTs in the globus pallidus and
pontine nucleus than Braak NFT stage-matched control cases. (iii)
AGD-TA cases had significantly larger numbers of NFTs in more
extensive subcortical regions and the frontal cortex than Braak
NFT stage-matched control cases. The distribution of NFTs in
AGD-TA cases was similar to that in PSP cases. (iv) There was a
significant correlation between the three histological factors, AGD
stage, quantity of NFTs in the subcortical nuclei, and quantity of
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Figure 8. Confocal laser micrographs of double labeling with AT8 (A,
D, G, J) and GFAP (B, E, H, K) of the frontal cortex in AGD-TA and
PSP cases. C, F, I, L. Merged images. Except for one PSP case,
none of these cases had Af deposits in this region. A-C. A TAl in an
AGD-TA case without Gallyas-positive TAs. An AT8 epitope (green) is
only partially colocalized with a GFAP epitope (red) in a TAI. Short and
fine AT8-positive structures with an annular and radial pattern are
shown. D-F and G-l. Tau-positive astrocytic lesions observed in an
AGD-TA case having Gallyas-positive TAs. An AT8 epitope (green) is

Brain Pathology 26 (2016) 488-505
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colocalized with a GFAP epitope (red) in these lesions. Tau accumula-
tion in the proximal portion in the latter tau-positive astrocytic lesions
(@) is more prominent than that in AGD-TA cases lacking Gallyas-
positive TAs (A). J-L. A tau-positive astrocytic lesion (probably a TA
based on this morphology). AT8 epitopes (green) were frequently
colocalized with GFAP epitopes (red). J. AT8-positive structures in
this lesion tended to be more densely packed and longer than those
observed in AGD-TA cases lacking Gallyas-positive TAs (A) and AGD-
TA cases having Gallyas-positive TAs (D, G). All scale bars =20 um.
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tau-positive astrocytic lesions in the subcortical nuclei. However,
the Braak stage of RD3-positive NFTs as AD pathology was not
significantly correlated with these three factors. (v) Tau immuno-
blotting demonstrated 68- and 64-kDa bands and 33-kDa low-
molecular mass tau fragments in PSP cases, and with lesser inten-
sity, in AGD and AGD-TA cases also. These findings suggest that
the pathogenic process of the formation of argyrophilic grains may
be associated with tau accumulation in neurons and astrocytes in
the basal ganglia, brain stem nuclei and frontal cortex independent
of AD pathology.

Our findings regarding the distributions of NFTs, TAls and TAs
in the subcortical nuclei in cases having argyrophilic grains have
several implications: NFTs may first develop in the substantia
nigra, followed by the striatum, globus pallidus, subthalamic
nucleus, oculomotor nucleus and pontine nucleus. Although with
lesser frequency, the inferior olivary nucleus and dentate nucleus in
the cerebellum also may be involved. Why the difference in the
quantity of NFTs in the substantia nigra between the control group
and AGD and AGD-TA groups did not reach statistical significance
is unclear. However, considering that the median (2.5 and 2.0) and
max (4.0 and 5.0) in AGD and AGD-TA groups were higher than
the median (1.0) and max (3.0) in the control group (Figure 2), this
might be explained by the small number of samples. In addition, as

lkeda et al

shown in Figure 2, a very small number of neurofibrillary changes
was also found in the subcortical nuclei in some control cases.
However, they may be very mild tau pathology as mild AD pathol-
ogy, because no control case was excluded from this study because
of the presence of TA or TAI (data not shown). Conversely, TAs
and TAIs may develop first in the striatum and frontal cortex, and
both lesions, especially TAs, were found in cases that had relatively
severe neuronal tau accumulation in the subcortical nuclei. These
findings suggest that some cases having argyrophilic grains may
have various numbers of NFTs whose distribution is similar to that
in PSP cases (16, 22, 49), and that along with the progression of
NFT formation, first TAls, and then TAs develop in the striatum
and frontal cortex.

Several previous case reports and studies using a small number
of samples demonstrated that some AGD cases may have a few
NFTs or TAs in the basal ganglia and brain stem nuclei (18, 20,
21, 25, 26, 29, 40). Mattila et al (32) examined the number of
NFTs in the subthalamic nucleus in AGD cases without PSP or
CBD pathology, and demonstrated that the number of NFTs in the
site in AGD cases was significantly larger than that in Braak NFT
stage-matched control cases. Our findings suggest that the occur-
rence of NFTs and tau-positive astrocytic lesions in the subcortical
nuclei and frontal cortex may be more common in AGD cases than

A B
PSP1 PSP2 PSP3 PSP4 PSP2  AGD-TA9 AGD2
Oc Fr St Oc Fr St Oc Fr St Po Oc Fr St Po St Fr St Po Oc
150- Bk 150-
|
!
100- 100-
75- J
; - — i 'gé 7 -72 -g%
y 1 - . -68 -
. u — — - . = o : 'gg 64 -64
- x -60
50- 5ol 60
=8 & |
= 37-
- l-.. ' l . - 33 -33
25- - — -
.. -— 5 -h _— 25- 4
.+
20-
Braak NFT stage | | | IV | Il |
AGD stage O 0 0 0 0 1l [
Gallyas-positive TAs  + + + + + + -
AT8-positive TAIs ~ + + + + + + -
H1/H2 haplotype H1/H1 H1/H1 H1/H1 H1/H1 H1/H1  H1/H1 H1/H1

Figure 9. Immunoblot analysis of the sarkosyl-insoluble, urea-soluble
fraction with T46 from frozen brain tissues of PSP A, B, AGD-TA B
and AGD C cases. A. Approximately 68- and 64-kDa bands, as well
as the 33-kDa low-molecular mass tau fragments characteristic of
PSP, are seen in the frontal cortex, striatum, pons and/or occipital
cortex in all PSP cases. In addition, a minor 60-kDa band that may
reflect the coexistence of AD pathology is seen in some lanes in
PSP1, PSP3 and PSP4. B. Both 68- and 64-kDa bands, as well as
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the 33-kDa low-molecular mass tau fragments characteristic of PSP,
are found in not only a PSP case (PSP2) but also an AGD-TA (AGD-
TA9) case having Gallyas-positive TAs. €. Both 68- and 64-kDa
bands are seen in an AGD case. Although this case did not have any
TAs or TAls, a minor 33-kDa band is also observed. Genetic analysis
demonstrated that all cases had the H1/H1 haplotype. Fr=frontal
cortex; St=striatum; Po = pons; Oc = occipital cortex; TAs = tufted
astrocytes; TAls = tufted astrocyte-like astrocytic inclusions.
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believed previously. Because the lesions are often not very promi-
nent, they might have been misidentified as age-related mild neuro-
fibrillary changes in the routine neuropathological examination.

The morphological features of Gallyas-negative tau-positive
astrocytic lesions, TAls, observed in some of our AGD cases were
different from those of the thorn-shaped astrocytes or astrocytic pla-
ques characteristic to CBD. Several researchers reported that
Gallyas-negative tau-positive astrocytic lesions were found in some
AGD cases (4, 12, 26). Botez et al (4) reported Gallyas-negative
tau-positive astrocytic lesions in the amygdala and entorhinal cor-
tex in AGD cases, and called them “bush-like astrocytes.” They
noted that the lesions were distinguishable from TAs because they
were Gallyas-negative and distributed in the limbic region. How-
ever, in their study, the presence of the astrocytic lesions in the
striatum or frontal cortex was not examined. Kovacs et al (26) also
observed Gallyas-negative tau-positive astrocytic lesions in four
AGD cases, and they called them diffuse tau immunoreactivity of
astrocytic processes. Conversely, although Gallyas method was not
employed, Ferrer ef al (12) reported tau-positive astrocytic lesions
in PSP cases and elderly cases (“protoplasmic astrocytes” and
“astrocytes with diffuse granular immunoreactivity of astrocytic
processes”), whose morphological features were similar to those of
TAIs. Whether these previously reported tau-positive astrocytic
lesions are identical to the TAls observed in our cases having argyr-
ophilic grains remains unclear, because, given our findings, the
quantity, distribution and morphological features of tau-positive
astrocytic lesions in AGD cases can be affected by the progression
of tau pathology including AGD and subcortical tau accumulation.
However, considering that the predilection sites of TAls were simi-
lar to those of TAs and TAs in AGD-TA and PSP cases often had
both Gallyas-positive tau-positive and Gallyas-negative tau-positive
thread-like structures in various proportions (Table 4, Figure 4), it
may be natural to consider that there is a maturation process of tau-
positive astrocytic lesions in AGD and PSP cases, and that at least
some TAls in AGD cases may be early TAs.

In the present study, a significant correlation was found between
the numbers of NFTs in the subcortical nuclei, the number of tau-
positive astrocytic lesions in the subcortical nuclei, and the progres-
sion of AGD, although the anatomical distributions of these pathol-
ogies are not identical: argyrophilic grains are hardly observed in
the subcortical nuclei (8, 38). These findings led us to consider
that a common pathological process may lie upstream of the occur-
rence of these lesions. This hypothesis appears to be supported by
our biochemical finding that the 33-kDa low-molecular mass tau
fragments characteristic to PSP (3) were observed not only in our
PSP cases but also AGD-TA and AGD cases, although with less
intensity. The frequency of the 33-kDa low-molecular mass tau
fragments in AGD cases should be examined by further studies
using a larger number of samples.

Our finding that cases bearing AGD had neuronal and astrocytic
tau pathologies with the morphological and distributional character-
istics of PSP led us to speculate that the lesions might have evolved
to severe PSP pathology if each case had lived longer. Because
AGD was reported to be found in subjects who died after the age
of 50 years in consecutive autopsy series (8), it is possible that
AGD might develop prior to the formation of PSP pathology in
some of the cases having both PSP and AGD.

There are some potential limitations in interpreting the findings
presented in this study. First, the number of cases in each patholog-
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ical subgroup is small. Biochemical examination was also done in
only a small number of AGD-TA and AGD cases. Second, almost
all of our AGD and AGD-TA cases were psychiatric hospital inpa-
tients. Therefore, a case selection bias might influence the fre-
quency, degree, and topographical distribution of tau pathology in
the AGD and AGD-TA cases presented in this article. Third, the
clinicopathological correlation between mild tau pathology in the
subcortical nuclei and clinical features could not be examined in
the present study because detailed neurological data on our AGD
and AGD-TA cases were not available.

Several findings in AGD brains presented in this article also
seem to include significant implications regarding a very early
phase of the pathological process of PSP that may be difficult to
explore in autopsy-confirmed PSP cases having full-blown pathol-
ogy. For example, based on our results, the number of TAs in PSP
cases also might be parallel to that of NFTs, and PSP cases with
AGD might have more severe tau pathology in the subcortical
nuclei and frontal cortex than PSP cases without AGD. In addition,
if the regularity with which the neuronal tau accumulation in the
subcortical nuclei, Gallyas-negative tau-positive TAls and Gallyas-
positive tau-positive TAs develop successively in AGD brains also
exists in the pathological process in PSP brains, these three lesions
should be evaluated in future pathological diagnosis of PSP; fur-
ther, it should be considered that PSP pathology is comprehen-
sively expressed as several levels based on the degree of these
lesions, together with the presence or absence of argyrophilic
grains.

Finally, the reason why our AGD cases frequently had early PSP
pathology but hardly had early CBD pathology is discussed. As
noted in the procedure of the case selection in the study, in the 20
AGD cases that were first selected, early CBD pathology was
found only in one case (5%). Although the size of our sample was
small, the low incidence of early CBD pathology contrasted with
the high incidences of TAs and TAls (26.3% and 57.9% of remain-
ing the 19 AGD cases, respectively). Interestingly, a recent study
demonstrated that the incidence of AGD in CBD cases was 100%,
while that in PSP cases was only 26.7% (42). Based on these find-
ings, argyrophilic grains may occur parallel to the progression of
CBD pathology without exception in CBD brains, but it may be
rare that CBD pathology is secondarily formed after the progres-
sion of AGD. These are in contrast to the fact that PSP pathology
often occurs after the progression of AGD, and that PSP pathology
can often occur independent of AGD. The potential difference in
the significance of AGD in the pathological processes of PSP and
CBD should be examined in the future.
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