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Abstract

Agyrophilic grains (AGs) are age-related limbic-predominant lesions in which four-repeat tau is selectively accu-
mulated. Because previous methodologically heterogeneous studies have demonstrated inconsistent findings

on the relationship between AGs and dementia, whether AGs affect cognitive function remains unclear. To address
this question, we first comprehensively evaluated the distribution and quantity of Gallyas-positive AGs and the sever-
ity of neuronal loss in the limbic, neocortical, and subcortical regions in 30 cases of pure argyrophilic grain disease
(pPAGD) in Braak stages I-IV and without other degenerative diseases, and 34 control cases that had only neurofibril-
lary tangles with Braak stages I-IV and no or minimal AB deposits. Then, we examined whether AGs have independ-
ent effects on neuronal loss and dementia by employing multivariate ordered logistic regression and binomial logistic
regression. Of 30 pAGD cases, three were classified in diffuse form pAGD, which had evident neuronal loss not only in
the limbic region but also in the neocortex and subcortical nuclei. In all 30 pAGD cases, neuronal loss developed first
in the amygdala, followed by temporo-frontal cortex, hippocampal CA1, substantia nigra, and finally, the striatum

and globus pallidus with the progression of Saito AG stage. In multivariate analyses of 30 pAGD and 34 control cases,
the Saito AG stage affected neuronal loss in the amygdala, hippocampal CA1, temporo-frontal cortex, striatum, globus
pallidus, and substantia nigra independent of the age, Braak stage, and limbic-predominant age-related TDP-43
encephalopathy (LATE-NC) stage. In multivariate analyses of 23 pAGD and 28 control cases that lacked two or more
lacunae and/or one or more large infarctions, 100 or more AGs perx400 visual field in the amygdala (OR 10.02, 95%
Cl1.12-89.43) and hippocampal CA1 (OR 12.22,95% Cl 1.70-87.81), and the presence of AGs in the inferior temporal
cortex (OR 8.18,95% Cl 1.03-65.13) affected dementia independent of age, moderate Braak stages (lll-IV), and LATE-
NC. Given these findings, the high density of limbic AGs and the increase of AGs in the inferior temporal gyrus may
contribute to the occurrence of dementia through neuronal loss, at least in cases in a low to moderate Braak stage.
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Introduction

Argyrophilic grains (AGs) are age-related lesions that
are preferentially distributed in the limbic region and in
which four-repeat tau is selectively accumulated. AGs
usually develop in the 50s or later, and the frequency of
the lesions reaches around 10% in the 70’s [7]. The topo-
graphical progression of AGs in the central nervous sys-
tem can be assessed using the staging system proposed
by Saito et al. [53] (Saito AG stage). According to this
staging system, AGs first develop in the ambient gyrus,
hippocampal CA1, and amygdala (stage I), and subse-
quently, in the transentorhinal cortex, subiculum, lat-
eral occipitotemporal gyrus, and anterior portion of the
superior temporal gyrus (stage II). Further, AGs progress
to the inferior temporal gyrus, insular cortex, cingulate
gyrus, and gyrus rectus (stage III). With the progression
of AGs, pretangles also occur in the basal ganglia and
brain stem nuclei [18, 20, 21, 24, 25, 32, 34, 57]. Granu-
lar fuzzy astrocytes (GFAs), which were originally called
bush-like astrocytes and are now classified as a subtype
of age-related tau astrogliopathy (ARTAG), are consist-
ently noted in limbic regions [5, 67]. The occurrence of
GFAs may be an independent factor of the formation of
AGs [26, 68], and AGs and ARTAG share tau filaments
with identical cryo-electron microscopy structures [58].
Phosphorylation and conformation change of tau, fibril
formation detected by the Gallyas method, and activa-
tion of autophagy in GFAs occur with the progression
of the Saito AG stage [18, 37]. Some cases with Saito AG
stage III have AGs in the extensive neocortical region
and subcortical nuclei also, being called a diffuse form of
argyrophilic grain disease (AGD) [35]. Due to severe tau
pathologies, diffuse form AGD may be a subtype useful
to understand the effects of AGs on neuronal loss in the
central nervous system and related cognitive and motor
dysfunction. However, reports of previous clinical and
pathological findings in the diffuse form of AGD are very
limited.

The effect of AGs on the function of the central nerv-
ous system that has been explored is mainly cognitive
dysfunction. First, Braak et al. [6] examined 16 cases
with dementia that lacked macroscopically detectable
infarctions and were almost devoid of the neurofibril-
lary changes of Alzheimer’s disease, and they pointed
out that a potential pathological base of dementia
in eight cases was AGs. Thereafter, Saito et al. [53]
reported that extensive distribution of AGs correspond-
ing to Sato AG stage III was closely associated with

dementia in cases without other lesions that can cause
cognitive impairment. Subsequently, several research-
ers reported a potential relationship between AGs and
cognitive function or psychiatric conditions: the signifi-
cantly higher frequency of AGs in cases that clinically
showed late-onset psychosis without dementia rather
than normal control cases [39], the significantly higher
frequency of AGs in corticobasal degeneration (CBD)
cases with a cognitive-predominant presentation rather
than CBD cases with corticobasal syndrome [54], and
the significantly higher frequency of suicide in forensic
autopsy cases with AGs rather than those without AGs
[69]. On the other hand, however, there are also several
studies that failed to reveal a relationship between AGs
and cognitive impairment [17, 41, 48, 50]. Although
these results are contradictory, because the procedures
of histological evaluation of AGs including the staining
method and the case selection criteria associated with
the pathological background in subjects were quite
varied in previous studies, whether AGs have some
effect on cognitive function or not remains a matter of
controversy.

The primary aims of this study were to clarify (1)
whether AGs have an effect on the neuronal loss that
is closely associated with cognitive impairment, and
(2) whether the presence of AGs is an independent fac-
tor in the development of dementia. To address these
issues, we pathologically examined 30 cases of pure
AGD (pAGD) that had Gallyas-positive AGs but lacked
other pathological changes that can result in neuronal
loss and 34 control cases that had only neurofibrillary
tangles (NFTs) in Braak stages I-IV and no or minimal
AP deposits selected from our autopsy series. Of the
30 pAGD cases, three were classified as diffuse-form
PAGD, and they had evident neuronal loss not only in
the limbic region but also in the neocortex and subcor-
tical nuclei. In all pAGD cases including diffuse-form
cases, the severity of neuronal loss gradually increased
not only in the limbic system but also in the temporo-
frontal cortex, basal ganglia, and brain stem nuclei
with the progression of Saito AG stage. In multivari-
ate analyses of all pAGD and control cases, the pro-
gression of AGD had an effect on neuronal loss in the
striatum, globus pallidus, substantia nigra, hippocam-
pal CA1l, temporo-frontal cortex, cingulate gyrus, and
insular cortex independent of the age at death, Braak
NFT stage, and LATE-NC. Further, 100 or more AGs
per X400 visual field in the amygdala, 100 or more AGs
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pAGD

All pAGD (n=30) Diffuse form (n=3) Saito AG stage lll

Saito AG stage Il

Saito AG stage |

Control (n=34)

(n=3) (n=12) (n=12)

Female (%) 433 333 66.7 583 250 364

Age at death 76.5+90 763146 85.7+4.2 77.7+9.1 731£72 653+88

(mean+SD)

Brain weight (g, 1190.5+154.8 1114.0+104.7 1107.7+208.5 1191.6+127.8 12229+1779 12103+174.7

mean +SD)

Braak NFT stage (n, %)
Stage 6 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Stage 5 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Stage 4 7(0.0) 1(333) 1(33.3) 4(333) 1(83) 2(5.9)
Stage 3 3(0.0) 0(0.0) 1(33.3) 0(0.0) 2(16.7) 4(11.8)
Stage 2 17 (23.3) 1(333) 1(333) 7(583) 8(66.7) 10 (29.4)
Stage 1 3(10.0) 1(33.3) 0(0.0) 1(8.3) 1(8.3) 18 (52.9)
Stage 0 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Median 25 2.0 3.0 2.0 2.0 1.0
25th percentile 1.0 1.0 20 20 20 1.0
75th percentile 2.0 4.0 4.0 4.0 30 20

Thal phase (n, %)
Phase 5 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Phase 4 1(3.3) 0(0.0) 1(33.3) 0(0.0) 0(0.0) 0(0.0)
Phase 3 4(13.3) 0(0.0) 1(33.3) 3(25.0) 0(0.0) 0(0.0)
Phase 2 5(16.7) 0(0.0) 0(0.0) 2(16.7) 3(25.0) 2(59)
Phase 1 4(13.3) 1(33.3) 0(0.0) 2(16.7) 1(8.3) 9(26.5)
Phase 0 16 (53.3) 2 (66.7) 1(333) 541.7) 8 (66.7) 23 (67.6)
Median 0.0 0.0 3.0 1.0 0.0 0.0
25th percentile 0.0 0.0 0.0 0.0 0.0 0.0
75th percentile 20 1.0 4.0 2.8 1.8 1.0

Lewy body 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
disease (n, %)

LATE stage (n, %)
Stage 3 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
Stage 2 6 (20.0) 2 (66.7) 1(333) 3(25.0) 0(0.0) 0(0.0)
Stage 1 2(6.7) 0(0.0 0(0.0) 1(8.3) 1(8.3) 0(0.0)
Stage 0 22(73.3) 1(333) 2(66.7) 8(66.7) 1191.7) 34 (100.0)
Median 0.0 20 0.0 0.0 0.0 0.0
25th percentile 0.0 1.0 0.0 0.0 0.0 0.0
75th percentile 0.75 20 1.0 1.25 0.0 0.0
Dementia, n (%)*  12/23(52.2) 3/3(100.0) 2/2 (100.0) 4/9 (44.4) 3/9(33.3) 2/28(7.1)

PAGD pure argyrophilic grain disease, diffuse form diffuse form of pAGD. All diffuse form cases fit the criteria of Saito AG stage IIl. n the number of cases, SD standard

deviation, NFT neurofibrillary tangle, LATE limbic-predominant age-related TDP-43 encephalopathy. n.e. not examined.

2The number of cases with dementia but without vascular lesions and the number of all cases without vascular lesions in each group are indicated. Cases having one
or more large infarction or two or more lacunae in the cortical and/or subcortical regions were excluded

per X400 visual field in the hippocampal CA1, and the
presence of AGs in the inferior temporal cortex affected
the occurrence of dementia independent of the age at

death, Braak NFT stage, and LATE-NC.

Materials and methods
Subjects
Autopsies were carried out after informed consent was

obtained from family members, and all experiments in
this study were approved by the ethical committees of
the Okayama University Graduate School of Medicine,
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Dentistry and Pharmaceutical Sciences, the National
Hospital ~Organization Minami-Okayama Medical
Center, Zikei Institute of Psychiatry, the Tokyo Metropol-
itan Institute of Medical Science, and Niigata University.
From 1,125 autopsy cases who had died in psychiatric
hospitals or neurological departments of general hospi-
tals and were registered in the database at the Depart-
ment of Neuropsychiatry, Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical Sci-
ences as of the end of December 2022, we first selected
475 cases for which the data on Saito AG stage were avail-
able. In our laboratory, AGs in the central nervous system
were routinely evaluated on sections stained with Gallyas
silver stain (Gallyas method), and the Saito AG stage was
determined in all cases [6, 53]. Further, AGs were con-
firmed by being labeled with AT8 and an anti-4R tau
antibody but not with an anti-3R tau antibody. From the
database, other fundamental pathological data in all of
these cases, i.e., Braak NFT stage [9], Thal AP phase [61],
CERAD neuritic plaque score [38], pathological subtypes

Table 2 Distribution of AGs in pAGD cases
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of Lewy body disease (LBD) [36, 63], Braak Parkinson’s
disease (PD) stage [8], the semiquantitative scores of
tufted astrocytes, astrocytic plaques, and GFAs [37, 67],
the stage of limbic-predominant age-related TDP-43
encephalopathy pathologic change (LATE-NC) [43, 44],
histological subtypes of frontotemporal lobar degen-
eration with TDP-43-positive inclusions [11, 27, 30], the
presence or absence of fused in sarcoma (FUS) pathol-
ogy [29], the presence or absence of COORF72 mutation-
related p62-positive inclusions in the cerebellar granular
cell layer [31, 47], the semiquantitative data regarding the
severity of neuronal loss with gliosis in representative
anatomical regions in the neocortex, basal ganglia, brain
stem nuclei, cerebellum, and spinal cord (defined later),
and the data of vascular lesions were extracted. The path-
ological assessments of all cases were routinely carried
out by a senior neuropathological researcher (OY) with
or without another neuropathological researcher (TM,
HI, or ST).

?;Sslz Saito AG [ Limbic region Neocortex Basal ganglia Brain stem

No. tERC Subi | AnSTG | LOTG ins e MFG PMC L | PerisR SR oN PT GP | PeriAG SN PontT mT
1 E ES + + E E E ES E E ES +
2 t t ++ ++ ++ ++ t t t t t t t + t t
3 + * ++ ++ * * * * * + + + + +
4 + + E3 + ++ ES %

5 + + ++ ++ ++

6 + + ++ + E E

7 + ES + E + E

8 E3 + ++ + ES

s na. na. + B + na. na.

10 + ++ n.a + + *

1 + ++ na + na. na.

12 n E ++ n.a E n.a. - - - - - - - - n.a.
13 I B + B B

14 n + + n.a. + n.a.

15 I + + + + +

16 n E + n.a. - n.a.

18 n E3 E3 +

19 I + + +

20 I E 4 n.a na. n.a. na. na.

21 I E %

22 I t t

23 I n.a. na. ++ + n.a na. - na. na.

24 I + ES + +

25 I E + + +

2% | na. na. + na na. na.

27 I + E3 +

28 I + t +

29 I + E E3

30 | + B na.

% 100.0 96.2 100.0 85.2 66.7 60.0 81.8 433 333 10.0 12.0 158 20.0 0.0 10.0 10.0 0.0 10.0 133 10.0 103

Amb ambient gyrus, Amy amygdala, tERC transentorhinal cortex, Subi subiculum, LOTG lateral occipitoteporal gyrus, ITG inferior temporal gyrus, Ins insular cortex,
AnSTG anterior portion of the superior temporal gyrus, MFG middle frontal gyrus, PMC primary motor cortex, IPL inferior parietal lobule, PeriSR peristriate region,
SR striate region (primary visual cortex), CN caudate nucleus, PT putamen, GP globus pallidus, PeriAG periaqueductual gray, SN substantia nigra, PontT pontine

tegmentum, MT medullary tegmentum, AH spinal anterior horn

—:no argyrophilic grain, +: less than 20 AGs per x 400 visual field, +: 20 to 50 AGs per X400 visual field, + +: 50 to 100 AGs perx 400 visual field, + + +: 100 or more

AGs per x 400 visual field. n.a.: not available
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Among 475 cases, 77 cases had AGs. To minimize the
influence of various pathological conditions except for
AGs on the analysis of neuronal loss, we excluded 47
AGD cases that had at least one of the following patholo-
gies: NFTs with Braak stages V-VI, Lewy body disease
(LBD), tufted astrocytes, astrocytic plaques, frontotem-
poral lobar degeneration with TDP-43-positive inclu-
sions (FTLD-TDP) [11, 27, 30], amyotrophic lateral
sclerosis with TDP-43-positive inclusions (ALS-TDP)
[11], FTLD or ALS with FUS-positive pathologies [11],
globular glial tauopathy [2], and other various established
neurodegenerative diseases (e.g., multiple system atro-
phy, spinocerebellar degeneration, myotonic dystrophy,
Huntington’s disease, dentatorubral—pallidoluysian atro-
phy, post-encephalitic parkinsonism, Bechet’s disease,
leukodystrophies, Alexander disease, neuronal ceroid
lipofuscinoses, and Marchiafava—Bignami disease). Cases
having findings of global ischemia were also excluded,
but cases bearing LATE-NC were not. Finally, 30 cases
having AGs were extracted, and we regarded these cases
as pAGD (Table 1).

Then, we also extracted 34 control cases that had NFTs
in Braak stages I to IV with no or mild AP deposits with
Thal phases 1 or 2 from our autopsy series, correspond-
ing to the definition of primary age-related tauopathy
[12]. Cases bearing AGs or other neurological diseases
noted above were not included in this group. In these 34
control cases, no case had LATE-NC (Table 1).

The data regarding dementia in all pAGD and control
cases were extracted from our data base. The presence
of dementia was determined based on clinical diagno-
sis, cognitive impairment with the necessity of support
in instrumental activity of daily living that was noted in
the clinical summary, and/or the retrospective interview
of physicians who had provided long-term treatment
at least in the late stage of the clinical course [3]. These
clinical data were known before the pathological exami-
nations of each case. The data regarding dementia were
available in all 30 pAGD cases and 33 of 34 control cases.

Neuropathological examination
Brain tissue samples were fixed post mortem with 10%
formaldehyde and embedded in paraffin. Ten-pm-thick
sections from the frontal, temporal, parietal, occipital,
insular, and cingulate cortices, hippocampus, amygdala,
basal ganglia, midbrain, pons, medulla oblongata, and
cerebellum were prepared. These sections were stained
with hematoxylin—eosin (H&E), Kliiver—Barrera (KB),
the Gallyas method, and modified Bielschowsky silver
methods.

Paraffin sections were immunostained by the immu-
noperoxidase method using 3, 3’-diaminobenzidine
tetrahydrochloride. Six-pum-thick paraffin sections were
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immunostained by the immunoperoxidase method
using  3,3’-diaminobenzidine  tetrahydrochloride.
Deparaffinized sections were incubated with 1% H,O,
in methanol for 20 min to eliminate endogenous per-
oxidase activity in the tissue. Sections were treated with
0.2% TritonX-100 for 5 min and washed in phosphate-
buffered saline (PBS, pH 7.4). After blocking with 10%
normal serum, sections were incubated overnight at
4 °C with one of the primary antibodies (Supplementary
Table 1) in 0.05 M Tris—HCI buffer, pH 7.2, contain-
ing 0.1% Tween and 15 mM NaNj. After three 10-min
washes in PBS, sections were incubated in biotinylated
anti-rabbit, -mouse, or -pig secondary antibody for 1 h,
and then in avidin-biotinylated horseradish peroxidase
complex (ABC Elite kit, Vector, Newark, CA, USA) for
1 h. The peroxidase labeling was visualized with diam-
inobenzidine as the chromogen.

Semiquantitative assessment of the quantity of AGs

AGs were semi-quantitatively assessed in the representa-
tive anatomical regions in all pAGD and control cases.
Regions examined were the ambient gyrus, amygdala,
hippocampal CA1l, transentorhinal cortex, subiculum,
anterior portion of the superior temporal gyrus, lateral
occipitotemporal gyrus, insular cortex, inferior temporal
gyrus, middle frontal gyrus, primary motor cortex, infe-
rior parietal lobule, peristriate region, striate region, cau-
date nucleus, putamen, globus pallidus, periaqueductal
gray, substantia nigra, pontine tegmentum, medullary
tegmentum, and spinal anterior horns (Table 2). Sections
stained with the Gallyas method were employed. The
grading system of the quantity of AGs used in this study
was a modified version of that used in an original report
of Saito AG stage [53] (i.e., one to 19 AGs per X400 vis-
ual field was defined as+.): —, no grain;+, more than
one to 19 AGs perx400 visual field;+, 20 to 50 AGs
per X400 visual field;+ +, 51 to 100 AGs per X400 visual
field;+ + +, more than 100 AGs perx400 visual field.
Control cases had no AG in any region.

Staging of the distribution of AGs (modified Saito staging
system)
The distribution of AGs was assessed on sections stained
with the Gallyas method using the Saito AG stage in all
PAGD cases [53]. In the original description of the Saito
AG stage, the handling of anatomical regions having a
small number of AGs (i.e., one to 19 AGs perx400 vis-
ual field) in the determination of the Saito stage was not
described [53]. Therefore, in this study, we operationally
classified pAGD cases into each Saito AG stage:

Saito AG stage O: there was no argyrophilic grain in any
region in the cerebrum and brain stem.



Yokota et al. Acta Neuropathologica Communications (2024) 12:121

Saito AG stage I: one to 50 AGs perx400 visual field
were present in the limbic region (i.e., the ambient gyrus,
amygdala, and/or the anterior portion of hippocampal
CA1l). There were fewer than 20 AGs perx400 visual
field in the superior temporal gyrus at the level of the
temporal tip, lateral occipitotemporal gyrus, transen-
torhinal cortex, and subiculum.

Saito AG stage II: there were AGs that fit stage I, and 20
or more AGs perx400 visual field are additionally pre-
sent in at least one of the following four regions: (i) the
superior temporal gyrus at the level of the temporal tip,
(ii) the lateral occipitotemporal gyrus at the level of the
amygdala or hippocampus, (iii) the transentorhinal cor-
tex, and (iv) the subiculum. There were no or fewer than
20 AGs in the insular cortex.

Saito AG stage III: there were AGs that fit stage II, and
20 or more AGs perx400 visual field were additionally
present in the insular cortex.

The diffuse form of pAGD was defined as one or more
AGs in the limbic system, temporal cortex, and all of
the following regions: (i) all of the middle frontal gyrus,
motor cortex, inferior parietal lobule, and occipital cor-
tex, (ii) the striatum (the caudate nucleus and/or puta-
men), (iii) the midbrain (the periaqueductal gray and/
or substantia nigra), (iv) the pontine tegmentum, and (v)
the tegmentum in the medulla oblongata. As a result, all
of our diffuse form pAGD cases also fit the definition of
Saito AG stage III

Semiquantitative assessment of neuronal loss with glial
proliferation

In all pAGD and control cases, the severity of neuronal
loss with gliosis in the cerebral cortex was assessed on
H&E- and KB-stained sections according to the four-
point staging system employed in our previous studies
(Supplementary Fig. 1) [64, 65]: stage 0, neither neuronal
loss not gliosis was observed; stage 1, slight neuronal loss
and gliosis were observed only in the superficial layers;
stage 2, obvious neuronal loss and gliosis were found in
cortical layers II and III, and status spongiosis and rela-
tive preservation of neurons in layers V and VI were often
present; and stage 3, pronounced neuronal loss with glio-
sis was found in all cortical layers, and adjacent subcorti-
cal white matter exhibits prominent fibrous gliosis.

In the basal ganglia and brainstem nuclei, the degree
of neuronal loss with gliosis was assessed on H&E- and
KB-stained sections according to the four-point staging
system employed in our previous studies [64, 65] (Sup-
plementary Fig. 2): stage 0, neither neuronal loss nor glio-
sis was observed; stage 1, mild gliosis and mild neuronal
loss were present; stage 2, neuronal loss and gliosis were
moderate, but tissue rarefaction was absent; and stage 3,
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severe neuronal loss, severe fibrous gliosis, and tissue rar-
efaction were observed.

The severities of the degeneration of the corticospinal
tract at the level of the cerebral peduncle and the medulla
oblongata and that of the frontopontine tract at the level
of the cerebral peduncle were assessed as follows: stage
0, neither loss of myelin nor glial proliferation; stage 1,
slight myelin loss and gliosis without atrophy of the tract;
stage 2, evident myelin loss and gliosis with slight atrophy
of the tract; stage 3, evident myelin loss and gliosis with
severe atrophy of the tract.

Semiquantitative assessment of NFTs and GFAs
NFTs in the representative anatomical regions were
assessed according to a four-point staging system in cases
of diffuse form pAGD: stage 0, no lesion in the anatomi-
cal region; stage 1, more than one lesion in the anatomi-
cal region but less than one lesion perx200 visual field;
stage 2, one to ten lesions perx200 visual field; stage 3,
11 to 20 perx 200 visual field; stage 4, 21 to 30 perx 200
visual field; and stage 5, 31 or more per X 200 visual field.
GFAs in the middle frontal cortex, caudate nucleus,
putamen, and amygdala were semiquantitatively assessed
according to a three-point staging system (GFA stage) in
cases of diffuse from of pAGD: stage 0, no lesion in the
anatomical region; stage 1, one or more lesions in regions
examined but less than one lesion perx200 visual field;
and stage 2, one or more lesions per X 200 visual field.

Tau immunoblotting

Frozen brain tissue from the hippocampus, amygdala,
inferior temporal gyrus, middle frontal gyrus, and cau-
date nucleus of the right hemisphere in two diffuse-form
PAGD cases (Cases 1 and 2 in Supplementary Table 2
and Supplementary file 1) was available. These samples
were used for Western blotting according to methods
described previously [59]. Brain samples (0.5 g) from
patients were individually homogenized in 20 ml of
homogenization buffer (HB: 10 mM Tris—HCI, pH 7.5,
containing 0.8 M NaCl, 1 mM EGTA, and 10% sucrose).
Sarkosyl was added to the lysates (final concentration:
2%), which were then incubated for 30 min at 37 °C and
centrifuged at 27,000 g for 10 min at 25 °C. The superna-
tant was divided into tubes (each 1.3 ml) and centrifuged
at 166,000 g for 20 min at 25 °C. The pellets were further
washed with 0.1% sarkosyl in a homogenization buffer
(0.5 ml/tube) and centrifuged at 166,000 g for 20 min.
The resulting pellets were used as the sarkosyl-insoluble
fraction (ppt). The sarkosyl-ppt was sonicated in 50 pl
(/tube) of 30 mM Tris—HCI (pH 7.5) and solubilized in
2 x sample buffer. Samples were run on gradient 4—20%
polyacrylamide gels and electrophoretically transferred
to PVDF membranes. Residual protein-binding sites were
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blocked by incubation with 3% gelatin (Wako) for 10 min
at 37 °C, followed by overnight incubation at room tem-
perature with primary anti-tau antibodies (AT8, mouse,
monoclonal, 1:500; T46, mouse, monoclonal, 1:1,000).
The membrane was incubated for 1 h at room tempera-
ture with anti-mouse IgG (BA-2000, Vector Lab) or anti-
rabbit IgG (BA-2000, Vector Lab), then incubated for
30 min with avidin-horseradish peroxidase (Vector Lab),
and the reaction product was visualized by using 0.1%
DAB and 0.2 mg/ml NiCl, as the chromogen.

Genetic analysis of MAPT mutation and ApoE genotype
Genomic DNA extracted from autopsy brains (middle
frontal gyrus) was used to determine pathological vari-
ants of MAPT and APOE genotypes in two diffuse form
PAGD cases (cases 1 and 2 in Supplementary Table 2 and
Supplementary file 1). Primer sequences and PCR con-
ditions are available upon request. The concentration of
extracted genomic DNA was measured using NanoDrop
OneC (Thermo Fisher Scientific, Waltham, MA, USA),
and its quality control was also performed by an Agilent
4200 TapeStation (Agilent Technologies, Santa Clara,
CA, USA). For Sanger sequencing, the BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Thermo Fisher Scien-
tific) was used, and the series of reactions was conducted
according to the instruction manual.

Immunoelectron microscopy

Sarkosyl-insoluble fractions extracted from two brains
with diffuse form pAGD (cases 1 and 2 in Supplementary
Table 2 and Supplementary file 1) were dropped onto
carbon-coated nickel grids (Nissin EM, Tokyo, Japan).
The grids were immunostained with an anti-phosphoryl-
ated tau monoclonal antibody (AT8, mouse, 1:200) and
a secondary antibody conjugated to 5 nm gold particles
(BBI Solutions, 1:50) as described [14]. Electron micro-
graph images were recorded with a JEOL JEM-1400 elec-
tron microscope (JEOL).

Statistical analysis

Fisher’s exact test was used to compare the variables
between two groups. Correlations between variables in
PAGD cases were assessed by Spearman’s rank-order
correlation test.

To assess the effects of predictor variables on the sever-
ity of neuronal loss in representative regions (amygdala,
entorhinal cortex, hippocampal CA1l, lateral occipito-
temporal gyrus, inferior, middle, and superior temporal
gyri, insular cortex, cingulate gyrus, middle frontal gyrus,
orbital gyrus, and substantia nigra, respectively) in a
combined group of 30 pAGD and 34 control cases, we
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performed multivariate ordered logistic regression analy-
ses with neuronal loss stage (stages 0—3) as the depend-
ent variable and the age at death, Braak NFT stage, Saito
AG stage (stage 0, stage I, stage II, and stage III including
diffuse form), and LATE-NC stage as independent vari-
ables. In the substantia nigra, the data of neuronal loss
stages 1 and 2 were combined (stage O, stages 1-2, and
stage 3). We additionally performed multivariate ordered
logistic regression analyses with neuronal loss stages in
the amygdala and middle frontal gyrus as dependent var-
iables and the age at death, Braak NFT stage, Saito AG
stage (stage 0, stage I, stage 11, and stage III including the
diffuse form), LATE-NC stage, and GFA stage as inde-
pendent variables. A Brant test was performed to check
the proportional odds assumption, which was satisfied (p
value > 0.05).

Then, to assess the effects of predictor variables on
the occurrence of neuronal loss in the caudate nucleus,
putamen, and globus pallidus in the combined group of
30 pAGD and 34 control cases, we performed binomial
logistic regression analyses with the presence of neuronal
loss (neuronal loss stage O/stages 1-3) as the depend-
ent variable and the age at death, moderate Braak NFT
stage (stages 0—II/stages III-1V), severe AGD (Saito AG
stages 0—II/Saito AG stage III including the diffuse form),
and moderate LATE-NC (stages 0—1/stage 2. No pAGD
or control case had LATE-NC in stage 3) as independ-
ent variables. We additionally performed binomial logis-
tic regression analyses with neuronal loss in the caudate
nucleus and putamen as dependent variables and the age
at death, moderate Braak NFT stage (stages 0-II/stages
III-1V), severe AGD (Saito AG stages 0-II/Saito AG
stage III including the diffuse form), moderate LATE-
NC (stages 0—1/stages 2. No pAGD or control case had
LATE-NC in stage 3), and the presence of GFA (GFA
stage 0/GFA stages 1-2) as independent variables.

We examined the impacts of various pathological fac-
tors on the development of dementia in a combined
group of pAGD and control cases using univariate bino-
mial logistic regression analysis. To minimize the effect
of vascular lesions on the development of dementia,
cases that had one or more large infarctions and/or two
or more lacunae in the neocortex or subcortical nuclei
were excluded. As a result, 23 pAGD and 28 control cases
were included in this analysis. Independent variables
were the age at death, moderate Braak NFT stages (stages
0-II/stages III-IV), AP deposits (Thal phase 0/Thal
phases 1-5), Saito AG stage (stages I, stage II, and stages
II and III, respectively), three density ranges of AGs
in the amygdala (one to 49, 50 to 99, and 100 or more
per X400 visual field, respectively), AGs in the amygdala
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Fig. 1 Radiological and pathological findings in case 1. A Axial CT images at the age of 74 years. Mild atrophy was noted in the amygdala,

but the neocortex was almost completely spared. Bilateral Sylvian fissures were slightly dilated. B, C Axial (B) and coronal (C) CT images at age 86.
Atrophy in the amygdala became severe. Atrophy in the neocortex was diffuse and symmetric but was slightly accentuated in the frontotemporal
lobes. D-F Macroscopic findings of coronal sections of the left hemisphere. Scale bars=1 cm. G AGs in the amygdala. Gallyas method. Scale
bar=30 um. H Severe neuronal loss with gliosis in the globus pallidus. The degeneration is more evident in the internal segment (especially

in the dorsal portion) than in the external segment in the site. Put: the putamen. H&E stain. Scale bar=200 um. I The same region shown in (H).
Fibrillary gliosis is more evident in the internal segment rather than the external segment in the globus pallidus. Holzer stain. Scale bar=200 um.
J-L Severe neuronal loss with gliosis in the globus pallidus revealed by H&E stain (J) and GFAP immunohistochemistry (K). Tau accumulation

in the same region (L). AT8 immunohistochemistry. All scale bars=20 um. A-C Reprinted with permission from reference [66]

(presence or absence), three density ranges of AGs in
the hippocampal CA1 (one to 49, 50 to 99, or 100 or
more per X400 visual field, respectively), AGs in the hip-
pocampal CA1 (presence or absence), AGs in the lateral

occipitotemporal gyrus (presence or absence), AGs in the
inferior temporal gyrus (presence or absence), AGs in the
insular cortex (presence or absence), LATE-NC (pres-
ence or absence), moderate LATE-NC stage (stage 2, no
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PAGD or control case had LATE-NC in stage 3), and
moderate to severe neuronal loss stage in the amygdala
(stages 0—1/stages 2—3).

Then, to examine the independent effect of AGs on
the development of dementia in a combined group of
23 pAGD and 28 control cases, we performed multivari-
ate binomial logistic regression analyses with the age at
death, Braak NFT stages III-IV (presence or absence),
one of the pathological variables regarding AGs, and
LATE-NC (presence or absence) as independent vari-
ables. A pathological variable regarding AGs submitted
into each model as the independent variable was three
density ranges of AGs in the amygdala (one to 49 AGs,
50 to 99 AGs, or 100 or more AGs per X400 visual field,
respectively), three density ranges of AGs in the hip-
pocampal CA1 (one to 49 AGs, 20 to 99 AGs, or 100 or
more AGs per X400 visual field, respectively), AGs in the
lateral occipitotemporal gyrus (presence or absence), or
AGs in the inferior temporal gyrus (presence or absence),
respectively.

Odds ratios (ORs) and 95% confidence intervals (CIs)
were calculated. A p value <0.05 was accepted as signifi-
cant. Statistical analysis was performed using BellCurve
for Excel 2.15 (Social Survey Research Information Co.,
Ltd., Tokyo, Japan) and EZR (Saitama Medical Center,
Jichi Medical University, Saitama, Japan), which is a
graphical user interface for R (The R Foundation for Sta-
tistical Computing, Vienna, Austria).

Results

The demographic data of pAGD (n=30) and control
(n=34) cases are shown in Table 1. The age at death of
pPAGD cases was significantly older than that of control
cases (76.5 9.0 years vs. 65.9+ 9.4 years, p<0.01, Mann—
Whitney U test). The sex ratio did not differ between
AGD and control groups (Fisher’s exact test). Among
extracted 30 pAGD cases, six cases (20.0%) were classi-
fied as Saito AG stage III. Three of these six cases fit our
pathological definition of diffuse form pAGD. Twelve
PAGD cases (40.0%) were classified in Saito AG stage II,
and 12 AGD cases (40.0%) were in Saito AG stage I.

(See figure on next page.)
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Clinical, pathological, and biochemical features in diffuse
form pAGD cases

Clinical and genetic data and detailed clinical courses in
diffuse form pAGD cases are described in Supplemen-
tary file 1 and summarized in Supplementary Table 1.
A part of the clinical and pathological features in case 1
was briefly reported in Japanese [66]. The age at onset in
the three cases ranged from 44 to 64 years. The disease
duration ranged from 16 to 38 years. The initial symp-
toms were disinhibited behaviors and impairment of face
recognition. Asymmetric rigidity was noted in two cases
in the middle to late stage of the clinical course. Two
cases for which frozen brain tissue was available lacked
the MAPT mutation. Magnetic resonance imaging and
computed tomography in cases 1 and 2 during the course
revealed progressive atrophy in the limbic region, as well
as in the neocortex and basal ganglia (Figs. 1A—C and
3A-D). Single-photon emission computed tomography
(99mTc-ECD SPECT) [33] in the middle stage of the clin-
ical course demonstrated the hypoperfusion in the limbic
region in case 2 (Fig. 3E, F).

Pathological findings in three diffuse form pAGD
cases are shown in Figs. 1, 2, 3, and 4, Supplementary
Fig. 3, and Supplementary Table 2. All of these cases had
Gallyas-positive AT8-positive AGs not only in the limbic
system but also in the basal ganglia, brain stem nuclei,
and middle frontal, motor, parietal, and occipital cortices
(Figs. 1G, 2A, C, E, G, 3G, H, ], 4E, F, H, K, Supplemen-
tary Fig. 3A, B, H). AT8-positive GFAs were also noted in
the limbic region, striatum, frontal cortex, primary motor
cortex, insular cortex, parahippocampal gyrus, and to
a lesser degree, in the subthalamic nucleus and inferior
olivary nucleus (Figs. 2H, 3H, I, 4G, I, N). AT8-positive
NFTs were often scattered in the basal ganglia and brain
stem nuclei (Figs. 2A, E, 4K, L, M, O, Supplementary
Fig. 3, K, L).

Immunoblot analysis of the sarkosyl-insoluble, urea-
soluble fraction prepared from the right hemisphere with
AT8 (Fig. 5A) and T46 (Fig. 5B) of cases 1 and 2 for which
frozen tissue was available showed approximately 68- and
64-kDa bands and low molecular weight tau fragments
of an approximately 22-kDa band and a 37-kDa doublet,

Fig. 2 Pathological findings in case 1. A Tau-positive neurons, AGs, and granular dot-like lesions in neuropil in the caudate nucleus. AT8
immunohistochemistry. Scale bar=30 um. B Neuronal loss with astrocytosis in the caudate nucleus. H&E stain. Scale bar=30 um. C Macroscopically
the volume of the subthalamic nucleus was spared, and neuronal loss was not noted. However, tau-positive neurons were found (inset). H&E stain.
Scale bar=300 um (inset: AT8 immunohistochemistry, 10 um). D Severe neuronal loss with gliosis (inset) in the substantia nigra. KB stain. Scale
bar=300 um (inset: H&E stain, 30 um). E AT8-immunopositive neurons, threads, and AGs in the substantia nigra. Scale bar=30 um. F Hippocampal
sclerosis. H&E stain. Scale bar=300 pm. G AGs in the middle frontal gyrus. Gallyas method. Scale bar=50 um. H Numerous GFAs in the superior

frontal gyrus. AT8 immunohistochemistry. Scale bar=30 um
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being consistent with a pattern that was considered to be
a band pattern for AGD [60]. Immunoelectron micros-
copy of sarkosyl-insoluble fractions from cases 1 and 2
demonstrated twisted ribbon-like filaments labeled with
AT8, which are common in AGD brains (Figs. 5C-F)
[60].

Quantity of AGs in each region of all pAGD cases

The quantities of AGs in each anatomical region in dif-
fuse form pAGD cases as well as the other pAGD cases
are shown in Table 2. In all pAGD cases, AGs were most
frequently noted in the ambient gyrus and CA1 (100.0%,
respectively), followed by the amygdala (96.2%), transen-
torhinal cortex (85.2%), lateral occipitotemporal gyrus
(81.8%), subiculum (66.7%), the superior temporal gyrus
at the level of the temporal pole (60.0%), insular cortex
(43.3%), and inferior temporal gyrus (33.3%). The fre-
quency of cases having AGs in the middle frontal gyrus,
primary motor cortex, inferior parietal lobule, peristri-
ate region, caudate nucleus, putamen, periaqueductal
gray, substantia nigra, pontine tegmentum, and medulla
oblongata ranged from 10 to 20%.

Severity of neuronal loss in each region in all pAGD

and control cases

In pAGD cases, the frequency and severity of neuronal
loss with gliosis was increased with the progression
of Saito AG stage in the amygdala, hippocampal CAl,
temporo-frontal cortex, substantia nigra, and thalamus
(Fig. 6). In control cases, neuronal loss was almost mini-
mal in the neocortex and limbic region. The distribution
and severity of neuronal loss in control cases were com-
parable with those in pAGD cases with Saito AG stage
I, although neuronal loss in the amygdala tended to be
more evident in the latter group.

In diffuse form pAGD cases, severe neuronal loss with
gliosis was consistently noted in the amygdala, ambient
gyrus, and ventral portion of the insular cortex (Supple-
mentary Table 2). Neuronal loss with gliosis in the tem-
poral cortex was severe to moderate, while neurons in
the frontal cortex were relatively spared. Further, the cau-
date nucleus, putamen, and thalamus showed severe to

(See figure on next page.)
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moderate neuronal loss (Fig. 2B). The globus pallidus was
also consistently affected by severe neuronal loss, which
was more prominent in the internal segment (Figs. 1H-
L, 4A-E, Supplementary Fig. 3C—-G). Tissue degeneration
was not noted in the subthalamic nucleus in diffuse form
PAGD cases (Figs. 2C, 6). In the brain stem nuclei, severe
neuronal loss was consistently noted in the substan-
tia nigra (Figs. 2D, 4], Supplementary Fig. 3]). The other
brain stem nuclei were well spared.

Hippocampal sclerosis characterized by severe neu-
ronal loss with gliosis in the hippocampal CA1 and subic-
ulum was noted in four pAGD cases with Saito AG stage
III including all three diffuse form pAGD cases (Fig. 2F
and Supplementary Fig. 3M). Among these four pAGD
cases with hippocampal sclerosis, three cases (including
two diffuse form cases) had LATE-NC. Of remaining 26
PAGD cases, five cases had LATE-NC but lacked hip-
pocampal sclerosis.

Correlation between Braak NFT stage, Thal phase, Saito

AG stage, GFA stage, LATE-NC stage, and the severity

of neuronal loss in all pAGD cases

Spearman’s rank-order correlation test demonstrated that
the Saito AG stage was significantly correlated the sever-
ity of neuronal loss in all regions examined including the
limbic system, neocortex, and subcortical nuclei (Supple-
mentary Table 3). The LATE-NC stage was also signifi-
cantly correlated with the severity of neuronal loss in the
entorhinal cortex, hippocampal CA1, subiculum, insular
cortex, temporal cortex, frontal cortex, caudate nucleus,
and globus pallidus. The GFA stage, age at death, Braak
stage, or Thal phase was not significantly correlated with
the severity of neuronal loss in any region examined.

Multivariate analysis of predictors for neuronal loss in all
PAGD and control cases

In multivariate ordered logistic regression analyses
(independent variables: the age at death, Braak NFT
stage, Saito AG stage, LATE-NC stage, and a depend-
ent variable: the severity of neuronal loss), Saito AG
stage had an independent effect on neuronal loss in the
amygdala, entorhinal cortex, hippocampal CA1l, lateral

Fig. 3 Radiological and pathological findings in case 2. A, B Axial (A) and coronal (B) MR images at the age of 69 years. The amygdala

and adjacent parahippocampal gyrus show right side predominant atrophy. Temporal lobes are also atrophic, but frontal, parietal, and occipital
cortices appear to be not involved. C, D Axial (C) and coronal (D) MR images at age 74. Right side-predominant atrophy in the amygdala

and hippocampus become more evident. Mild frontal atrophy was also noted. E, F ™ Tc ECD brain perfusion single photon computed tomography
(SPECT). SPECT Z-score maps compared with the standard database (the easy Z-score imaging system (eZIS) analysis software [33]). Blue, green,

and yellow colors indicate a Z-score higher than 2.0. The amygdala rather than hippocampus exhibited hypoperfusion. G AGs in the amygdala.
Gallyas method. Scale bar=30 um. H AT8-positive GFAs and AGs in the amygdala. Scale bar=30 pm. I Numerous AT8-positive GFAs and some
pretangles in the middle frontal gyrus. Scale bar=100 um. J In the same region of (I), Gallyas method demonstrated AGs and a coiled body. Scale

bar=50 um



Yokota et al. Acta Neuropathologica Communications (2024) 12:121 Page 12 of 24

Inferior R-lateral

R

Superior L-lateral Anterior R-medial

=
. v - ot d
[ o it s d & Kl o \,."h
& = — e z?.”)ﬂ A —

Fig. 3 (Seelegend on previous page.)



Yokota et al. Acta Neuropathologica Communications (2024) 12:121 Page 13 of 24

= % : LS Ste -4 i e 7
Fig. 4 Pathological findings in case 2. A Severe neuronal loss with gliosis in the globus pallidus. The degeneration is more evident in the internal
segment (left side) rather than external segment (right side) in the site. Especially, tissue rarefaction is severe in the dorsal portion of the internal
segment. H&E stain. Scale bar=200 um. B Fibrillary gliosis is more evident in the internal segment than in the external segment in the globus
pallidus. Holzer stain. Scale bar=200 um. C, D Severe gliosis in the globus pallidus demonstrated by H&E stain and GFAP immunohistochemistry.
Scale bars=20 um. E AT8-positive threads and dot-like lesions in the globus pallidus. Scale bar=20 pm. F AGs in the caudate nucleus. Gallyas
method. Scale bar=50 um. G AT8-positive GFAs and a coiled body in the caudate nucleus. Scale bar=50 pm. H Argyrophilic grains in the putamen.
Gallyas method. Scale bar=>50 um. I AT8-positive GFAs in the putamen. Scale bar=50 um. J Severe neuronal loss with gliosis in the substantia nigra.
H&E stain. Scale bar=600 pm. K AT8-positive NFT, threads, and AGs in the substantia nigra. Scale bar=30 um. L AT8-positive NFT, GFA, and threads
in the subthalamic nucleus. Scale bar=30 um. M AT8-positive NFTs and threads in the pontine nucleus. Scale bar=30 um. N AT8-positive GFA

and coiled body in the inferior olivary nucleus. Scale bar=30 um. O AT8-positive NFT and threads in the dentate nucleus in the cerebellum. Scale
bar=30 um
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occipitotemporal gyrus, inferior temporal gyrus, middle
temporal gyrus, superior temporal gyrus, insular cortex,
cingulate gyrus, middle frontal gyrus, orbital gyrus, and
substantia nigra (Table 3). The age at death had an inde-
pendent effect on neuronal loss in the amygdala, and the
LATE-NC stage had an independent effect on neuronal
loss in the lateral occipitotemporal gyrus, inferior tem-
poral gyrus, and middle temporal gyrus, respectively. In
contrast, neither Braak NFT stage nor LATE-NC stage
was a significant independent factor of neuronal loss in
these regions in our series with Braak NFT stage IV or
under.

In binomial logistic regression analyses (independent
variables: the age at death, moderate NFTs [Braak NFT
stages III-IV], severe AGs [Saito AG stages III includ-
ing diffuse form], and moderate LATE-NC stage [LATE
stage 2. No case had LATE-NC with stage 3]. A depend-
ent variable: the presence of neuronal loss in the caudate
nucleus, putamen, and globus pallidus, respectively),
severe AGs had an independent effect on neuronal loss
in the caudate nucleus, putamen, and globus pallidus,
respectively (Table 3). Moderate LATE-NC also had
an independent effect on neuronal loss in the caudate
nucleus (Table 3).

After these analyses, we also submitted the status of
GFAs (the GFA stage or presence or absence of GFA) as
an independent variable into the model of the amygdala,
middle frontal gyrus, caudate nucleus, and putamen.
However, the results were not changed (Supplementary
Table 4).

Univariate and multivariate analyses of predictors

for dementia in all pAGD and control cases

To examine the effect of pAGD on the development of
dementia, we selected 51 cases (23 pAGD cases and 28
control cases) for which data regarding dementia were
available and which lacked one or more large infarc-
tions and/or two or more lacunae. Of the 51 cases, 15
cases showed dementia (Table 4). Of the 15 cases with
dementia, 13 cases had pAGD (86.7%), and two control
cases (13.3%) had only NFTs with Braak stages II or IIL
The latter two control cases with dementia were clinically
diagnosed as chronic schizophrenia, which can cause
severe cognitive impairment in the later stage of the clini-
cal course regardless of degenerative changes [13, 46]. Of
the remaining 36 cases without dementia, 10 had pAGD
(27.8%) and 26 cases had only mild to moderate NFTs in
Braak stages I-IV with or without AP deposits in Thal
phases 1-2 (72.2%). Regarding the effect of chronic schiz-
ophrenia, which can cause cognitive impairment, the fre-
quency of schizophrenia in cases with dementia (3 of 15
cases, 20.0%) was significantly lower than that in cases
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without dementia (25 of 36 cases, 69.4%) (p=0.0018,
Fisher’s exact test).

Results in univariate analyses using binomial logistic
regression models are shown in Supplementary Table 5.
The age at death, Braak stages III-I1V, Saito AG stage II
or higher, presence of AGs in the amygdala, CAl, lateral
occipitotemporal gyrus, inferior temporal gyrus, and
insular cortex, respectively, moderate and high densities
of AGs (50-99 AGs and 100 or more AGs per X400 visual
field) in the amygdala, the high density of AGs in the CA1l
(100 or more AGs perx400 visual field), the presence of
LATE-NC, and the presence of moderate to severe neu-
ronal loss in the amygdala had a potential effect on the
development of dementia.

Results in multivariate binomial logistic regression
analyses with the age at death, Braak NFT stages III-IV,
pathological variables regarding AGs in the amygdala,
hippocampal CA1, and neocortex, and the presence of
LATE-NC as independent variables are shown in Table 5.
One hundred or more AGs perx400 visual field in the
amygdala, 100 or more AGs perx400 visual field in the
hippocampus CA1, and the presence of one or more AGs
in the inferior temporal gyrus had an independent effect
on the development of dementia. Further, the presence
of either 100 or more AGs perx400 visual field in the
amygdala or CA1 or the presence of AGs in the inferior
temporal gyrus also had an independent effect on the
development of dementia.

Discussion

This is the first study demonstrating that AGs have an
independent effect on neuronal loss in the amygdala,
hippocampal CA1, temporo-frontal cortex, striatum,
globus pallidus, and substantia nigra, as well as on the
development of dementia, in cases with a low to moder-
ate Braak NFT stage (I to IV). The main findings are: (1)
In 30 pAGD cases with Saito AG stages I-1II, neuronal
loss first developed in the amygdala, followed by the
temporo-frontal cortex and substantia nigra, and finally
the striatum and globus pallidus, with the progression of
the Saito AG stage. Of 30 pAGD cases, three were clas-
sified as diffuse form pAGD, having evident neuronal
loss in the striatum, globus pallidus, substantia nigra,
hippocampal CA1, and frontal cortex, in addition to the
amygdala and adjacent temporal cortex. (2) In multivari-
ate analyses with 30 pAGD and 34 control cases, the Saito
AG stage had an effect independent of the age at death,
Braak NFT stage, or LATE-NC stage on neuronal loss
in the amygdala, entorhinal cortex, hippocampal CAl,
temporal cortex, middle frontal gyrus, orbital gyrus, cin-
gulate gyrus, insular cortex, and substantia nigra. The
presence of severe AGs with Saito AG stage III also had
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Fig.5 Tau immunoblot and immunoelectron microscopy of the sarkosyl-insoluble, urea-soluble fraction from brains in diffuse form pAGD

cases. A, B Tau immunoblot analysis in cases 1 and 2 with AT8 (A) and T46 (B). Approximately 68- and 64-kDa bands were noted in all regions
examined in cases 1 and 2. Low molecular weight tau fragments of approximately 22-kDa band and 37-kDa doublet were also noted in both cases.
Weak 60-kDa bands that suggest tau accumulation as AD pathology were noted in the amygdala and inferior temporal gyrus in case 2. C-F
Immunoelectron microscopy of sarkosyl-insoluble tau from brains in cases 1 (C, D) and 2 (E, F). AT8 was used as a primary antibody and was labeled
by secondary antibody conjugated to 15-nm gold particles. AT8-positive twisted ribbon-like filaments were noted in both cases. PH:
parahippocampal gyrus; IT: inferior temporal gyrus; MF: middle frontal gyrus; CN: caudate nucleus; AM: amygdala

an independent effect on neuronal loss in the caudate
nucleus, putamen, and globus pallidus. (3) In multivari-
ate analyses of 23 pAGD and 28 control cases that lacked
significant vascular lesions, 100 or more AGs perx400
visual field in the amygdala, 100 or more AGs per X400
visual field in the hippocampal CA1l, and the presence
of AGs in the inferior temporal gyrus had an effect inde-
pendent of the age, NFTs, or LATE-NC on the develop-
ment of dementia.

It has been reported that some cases with AGs show
severe atrophy or degeneration in the amygdala [22, 51,
52, 55, 56, 68]. However, the present study first revealed
an independent effect of the Saito AG stage on neuronal
loss in the hippocampal CA1 as well. This result is con-
sistent with several previous findings regarding hip-
pocampal atrophy in AGD cases with Saito AG stage III
[1]. Although findings regarding the relationship between
hippocampal degeneration and LATE-NC have been

accumulated [23, 28, 40, 42], based on our findings, the
effect of AGs, besides LATE-NC, on neuronal loss in the
hippocampal CA1 should be also considered when exam-
ining the hippocampal atrophy and memory impairment
in cases with a low to moderate Braak NFT stage.

In a previous study reported by Saito et al. [53], it
was noticed that the distribution of AGs correspond-
ing to their stage III was closely associated with the
development of dementia. Interestingly, their view was
supported by our results in multivariate analyses. For
example, in our study, the presence of 100 or more AGs
per X400 visual field in the amygdala and the presence of
100 or more AGs per X400 visual field in the hippocam-
pal CA1l were independent factors in the development
of dementia, while lower density of AGs in these regions
was not (Table 5). Likewise, the presence of AGs in the
inferior temporal gyrus was an independent factor on the
occurrence of dementia, while the presence of AGs in the
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Fig. 6 Distribution of neuronal loss with gliosis in pAGD and control cases. In pAGD cases with Saito AG stages I-Ill, neuronal loss sequentially
became more evident with the progression of AGD especially in the amygdala, hippocampal CA1, neocortex, thalamus, and substantia nigra. In
diffuse form pAGD cases, evident neuronal loss with gliosis was additionally noted in the caudate nucleus, putamen, and globus pallidus but not in
the subthalamic nucleus
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Table 3 Multivariate analyses of predictors for neuronal loss in
limbic, neocortical, and subcortical regions

Oddsratio 95%ClI p value
Multivariate ordered logistic regression analyses
Amygdala (n=63)?
Age at death 1.07 1.01-1.14 0.0179*
Braak NFT stage 067 0.35-1.29 0.2320
Saito AG stage 3.18 1.73-5.84 <0.0071**
LATE-NC stage 0.62 0.27-1.44 0.2659
Entorhinal cortex (n=63)2
Age at death 1.01 0.98-1.05 0.3961
Braak NFT stage 0.82 042-1.60 0.5656
Saito AG stage 2.38 1.29-4.39 0.0056**
LATE-NC stage 1.94 0.89-4.22 0.0948
CA1 in the hippocampus®
Age at death 0.76 0.55-1.05 0.0920
Braak NFT stage 537 0.50-57.69 0.1656
Saito AG stage 220.70 1.50-32565.95 0.0342*
LATE-NC stage® 138.28 0.74-25,781.42 0.0646
Lateral occipitotemporal gyrus (n=63)*
Age at death 1.00 0.96-1.03 0.8281
Braak NFT stage 042 0.17-1.04 0.0619
Saito AG stage 2.82 1.39-5.71 0.0040%**
LATE-NC stage 393 1.43-10.85 0.0082**
Inferior temporal gyrus (n=63)
Age at death 1.01 0.92-1.12 0.8326
Braak NFT stage 041 0.14-1.17 0.0951
Saito AG stage 2.88 1.36-6.11 0.0059%**
LATE-NC stage 297 1.01-8.77 0.0485*
Middle temporal gyrus (n=63)°
Age at death 1.00 091-1.11 0.9727
Braak NFT stage 0.52 0.20-1.37 0.1854
Saito AG stage 292 1.34-6.33 0.0068**
LATE-NC stage 3.74 1.24-11.24 0.0190*
Superior temporal gyrus (n=60)*
Age at death 1.03 0.92-1.16 0.6320
Braak NFT stage 0.56 0.20-1.56 0.2656
Saito AG stage 6.74 2.16-21.02 0.0010%**
LATE-NC stage 0.83 0.25-2.73 0.7634
Insular cortex (n=62)°
Age at death 0.99 0.95-1.04 0.8149
Braak NFT stage 0.73 0.32-1.68 04615
Saito AG stage 4.28 1.86-9.84 <0.001**
LATE-NC stage 215 0.82-5.59 0.1179
Cingulate gyrus (n=60)?
Age at death 1.01 0.92-1.12 0.7919
Braak NFT stage 0.70 0.30-1.63 04052
Saito AG stage 2.75 1.27-5.95 0.0100%**
LATE-NC stage 1.94 0.72-5.21 0.1891
Middle frontal gyrus (n=63)*
Age at death 0.96 0.87-1.07 0.4509
Braak NFT stage 0.52 0.20-1.38 0.1903
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Table 3 (continued)

Oddsratio  95%ClI p value
Saito AG stage 544 2.11-14.01 <0.001**
LATE-NC stage 137 0.47-3.96 0.5626
Orbital gyrus (n=53)*
Age at death 0.97 0.87-1.07 0.5166
Braak NFT stage 045 0.17-1.23 0.1208
Saito AG stage 5.84 221-1543 <0.001**
LATE-NC stage 1.80 0.55-5.95 0.3326
Substantia nigra (n=63)?
Age at death 0.94 0.84-1.04 0.1985
Braak NFT stage 0.73 0.28-1.88 05114
Saito AG stage 2.76 1.25-6.09 0.0116*
LATE-NC stage 1.94 0.67-5.60 0.2230
Binomial logistic regression analysis
Caudate nucleus (n=63)¢
Age at death 0.87 0.75-1.02 0.0821
Moderate NFTs® 1.71 0.07-39.80 0.7393
Severe AGs 20.02 1.29-310.27 0.0321*
Moderate LATE-NC? 53.87 1.28-2262.10 0.0366*
Putamen (n=63)¢
Age at death 0.84 0.67-1.05 0.1206
Moderate NFTs® 0.10 0.00-17.44 0.3783
Severe AGs 473.03 2.55-87,745.07 0.0208*
Moderate LATE-NCY 68.84 0.22-21,175.06 0.1477
Globus pallidus (n=63)4
Age at death 0.98 0.83-1.16 0.8167
Moderate NFTs® 0.1 0.00-6.49 0.2895
Severe AGs 85.90 324-227713 0.0077*%*
Moderate LATE-NCY 6.82 0.15-317.26 03270

30 pAGD cases and 34 control cases were examined.

Cl confidence interval, NFT neurofibrillary tangle, AG argyrophilic grains, LATE-NC
limbic-predominant age-related TDP-43 encephalopathy neuropathologic
change.

2The dependent variable was a four-point staging system of neuronal loss
(none, mild, moderate, and severe. The definitions are noted in the text) in each
region. The age at death, Braak NFT stage, Saito AG stage, and LATE-NC stage
were submitted as independent variables.

b LATE-NC stages 1-3 were combined.
€ Neuronal loss stages 2 and 3 were combined.

9The dependent variable was the presence or absence of neuronal loss (stages 0
or 1-3) in each region.

€ Braak NFT stages III-IV.

fBecause all diffuse form pAGD cases fit the criteria of Saito AG stage ll, diffuse
form was regarded as Saito AG stage Ill in statistical analyses.

9 LATE-NC stages 2. No pAGD or control case had LATE-NC in stage 3.
*'p<0.05,**:p<0.01

lateral occipitotemporal gyrus was not (Table 5). These
statuses, which had independent effects on dementia,
are consistent with the pathological statuses of Saito AG
stage III. Further, this potential relationship between AGs
and dementia may be supported by our finding that the
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Table 4 Pathological features in 23 pAGD and 28 control cases with and without dementia
o, pathological Ageat Bm:(“ Thal 5:? | Quantity of AGs ] l?chE— | Severity of neuronal loss

classification death stage | P1° | stage | Amy | cAl | LoT6 | Ic TG | MFG | Mc ‘ IPL | oc ‘ stage | Amy | cAL ‘ o16 ‘ ic ‘ 6 ‘ MFG ‘ Mmc ‘ 1PL | oc

Cases with dementia
1 PAGD 1 2 2 2 2 2 05 05 05 05 2 3 3 3 3 2 1 [ 1 0
2 PAGD n o 2 1 0.5 05 0.5 2 3 3 3 2 3 1 1 1 1
3 PAGD 60 | ) 2 05 05 05 05 0 3 3 3 3 2 2 0 1 0
4 PAGD 3 2 1 05 0 0 0 0 2 2 3 2 2 2 1 0 0 1
5 GD i 2 2 2 0 0 0 2 0 1 1 1 1 0 0 0
6 PAGD i [ " 2 2 05 05 0 0 0 0 0 1 2 0 2 2 2 1 0 2 0
7 GD 1 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 [) [ 0 0
8 PAGD 3 " 2 2 05 05 0 0 0 0 2 2 1 1 1 0 1 0
9 PAGD 3 " 2 1 05 05 0 0 0 1 [ 0 0 0 0
10 PAGD 1] o I 05 1 1] o 1] o 1] o 1] o 1 o 0 o 4] o o o o
11 PAGD n [ o | 05 | os | o 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
12 PAGD 1 o I 05 1 1] o Y] o 1] o Y] o 3 o 1 1 4] o o o
13 PAGD o I 0.5 o o Y] o o o o o o o o ] o o o o
14 Control (PART) [} [ [ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 Control (PART) | 66 n Lo 0 0 o | 0 0 0 0 0 1 0 0 0 0 0 0 0
Cases without dementia
16 3 0 05 05 05 0 0 0 0 0 0 0 1 1 1 1 0 1 0
17 1 1 2 [2 [ 05 0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0
18 [ " 05 0 0 0 0 0 0 0 1 1 [ 1 0 0 [ [ 0
19 2 I 1 2 0.5 0 1] 4] Y] Y] 2 0 Y] 0 ] 0 o o Y]
20 [ " na. 2 0 05 0 0 0 0 0 0 0 0 0 0 [ 0
21 2 I 05 0.5 Y] 4] 1] Y] Y] 0 1] o 1 Y] 0 ] ] 1 0 1 0
22 1 I 05 0.5 o o o o o 0 o o o o o o o o o o o
23 o I 0 0.5 o o o o o o o o ] o o o o o
2 [ ] 1 1 05 0 0 0 0 0 0 0 1 0 0 0 0 0 [ [ 0
25 PAGD 1 2 I 05 2 o o o o 1 1 o o 1 o o
26 Control (PART) 0 0 o 0 0 0 0 ] ] o o o 1 o o 1 o o o o o
27 Control (PART) | 67 [ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0
28 Control (PART) | 63 | | 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 1 ) 0
29 Control (PART) | 61 [ 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 [ 1 0
30 Control (PART) il 1 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 [ 0 0
31 Control (PART) | 68 | ) 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 ) ) 0
32 Control (PART) | 63 [n 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 1
33 Control (PART) 51 1 0 0 o o o o o o o o o o o o o o o o o o o
34 Control (PART) 1l 2 0 0 0 0 0 0 o o o o o ] o 1 o 1 o o o o
35 Control (PART) 2 0 0 0 o o o o o o o o o o o o o o o o o
36 Control (PART) 60 1 0 0 0 0 0 0 o o o 0 o o o o o o o o o
37 Control (PART) [ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
38 Control (PART) | 69 il ) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [) 0 0 0
39 Control (PART) | 67 1 [ 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 ) 0
40 Control (PART) | 66 i 1 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 ) [ 0
a1 Control (PART) | 58 [ 1 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 [) [ ) 0
42 Control (PART) | 56 1 ) 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 ) ) [
43 Control (PART) 58 1 o o o o o o o o Y] o 1] o o o o o o o o o
44 Control (PART) 65 1 0 0 0 0 0 1] o o o o o o o o o 0 o o o o
45 Control (PART) 66 1 o o 0 o o o o o o o o o o 4] o [ o o o o o
46 Control (PART) H i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0
47 Control (PART) 62 1 0 0 o 0 0 0 o o ] o o o o o o o o o o o o
48 Control (PART) | 48 [ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
49 Control (PART) 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 0 0
50 Control (PART) | 62 [ 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 [
51 Control (PART) | 55 | | 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 [ 0 0

To minimize the influence of vascular lesions on the development of dementia, cases that had one or more large infarctions and/or two or more lacunae in any region

in the neocortex or subcortical nuclei were excluded.

PAGD pure argyrophilic grain disease, PART primary age-related tauopathy, NFT neurofibrillary tangle, AGs argyrophilic grains, LATE-NC limbic-predominant age-
related TDP-43 encephalopathy neuropathological change (LATE-NC), Amy amygdala, LOTG lateral occipitotemporal gyrus, IC insular cortex, /TG inferior temporal
gyrus, MFG middle frontal gyrus, MC motor cortex, IPL inferior parietal lobule, OC occipital cortex

Saito AG stage had an independent effect on neuronal
loss not only in the limbic system but also in widespread
regions of the neocortex (Table 3, Fig. 6). Given these
findings, evaluating whether there are 100 or more AGs
per X 400 visual field either in the amygdala or hippocam-
pal CA1l and evaluating whether there are AGs in the
inferior temporal gyrus might be useful to infer whether
AGs contributed at least partially to the occurrence of
dementia in each patient.

In contrast to our study, several previous studies failed
to demonstrate the potential relationship between AGs
and cognitive impairment [17, 41, 48, 50]. However,
the procedures of the pathological assessment of AGs
in previous studies were varied. In several studies, only
limbic regions (e.g., the amygdala, entorhinal cortex,
subiculum, and/or hippocampal CA1) but not the neo-
cortex were examined [41, 48, 50]. Regarding the data
on AGs, the presence/absence data [17, 48], semiquan-
titative data [41, 50], or Saito AG stage [51] were used
in statistical analyses. Further, the pathological back-
grounds in the series examined were also varied: in most
previous studies in which a relationship between AGs

and cognitive impairment was not revealed, AGD cases
having severe NFTs (Braak NFT stages V-VI) were not
excluded from the analyses [41, 48, 50]. It is noteworthy
that, in all studies (including ours) in which cases having
AD, other degenerative changes, and significant vascular
lesions were excluded, the relationship between AGs and
dementia was observed [6, 51]. In a previous study, based
on the fact that none of eight AGD cases with dementia
had NFTs with low Braak stages of 0 to II, it was con-
cluded that AGs may be an additive pathology that may
reduce the threshold for dementia [22]. However, in our
series, 6 of 13 pAGD cases with dementia (46.2%) had
NFTs with Braak stages I-II (Table 4) and multivariate
analyses demonstrated an effect of AGs independent of
Braak stage on dementia (Table 5). Given these findings,
when the proportion of cases bearing the high density of
AGs in the limbic system, the proportion of cases bearing
AGs in the inferior temporal gyrus, and/or the propor-
tion of cases with a low to moderate Braak NFT stage in
a series examined are small, the effect of AGs on cogni-
tive function may be difficult to detect. In addition, the
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Table 5 Multivariate binomial logistic regression analyses of predictors for dementia in pAGD and control cases

OR 95% Cl 14
Quantity of AGs in the amygdala
Model 1 (n=50)
Age at death 1.09 0.98-1.22 0.1122
Braak NFT stages IlI-IV 2.08 0.34-12.79 04280
One to 49 AGs in the amygdala (perx400 visual field) 1.57 0.30-831 0.5928
Presence of LATE-NC 2.51 0.27-23.78 04221
Model 2 (n=50)
Age at death 1.09 0.98-1.22 0.1159
Braak NFT stages IlI-IV 1.74 0.26-11.74 0.5690
50-99 AGs in the amygdala (per x 400 visual field) 243 0.17-34.96 0.5139
Presence of LATE-NC 203 0.18-23.19 0.5689
Model 3 (n=50)
Age at death 1.07 0.95-1.20 0.2394
Braak NFT stages llI-IV 3.55 0.46-27.14 0.2224
100 or more AGs in the amygdala (perx400 visual field) 10.02 1.12-89.43 0.0391*
Presence of LATE-NC 367 0.32-42.61 0.2985
Quantity of AGs in the hippocampal CA1
Model 4 (n=51)
Age at death 1.07 097-1.17 0.1669
Braak NFT stages lll-IV 3.08 0.55-17.23 0.1998
One to 49 AGs in the CA1 (perx 400 visual field) 3.63 0.56-23.50 0.1754
Presence of LATE-NC 513 0.57-45.82 0.1432
Model 5 (n=51)
Age at death 1.07 097-1.18 0.1913
Braak NFT stages Ill-IV 2.83 0.49-16.29 0.2441
20-99 AGs in the CA1 (perx400 visual field) 0.76 0.08-7.03 0.8054
Presence of LATE-NC 455 0.41-50.60 0.2176
Model 6 (n=51)
Age at death 1.07 097-1.17 0.1704
Braak NFT stages IlI-IV 2.19 0.36-13.34 0.3954
100 or more AGs in the CAT (perx400 visual field) 12.22 1.70-87.81 0.0128*
Presence of LATE-NC 543 0.35-83.90 0.2258
Presence of AGs in the neocortex
Model 7 (n=49)
Age at death 1.06 0.95-1.18 0.2686
Braak NFT stages Ill-IV 2.03 0.27-15.20 0.4890
Presence of AGs in the lateral occipitotemporal gyrus 574 0.97-34.07 0.0544
Presence of LATE-NC 2.05 0.18-24.03 0.5673
Model 8 (n=49)
Age at death 1.06 0.96-1.18 0.2484
Braak NFT stages Ill-IV 1.61 0.19-13.75 0.6622
Presence of AGs in the inferior temporal gyrus 8.18 1.03-65.13 0.0471*
Presence of LATE-NC 333 0.28-38.96 0.3377
Combination of AGs in the amygdala, CA1, or neocortex
Model 9 (n=49)
Age at death 1.04 0.92-1.17 0.5015
Braak NFT stages Ill-IV 1.82 0.17-19.62 0.6225
Either 100 or more AGs perx400 visual field in the amygdala or CA1 or the pres- 13.92 2.12-91.49 0.0061**

ence of AGs in the inferior temporal gyrus
Presence of LATE-NC 572 0.39-83.79 0.2025




Yokota et al. Acta Neuropathologica Communications (2024) 12:121

Table 5 (continued)
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51 cases (23 pAGD cases and 28 control cases) that lacked two or more lacunae or larger infarctions in the cortex and/or subcortical regions were examined using

multivariate analyses.

PAGD pure argyrophilic grain disease, OR odds ratio, Cl confidence interval, NFT neurofibrillary tangle, AG argyrophilic grains, LATE-NC limbic-predominant age-related

TDP-43 encephalopathy neuropathologic change.
* p<0.05,**:p<0.01

staining method to reveal AGs may also have some effect
on the analysis of the relationship between AGs and cog-
nitive function. For example, because AT8 immunohis-
tochemistry can reveal AGs more sensitively than the
Gallyas method [45], it is possible that the threshold for
the occurrence of dementia due to AGs may appear to be
increased in a study using AT8 immunohistochemistry
than in a study using the Gallyas method. This view can
be inferred from a report that, although AT8 can reveal
very early changes of NFTs, no case having only such
lesions showed dementia clinically [10].

In our series, mild to moderate numbers of AGs (i.e.,
less than 100 AGs per x400 visual field in the amygdala,
less than 100 AGs per X400 visual field in the hippocam-
pal CA1) or not so widely distributed AGs (i.e., the pres-
ence of AGs in the lateral occcipitotemporal gyrus) were
not associated with dementia. However, it does not nec-
essarily suggest that mild to moderate AGs do not affect
cognitive function and psychiatric status at all. For exam-
ple, in a recent study in which 1449 serial forensic autopsy
cases were examined, the frequencies of suicide in AGD
cases with each Saito AG stage (stages L, II, or III) were
significantly higher than in cases without AGs, respec-
tively [69]. Likewise, although the frequency of AGs was
reported to be significantly higher in cases who showed
late-onset psychotic disorder without dementia than that
in age-matched control cases, AGs in all cases of late-
onset psychotic disorder remained in Saito AG stages I or
II [39]. These findings support the possibility that mild to
moderate AGs may be associated with some psychiatric
conditions lacking dementia. Further data regarding the
impact of mild to moderate AGs on cognitive function
and psychiatric status should be accumulated.

Multivariate analyses in this study demonstrated that
Saito AG stage had an independent effect on neuronal
loss in the striatum, globus pallidus, and substantia nigra
(Table 3). Indeed, in our three diffuse-form pAGD cases,
moderate to severe neuronal loss was consistently noted
in the striatum, globus pallidus, and substantia nigra
(Fig. 6), and two of three cases clinically showed asym-
metric parkinsonism in the later clinical course. Likewise,
among previously reported AGD cases that had AGs in
the basal ganglia and/or brain stem, some cases showed
parkinsonism (Supplementary Table 6) [4, 16, 19-21,
35, 62]. The detailed pathophysiological background and

frequency of motor disturbances in pAGD cases need to
be explored in the future.

Limitations of this study are as follows: (1) the num-
bers of pAGD cases and control cases examined were
small, so that some sampling bias might affect our
results. However, the significant relationship between
AGs and cognitive impairment observed in our
study was consistent with those in two independent
autopsy series [6, 53] in which AD cases, other degen-
erative disease cases, and cases with vascular changes
were excluded. (2) In our study, probably because we
extracted pAGD cases that lacked the other degenera-
tive diseases, the frequency of cases with LATE-NC in
our series was relatively low. This may be because the
effect of LATE-NC on neuronal loss in the hippocampal
CALl failed to be demonstrated. However, this potential
sampling bias does not deny the association of AGs
with neuronal loss as well as dementia. (3) In the pre-
sent study, the presence of 100 or more AGs per X400
visual field in the amygdala or hippocampal CA1l and
the presence of AGs in the inferior temporal gyrus
were factors independent of the occurrence of demen-
tia. However, the number of AGs as the threshold for
dementia may be affected by the staining method
employed because AT8 immunohistochemistry is more
sensitive for the detection of AGs than the Gallyas
method [45]. (4) In this study, the presence of demen-
tia was retrospectively determined based on the clinical
summary, chart review, and an interview of physicians
who provided long-term treatment in the late stage
of the clinical course. However, this information was
obtained before the pathological examination, so that
the clinical assessment by each physician at least was
not influenced by pathological findings. In addition,
because the diagnosis of dementia was made accord-
ing to the DSM-III-R regardless of cause in this study,
the dementia state might be associated with psychiat-
ric disorders rather than neurodegenerative diseases in
some cases. However, because the frequency of schiz-
ophrenia in our cases with dementia was significantly
lower than that in our cases without dementia (20.0%
vs. 69.4%), it is plausible that dementia in our series
cannot be explained by a past history of schizophrenia.

In conclusion, in our series with low to moderate Braak
stages, the progression of AGs had an independent effect
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on neuronal loss in the limbic region, temporo-frontal
cortex, and subcortical nuclei. Further, 100 or more
Gallyas-positive AGs per x400 visual field in the amyg-
dala or hippocampal CA1 and the progression of Gallyas-
positive AGs to the inferior temporal cortex were factors
independent of dementia. These findings suggest that the
effect of AGs should be considered when examining the
pathogenic backgrounds of limbic and neocortical atro-
phy and cognitive impairment, at least in cases with a low
to moderate Braak stage.
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Supplementary figure 1. Representative photos of the grading system
(stages 0-4) of neuronal loss with gliosis in the cerebral cortex. A, E Stage
0. No neuronal loss. B, F Stage 1. Mild neuronal loss. C, G Stage 2. Moder-
ate neuronal loss. D, H Stage 3. Severe neuronal loss. A-D H&E stain, E-H
KB stain. Scale bars: A-D 200 um, E-H 200 pum. The most severe grade
was recorded as the stage in each region. Details of the definition of each
stage are noted in the text.

Supplementary figure 2. Representative photos of the grading system
(stages 0-4) of neuronal loss with gliosis in the subcortical nuclei. A, E, I, M
Stage 0. No neuronal loss. B, F, J, N Stage 1. Mild neuronal loss. C, G, K, O
Stage 2. Moderate neuronal loss. D, H, L, P Stage 3. Severe neuronal loss.
A-H H&E stain, I-P KB stain. Scale bars: A-D, I-L 100 um, E-H, M—P 50 um.
The most severe grade was recorded as the stage in each region. Details
of the definition of each stage are noted in the text.

Supplementary figure 3. Pathological findings in case 3. A 4R tau-positive
AGs in the amygdala. Scale bar = 30 pm. Inset: Argyrophilic grains in the
same region. Gallyas method. Scale bar = 10 um. B 4R tau-positive Betz
cell and argyrophillic grains in the primary motor cortex. Scale bar = 30
pm. Inset: The Gallyas method did not demonstrate argyrophilia in Betz
cells. Scale bar = 10 um. C Severe neuronal loss with gliosis in the globus
pallidus. Tissue degeneration is more evident in the dorsal portion of the
site. H&E stain. Scale bar = 200 um. D Holzer stain demonstrated severe
gliosis in the dorsal portion rather than the ventral portion in the globus
pallidus. Scale bar = 200 um. E, F Severe neuronal loss and gliosis in the
globus pallidus demonstrated by H&E stain (E) and GFAP immunohisto-
chemistry (F). Scale bar = 20 um. G AT8-positive neurons and threads in
the globus pallidus. Scale bar = 20 pm. H AGs in the caudate nucleus.
Gallyas method. Scale bar = 50 um. | AT8-positive NFTs and threads in
the putamen. Scale bar = 20 pm. J Severe neuronal loss in the substantia
nigra. H&E stain. Scale bar = 600 um. K AT8-positive NFTs and threads in
the substantia nigra. Scale bar = 20 um. L AT8-positive glial cells and fine
threads in the white matter in the cerebellum. Scale bar = 20 um. M Hip-
pocampal sclerosis characterized by severe loss in the CA1 and subiculum.
H&E stain. Scale bar = 500 um.
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