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Abstract We immunohistochemically examined the brain
and peripheral sympathetic ganglia from eight patients
with multiple system atrophy (MSA), using an antibody
specific for phosphorylated α-synuclein (anti-PSer129).
Phosphorylated α-synuclein was deposited in five cellular
locations: oligodendroglial cytoplasm and nucleus, and
neuronal cytoplasm, processes and nucleus. Many neu-
ronal cytoplasmic inclusions (NCIs) were found in the
pontine and inferior olivary nuclei and, to a lesser extent,
in the substantia nigra, locus ceruleus, and neocortical and
hippocampal neurons. NCIs were also found in the sym-
pathetic ganglia in two out of the eight cases. Moreover,
anti-PSer129 immunohistochemistry revealed extensive
neuropil pathology; swollen neurites were abundant in the
pontine nucleus, delicate neurites were observed in the
deeper layers of the cerebral cortex and thalamus, and
neuropil threads and dot-like structures were distributed
in the basal ganglia and brainstem. Diffuse neuronal cyto-
plasmic staining (pre-NCI) was frequently found in the

pontine and inferior olivary nuclei. Thus, the widespread
accumulation of phosphorylated α-synuclein in both glial
and neuronal cells is a pathological feature in patients suf-
fering from MSA.
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Introduction

α-Synuclein is a major component of neuronal and glial
inclusions in Parkinson’s disease (PD), dementia with Lewy
bodies (DLB), Hallervorden-Spatz disease (HSD) and mul-
tiple system atrophy (MSA), collectively referred to as 
α-synucleinopathies [2, 30, 31, 32]. Neuronal α-synuclein
aggregates are also found in the limbic system in sporadic
and familial Alzheimer’s disease as well as in other
tauopathies [3, 6, 9, 11, 15, 16, 23, 34, 35]. Recently, Fuji-
wara et al. [4] revealed that α-synuclein deposited in α-synu-
cleinopathy lesions was phosphorylated at Serine129 and
that anti-phosphorylated α-synuclein antibody (anti-PSer129)
intensely immunolabeled cortical and brainstem-type
Lewy bodies (LBs) and Lewy neurites in PD and DLB,
dystrophic neurites in HSD, and glial cytoplasmic inclu-
sions (GCIs) in MSA. Saito et al. [26] reported that LB-
related pathology occurred in 40 out of 157 cases (25.5%)
of aged population, using two antibodies specific for
phosphorylated α-synuclein (anti-PSer129 and psyn#64).
However, the extent and distribution of phosphorylated 
α-synuclein in neuronal component in MSA has not been
determined.

In the present study, we performed immunohistochem-
ical analysis of the brain and peripheral sympathetic gan-
glia of patients with MSA, using anti-PSer129 antibody.
Here, we report that α-synuclein accumulated in the neu-
ronal cytoplasm, processes and nucleus in the central and
peripheral nervous systems is phosphorylated, and that
there exists widespread neuropil pathology in MSA.
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Materials and methods

Subjects

Eight patients with MSA (aged 63–75 years, mean 68.5 years) served
as the subjects of this study. Disease duration ranged from 2.5 to
10 years (mean 5.8 years). For routine histological examination,
the brains, spinal cords and sympathetic ganglia of these subjects
were fixed with formalin for 3–4 weeks and then embedded in
paraffin. Four-micrometer-thick sections were cut and stained with
hematoxylin and eosin and by the Klüver-Barrera method. We also
examined brain tissues from four patients with PD (aged 65–
82 years, mean 73.3 years), two patients with DLB (74 and 77 years),
and four control subjects (aged 53–82 years, mean 68.3 years). In
each patient, the diagnosis was confirmed by neuropathological
examinations, including α-synuclein immunohistochemistry.

Immunohistochemistry

Four-micrometer-thick sections of the temporal lobe, motor cortex,
basal ganglia, midbrain, upper pons, medulla oblongata, cerebel-
lum and sympathetic ganglia (paravertebral and/or celiac ganglia)
from patients with MSA, PD, DLB and controls were cut and im-
munostained using the avidin-biotin-peroxidase complex (ABC)
method with a Vectastain ABC kit (Vector, Burlingame, CA). The
following antibodies and dilutions were used: polyclonal anti-α-
synuclein (NACP-6; 1:5,000) [24] and polyclonal anti-phosphory-
lated α-synuclein (anti-PSer129; 1:200) [4]. NACP-6 was raised by
immunizing rabbits with recombinant α-synuclein. Anti-PSer129
was raised against a synthetic peptide that corresponds to amino
acid residues 124–134 of human α-synuclein with a phosphory-
lated Ser129 residue. The specificity of these antibodies has been
described previously [4, 24]. The sections were pretreated with
99% formic acid for 5 min for anti-PSer129. Diaminobenzidine
was used as the chromogen. The immunolabeled sections were
lightly counterstained with hematoxylin.

Paraffin sections from MSA cases were processed for double
immunolabeling. Deparaffinized sections were incubated with 5%
normal serum for 1 h at room temperature to block nonspecific
binding. Sections were then incubated simultaneously with poly-
clonal anti-PSer129 (1:20) and monoclonal anti-phosphorylated
neurofilament (SMI31; Sternberger Immunochemicals, Baltimore,
MD; 1:200) antibodies overnight at 4°C. Sections were then rinsed
and allowed to react with the secondary antibody solution made up
of fluorescein isothiocyanate-conjugated anti-rabbit IgG (Vector;
1:50) and Texas red-conjugated anti-mouse IgG (Vector; 1:50) for
1 h at room temperature. After rinsing, sections were transferred to
a glass slide and mounted under glass coverslips with anti-fading
medium. The sections were examined with a fluorescence micro-
scope.

Semiquantitative analysis

As a semiquantitative assessment of pathological structures im-
munostained with anti-PSer129, the number of GCIs, neuronal cy-
toplasmic inclusions (NCIs), diffuse neuronal cytoplasmic staining
and neuritic changes was evaluated. The number of NCIs and dif-
fuse neuronal cytoplasmic staining was counted in one unilateral
section from each brain region and was graded using the following
semiquantitative scale: –, no inclusions; +, 1–5 inclusions; ++, 6–
20 inclusions; and +++, more than 20 inclusions. The number of
GCIs and neuritic changes was evaluated as follows: –, absent; +,
several; ++, some; +++, many.

Results

Immunostaining with NACP-6 showed diffuse or punc-
tate synaptic staining in controls as well as intense im-

munolabeling of LBs and Lewy neurites in PD and DLB.
By contrast, anti-PSer129 antibody produced intense stain-
ing of LB-related pathology without staining of normal
presynaptic structures (Fig. 1A–C). Neuritic plaques in
the hippocampus contained anti-PSer129-immunoreactive
dystrophic neurites, and immunoreactive glial inclusions
were occasionally found in PD and DLB brains (Fig. 1D).

The distribution and extent of phosphorylated α-synu-
clein-immunoreactive abnormal structures in MSA are
summarized in Table 1. Anti-PSer129 antibody strongly
immunolabeled numerous GCIs throughout the central ner-
vous system (Fig. 1E). GCI-bearing glial cells occasion-
ally contained rod-like inclusions in their nucleus (glial
nuclear inclusions, GNIs) (Fig. 1F). No α-synuclein ag-
gregates were found in Schwann cells in the peripheral
sympathetic ganglia.

NCIs were also intensely immunolabeled with anti-
PSer129; many NCIs were found in the pontine and inferior
olivary nuclei and, to a lesser extent, in the substantia nigra
(Fig. 1G), locus ceruleus, dentate granule cells (Fig. 1H), and
neocortical and hippocampal pyramidal neurons (Fig. 1I).
Several NCIs were also found in the sympathetic ganglia
in two out of the eight cases (Fig. 1J). These NCI-contain-
ing neurons in the brain and peripheral ganglia often con-
tained intranuclear fibrillary inclusions positive for phos-
phorylated α-synuclein (neuronal nuclear inclusions, NNIs)
(Fig. 1G, I, K).

In addition to typical NCIs, anti-PSer129 immunohisto-
chemistry revealed diffuse neuronal cytoplasmic staining and
focal fibrillary aggregates in the cytoplasm (Fig. 1L–O).
Diffuse neuronal cytoplasmic staining was found in some
brain regions, particularly in the pontine and inferior oli-
vary nuclei (Fig. 1L). Such staining was not noted in sec-
tions stained with NACP-6. Focal α-synuclein aggregates
were frequently found within the diffuse neuronal cyto-
plasmic staining (Fig. 1M, N).

Anti-PSer129 immunohistochemistry further revealed
extensive neuropil pathology in MSA. We have classified
the phosphorylated α-synuclein-positive neuritic changes
into four structures morphologically; swollen neurites
(Fig. 1P), delicate neurites (Fig. 1Q), neuropil threads
(Fig. 1R) and dot-like structures (Fig. 1R). Swollen neu-
rites were abundant in the pontine base and a few in the
substantia nigra. Delicate neurites were observed in the
deeper layers of the motor cortex and thalamus. Neuropil
threads and dot-like structures were preferentially local-
ized in the neostriatum, locus ceruleus and inferior olivary
nucleus. No immunoreactive axons were observed in the
cerebral white matter in MSA.

Contiguous sections stained with NACP-6 and anti-
PSer129 revealed that almost all the GCIs, GNIs, NCIs
and NNIs were phosphorylated (Fig. 2). Anti-PSer129-im-
munoreactive neuritic structures outnumbered NACP-6-
immunoreactive structures in the neuropil.

Double-labeling immunofluorescence revealed that 
the swollen and delicate neurites, neuropil threads and
dot-like structures were occasionally colocalized with epi-
tope of phosphorylated neurofilament, a marker of axons
(Fig. 3).
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Fig. 1 Phosphorylated α-synuclein immunoreactivity in Parkin-
son’s disease (A, C, D), dementia with Lewy bodies (B) and mul-
tiple system atrophy patients (E–R). A Ring-like staining of Lewy
bodies in the substantia nigra. B Cortical Lewy bodies in the
parahippocampal gyrus. Threads and dot-like structures in the neu-
ropil are also evident. C Numerous Lewy neurites in the sympa-
thetic ganglia. D Glial inclusions in the substantia nigra. E GCIs in
the pontine base. F α-Synuclein aggregates in the oligodendroglial
cytoplasm and nucleus. G NCIs in the substantia nigra. H NCIs in
the dentate granule cells. I A pyramidal neuron in the motor cortex
showing accumulation of α-synuclein in the cytoplasm, nucleus

and proximal axon. J NCIs in the sympathetic ganglia. K Neuronal
nuclear inclusions in the pontine nucleus. L–O Morphological pro-
gression of NCIs in the pontine nucleus. L Diffuse neuronal cyto-
plasmic staining. M Focal α-synuclein aggregates in the cyto-
plasm. N Irregularly shaped fibrillary aggregates in the cytoplasm.
O Typical NCIs. P Swollen neurites in the pontine nucleus. Q Del-
icate neurites in the centromedian nucleus of the thalamus. R Neu-
ropil threads (arrows) and dot-like structures (arrowheads) in the
inferior olivary nucleus (GCIs glial cytoplasmic inclusions, NCIs
Neuronal cytoplasmic inclusions). Bars A, F–H, J–O 5 µm; B–E,
I, P–R 20 µm
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Table 1 Distribution of phos-
phorylated α-synuclein-im-
munoreactive structures in
multiple system atrophy. For
frequency of GCIs and neuritic
changes: –, absent; +, several;
++, some; +++, many. For fre-
quency of NCIs and DNCS: –,
no inclusions; +, 1–5 inclu-
sions per region; ++, 6–20 in-
clusions per region; +++, more
than 20 inclusions per region
(GCIs glial cytoplasmic inclu-
sions, NCIs neuronal cytoplas-
mic inclusions, DNCS diffuse
neuronal cytoplasmic staining)

Region GCIs NCIs DNCS Neuritic changes

Swollen Delicate Threads 
neurites neurites and dots

Motor cortex + + + – ++ +
Hippocampus + + + – + +
Dentate gyrus – + + – – +
Neostriatum +++ + + – + ++
Thalamus ++ + + – ++ +
Substantia nigra + + + + + +
Locus ceruleus + ++ ++ – – ++
Pontine nucleus +++ +++ ++ +++ + +
Dorsal vagal nucleus + – – – – +
Inferior olivary nucleus + +++ ++ – + +++
Sympathetic ganglia – + + – – +

Fig. 2 Contiguous sections of
pontine (A, B, G, H) and infe-
rior olivary nuclei (C–F)
stained with NACP-6 (A, C, 
E, G) and anti-PSer129 (B, D,
F, H). Almost all the GCIs
(A), NCIs (C), NNIs (E) and
neuritic changes (C, G) im-
munopositive for NACP-6 are
also labeled with anti-PSer129.
The neuronal cytoplasm, dot-
like structures and NCIs are
more intensely stained with
anti-PSer129 (D, F) (NNIs
neuronal nuclear inclusions).
Bars A–D, G, H 20 µm;
E, F 10 µm
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Discussion

In the present study, we demonstrated that α-synuclein ac-
cumulated in the following five cellular locations is phos-
phorylated: oligodendroglial cytoplasm and nucleus, neu-
ronal cytoplasm and nucleus, and neurites. Under normal
conditions, the immunoreactivity of α-synuclein has been
localized in neurons and presynaptic nerve terminals [10,
17] and α-synuclein has not been identified in neuronal
perikarya or glial cells in formalin-fixed tissue sections.
However, recent in vitro studies have shown that α-synu-
clein mRNA and protein are expressed in cultured rat
oligodendrocytes and human astrocytes, and that α-synu-
clein immunoreactivity is observed both in the cytoplasm
and nucleus [25, 29]. Mori et al. [19] demonstrated that 
α-synuclein immunoreactivity was localized in the neu-
ronal perikarya and axons as well as in the cytoplasm of
oligodendrocytes and astrocytes in vibratome section of
brain tissue taken from normal human subjects. Based on
the above findings, it is likely that a significant amount of 
α-synuclein is present in the neuronal and glial cytoplasm
and nucleus in the normal human brain, and that the cyto-
plasmic and intranuclear α-synuclein both in the neurons
and oligodendroglial cells are up-regulated and phosphor-
ylated in MSA. Recently, several investigators demon-
strated that extensive phosphorylation of α-synuclein in
neurons and glial cells is a highly pathological event, lead-
ing to the formation of insoluble aggregates [12, 20, 21,
28]. Hasegawa et al. [7] revealed that the phosphorylated

α-synuclein in LB disorders, HSD and MSA is ubiquiti-
nated. However, ubiquitination of α-synuclein is not re-
quired for inclusion body formation in α-synucleinopathies
[27]. It is unknown whether the ubiquitination of α-synu-
clein may have some role in the degradation of this protein.

In the present study, phosphorylated α-synuclein im-
munohistochemistry revealed a novel type of α-synuclein
accumulation in MSA; diffuse neuronal cytoplasmic
staining was widely distributed in the brain and was more
numerous in the predilection sites for NCIs (i.e., pontine
and inferior olivary nuclei). Moreover, focal α-synuclein
aggregates were frequently found within the diffuse neu-
ronal cytoplasmic staining. In PD and DLB, diffuse cyto-
plasmic α-synuclein staining is also found in the brain-
stem pigmented nuclei [26, 31]. The process of LB for-
mation in these areas appears to progress from diffuse
neuronal cytoplasmic staining to focal cytoplasmic aggre-
gates (corresponding to pale bodies), and then to typical
LBs. Therefore, diffuse neuronal cytoplasmic staining found
in MSA is considered to represent an early stage of NCI
formation. The process of NCI formation appears to
progress from diffuse neuronal cytoplasmic staining to fo-
cal cytoplasmic aggregates, and then to typical NCIs.

Recently, Saito et al. [26] revealed three types of phos-
phorylated α-synuclein lesions in the neuropil in LB dis-
orders: neuropil thread-like structures (Lewy threads);
dot-like structures similar to argyrophilic grains (Lewy
dots); and swollen axons in the white matter (Lewy ax-
ons). We demonstrated swollen neurites, delicate neurites,
neuropil threads and dot-like structures in MSA brain.
The dot-like structures, neuropil threads, and swollen neu-
rites detected with phosphorylated α-synuclein immuno-
histochemistry are morphologically analogous to the Lewy
dots, Lewy threads and Lewy axons/neurites observed in
LB disorders. The neuropil pathology visualized with anti-
PSer129 antibody was more widespread than reported
previously. These neuritic α-synuclein aggregates might
cause impairment of axonal transport and synaptic trans-
mission in MSA.

Fig. 3 Double-labeling immunofluorescence demonstrating cellu-
lar co-localization of the phosphorylated α-synuclein and SMI31
epitopes in swollen neurites in the pontine nucleus (A–C, center)
and dot-like structures in the inferior olivary nucleus (D–F, lower
right). Phosphorylated α-synuclein appears green (A, D) and
SMI31 appears red (B, E). The overlap of phosphorylated α-synu-
clein and SMI31 appears yellow (C, F) (g glial cytoplasmic inclu-
sion, n neuronal cytoplasmic inclusion). Bar 10 µm



Autonomic symptoms are one of the cardinal clinical
features in MSA [1, 33]. Previous histopathological stud-
ies have shown that neuronal loss in the dorsal vagal nu-
cleus, intermediolateral nucleus and Onuf’s nucleus [5,
13, 14, 22] is related to various autonomic symptoms in-
cluding the orthostatic hypotension and bowel and urinary
dysfunctions. In addition, peripheral sympathetic ganglia
may be involved in patients with MSA clinically diag-
nosed as having pure autonomic failure [8]. In the present
study, obvious neuronal loss was not noted in the sympa-
thetic ganglia in MSA cases by conventional histopatho-
logical examination. Although small in number, NCIs were
found in the sympathetic ganglia in two out of eight cases.
To our knowledge, this is the first demonstration of ab-
normal α-synuclein aggregation outside the central ner-
vous system in MSA. Although α-synuclein immuno-
reactivity has been reported to be present in normal
Schwann cells [18], no α-synuclein aggregates were
found in these cells in the sympathetic ganglia in MSA.
These findings suggest that glial cells in the peripheral
nervous system are not involved in the disease process of
MSA.

In conclusion, widespread accumulation of phosphory-
lated α-synuclein in both glial and neuronal cells is a
pathological feature in patients with MSA. Anti-phos-
phorylated α-synuclein immunohistochemistry is a useful
tool to evaluate the cytoplasmic and neuropil pathology in
α-synucleinopathies.
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