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Abstract

The pathological hallmark of multiple system atrophy (MSA) is fibrillary aggre-
gates of a-synuclein (a-Syn) in the cytoplasm and nucleus of both oligodendro-
cytes and neurons. In neurons, a-Syn localizes to the cytosolic and membrane
compartments, including the synaptic vesicles, mitochondria, and endoplasmic
reticulum (ER). a-Syn binds to vesicle-associated membrane protein-binding
protein B (VAPB) in the ER membrane. Overexpression of wild-type and fa-
milial Parkinson's disease mutant a-Syn perturbs the association between the
ER and mitochondria, leading to ER stress and ultimately neurodegeneration.
We examined brains from MSA patients (n = 7) and control subjects (n = 5)
using immunohistochemistry and immunoelectron microscopy with antibodies
against VAPB and phosphorylated a-Syn. In controls, the cytoplasm of neu-
rons and glial cells was positive for VAPB, whereas in MSA lesions VAPB im-
munoreactivity was decreased. The proportion of VAPB-negative neurons in
the pontine nucleus was significantly higher in MSA (13.6%) than in controls
(0.6%). The incidence of cytoplasmic inclusions in VAPB-negative neurons was
significantly higher (42.2%) than that in VAPB-positive neurons (3.6%); 67.2% of
inclusion-bearing oligodendrocytes and 51.1% of inclusion-containing neurons
were negative for VAPB. Immunoelectron microscopy revealed that a-Syn and
VAPB were localized to granulofilamentous structures in the cytoplasm of oli-
godendrocytes and neurons. Many vesicular structures labeled with anti-a-Syn
were also observed within the granulofilamentous structures in the cytoplasm
and nucleus of both oligodendrocytes and neurons. These findings suggest that,
in MSA, reduction of VAPB is involved in the disease process and that vesicular
structures are associated with inclusion formation.

KEYWORDS
electron microscopy, glial cytoplasmic inclusion, multiple system atrophy, vesicle-associated
membrane protein-binding protein B, a-synuclein

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology

Brain Pathology. 2021;31:¢13001.
https://doi.org/10.1111/bpa.13001

wileyonlinelibrary.com/journal/bpa 1of12


www.wileyonlinelibrary.com/journal/bpa
mailto:﻿
https://orcid.org/0000-0003-1903-1766
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:neuropal@hirosaki-u.ac.jp

MORI ET AL.

2012 | B

rain
. Pathology

1 | INTRODUCTION

Multiple system atrophy (MSA) is a fatal neurodegen-
erative disease characterized by a combination of var-
ious degrees of parkinsonism, cerebellar ataxia, and
autonomic failure. MSA is now divided into two clinical
subtypes: MSA with predominant parkinsonian features
(MSA-P) and MSA with predominant cerebellar dys-
function (MSA-C). The pathological hallmark of MSA
is widespread glial cytoplasmic inclusions (GCls) in oli-
godendrocytes, which contain fibrillary aggregates of
a-synuclein (a-Syn) (1). Neuronal cytoplasmic inclusions
(NCIs) consisting of fibrillary aggregates of a-Syn are
also found in certain areas of the brain, including the
neostriatum, substantia nigra, pontine nucleus, and in-
ferior olivary nucleus (2). Moreover, a-Syn aggregates
are also seen in the nucleus of oligodendrocytes and neu-
rons, being referred to as glial nuclear inclusions (GNTs)
and neuronal nuclear inclusions (NNIs), respectively (3,
4). In Parkinson's disease (PD) and dementia with Lewy
bodies (DLB), fibrillary aggregates of a-Syn occur in the
cytoplasm of neurons and glial cells (astrocytes and oli-
godendrocytes) (5). Therefore, MSA, PD, and DLB are
collectively referred to as a-synucleinopathies. However,
in PD and DLB, a-Syn aggregates are not noted in the
nucleus. Thus, the formation of GNIs and NNIs distin-
guishes MSA from PD and DLB.

Under normal conditions, a-Syn is enriched in the
presynapses and perinuclear region of neurons. In
neurons, a-Syn localizes to the cytosolic and mem-
brane compartments, including the synaptic vesicles,
mitochondria, and endoplasmic reticulum (ER) (6-9).
Vesicle-associated membrane protein-binding protein B
(VAPB) exists in the ER membranes and binds to protein
tyrosine phosphatase interacting protein 51 (PTPIP51) in

TABLE 1 List of subjects
Age at death
No. Group (years) Gender (years)
1 MSA 57 F 1
2 MSA 71 M 1
3 MSA 89 M 4
4 MSA 61 M 4.5
5 MSA 83 F 5
6 MSA 49 E 7
7 MSA 66 M 13
Average 68.0
8 Cont 53 M
9 Cont 60 M
10 Cont 67 F
11 Cont 71 15
12 Cont 84 M
Average 67.0

Disease duration

the mitochondrial outer membranes, in order to tether
the ER to mitochondria (10). Paillusson et al. have re-
ported that a-Syn binds to VAPB in the ER membrane
and that overexpression of wild-type and familial PD
mutant a-Syn disrupts the tethering between VAPB in
the ER and PTPIPSI in the mitochondria and weakens
the association between the ER and mitochondria, lead-
ing to ER stress, and ultimately neurodegeneration (11).
This disruption is seen in neurons derived from induced
pluripotent stem cells from familial PD patients harbor-
ing pathogenic triplication of the a-Syn gene (11). These
findings prompted us to examine the alteration of VAPB
in patients with MSA. In the present study, we demon-
strated for the first time that VAPB immunoreactivity is
significantly decreased in MSA lesions. We further ex-
amined brain specimens from MSA patients using im-
munoelectron microscopy. Ultrastructural examination
revealed that fibrillary aggregates of a-Syn in the oligo-
dendroglial and neuronal inclusions (GCIs, GNIs, NClIs,
and NNIs) contain many vesicular structures. We dis-
cuss the significance of VAPB and vesicular structures in
the formation of a-Syn inclusions in MSA.

2 | MATERIALS AND METHODS

2.1 | Subjects

Twelve autopsy cases were included in this study
(Table 1). Seven patients with MSA (age 49-89 years,
average = 68.0 years) were confirmed at autopsy by
the presence of numerous GClIs. All of the MSA cases
lacked Lewy body pathology. The clinical and neuro-
pathological features of a case of minimal change (early
stage) MSA (case 1) have been reported previously (12).

Clinical/pathological No. of neurons per

diagnosis 0.25 mm*
MSA-C 225
MSA-P 241
MSA-P 359
MSA-P 64
MSA-P 375
MSA-P 86
MSA-C 225
225.0
Normal brain 353
Normal brain 473
Normal brain 433
Arteriosclerosis in the brain 453
Normal brain 468
436.0

Abbreviations: NA, not available; NCI, neuronal cytoplasmic inclusion; NNI, neuronal nuclear inclusion; VAPB, vesicle-associated membrane

protein (VAMP)-binding protein B.
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Five patients were used as controls (age 53-84 years,
average = 67.0 years).

2.2 | Immunohistochemistry
Four-micrometer-thick sections of the basal ganglia, mid-
brain, pons, medulla oblongata, and cerebellum were cut
and subjected to immunohistochemical processing using
the avidin-biotin-peroxidase complex (ABC) method with
a Vectastain ABC kit (Vector, Burlingame, CA, USA).
Antibodies against phosphorylated a-Syn (p-a-Syn) (#64;
Wako, Osaka, Japan; 1:5000) and VAPB (HPAO013144;
Sigma, St. Louis, MO, USA; 1:250) were used as primary
antibodies. The sections were pretreated in an autoclave
for 10 min in 10 mM citrate buffer (pH 6.0) for antigen re-
trieval. For p-a-Syn immunohistochemistry, the sections
were additionally pretreated in 98% formic acid for 5 min.
Diaminobenzidine was used as the chromogen. The sec-
tions were counterstained with hematoxylin.

2.3 | Cell counts of VAPB-positive and
-negative neurons

In each case of MSA and in the controls, the numbers
of VAPB-positive and -negative neurons in the pontine
nucleus were counted on one section immunostained
with anti-VAPB. Counting was performed in 10 fields of
the pontine nucleus at X200 original magnification using
an eyepiece graticule with parallel sweeps of the micro-
scope stage. The average number was considered to be
the value for each case.

In each case of MSA, sections were double immu-
nolabeled with combinations of polyclonal anti-VAPB
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(1:250) and monoclonal anti-p-a-Syn (1:5000). Initially,
the immunoproduct of anti-VAPB was detected by the
ABC method with diaminobenzidine as the chromo-
gen and the sections were counterstained with hema-
toxylin. Digital images of the sections were captured
using a virtual slide system (VS110-S1; Olympus, Tokyo,
Japan). After removing the cover glasses from the slides
in xylene, the specimens were decolorized, subjected to
heat retrieval using an autoclave for 10 min in 10 mM
citrate buffer (pH 6.0), and immersed in 95% formic acid
for 5 min. The sections were then immunostained with
anti-p-a-Syn (1:5000) using the ABC method with alka-
line phosphatase as the tertiary reagent and Vector Blue
as the chromogen for alkaline phosphatase (Vector).
Digital images of the sections were again captured on the
virtual slide system. The presence or absence of p-a-Syn-
immunoreactive NCIs and NNIs was observed under an
%20 objective lens, confirmed by the virtual slide system,
and recorded in each neuron. Finally, the numbers of
VAPB-positive and -negative neurons with or without in-
clusions (NCIs or NNIs) were calculated. Moreover, the
average proportion of VAPB-positive inclusions relative
to the total number of p-a-Syn-positive inclusions (GCIs
or NClIs) was calculated.

2.4 | Immunoelectron microscopy

Fifty-micrometer-thick vibratome sections of the pontine
base from three MSA patients (cases 1, 2, and 6) and the
cervical spinal cord from a MSA patient (case 1) were
incubated with mouse monoclonal anti-p-a-Syn (1:500)
or rabbit polyclonal anti-VAPB (1:100) for two days at
4°C, followed by incubation with a 1.4-nm gold-coupled
Fab’ fragment of goat anti-mouse or anti-rabbit IgG

% of VAPB-negative NClI incidence in VAPB- NClI incidence in VAPB- NNl incidence in VAPB- NNl incidence in VAPB-
neurons positive neurons (%) negative neurons (%) positive neurons (%) negative neurons (%)
7.6 2.6 39.3 13.9 12.5

19.5 7.7 31.6 13.4 4.7

0.8 0 66.7 NA NA

32.8 5.7 47.8 17.9 20.5

10.1 0 6.7 NA NA

15.1 4.2 28.6 17.8 18.8

20.4 4.7 75.0 10.1 14.3

15.2 3.6 42.2 14.6 14.2

0 0 0 0 0

0.4 0 0 0 0

0 0 0 0 0

0 0 0 0 0

2.4 0 0 0 0

0.6 0.0 0.0 0.0 0.0
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(Nanoprobes, Yaphank, NY, USA). Sections from a con-
trol subject (case 10) were also incubated with anti-VAPB.
Sections were visualized using a silver enhancing kit (BB
International, Cardiff, UK). The immunolabeled sections
were post-fixed in 1% osmium tetroxide, stained with ura-
nyl acetate, dehydrated in ethanol, embedded in epoxy
resin, and then sectioned and viewed with a JEOL1230
electron microscope (JEOL Ltd., Tokyo, Japan).

To establish the relative abundance of p-a-Syn im-
munoreactivity in vesicular structures in GCIs (n = 5),
GNIs (n = 1), NCIs (n = 5), and NNIs (n = 5), randomly
selected areas of each inclusion were photographed from
the selected ultrathin sections and used with final mag-
nification 60,000x (13). Quantification of immunogold
labeling was carried out in the pontine nucleus totaling
approximately 15-35 pm”. We counted the numbers of
immunoparticles identified in vesicles and granulofil-
amentous structures in each inclusion. The data were
expressed as a percentage of the number of immunopar-
ticles in vesicles and granulofilamentous structures rela-
tive to the total number of immunoparticles.

2.5 | Statistical analysis

To compare the proportions of VAPB-negative neurons
between controls and MSA, the incidences of NCIs in
VAPB-positive and -negative neurons, and the propor-
tions of p-a-Syn-positive immunoparticles in the GCls,
NClIs, and NNIs between vesicular and granulofilamen-
tous structures, Student's or Welch's -test was applied.
Calculations were performed using Statcel software
(OMS Publishing, Tokorozawa, Japan). Differences were
considered significant at probability values of less than
0.05 (p < 0.05).

3 | RESULTS
3.1 | VAPB immunoreactivity in controls and
MSA

In controls, the cytoplasm of neurons in the neostriatum
(Figure 1A), substantia nigra (Figure 1C), pontine nu-
cleus (Figure 1E), inferior olivary nucleus (Figure 1G),

FIGURE 1 Immunoreactivity of vesicle-associated membrane
protein-binding protein B (VAPB) in the putamen (A, B), substantia
nigra (C, D), pontine nucleus (E, F), inferior olivary nucleus (G, H),
cerebellum (I, J) and pontine base (K-N) in controls (A, C, E, G, I,
K, L) and multiple system atrophy (MSA) (B, D, F, H, J, M, N). In
controls, the cytoplasm of almost all neurons is immunostained (A,
C,E, G, 1). In MSA, VAPB immunoreactivity is decreased in the
putamen (B), substantia nigra (D), pontine nucleus (F), and inferior
olivary nucleus (H), but not in Purkinje cells (J). The cytoplasm of
oligodendrocytes (K, M) and astrocytes (L, N) is also positive for
VAPB in controls (K, L) and MSA (M, N). Bars = 20 um

and cerebellum (Figure 1I) was strongly immunolabeled
with anti-VAPB antibody. The cytoplasm of oligoden-
drocytes and astrocytes was also immunopositive for
VAPB (Figure 1K,L). The nuclei of neurons and glial
cells were not stained with anti-VAPB. In MSA, VAPB

Control MSA
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immunoreactivity of the neuronal cytoplasm was de-
creased in the neostriatum (Figure 1B), substantia nigra
(Figure 1D), pontine nucleus (Figure 1F), and inferior ol-
ivary nucleus (Figure 1H), but not in cerebellar Purkinje
cells (Figure 1J). VAPB immunoreactivity of the glial cy-
toplasm without inclusions was preserved (Figure IM,N).
Although some NCIs and GCIs were also positive for
VAPB, the immunoreactivity was usually decreased in
these inclusions (Figure 2A,B). No VAPB immunoreac-
tivity was seen in NNIs or GNIs.

The proportion of VAPB-negative neurons relative to
the total number of neurons in the pontine nucleus was
significantly higher in MSA (13.6%) than in the controls
(0.6%) (p < 0.05) (Figure 2C).

3.2 | Relationship between VAPB
immunoreactivity and inclusion formation

The pontine neurons with NCIs usually showed less
intense VAPB immunoreactivity than those without
(Figure 2D—G). Double immunolabeling revealed that
the incidence of cytoplasmicinclusions in VAPB-negative
neurons was significantly higher (42.2%) than that in
VAPB-positive neurons (3.6%) (p < 0.05) (Figure 2H).
There was no significant difference in the incidence of
nuclear inclusions between VAPB-negative neurons
(14.2%) and VAPB-positive neurons (14.6%). In addition,
67.2% of inclusion-bearing oligodendrocytes and 51.1%
of NCI-containing neurons were negative for VAPB.

3.3 | Immunoelectron microscopy

In controls, VAPB immunoreactivity was localized to
the rough ER (Figure 3A,B). Similar findings were also
seen in neurons without inclusions in MSA.

In the pontine nucleus of patients with MSA, GClIs
consisted of granulofilamentous structures (Figure 3C).
Vesicular structures were found within the granulofil-
amentous structures (Figure 3D). Immunoparticles-
labeling of VAPB was localized to the granulofilamentous
structures, but not to the vesicular structures, of GCIs
(Figure 3D). NCIs were also composed of randomly ar-
ranged filaments (Figure 3E) and vesicular structures
(Figure 3F). Immunoparticles-labeling of VAPB was lo-
calized to the granulofilamentous structures, but not to
the vesicular structures, of NClIs (Figure 3F). In a case
of MSA (case 2), immunolabeling with anti-VAPB was
detected in vesicular structures in the pontine nucleus in
all of 11 GClIs and 11 NCIs examined.

Immunoparticles-labeling of p-a-Syn was localized to
the granulofilamentous and vesicular structures of GCIs
and GNIs (Figure 4A-D). In addition to vesicles, tubu-
lar structures were observed (Figure 4D). Small vesicles
were also observed on and under the nuclear membrane
(Figure 4E-QG), suggesting entry of p-a-Syn-containing

Brain
Pathology

o

vesicles into the nucleus from the cytoplasm. In the case
of early stage MSA (case 1), GCIs contained many ves-
icles of various sizes (40-180 nm in diameter), and tu-
bulovesicular and tubular structures (Figure 4H,I). In
the pontine nucleus immunolabeled with anti-p-a-Syn
from three cases of MSA (cases 1, 2, and 6), 14 GCIs and
one GNI were examined and p-a-Syn-positive vesicular
structures were detected in almost all inclusions.

NCIs contained granulofilamentous and vesicular
structures labeled with anti-p-a-Syn (Figure 5A,B).
NClIs also contained swollen mitochondria, lysosomes,
and lipofuscin granules (Figure 5C). NNIs were com-
posed of granulofilamentous structures, which were
often located near the nuclear membrane (Figure 5A,B).
NNIs contained many vesicles labeled with immuno-
particles (Figure 5D). In the case of early stage MSA
(case 1), linear NNIs often appeared as fibrils arranged
in bundles (Figure SE). The fibrils were closely asso-
ciated with vesicles and tubulovesicular structures
(Figure 5F). In the pontine nucleus immunolabeled with
anti-p-a-Syn from three cases of MSA (cases 1, 2, and
6), 14 NCIs and 13 NNIs were examined and p-a-Syn-
positive vesicular structures were detected in almost all
inclusions.

Quantitative analysis revealed the proportions of p-a-
Syn-positive immunoparticles in vesicular versus granu-
lofilamentous structures in GCIs (57.6% vs. 42.4%), GNIs
(80.0% vs. 20.0%), NCIs (67.8% vs. 32.2%) and NNIs
(71.9% vs. 28.1%). The proportions of p-a-Syn-positive
immunoparticles in the vesicular structures were sig-
nificantly higher than those in the granulofilamentous
structures in GCIs, NCIs, and NNIs (p < 0.01).

4 | DISCUSSION

In the present study, we demonstrated for the first time
that VAPB immunoreactivity was significantly de-
creased in MSA lesions, especially in oligodendrocytes
and neurons with a-Syn aggregates. Moreover, immuno-
electron microscopy revealed that vesicular structures
immunoreactive for p-a-Syn were closely associated with
fibrillary aggregates in the cytoplasm and nucleus of
both oligodendrocytes and neurons (GCIs, GNIs, NClIs,
and NNIs).

Under normal conditions, VAPB functions as a
tethering molecule at the sites of membrane contact
between the ER and intracellular organelles. VAPB
regulates a wide variety of cellular functions, including
lipid transport, membrane trafficking, microtubule re-
organization, and unfolded protein response (14). In the
present study, the proportion of VAPB-negative neurons
relative to the total number of neurons in the pontine
nucleus was significantly higher in MSA (13.6%) than
in the controls (0.6%). VAPB immunoreactivity of the
neuronal cytoplasm was also decreased in the neostria-
tum, substantia nigra, and inferior olivary nucleus, but
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FIGURE 2 VAPB immunoreactivity in neuronal and glial inclusions in the pontine nucleus in MSA (A, B). (A) Neuronal cytoplasmic
inclusions (NCIs) showing no or weak immunoreactivity for VAPB (arrows). Note that swollen neurites and a small proportion of NCIs
(arrowheads) show intense immunoreactivity. (B) Oligodendrocytes with cytoplasmic inclusions showing less intense VAPB immunoreactivity
(arrows) than those without (arrowheads). Bars = 20 um. (C) The proportion of VAPB-negative neurons relative to the total number of neurons
in the pontine nucleus. The proportion is significantly higher in MSA (13.6%) than in controls (0.6%) (p < 0.05). (D—G) Double immunostaining
for VAPB (brown) and phosphorylated a-synuclein (p-a-Syn) (blue) in the pontine neurons in the case of MSA (case 6). (D) A pontine neuron
without p-a-Syn aggregates showing strong cytoplasmic immunoreactivity for VAPB. (E) A pontine neuron with focal cytoplasmic staining

for p-a-Syn showing moderate cytoplasmic immunoreactivity. (F) Another pontine neuron with a small p-a-Syn aggregate showing weak
cytoplasmic immunoreactivity. (G) Another pontine neuron with a typical NCI showing no cytoplasmic immunoreactivity. Bar = 10 um. (H)
The incidence of NClIs in the pontine nucleus in MSA. The incidence of NCIs in VAPB-negative neurons is significantly higher (42.2%) than that
in VAPB-positive neurons (3.6%) (p < 0.05)
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FIGURE 3 Immunoelectron microscopy of normal neurons in the pontine nucleus labeled with anti-VAPB in a control subject (case

10) (A, B). (B) A higher-magnification view of the area indicated by the asterisk in (A) showing rough endoplasmic reticulum labeled with
immunoparticles (arrows). Ly, lysosomes; Lf, lipofuscin granules. Immunoelectron microscopy of glial cytoplasmic inclusions (GClIs) in the
pontine nucleus labeled with anti-VAPB in a case of MSA (case 2) (C, D). (C) An oligodendrocyte containing a GCI (asterisk). (D) A higher-
magnification view of the area indicated by the asterisk in (C) showing granulofilamentous structures, vesicles, and mitochondria (Mt). Note
that VAPB is localized to the filaments (arrowheads), but not to the vesicular structures (arrows). Immunoelectron microscopy of NClIs in

the pontine nucleus labeled with anti-VAPB in a case of MSA (case 2) (E, F). (E) A neuron containing a tiny NCI (asterisk). (F) A higher-
magnification view of the area indicated by the asterisk in (E) showing mitochondria (Mt), lysosomes (Ly) and granulofilamentous structures
labeled with immunoparticles (arrowheads). Note that vesicular structures are not labeled with immunoparticles (arrows). Bars =2 uym in A, C,
E;02uminB,D, F



MORI ET AL.

8of 12

Brain
Pathology

FIGURE 4

Immunoelectron microscopy of GClIs and glial nuclear inclusions (GNIs) in the pontine nucleus labeled with anti-p-a-Syn in

a case of MSA (case 2) (A-G). (A) An oligodendrocyte containing a GCI (asterisk) and a GNI (black star). (B) A higher-magnification view of
the area indicated by the black star in (A) showing vesicular and granulofilamentous structures labeled with immunoparticles. (C) A higher-
magnification view of the area indicated by the white star in (B) showing some vesicles (black arrowheads), and granulofilamentous structures
(white arrowheads) labeled with immunoparticles. (D) A higher-magnification view of the area indicated by the black star in (A) showing

some vesicles (black arrowheads) and granulofilamentous structures (white arrowheads) labeled with immunoparticles and a tubular structure
(arrow). (E-G) Small vesicles labeled with immunoparticles (black arrowheads) are seen on (E), beneath (F) and under the nuclear membrane
(G). Immunoelectron microscopy of GCls in the spinal white matter labeled with anti-p-a-Syn in the case of early stage MSA (case 1) (H, 1).
(H) An oligodendrocyte containing a GCI (asterisk). (I) A higher-magnification view of the area indicated by the asterisk in (H) showing many
vesicles (40-180 nm in diameter), and tubular and tubulovesicular structures. Some vesicles (arrowheads), granulofilamentous structures (white
arrowheads) and tubular structures (arrows) are labeled with immunoparticles. Bars = 1 umin A, B, H; 0.2 ym in C-G, I

not in cerebellar Purkinje cells. This is in line with the
finding that a-Syn is accumulated in the neuronal cyto-
plasm in the neostriatum, substantia nigra, pontine nu-
cleus, and inferior olivary nucleus, but not in cerebellar
Purkinje cells, in MSA (2, 15). Moreover, the incidence
of NCIs in VAPB-negative neurons was significantly
higher (42.2%) than that in VAPB-positive neurons
(3.6%); 67.2% of inclusion-bearing oligodendrocytes
and 51.1% of inclusion-containing neurons were nega-
tive for VAPB. Immunoelectron microscopy revealed
that VAPB was localized to the granulofilamentous

structures of GCIs and NCIs. These findings suggest
that reduction of VAPB is closely associated with aggre-
gation of a-Syn in MSA.

As for the reduction of VAPB, some cellular pro-
cesses might play a role in degrading VAPB. Tanji et al.
reported that NEDDS ultimate buster 1 (NUBI) sup-
presses the formation of Lewy body-like inclusions by
proteasomal degradation of synphilin-1 (16). Moreover,
the latter authors demonstrated immunohistochemical
localization of NUBI in neuronal and glial inclusions
(NCIs, NNIs, GCIs, and GNIs) in MSA (17). Recently,
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FIGURE 5

Immunoelectron microscopy of NCIs and neuronal nuclear inclusions (NNIs) in the pontine nucleus labeled with anti-p-a-Syn

in a case of MSA (case 2) (A-D). (A) A neuron containing an NCI (asterisk) and an NNI (black star). (B) A higher-magnification view of the
area indicated by the asterisk in (A) showing an NCI labeled with immunoparticles (white star) near lipofuscin granules. An NNI (black star)
is attaching to the nuclear membrane. (C) A higher-magnification view of the area indicated by the white star in (B) showing vesicles (black
arrowheads) and granulofilamentous structures (white arrowheads) labeled with immunoparticles in association with swollen mitochondria
(Mt) and lysosomes (Ly). (D) A higher-magnification view of the area indicated by the black star in (B) showing vesicles (black arrowheads)
and granulofilamentous structures (white arrowheads) labeled with immunoparticles. Immunoelectron microscopy of NNIs in the pontine
nucleus labeled with anti-p-a-Syn in the case of early stage MSA (case 1) (E, F). (E) A neuron containing NNIs (asterisk). (F) A higher-
magnification view of the area indicated by the asterisk in (E) showing vesicules (black arrowheads), tubulovesicular structures (arrows), and

granulofilamentous structures (white arrowheads) labeled with immunoparticles. Bars =2 umin A, B, E; 0.2 um in C, D, F

Liet al. reported that NUBIL protein promotes the pro-
teasomal degradation of misfolded proteins (18). In the
present study, VAPB was localized to the granulofila-
mentous structures of GCIs and NCls. It is possible to
consider that both NUBI and VAPB suppress the forma-
tion of a-Syn aggregates in MSA. However, further stud-
ies are needed to prove the relationship between NUBI
and VAPB.

ER-mitochondria signaling is mediated by interac-
tions between the integral ER protein VAPB and the
outer mitochondrial membrane protein PTPIP51. These
VAPB-PTPIP5]1 tethers are known to regulate a number

of ER-mitochondria signaling functions including de-
livery of Ca”" from ER stores to mitochondria, mito-
chondrial ATP production, autophagy, and synaptic
activity. a-Syn binds to VAPB in the ER membrane (11).
Overexpression of wild-type and familial PD mutant a-
Syn disrupts the tethering between VAPB and PTPIP5I,
which disturbs Ca®* homeostasis and mitochondrial
ATP production (11). The temporal cortex of patients
with Alzheimer's disease shows a reduced level of VAPB
(19). Thus it is possible to consider that the VAPB-
PTPIPS1 tethers are disrupted in certain neurodegener-
ative disorders.
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a-Syn can bind to lipid membranes to perform phys-
iological functions (20) or form a tetramer with an a-
helical structure that can resist abnormal aggregation
(21). In familial PD with missense mutations of the a-Syn
gene, a tendency for a-Syn to aggregate on lipid mem-
branes has been observed (22). In addition, in PARK 14,
which is assumed to have membrane lipid abnormalities,
fibrillary aggregates of a-Syn (Lewy bodies) have been
confirmed by autopsy (23). Recent studies using cor-
relative light and electron microscopy and tomography
on postmortem brain tissue from patients with PD have
demonstrated that a-Syn-immunopositive Lewy pathol-
ogy is characterized by membrane crowding, including
vesicular structures and dysmorphic organelles (mito-
chondria and lysosomes) (24). These findings support
the idea that aggregation of a-Syn promotes the disrup-
tion of membrane homeostasis or trafficking in neurons,
leading to the formation of Lewy bodies (25).

The ultrastructure of GCIs was first reported in
patients with MSA by Papp et al. in 1989 (26). They
reported that GCIs are composed of tubular struc-
tures. The ultrastructure of NCIs was first described
in the pontine nucleus in MSA by Kato et al. in 1990
(27). They reported that NCIs are composed of gran-
ulofilamentous structures. To the best of our knowl-
edge, vesicular structures have not been reported in
glial and neuronal inclusions in MSA. It is noteworthy
that ‘circular profiles’ were described within granulo-
filamentous structures of GCIs, GNIs, and NCIs by
Papp and Lantos in 1992 (4). These structures are sim-
ilar to circular profiles observed in the central core of
brainstem-type Lewy bodies in PD (28). However, sub-
sequent ultrastructural studies did not note the circular
profiles in MSA inclusions (3, 29-44). Our ultrastruc-
tural examination revealed that vesicular structures
were consistently present in a-Syn aggregates (GCls,
GNIs, NCIs, and NNIs) in MSA, and a-Syn immuno-
reactivity was confirmed in these vesicular structures.
The present findings suggest that vesicular structures
play an important role in the fibrillary aggregation of
a-Syn in MSA.

In the present study, vesicular structures contain-
ing p-a-Syn were detected near the nuclear membrane
(Figure 4E-QG), indicating that a-Syn might be trans-
ported from the cytoplasm to the nucleus by membrane
trafficking. Under normal conditions, a-Syn is localized
to the neuronal nucleus throughout the brain (45). It has
been reported that mono-ubiquitination (46) and oxida-
tive stress (47, 48) induce nuclear translocation of a-Syn
in cultured neuronal cells. Schneider et al. reported that
a-Syn was detectable in both the cytoplasm and nucleus
of cultured neuronal cells, and when over-expressed,
frequently formed clusters around cytoplasmic microve-
sicles of unknown function (49). Although a-Syn lacks
an obvious nuclear localization signal, tagging pro-
teins with such sequences have been widely used to help
clarify the behavior of proteins in specific subcellular

rain
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compartments. However, the lipid bilayer can fuse with
other bilayers such as the cell membrane, delivering the
liposome contents, although this is a complex and non-
spontaneous event (50). It has been reported that a-Syn
might be transported within extracellular vesicles in
both directions, from the blood to the brain and from
the brain to the blood (51, 52). These findings support the
hypothesis that transneuronal propagation of misfolded
proteins is involved in the progression of neurodegenera-
tive proteinopathies, including MSA (53).

In conclusion, in MSA, reduction of VAPB is involved
in the disease process and vesicular structures are asso-
ciated with the formation of a-Syn inclusions. Blocking
the process of a-Syn aggregation at an earlier stage
would repress the progression of MSA.
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