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Abstract

Granulovacuolar degeneration (GVD) is usually found in Alzheimer’s disease (AD) cases or in elderly individuals. Its sever-
ity correlates positively with the density of neurofibrillary tangles (NFTs). Mechanisms underlying GVD formation are
unknown. We assessed the prevalence and distribution of GVD in cases with TDP-43-related frontotemporal lobar degenera-
tion (FTLD-TDP) and amyotrophic lateral sclerosis (ALS-TDP). Consecutively autopsied cases with FTLD/ALS-TDP and
C9orf72 mutations (FTLD/ALS-C9; N=29), cases with FTLD/ALS-TDP without C9orf72 mutations (FTLD/ALS-nonC9;
N=46), and age-matched healthy controls (N=40) were studied. The prevalence of GVD was significantly higher in the
FTLD/ALS-C9 cases (26/29 cases) than in the FTLD/ALS-nonC9 cases (15/46 cases; Fisher exact test; p <2x107%) or in
the control group (12/40 individuals; p < 1x107%). Average Braak stages and ages of death were not significantly different
among the groups. The CA2 sector was most frequently affected in the FTLD/ALS-C9 group, whereas the CA1/subiculum
was the most vulnerable area in the other groups. Extension of GVD correlated with the clinical duration of the disease in
the FTLD/ALS-C9 cases but not in the FTLD/ALS-nonC9 cases. The GVD-containing neurons frequently had dipeptide
repeat (DPR) protein inclusions. GVD granules labeled with antibodies directed against charged multivesicular body protein
2B or casein kinase 15 were attached to DPR inclusions within GVD. Our results suggest that development of GVD and
DPR inclusions is related to common pathogenic mechanisms and that GVD is not only associated with NFTs seen in AD
cases or aging individuals.
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Introduction

TAR DNA-binding protein 43 kDa (TDP-43) is a major
component of aggregated proteins observed in cases with
frontotemporal lobar degeneration (FTLD) and amyotrophic
lateral sclerosis (ALS-TDP) [23]. ALS-TDP and FTLD-TDP
can co-occur, a condition known as frontotemporal demen-
tia with motor neuron disease (FTD-MND) or ALS with
dementia (ALS-D) [12]. FTLD-TDP and ALS-TDP belong
to a continuous spectrum of diseases grouped under the term
‘TDP-43 proteinopathy’ that variably involve multiple sys-
tems of neural connection [10, 26-28].

The mutation of the C9orf72 gene was identified as the
most common genetic cause of familial FTLD/ALS-TDP
(FTLD/ALS-C9) [8, 21]. In this mutation, an intronic
hexanucleotide (GGGGCC) expansion leads to non-ATG
mediated sense and antisense translation, which results in
the formation of dipeptide repeat (DPR) proteins [1, 20].
Inclusions of poly-GA, poly-GP, and poly-GR, which are
products of sense translation, are more abundant than those
of poly-PA or poly-PR derived from antisense translation
[15]. Immunohistochemically, the DPR inclusions are p62/
ubiquitin-positive but TDP-43-negative [1]. Recent studies
have revealed key roles of C9orf72 genes for the autophagy
system [32] and the endosome system [31]. Neurotoxicity of
DPR inclusions [17, 37], TDP-43 inclusions [7], and repeat
RNA have also been reported in that mutation [33].

In this study, we analyzed the prevalence of granulov-
acuolar degeneration (GVD) in FTLD/ALS-TDP cases. In
H&E-stained specimens, GVD is composed of basophilic
granules in vacuoles. They are usually found in the pyrami-
dal neurons of the hippocampus in AD cases [14, 35]. The
prevalence of GVD strongly correlates with the density of
neurofibrillary tangles (NFTs). It can arise in non-demented
elderly individuals or in cases with tauopathy other than
AD [14, 35]. GVD granules contain miscellaneous proteins,
including hyperphosphorylated tau (pTau) and phospho-
rylated TDP-43 (pTDP-43) [13, 38]. GVD is usually not
found in neurons bearing NFTs or cytoplasmic inclusion
of TDP-43 [13, 38]. Recent studies revealed that GVD
granules structurally resemble autophagic organelles and
abundantly aggregate charged multivesicular body protein
2B (CHMP2B), an endosome-related protein [9, 39]. The
prevalence of GVD is unknown among FTLD/ALS-TDP,
and mechanisms of GVD formation remain to be eluci-
dated. We assessed GVD among consecutively autopsied
cases with FTLD/ALS-C9 (n=29), cases with C9orf72
mutation-negative FTLD/ALS-TDP (n=46), and controls
without neurological disorders (n=40).
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Materials and methods
Genetic analysis

The C9ORF72 repeat was analyzed in all cases with FTLD
or ALS using a repeat-primed PCR amplification as we
described previously [19]. The assay was completed by a
classical fluorescent fragment length analysis allowing the
detection of non-expanded C9orf72 alleles. These analyses
were repeated twice for each patient to ensure reproducibil-
ity of the results. DNA of some homozygous individuals
was sequenced to precisely correlate the number of base
pairs in the fluorescent assay with the number of GGGGCC
repeats. Cases with GGGGCC repeat numbers larger than
50 were included in the C9orf72-related FTLD/ALS (FTLD/
ALS-C9) group. The other cases were classified to the non-
C9-orf72-related FTLD/ALS (FTLD/ALS-nonC9) group.

Subjects

Signed informed consent for autopsy and genetic analysis
was obtained in all cases from the patients themselves or
from the patients’ family members. Eighty-seven cases with
FTLD/ALS-TDP who were consecutively autopsied between
January 1998 and December 2016 at Raymond Escourolle
Neuropathology Laboratory [30, 34] were studied. In 33
individuals, an expansion of GGGGCC repeat in C9orf72
gene had been identified (FTLD/ALS-C9); in 54 individu-
als, no GGGGCC expansion of C9orf72 gene was detected
(FTLD/ALS-nonC9). Cases with comorbid AD pathology
that corresponded to Braak NFT stage IV or higher [2] or
Thal amyloid phase 3 or higher [36] were excluded from
the study. pTau-positive GVD granules were not taken into
account in Braak NFT staging. Cases in the limbic or neo-
cortical stage of dementia with Lewy bodies [18] or with
argyrophilic grain disease (AGD) at Saito’s stage II or above
[29] were also excluded. After exclusion of inadequate cases,
29 cases with FTLD/ALS-C9 and 46 cases with FTLD/
ALS-nonC9 were included to the study. Forty age-matched
controls without any neurological diseases (9 females and
31 males) were compared to the FTLD/ALS-TDP cases.
Causes of death included carcinoma/hematologic neoplasms
(N=14), cardiovascular diseases (N=8), infections (N=4),
enteral hemorrhage (N =23), and other conditions (N=11;
collagen diseases, diabetes mellitus, liver cirrhosis, and
sudden death due to unknown causes). The demographic
characteristics of the subjects under study are summarized
in Table 1. Average Braak NFT stages and ages of death did
not differ among the three groups. Two cases in the ALS-C9
subgroup, one in the ALS-nonC9 subgroup, and one in the
control group had AGD Saito’s grade 1.
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Table 1 Clinical and FTLD/ALS-C9 FTLD/ALS-nonC9 Controls p value
pathological data
N (gender) 29 (TF/22M) 46 (13F/33M) 40 (9F/31M) 0.8 (F/M)?
Age at death (average) 60.1+9.6 (42-72) 62.5+9.7 (40-75) 61.2+7.6 (47-75) 0.4°
Duration (month, median) 48 (6-192) 37 (8-136) - 0.5¢
Clinical subgroups
FTD (without ALS) 5 (1IF/4M) 2 (IF/1M) -
FTD (with ALS) 14 3F/11M) 14 (4F/10M) -
ALS 10 (3F/TM) 30 (8F/22M) -
Family history 93.1% (27/29) 0.0% (0/46) - < 0.001%
Brain weight (average) 1266.4+183.9 1372.4+173.2 1407.4+130.3 <0.05°
PMD (median) 24.0 (9-72) 27.5 (2-84) 23 (3-72) 0.2°
TDP-43 subtype of FTLD
Type A 6 7 - 0.5¢
Type B 13 8 - 0.3*
Type C 0 1 - 0.5*
Braak NFT stage (average) 0.97+0.94 0.74+0.80 1.00+£0.99 0.5°
Thal amyloid phase (average) 0.14+0.35 0.24+0.53 0.25+0.54 0.9°

Clinical and pathological data of the three groups of cases studied: FTLD/ALS-C9: fronto-temporal lobar
degeneration or amyotrophic lateral sclerosis, diversely associated, with C9orf72 mutation. FTLD/ALS-
non C9: fronto-temporal lobar degeneration or amyotrophic lateral sclerosis, diversely associated, without

C9orf72 mutations

ALS amyotrophic lateral sclerosis; FTD frontotemporal dementia; FTLD frontotemporal lobar degenera-
tion; NFT neurofibrillary tangle; and PMD post-mortem delay

aFisher’s exact test. "Kruskal-Wallis test. ‘Mann—Whitney U test

Clinical analysis

The clinical review of the cases was retrospective. Gender,
age of death, duration of symptomatic disease, subtype of
dementia, family history, brain weight, and post-mortem
delay were recorded. Onset of disease was defined as the
first awareness of dementia symptoms or muscle weak-
ness by patients or caregivers. The occurrence of ALS,
dementia or both within two generations among first to
fourth degree relatives was taken as evidence of a family
history. Two clinical subgroups, FTD and non-demented
ALS, were recognized among the cases. The FTD cases,
with or without ALS, were defined as those who showed
behavioral variant FTD (bvFTD) or primary progressive
aphasia [22] and demonstrated neuronal TDP-43 inclu-
sions in the frontotemporal cortices. The ALS cases were
defined as those who presented with ALS in the absence
of dementia throughout the course of the disease and in
which TDP-43 inclusions were detected in the motor neu-
rons [5]. The FTLD/ALS-C9 group comprised 19 FTD
cases (with or without ALS) and 10 pure ALS cases. The
FTLD/ALS-nonC9 group comprised 16 FTD cases (with
or without ALS) and 30 pure ALS cases (Table 1).

Pathological analysis

The two hemispheres were separated immediately after
removal. One hemisphere, randomly left or right, was fixed
in 4% neutral-buffered formalin for at least 2 months. Frozen
samples were collected from the other hemisphere. The fixed
hemisphere was cut at a level of the mammillary bodies, and
10-mm-thick coronal sections were systematically prepared.
The tissues were embedded in paraffin, and 5-pm-thick sec-
tions were routinely stained with hematoxylin—eosin (H&E)
and luxol fast blue. The primary antibodies are listed in
Table 2. The slides were immunostained with the Bench-
mark Ultra or XT (Roche-Ventana) automated slide staining
system according to the manufacturer instructions.

Evaluation of GVD

GVD was defined as an accumulation of large membrane-
bound vacuoles with a central granule. Single and isolated
vacuoles with a granule were excluded. GVD was graded
after H&E staining and anti-pTDP-43 immunohistochem-
istry using the GVD staging system proposed by Thal et al.
[35]. Each stage was defined as follows: stage 0, no GVD;
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Table 2 Primary antibodies used in this study

Specificity Clone Host species Concentration Company

Anti-a-synuclein KM51 Mouse, monoclonal 1:10 Novocastra, Newcastle, UK
Anti-p-amyloid 6F3D Mouse, monoclonal 1:100 Dako, Glostrup, Denmark
Anti-CHMP2B Rabbit, polyclonal 1:500 Abcam, Cambridge, MA
Anti-CK18 AF12G4 Mouse, monoclonal 1:500 Abcam, Cambridge, MA
Anti-glial fibrillary acidic protein Rabbit, polyclonal 1:1000 Dako, Glostrup, Denmark
Anti-p62 3/p62 LCK ligand Mouse, monoclonal 1:500 BD Biosciences, Franklin Lakes, NJ
Anti-phosphorylated tau AT-8 Mouse, monoclonal 1:500 ThermoScientific, Waltham, MA
Anti-phosphorylated TDP43 pS409/410-2 Rabbit, polyclonal 1:5000 Cosmobio, Tokyo, Japan
Anti-poly-GA SE9  Mouse, monoclonal 1:100 EMD Millipore, Billerica, MA
Anti-poly-GP Rabbit, polyclonal 1:80 ProteinTech, Chicago IL
Anti-poly-GR Rabbit, polyclonal 1:80 ProteinTech, Chicago IL
Anti-poly-PA Rabbit, polyclonal 1:80 ProteinTech, Chicago IL
Anti-poly-PR Rabbit, polyclonal 1:80 ProteinTech, Chicago IL
Anti-TDP-43 Rabbit, polyclonal 1:2500 ProteinTech, Chicago IL
Anti-ubiquitin Ubi-1 Mouse, monoclonal 1:250 EMD Millipore, Billerica, MA

stage 1, GVD limited to the subiculum and CA1; stage 2,
GVD involving also CA4 and the entorhinal cortex; stage 3,
GVD involving also the temporal neocortex; stage 4, GVD
pathology reached the amygdala and hypothalamus; and
stage 5, GVD also found in neocortical areas and thalamus.
The CA sectors were evaluated in a section made at the level
of the geniculate body. Interrater reliability (Y.R. and D.S.)
for presence or absence of GVD on H&E staining was found
to be excellent (kappa=0.80 for 10 slides).

Immunohistochemistry for DPR inclusions

We immunohistochemically assessed DPR inclusions con-
taining proteins translated from the sense strand (sense
DPRi) with antibodies directed against poly-GA, poly-GP, or
poly-GR and DPR inclusions containing proteins translated
from the antisense strand (anti-sense DPRi) with antibodies
directed against poly-PR or poly-PA in the CA sectors of all
cases. Sense DPRi were found in all FTLD/ALS-C9 cases
and were more abundant than antisense DPRi that were
rarely observed in only a subset of those cases (poly PR and
poly PA immunopositivity was found in 13 and 8 out of 29
FTLD/ALS-C9 cases, respectively). DPR inclusions were
negative in the FTLD/ALS-nonC9 cases and controls (sup-
plementary Figure).

Quantification of coexistence of GVD with DPR
inclusions

The prevalence of DPR inclusions among neurons with
or without GVD was manually assessed in DPR immu-
nostained sections with hematoxylin counterstaining under
a magnification of 400 X. Only neurons of which the whole

@ Springer

cell body and nucleus were visible within each microscopi-
cal field were counted. Three microscopical fields from the
CAZ2 and five from the CA1 sectors were randomly chosen
at 100 pm or more intervals to avoid overlapping. GVD and
DPR inclusions could coexist in neurons in two ways; DPR
inclusions could be located within GVD and were defined as
‘colocalized” with GVD; DPR inclusions could be located
outside GVD and were defined as ‘separated’. Nine cases of
the FTLD/ALS-C9 group that showed GVD both in the CA1
and CA2 sectors, and had both sense and antisense DPRi
were analyzed in that way.

Subclassification of TDP-43 pathology

For the cases with the FTD phenotype, cortical TDP-43
pathology was morphologically classified into A, B, C, and
D types, according to the harmonized criteria [16].

Immunofluorescence

Double immunofluorescence was used to look for colocali-
zation of DPR, phospho Tau (ATS), or pTDP-43 with GVD
markers, CHMP2B or CK18. Anti-mouse or anti-rabbit sec-
ondary antibodies were coupled with Alexa Fluor 488 or 561
(Molecular Probes, Carlsbad, CA, USA). Triple immuno-
fluorescence was also performed to assess colocalization of
CHMP2B, CK19, and DPR inclusions using the Opal mul-
tiplex IHC 4-color kit (PerkinElmer, Waltham, MA, USA).
Slides were deparaffinized. Intrinsic peroxidases were inac-
tivated with 0.3% hydrogen peroxide methanol. A solution
of 3 mM citrate buffer at pH 6 was used for antigen retrieval.
The sections were then washed in PBS-Tween20 (PBST) and
incubated in 1% BSA blocking buffer for 20 min. The slides
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were incubated with the primary anti-CHMP2B antibody for
2 h and then, with a peroxidase-labeled secondary antibody
for 1 h, followed by amplification with Cy3-labeled tyramide
for 10 min. The slides were boiled in 100 °C citrate buffer
for 20 min to inactivate the remaining primary antibody.
The slides were blocked again with 1% BSA blocking buffer
for 20 min and incubated with an anti-poly-GA (mouse) or
poly-PR (rabbit) antibody. The sections were incubated with
the adequate peroxidase conjugated secondary antibody for
1 h, revealed with FITC-conjugated tyramide. After boil-
ing in 100 °C citrate buffer, the slides were blocked with
1% BSA blocking buffer for 20 min and incubated with the
anti-CK 106 mouse antibody for 2 h. The secondary perox-
idase-labeled antibody was revealed with Cy5-conjugated
tyramide. 4,6-diamidino-2-phenylindole (DAPI) was used
to stain nuclei. The labeled sections were observed with a
laser confocal microscope (LSM 710, Carl Zeiss, Gottingen,
Germany). Images were acquired with the same laser and
detection settings.

Statistical analyses

The clinical and pathological findings were compared using
the Mann—Whitney U test for quantitative variables and the
Chi-square test for qualitative variables. When the expected
value of the Chi-square test was below five, Fisher’s exact
test was computed. The Kruskal-Wallis test was used to
detect differences in more than three groups. The signifi-
cance level was set at a p value of 0.05 for comparisons
between two groups; the Bonferroni correction was per-
formed for multiple comparisons. All statistical tests were
two-sided and were performed using the SPSS 21.0 software
program (IBM).

Results
Prevalence and extension of GVD pathology

The prevalence of GVD was not distributed randomly across
the FTLD/ALS-C9, FTLD/ALS-nonC9, and control cases
(based on H&E, Chi-square =29.7, degree of freedom=2,
and p <0.0001; based on pTDP-43, Chi-square=27.3 and
p <0.0001). The observed number of FTLD/ALS-C9 cases
with GVD (n=26 out of 29 cases with H&E; n=27 out of
29 cases with pTDP-43) was almost twice the expected value
(13.3 with H&E and 14.9 with pTDP-43). The comparison
of GVD prevalence between the FTLD/ALS-C9 and FTLD/
ALS-nonC9 groups was highly significant (p <2x107¢ with
H&E and p <3x10™~* with pTDP-43), as was the comparison
of GVD prevalence in the FTLD/ALS-C9 group and in the
control group where GVD were observed in only 12 cases
out of 40 individuals (p < 1x107® with H&E and p < 1x107>

with pTDP-43). Comparisons made between the FTD sub-
groups indicated a higher prevalence of GVD in the FTD-
C9 subgroup than in the FTD-nonC9 subgroup (p <0.002
with H&E as well as with pTDP-43, Fisher’s exact test).
The ALS-C9 subgroup without dementia also showed a
higher prevalence of GVD than the ALS-nonC9 subgroup
(p<0.01 with H&E and p=0.01 with pTDP-43) (Table 3).
Although the prevalence of GVD positively correlated with
age at death and NFT stage in all groups, it was significantly
higher in the C9 group particularly among younger individu-
als or at low Braak stages (Tables 4, 5).

GVD in the FTLD/ALS-C9 cases were preferentially
located in the CA2 sector, whereas the CA1/subiculum was
most vulnerable in the other groups (Fig. 1). In the FTLD/
ALS-C9 cases with numerous GVD, GVDs were found in
the thalamus or frontal cortex (Fig. 1). Among GVD-positive
individuals, the average GVD stage was higher in the FTLD/
ALS-C9 group than in the other groups (p <0.016 on H&E
and pTDP-43, Mann—Whitney U test) (Fig. 1). The spatial
extension of GVD in the brain was positively correlated with
disease duration in the FTLD/ALS-C9 cases (rho=0.556
and p <0.005 with H&E; rho=0.658 and p <0.0005 with
pTDP-43, Spearman’s rank correlation test); there was no
correlation in the FTLD/ALS-nonC9 cases (rho =0.020 and
p=0.898 with H&E; tho=0.103 and p=0.517 with pTDP-
43) (Fig. 1).

Table 3 Prevalence of GVD according to clinical subgroups

Total Clinical subgroup

FTD (with or with- ALS

out ALS)

FTLD/ALS-C9

H&E 90% (26/29) 95% (18/19) 80% (8/10)

pTDP43 93% (27/29) 95% (18/19) 90% (9/10)
FTLD/ALS-nonC9

H&E 33% (15/46) 43% (7/16) 27% (8/30)

pTDP43 39% (18/46) 43% (7/16) 37% (11/30)
Control

H&E 30% (12/40)

pTDP43 35% (14/40)
p value, C9 vs. nonC9

H&E < 0.001* < 0.002* < 0.007*

pTDP43 < 0.001* < 0.002* < 0.009*
p value, C9 vs. Control

H&E < 0.001*

pTDP43 < 0.001*

() Indicates number of cases with granulo-vacuolar degeneration/total
number of cases

*Fisher’s exact test. Significance level <0.016 after Bonferroni cor-
rection
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Table 4 Prevalence of GVD according to age at death

< 60 61-70 70 <

FTLD/ALS-C9

H&E 80% (8/10) 93% (13/14) 100% (5/5)
pTDP43 90% (9/10) 93% (13/14) 100% (5/5)
FTLD/ALS-nonC9
H&E 19% (3/16) 33% (6/18) 50% (6/12)
pTDP43 19% (3/16) 33% (6/18) 75% (9/12)
Control
H&E 11% (2/18) 29% (4/14) 75% (6/8)
pTDP43 22% (4/18) 29% (4/14) 75% (6/8)
p value, C9 vs. nonC9
H&E < 0.005* < 0.001* 0.10
pTDP43 < 0.001* < 0.001* 0.515
p value, C9 vs. Control
H&E < 0.001* < 0.001* 0.487
pTDP43 < 0.002* < 0.001* 0.487

() Indicates the number of cases with granulo-vacuolar degenera-
tion/the number of cases studied. *Fisher’s exact test, significance
level <0.016 after Bonferroni correction

Table 5 Prevalence of GVD according to Braak’s NFT stages

Braak 0 Braak 1 Braak 2 Braak 3

FTLD/ALS-C9

H&E 80% (8/10)  92% (12/13) 100% (3/3)  100% (3/3)

pTDP43  80% (8/10)  100% (13/13)  100% (3/3)  100% (3/3)
FTLD/ALS-nonC9

H&E 20% (4/20)  35% (7/20) 50% (2/4) 100% (2/2)

pTDP43  20% (4/20)  45% (9/20) 75% (3/4) 100% (2/2)
Control

H&E 7% (1/15) 14% (2/14) 71% (5/7) 100% (4/4)

pTDP43  13% (2/15) 14% (2/14) 86% (6/7) 100% (4/4)
p value, C9 vs. nonC9*

H&E 0.004* 0.001* 0.428 1

pTDP43  0.004* 0.002%* 1 1
p value, C9 vs. Control*

H&E < 0.001* < 0.001* 1 1

pTDP43  0.002* < 0.001* 1 1

() Indicates the number of cases with granulo-vacuolar degeneration/
the number of cases studied

*Fisher’s exact test, significance level <0.016 after Bonferroni cor-
rection

Immunohistochemical characteristics of GVD

Immunohistochemistry of CHMP2B, a marker of the mul-
tivesicular bodies, strongly labeled GVD granules (Fig. 2).
The GVD granules were also immunopositive for CK19,
AT-8, and pTDP-43 (Fig. 2). By contrast, anti-p62 antibody,
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a marker of ubiquitinated proteins and autophagosomes,
did not label GVD granules (Fig. 2). Sense- and antisense-
DPRi were found within GVD vacuoles and involved GVD
granules (Fig. 2). The sense-DPRi, comprising poly-GA,
poly-GP, and poly-GR, were significantly more prevalent
in the GVD-containing neurons than in the GVD-negative
neurons (Table 6). The antisense-DPRi, comprising poly-PR
and poly-PA, were also observed in the GVD-containing
neurons, although in too small numbers to permit statistics.
In nine cases with C9orf72 mutations, inclusions with an
aspect compatible with GVD were also found in the granule
cells of the dentate gyrus (Fig. 2). These were composed of
basophilic granules in vacuoles, which were immunopositive
for CHMP2B, CK16, pTDP-43, and AT-8. These inclusions
were not found in the FTLD/ALS-nonC9 and control groups.

Confocal microscopy

Double immunofluorescence revealed that CHMP2B-immu-
nopositive GVD granules frequently coexisted with poly-GA
inclusions in the neurons (Fig. 3). On triple immunofluores-
cence, the GVD granules labeled with CHMP2B and CK16
were attached to the surface of a poly-GA or a poly-PR
inclusion. Three-dimensional-reconstruction images also
revealed that CHMP2B- and CK18-immunopositive gran-
ules were attached to the surface of poly-GA or poly-PR
inclusion. The triple immunofluorescence also showed that
the CHMP2B- and CK18-immunopositive granules were
attached to a poly-GA inclusion in a dentate gyrus granule
cell (Fig. 3). The GVD granules were immunolabeled with
AT-8 or anti-pTDP-43 antibodies (Fig. 4).

Discussion

We found a significantly higher prevalence of GVD in
FTLD/ALS cases carrying the C9orf72 mutation compared
to FTLD/ALS-TDP cases without the C9orf72 mutation, or
controls. The prevalence was still high when the statistics
were computed according to clinical subgroups of FTD and
ALS, Braak NFT stages, or ages at death. The CA2 sec-
tor was most vulnerable for GVD in the C9orf72-mutated
cases, whereas the CA1 and the subiculum were the most
common topography in the non-mutated cases and in the
controls. Immunohistochemical analyses showed that neu-
rons with GVD more frequently contained DPR inclusions
than those without GVD in the C9orf72-mutated cases. At
confocal microscopy, GVD granules were attached to the
surface of DPR inclusions, an observation that suggested
that DPR inclusions were located within GVD vacuoles and
did not simply displace them. These results also indicated
that GVD and DPR did not coexist in the neurons by chance,
but probably shared a common pathogenesis. It is generally
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Fig. 1 Topographic distribution of GVD. a Prevalence of granulo-
vacuolar degeneration (GVD) in various regions: CAl-subiculum
(CAl-subi), CA2, CA3-4, entorhinal cortex (Ent), occipitotemporal
cortex (OTC), amygdala (Amy), thalamus (Thal), and frontal cor-
tex (Fr). For each group, the raw numbers and percentages of GVD-
positive cases are indicated on the left and right scales, respectively.
Counts have been performed after H&E staining (white columns) or
anti-pTDP-43 immunohistochemistry (gray columns). In the FTLD/
ALS-C9 group, GVD was most frequent in the CA2, followed by the
CAl-subiculum. In the other groups, the CAl-subiculum was the

known that old age and NFTs are statistically linked with
the density of GVD [11, 35, 39]. A previous study reported
stages of GVD to be three or higher in a majority of AD
cases [35]: GVD involves larger territories in AD cases
than in C9orf72-mutated FTLD/ALS cases. However, the
GVD stages were, on average, higher in C9orf72-mutated
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most vulnerable. b Averages of GVD stages were compared among
the GVD-positive individuals of each group. Stages of GVD were
evaluated after H&E staining (white columns) or pTDP-43 immuno-
histochemistry (gray columns). Average GVD stage was higher in the
FTLD/ALS-C9 group than in the other groups (Mann—Whitney U test
with a Bonferroni correction). ¢ The FTLD/ALS-C9 group showed
a positive correlation between GVD stages and clinical durations
(Spearman’s rank correlation test, rho=0.556 and p <0.005 on H&E;
rho=0.658 and p <0.0005 on pTDP-43). There was no correlation in
the FTLD/ALS-nonC9 group

cases than in non-mutated FTLD/ALS cases; moreover,
there was a positive correlation between GVD stages and
disease durations. These results were also supportive of a
pathophysiologic link between GVD formation and C9orf72
mutation. Another study has suggested that GVD granules
were colocalized with components of the stress granules and
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Fig.2 GVD in FTLD/ALS-TDP cases with a C9orf72 mutation.
Granulo-vacuolar degeneration (GVD) in CA2 (a) and in the frontal
cortex (b). GVD granules were immunopositive for CHMP2B (c),
CK183 (d), phosphorylated TDP-43 (e), and AT-8 (f). DPR inclusions
were labeled with poly-GA (g arrow), poly-GP (h arrow), poly-GR
(i arrow), poly-PR (j arrow), and poly-PA (k arrow) antibodies; the
inclusions were observed within GVD lesions. Anti-p62 immuno-
histochemistry was negative for GVD granules, whereas a coexist-

Table 6 Occurrence of DPR inclusion in GVD-positive neurons

3, % :
- >
43w ATE |
|

ing DPR inclusion was immunopositive (I arrow). The dentate gyrus
granule cells also demonstrated basophilic inclusions in vacuoles,
compatible with GVD (m arrow). They were also immunopositive for
CHMP2B (n), CK156 (0), phosphorylated TDP-43 (p), and AT-8 (q).
This change was associated with poly-GA inclusions (r arrow). Scale
bars 10 pm. The pictures were taken in CA2 (a, c¢—j, 1), CA1 (k), mid-
dle frontal cortex (b), and hippocampal granule cells (m-r)

GVD-positive neuron GVD-negative neuron Chi-square* p value*
Total count Prevalence (SD) Colocalize (%) Differen-  Total count Prevalence (SD)
tial (%)
pGA inclusion
CAl 42 67%=+32.0 55 12 1085 21%+8.9 46.7 < 0.0001
CA2 41 76%+14.4 61 15 694 29%+9.7 39.66 < 0.0001
pGP inclusion
CAl 46 43% +26.5 30 13 1005 12% +5.1 37.98 < 0.0001
CA2 38 37%+19.4 29 8 662 15%+4.8 13.19 < 0.0005
pGR inclusion
CAl 39 38%+39.2 28 10 1178 10% +5.4 30.24 < 0.0001
CA2 30 37%=+20.2 30 7 711 16%+3.1 9.278 < 0.005
pPR inclusion
CAl 38 2.6%+9.3 2.6 0.0 1023 0.7% +0.6 NA** NA**

Nine cases that showed granulo-vacuolar degeneration (GVD) both in the CA1 and CA?2 sectors, and had both sense and antisense dipeptide

repeat (DPR) inclusions were evaluated

*Chi-square test was performed between prevalence of dipeptide inclusion in GVD-positive and GVD-negative neurons. **NA, not assessed

because of too small numbers of inclusions
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Fig.3 GVD and DPR inclusion.
a—c Neurons with granulo-
vacuolar degeneration (GVD),
labeled with CHMP2B antibody
(red) frequently contained
poly-GA cytoplasmic inclu-
sions (green) in CA1 (arrows).
d-g GVD granules labeled with
CHMP2B and CK-15 were
attached to the surface of a
poly-GA inclusion in a neuron
of CA2. h-k The GVD granules
were attached to a poly-PR d
inclusion in a neuron of CA2.
l-o CHMP2B- and CK-16-
immunopositive granules were
attached to a poly-GA inclusion
within a dentate gyrus granule
cell. p, q A 3-dimensional
reconstruction also revealed
that CHMP2B- and CK-16-
immunopositive GVD granules
were attached to the surface of a
poly-GA or poly-PR inclusion.
Scale bars a—c¢ 50 pm and d—q
10 pm

CHMP2B

CHMP2B

could be a neuroprotective reaction against oxidative stress
[6]. GVD has been found in ganglion cell tumors from cases
under 30 years of age [4, 24]. These reports and our results
indicate that NFTs and aging are not the single determinants
of GVD formation.

In previous studies, pTau has also been used to label GVD
granules with a high sensitivity [11]. We chose, however,
to resort to conservative H&E and anti-pTDP-43 immuno-
histochemistry that avoided overestimating the prevalence
of the lesions and the possible interference of cytoplasmic
tau pathology. Immunohistochemical characteristics of GVD
observed in C9orf72-mutated cases were similar to those
of GVD described in AD cases and elderly individuals. We
also found CHMP2B-, CK16-, pTau-, and pTDP-43-positive
inclusions consistent with GVD in the dentate gyrus granule

CHMP2B

Poly-GA n

CK-16
CHMP2B

CHMP2B

merge

cells of cases with C9ORF72 mutations. This topography
is not their usual location [35] and could be specific to this
mutation.

Although the mechanism for GVD formation in the
CI90RF72 mutation is uncertain, we found DPR-positive
inclusions, at least those derived from sense translation, to
be frequent in GVD-containing neurons. Sense DPRi were
more frequent than antisense DPRi as already noticed [15].
The coexistence of DPR-positive inclusions and GVD in the
neurons suggests that the COORF72 mutation facilitates the
formation of GVD. Several studies have revealed a similar-
ity between GVD granules and the autophagic organelle,
indicating that GVD reflects a perturbation of certain steps
in the autophagy system and a failure to complete lysosome
formation [9, 39]. Although the initial components of the
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CHMP2B
d

pTDP-43

Fig.4 Immunoreactivity of AT-8 and pTDP-43 in GVD granules.
Signals of AT-8 (a—c) or anti-phosphorylated TDP-43 (d—f) immu-
nohistochemistry were merged with GVD granules labeled with
CHMP2B or CK-18 in CA2 neurons. Scale bars 10 pm

autophagy system are the endosome and autophagosome
[25], CHMP2B, a subunit of ESCRT-III endosomal traffick-
ing machinery, was abundant in GVD granules [9, 39]. By
contrast, p62 and LC3, which are expressed in autophago-
somes, were sparse in GVD granules [9]. The C9orf72
mutation has recently been shown to induce haploinsuffi-
ciency that impairs endosomal trafficking, which results in
reduced lysosomal generation and low clearance of DPR
inclusions [31]. It is likely that a disruption of endosome
formation, related to the C9orf72 mutation, contributes to
GVD formation.

DPR inclusions were abundant in the cerebellum of
C9orf72-mutated cases, but GVD was not seen in that loca-
tion. This observation indicates that the interaction between
the formation of DPR inclusions and GVD depends on mul-
tiple factors. A similar observation may be made concerning
the relationship between pTau and GVD; pTau accumulates
in the locus coeruleus during the early phase of AD [3],
although GVD is usually absent. The formation of GVD
might require not only the presence of aggregated protein
but also other factors depending on the metabolism, activity,
or types of involved neurons.

In conclusion, we found an unexpectedly high prevalence
of GVD in C9orf72-related FTLD/ALS-TDP cases com-
pared to non-C9orf72 FTLD/ALS-TDP cases and neurologi-
cally normal individuals of the same age. GVD progressed
more extensively during the disease course in C9orf72-
mutated cases. DPR inclusions were more frequently found
in GVD-containing neurons than in neurons devoid of them.
The C9orf72 mutation causing a deficit in the endosomal
pathway may facilitate the development of GVD.
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