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lesions were exclusively limited to the hippocampus and amyg-
dala. In this regard, similar clinical cases with acute encephalitis
have accumulated in Japan, as shown in Table 1 [1,4,5,7,8,10].
Many cases with this type of encephalitis showed good prog-
nosis, although patients died because of uncontrollable gen-
eralized seizures during the clinical course. It is likely that
our case showed the neuropathological changes of non-herpetic
acute limbic encephalitis as a possible clinicopathological new
entity.
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Abstract Lewy bodies (LBs) of idiopathic Parkinson’s
disease and glial cytoplasmic inclusions (GCls) of mul-
tiple system atrophy are pathological deposits both
composed of phosphorylated o-synuclein woven into
different filaments. Although both LBs and GClIs are
considered to be hallmarks for each independent syn-
ucleinopathy, until now they could not be clearly dis-
tinguished on the basis of their biochemical or
immunohistochemical features. We have examined pos-
sible differences in their argyrophilic features and their
relation to synuclein-like or ubiquitin-like immunore-
activity (IR). Pairs of mirror sections from different
brain areas were triple-fluorolabeled with an anti-
a-synuclein antibody, an anti-ubiquitin antibody and
thiazin red (TR), a fluorochrome that labels fibrillary
structures such as Lewy bodies or neurofibrillary tan-
gles. One of the paired sections was subsequently stained
using the Campbell-Switzer method (CS), and the other
by the Gallyas-Braak method (GB). By comparing of
the same microscopic field on the paired fluorolabeled
sections, subsequently silver-stained with either CS or
GB, five different profiles of each structure could be
determined: o-synuclein-like IR, ubiquitin-like IR,
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affinity to TR, argyrophilia with CS or GB. GCIs

‘exhibited argyrophilia with both CS and GB but lacked

affinity to TR. In contrast, LBs exhibited argyrophilia
with CS but not with GB and some affinity to TR. These
disease-specific profiles of argyrophilia were consistent,
and were not inflnenced by areas or cases examined.

- Although immunohistochemical features of LBs and

GCIs were similar in exhibiting IR for a-synuclein and
ubiquitin, the contrast in their argyrophilic profiles may
indicate possible differences in the molecular composi-
tion or conformation of a-synuclein. Even though these
empirical differences still remain to be explained,
awareness of this clear distinction is potentially of
diagnostic and pathological relevance.

Keywords Argyrophilia - Campbell-Switzer -
Diagnosis - Gallyas-Braak - o-Synuclein

Introduction

Lewy bodies (LBs) of Parkinson’s disease (PD) and glial
cytoplasmic inclusions (GCls) of multiple system atro-
phy (MSA) are pathological deposits containing phos-
phorylated o-synuclein as one of their major
constituents [5]. These diseases are grouped under the
name ‘“‘synucleinopathies” based on the assumption that
LBs and GCls share common mechanism for o-synuc-
lein deposition [7]. Indeed, biochemical and immuno-
histochemical features of these deposits look so alike
that a clear distinction between the two types of deposits
using these methods is still difficult.

Another method to identify these deposits is silver
staining [2, 15]. Our previous studies on argyrophilic
features of sporadic degenerative tauopathies demon-
strated that silver staining profiles are closely related to
tau deposits in a disease- or isoform-specific fashion.
Deposits containing mainly three-repeat (3R) tau, such
as Pick bodies [23], are labeled by Campbell-Switzer
silver staining method (CS) [4, 16]. In contrast, those
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containing mainly four-repeat (4R) tau, as seen in cor-
ticobasal degeneration (CBD)/progressive supranuclear
palsy (PSP) [21] and argyrophilic grains [22], are silver-
stained using the Gallyas-Braak method (GB) [3, 6].
Neurofibrillary tangles of Alzheimer type, containing
both 3R and 4R tau, are stained with both CS and GB
[21, 22, 23]. These findings led us to conclude that 3R tau
deposits are related to CS and 4R tau deposits to GB. It
means that each method of silver staining exhibits
argyrophilia in different ways and potentially represents
underlying molecular or “qualitative™ differences.

Expecting that similar qualitative differences, distin-
guishable with silver staining, may be present among
o-synuclein-positive deposits, we were prompted to
examine their argyrophilic profiles with CS and GB.
This is the first study demonstrating disease-specific
profiles of argyrophilia in synucleinopathies.

Materials and methods

Six cases of MSA and five cases of PD were enrolled into
this study. Demographic data on these cases are shown
in Table 1. Clinical diagnosis of PD was based on
levodopa-responsive parkinsonism with tremor, rigidity,
and bradykinesia, and was confirmed pathologically in
all the cases by the presence of LBs and neuronal
depletion in the substantia nigra, locus ceruleus and
dorsal motor nucleus of vagus. Clinical diagnosis of
MSA was differentiated from PD by concomitant ataxia
(with cerebellar atrophy demonstrated by brain imag-
ing), marked pyramidal signs and profound autonomic
dysfunction. Pathological confirmation of MSA was
based on the degeneration in the putamen, substantia
nigra, pons, inferior olive and cerebellum and the pres-
ence of GCls [12, 13].

Brains were fixed in formalin and embedded in par-
affin. Areas rich in a-synuclein-positive deposits (motor
cortex, putamen, pontine nucleus and cerebellum for
MSA,; limbic cortex, nucleus basalis of Meynert, amyg-
dala, midbrain and medulla oblongata for PD) were
examined for their argyrophilia with GB and CS on
adjacent sections.

In addition, mirror section pairs (4 pm thick) from
these areas were subjected to subsequent studies to

identify possible relation between a-synuclein-like
immunoreactivity (IR), ubiquitin-like IR and argyro-
philia. Pairs of mirror sections were autoclaved and
incubated at 4°C for 2 days with a mixture of an anti-
synuclein mouse monoclonal antibody (1:200, LB509; a
generous gift from Prof. T Iwatsubo, University of
Tokyo [11]) and an anti-ubiquitin rabbit polyclonal
antibody (DAKO, Glostrup, Denmark) and the target
epitopes were visualized with an anti-mouse IgG con-
jugated with Alexa 488 (1:200; Molecular Probes,
Eugene, OR) and an anti-rabbit IgG conjugated with
Alexa 647 (1:200; Molecular Probes). Sections were then
incubated with thiazin red (TR; 1:30,000; Wako, Tokyo,
Japan), a fluorochrome that labels fibrillary structures
such as LBs [14] or NFTs [18, 19] for 15 min. After being
observed under a confocal microscope (Leica TCS/SP,
Heidelberg, Germany), one of the section pair was
stained with GB [3, 6] and the other with CS [4, 16] to
compare argyrophilic properties of each o-synuclein-,
ubiquitin- or TR-positive structure. Identification of the
same microscopic field on the fluorescence images
(a-synuclein, ubiquitin and TR) and on the corre-
sponding silver-stained (GB and CS) pair-wise images
allowed us to compare staining profiles of each structure
based on five different properties; a-synuclein IR,
ubiquitin IR, affinity to TR, argyrophilia with GB and
that with CS [21, 22, 23]

Results

GClIs exhibited argyrophilia with both CS (Fig. 14, C)
and GB (Fig. 1B, D) to an equivalent extent. Argyro-
philia of LBs were clearly detectable with CS (Fig. 1E,
G). However, LBs identified on GB-stained sections
(Fig. 1F, H) were, at most, weakly argyrophilic (arrow
in Fig. 1F, H). These argyrophilic features were consis-
tent and were not influenced by the case or area exam-
ined.

Relation of these argyrophilic structures to o-synuc-
lein-like IR and ubiquitin-like IR was examined on
paired sections that were initially fluorolabeled and then
silver stained (Fig. 2). On the triple-fluorolabeled sec-
tions from MSA patients (Fig. 2a—d), most GCIs
exhibited o-synuclein-like IR (green) and ubiquitin-like

Table 1 Demographic data of

the cases (MSA multiple system ) ) ) o ) ) Age at death  Duration Brain weight

atrophy, PD Parkinson’s Pathological diagnosis  Clinical diagnosis  (years) (years) Gender (g)

disease)
MSA MSA 47 11 M 1460
MSA MSA 57 6 F 1138
MSA MSA 58 7 M 1318
MSA MSA 60 14 M 1239
MSA MSA 64 20 M 1059
MSA MSA 74 4 M 1285
PD PD 60 20 F 1146
PD PD 65 4 M 1067
PD PD 73 4 F 1335
PD PD 74 2 M 1320
PD PD 78 4 M 1320




Fig. 1 Silver-stained mirror
sections (left column: with CS;
right column: with GB) of MSA
(A-D) and of PD (E, F). GCIs
“in the internal capsule are
stained with CS (A, C). Those
in the mirror section pair are
similarly stained with GB
(B, D). C, D Higher
magnification of the
corresponding squared area in A
and B, respectively. LBs in the
amygdala are stained with CS
(arrow in E, G) but hardly
stained with GB (arrow in F,
H). Neuritic plaque is stained
with CS (double arrowhead in E)
and with GB (double arrowhead
in F), while the diffuse plaque,
stained with CS (arrowhead in
E, G), is not with GB
(arrowhead in F, H). Asterisk in
A, B and that in E, F indicate
the same blood vessels in paired
mirror sections (CS Campbell-
Switzer method, GB Gallyas-
Braak method, MSA4 multiple
system atrophy, PD
Parkinson’s disease, GCIs glial
cytoplasmic inclusions, LBs
Lewy bodies). Bars A, B, E, F
100 pm; C, D, G, H 25 pm

IR (blue) to yield blue-green color. No affinity to TR
(red) was detectable even when the detection threshold
was lowered enough to give background myelin staining.
Therefore, none of the GCls appeared white with triple
fluorolabeling. Subsequent silver staining of these sec-
tion pairs demonstrated that GClIs exhibited

argyrophilia with both CS (Fig. 2A, C) and GB
(Fig. 2B, D) to a similar extent.

On the triple fluorolabeling of mirror section pairs
from PD (Fig. 2e-h), most LBs exhibited synuclein-like
IR (green) and ubiquitin-like IR (blue) to yield blue-
green color. Some of these LBs appeared white as they
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Fig. 2 Triple-fluorolabeled mirror sections (a—g) stained for o-
synuclein (green), TR (red) and ubiquitin (blue), subsequently silver
stained with CS (A, C, E, G) or GB (B, D, F, H). GCIs in the
cerebellar white matter (A, a, b, B) exhibit a-synuclein-like (green)
and ubiquitin-like (blue) IRs, but the lack of affinity to TR (red),
yielding a blue-green appearance in GClIs. These GCls are silver
stained with CS (A, higher magnification of the squared area in a)
and GB (B, higher magnification of the squared area in b). GCls in
the putamen (C, ¢, d, D) exhibited similar IR and silver-staining
profiles. LBs in the nucleus basalis of Meynert (E, e, f, F), are
spherical and exhibit a-synuclein-like (green) and ubiquitin-like

also exhibited affinity to TR (red, arrowhead in Fig. 2e,
f). All of these LBs, including Lewy neurites, were
clearly stained with CS, regardless of their location
(Fig. 2E, G). However, GB hardly visualized these
structures (Fig. 2F, H).

Discussion

LBs and GCIs are composed of similarly phosphorylated
synuclein [5] woven into fibrils and diseases demon-
strating these deposits are grouped under the title “syn-
ucleinopathies” [7] on the supposition that a common
mechanism Is involved in the formation of LBs and
GCIs. Most of the biochemical and immunohistochem-

(blue) IRs and affinity to TR (red) to yield a whitish appearance
(arrowhead in ¢, f). These LBs are stained with CS (arrowhead in E)
but not with GB (arrowhead in F). LBs in the dorsal motor nucleus
of vagus (arrowhead in G, g. h, H) are diverse in their morphology
but their fluorescence signals (g, h) are similar to those from LBs in
the nucleus basalis (e, f). Lewy neurites (arrow in G, g, h, H) share
these staining profiles. These LBs (arrowhead), as well as Lewy
neurites {arrow) are stained with CS (G) but not with GB (H).
Asterisk in a, b, C, ¢, d, D, G, g, h, and H denotes the same blood
vessel observed in paired mirror sections (7R thiazin red, IR
immunoreactivity). Bars A, B 10 pm; otherwise 50 pm

ical features related to a-synuclein are shared between
LBs and GCIs, and this is one of the reasons why
immunohistochemical markers are not very successful in
distinguishing the two different synuclein deposits. In the
present study, we demonstrated that, using GB and CS,
the argyrophilic properties of LBs and GCIs were dis+
tinct; i.e., GCls exhibited argyrophilia with both CS and
GB, whereas LLBs were labeled by CS but not by GB.
These disease-dependent argyrophilic features were
consistent, and were not influenced by the case or area
examined. We have previously reported that some LBs
have an affinity to TR [14], a fluorochrome that labels
fibrillary structures, such as NFTs [18, 17, 19]. Com-
parison of LBs and GClIs clarified that GCls lacked
affinity to TR. Since the differences in molecular com-



position between L.Bs and GCls have not yet be clarified,
at present we have no reasonable explanation for these
empirical differences. One possibility is that a difference
in the o-synuclein molecule itself, or its modification,
leads to a conformational state specific to LBs or GCls,
thereby exhibiting distinct argyrophilic property, affinity
to TR and ultrastructure. As we reported previously, the
argyrophilic properties of tau-positive deposits are linked
to its isoform; tau-positive deposits containing mainly
4R tau, as seen in CBD/PSP {21] and AGs [22], are la-
beled with GB but not with CS, whereas those containing
mainly 3R tau, as seen in Pick bodies, exhibit argyro-
philia with CS but not with GB [23]. Because deposits
containing 3R and 4R tau exhibit argyrophilia with both
CS and GB, it is likely that those containing 3R tau are
linked to argyrophilia with CS and those containing 4R
tau deposits are linked to GB. Thus, it is possible that
molecules associated with o-synuclein may differ and
yield different staining properties.

Although silver staining methods are useful tools in
the diagnosis of neurodegenerative diseases [20], little is
known regarding the mechanism of argyrophilia [8, 10].
It is interesting that the lack of argyrophilia with GB, as
seen in LBs, is shared with Pick bodies [23]. Moreover,
colocalization of a-synuclein and tau epitopes is fre-
quent in various degenerative processes [1], and these
two proteins may interact during the formation of
aggregates [9]. It is then possible that tau and synuclein
undergo similar conformational changes to be detected
with CS but not with GB, as seen in Pick bodies and
LBs. Even though, the empirical distinction based on
these argyrophilic profiles is of help in the histological
diagnosis of synucleinopathies, the mechanism respon-
sible for these changes in vivo still need to be deter-
mined. Another advantage of these silver stainings is
that they will give, at lower cost, more consistent results
than immunohistochemistry, especially when dealing
with old archival sections [15]. Furthermore, identities of
LBs and GCIs are frequently confounded in experi-
mental paradigms by grouping them as synuclein-posi-
tive aggregates without discriminating them. Although
the molecular identities of LBs and of GClIs remain to be
clarified, defining these inclusions based on various
methods, such as with silver staining, is of great
advantage because other biochemical or immunochisto-
chemical features fail to discriminate these two distinct
a-synuclein-positive inclusions. It is obvious that further
studies are needed to identify possible differences in the
molecular composition of LBs and GCIs. At present,
silver staining profiles, possibly distinctive and repre-
sentative of each type of inclusions, provide a unique
method of classifying not only tau-related but also
a-synuclein-related deposits, which may be helpful in
diagnosing and understanding synucleinopathies and
tauopathies.
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