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Alpha synuclein (a-syn) is a 140 amino acid vertebrate-
specific protein, highly expressed in the human nervous
system and abnormally accumulated in Parkinson’s dis-
ease and other neurodegenerative disorders, known as
synucleinopathies. The common occurrence of a-syn
aggregates suggested a role for a-syn in these disor-
ders, although its biological activity remains poorly
understood. Given the high degree of sequence similar-
ity between vertebrate a-syns, we investigated this pro-
teins in the central nervous system (CNS) of the
common carp, Cyprinus carpio, with the aim of compar-
ing its anatomical and cellular distribution with that of
mammalian a-syn. The distribution of a-syn was ana-
lyzed by semiquantitative western blot, immunohisto-
chemistry, and immunofluorescence by a novel
monoclonal antibody (3D5) against a fully conserved
epitope between carp and human a-syn. The distribu-
tion of 3D5 immunoreactivity was also compared with
that of choline acetyltransferase (ChAT), tyrosine

hydroxylase (TH), and serotonin (5HT) by double immu-
nolabelings. The results showed that a a-syn-like pro-
tein of about 17 kDa is expressed to different levels in
several brain regions and in the spinal cord. Immunore-
active materials were localized in neuronal perikarya
and varicose fibers but not in the nucleus. The present
findings indicate that a-syn-like proteins may be
expressed in a few subpopulations of catecholaminergic
and serotoninergic neurons in the carp brain. However,
evidence of cellular colocalization 3D5/TH or 3D5/5HT
was rare. Differently, the same proteins appear to be
coexpressed with ChAT by cholinergic neurons in sev-
eral motor and reticular nuclei. These results sustain
the functional conservation of the a-syn expression in
cholinergic systems and suggest that a-syn modulates
similar molecular pathways in phylogenetically distant
vertebrates. J. Comp. Neurol. 523:1095-1124, 2015.
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Alpha-synuclein (o-syn) is a 140 amino acid protein
belonging to the synuclein family, which includes three
structurally related proteins: «a-, B-, and +y-syn,
expressed in mammalian neurons. Structural alterations
of a-syn as well as its overexpression and polymor-
phisms have been related to the onset and progression
of several human neurodegenerative diseases, known
as synucleinopathies (Spillantini et al.,, 1997; Martin
et al, 2006; Al-Chalabi et al., 2009; Scholz et al.,
2009). Pathological, biochemical, and genetic evidence
suggest a crucial role for a-syn in the pathogenesis of
Parkinson’s disease (PD) (Kanaan and Manfredsson,
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2012). Indeed, a-syn aggregates are the main compo-
nent of the established pathologic hallmarks of PD, the
Lewy bodies and Lewy neurites (Spillantini et al., 1997;
Vilar et al., 2008). Cellular inclusions of a-syn are also
the key pathological features of dementia with Lewy
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bodies (Okazaki et al., 1961) and Multiple System Atro-
phy, with different topographical and cellular distribu-
tion in both neurons and glial cells. The common
occurrence of a-syn aggregates suggests a shared
pathological mechanism for these neurodegenerative
disorders, although the biological activity of a-syn and
its precise role in neurodegeneration remain poorly
understood. Based on these assumptions, understand-
ing the biological functions of a-syn appears to be an
important approach to elucidate the pathogenesis of
such diseases and to facilitate the identification of new
therapeutic targets for synucleinopathies.

Alpha-syn was first cloned and isolated from the elec-
tric organ of Torpedo californica (Carlson and Kelly,
1980). Afterwards, Maroteaux et al. (1988) demonstrated
that the syn gene is specifically expressed in electromo-
toneurons where the protein is localized at the presynap-
tic nerve terminals and at the nuclear envelope. These
authors suggested that syn proteins are involved in the
coordination of nuclear and synaptic events and also
demonstrated that the syn gene is not expressed at the
same levels in all regions of the central nervous system
(CNS). A gene homologous to Torpedo syn was then rec-
ognized in the rat brain and the encoded protein was
named a-syn. Afterwards, additional 3- and y-syn were
identified in mammals. It was shown that three different
genes encode the three proteins and the existence of
additional syn members was interpreted as a compensa-
tory mechanism against the loss of a-syn gene or protein
(Chandra et al., 2004; Robertson et al., 2004; Burré
et al., 2010; Greten-Harrison et al., 2010).

Biochemical studies in mammals showed that a-syn
interacts with cytoskeletal proteins (Sharma et al,
2001; Alim et al.,, 2004), neuronal receptors (Cheng
et al.,, 2011), presynaptic proteins (Burré et al., 2010),
and enzymes involved in histones acetylation (Goers
et al,, 2003) to modulate their functions (Jenco et al.,
1998; Neystat et al.,, 2002). Other evidence suggested
that a-syn is involved in synaptic integrity and that the
loss of its biological function seriously impaired neuro-
nal function (Jellinger, 2011).

Immunohistochemical studies demonstrated that «-,
B-, and y-syn are differentially distributed in the CNS of
mammals and the observed differences were related to
functional differences among the three proteins (Li
et al, 2002; Adjou et al., 2007; Ubeda-Banon et al.,
2010). Indeed, a-syn is predominantly associated with
the catecholaminergic systems, whereas (-syn is typi-
cally weak or absent in catecholaminergic neurons,
being mainly localized in somatic cholinergic neurons.
v-syn was instead reported in both cholinergic and cat-
echolaminergic regions. A functional relationship
between a-syn and dopaminergic neurotransmission

was suggested by evidence demonstrating that a-syn
regulates the synthesis, storage, release, and reuptake
of dopamine (Perez et al., 2002; Yu et al., 2005).

The three syns have been localized in different intra-
cellular compartments of mammalian neurons. Thus, a-
and 3-syn are preferentially located in presynaptic ter-
minals, whereas y-syn is also abundant in the neuronal
perikarya (Li et al, 2002; Totterdel et al, 2004;
Yamada et al., 2004). In presynaptic terminals, a-syn is
associated with synaptic vesicles and presumably
involved in synaptic transmission and vesicle recycling
(Cheng et al., 2011). The nuclear localization of a-syn
in mammalian neurons appeared controversial until two
novel monoclonal antibodies, 2E3 and 3D5, were devel-
oped against different epitopes of human a-syn (Yu
et al., 2007) that were able to discriminate the presyn-
aptic from the nuclear a-syn. Indeed, 2E3 antibody
detects a-syn in the nerve fibers, whereas 3D5 prefer-
entially detects a-syn in the neuronal nuclei. Both anti-
bodies are able to detect a-syn at presynaptic
terminals. By using these antibodies, it was shown that
the expression of a-syn is ubiquitous in the CNS of
mammals, although its cellular localization differs mark-
edly in the various regions (Zhang et al., 2008; Vivac-
qua et al, 2009, 2011a,b). These results suggested
that a-syn plays different roles, probably by interacting
with specific intracellular proteins and modulating the
physiological activity of different neurons.

Since Maroteaux et al.’s (1988) pioneering work on
the electric ray, some data were added on the evolu-
tionary and functional conservation of synucleins. These
appear to be vertebrate-specific proteins, with no coun-
terparts found in invertebrates, such as Caenorhabditis
elegans, Drosophila melanogaster, or Ciona intestinalis
(Hamilton, 2004). The a«-syn coding mRNA was
sequenced in representative species of all vertebrates
and the comparison of the deduced amino acid sequen-
ces demonstrated that a-syn is evolutionarily conserved
(Tiunova et al.,, 2000; Yoshida et al, 2006; Larsen
et al,, 2009). Nonetheless, the anatomical and cellular
distribution of a-syn is little known in nonmammalian
vertebrates (Martinez-Navarrete et al., 2007). Given the
high degree of a-syn sequence conservation, the biolog-
ical properties of this protein may be investigated in
nonmammalian vertebrates. The usefulness of fish mod-
els to study pathogenic mechanisms that lead to synu-
cleinopathies was recently stressed by Boudreau et al.
(2009), who showed the increase in a-syn-like immuno-
reactivity after metal ion exposure, leading to potential
CNS toxicity, in Catostomus commersoni. Moreover, a
genetic and toxin-induced fish model was recently gen-
erated for PD by medaka, Oryzias latipes (Matsui et al.,
2009, 2010).
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The aim of the present study was to analyze the ana-
tomical and cellular distributions of a-syn in the CNS of
the cyprinid teleost, Cyprinus carpio. Among cyprinids,
the zebrafish has been established as the fish model
for neurodegenerative diseases (Phillips et al., 2009;
Panula et al., 2010), given that human genes implicated
in several neurological disorders have their evolutionary
orthologs in this species (Flinn et al., 2008; Willemsen
et al., 2008; Sager et al., 2010). However, zebrafish
lacks the a-syn (snca) gene (Sun and Gitler, 2008;
Chen et al., 2009; Milanese et al., 2012), having three
syn genes, sncb, sncgl, and sncgZ (encoding -, y1-,
and y2-syn, respectively), highly conserved with respect
to their human paralogs. Given this peculiar condition
in zebrafish, a preliminary search was made in protein
databases to identify all the available a-syn sequences
from teleosts. Sequence comparisons showed that a-
syn partial amino acid sequences from both C. carpio
(Larsen et al., 2009) and Silurus glanis share the high-
est percent homology with human a-syn. Therefore, the
common carp, which is a close relative of zebrafish,
was chosen as the model species for the present analy-
sis. In this study, regional expression of a-syn was first
analyzed in the CNS by semiquantitative western blot
(WB) performed with a commercial polyclonal anti-a-syn
or with the monoclonal 3D5 antibody (Yu et al., 2007),
which recognizes fully conserved epitopes between
carp and human proteins. The anatomical and cellular
a-syn distribution was then mapped by 3D5 immunohis-
tochemistry in the CNS with the aim of identifying both
nuclear and presynaptic a-syn. In addition, o-syn-
positive neurons of the carp were neurochemically char-
acterized by choline acetyltransferase (ChAT), tyrosine
hydroxylase (TH), and serotonin (5HT) single and double
immunohistochemistry. The results presented here pro-
vide the first detailed description of a-syn expression in
the CNS of teleosts.

MATERIALS AND METHODS

Animals and sampling

Four adult individuals of Cyprinus carpio (Taxon
7962) (s.1.9 cm), obtained by local authorized providers,
were anesthetized by adding 2phenoxyethanol to the
fish tank (final concentration of 1.5 ml/I) and succes-
sively transcardially perfused by PFA fixative (4% para-
formaldehyde in 0.1M phosphate buffer), pH 7 at 4°C.
The brains were quickly removed from the skulls and
postfixed in the same fixative for 24 hours, then stored
at 4°C in 0.01 M phosphate buffer (PB) containing 15%
of sucrose. Samples were frozen and cut on a cryostat
(HM 505 E, Microm, Germany) into 30-um-thick coronal
serial sections that were stored until use in 24-well

a-Synuclein in CARP CNS

plates containing cold 15% sucrose PB, each well con-
taining a single section to allow the sections to thaw
and float in the buffer; sections were enumerated to
avoid misplacement, maintaining the seriality. Before
immunohistochemical staining, the free-floating sections
were treated with 0.01 M phosphate-buffered saline
(PBS) containing 0.3% Triton X-100 (PBST) at 4°C for 2
or 3 days, to improve tissue permeability.

All experiments were performed in accordance with
the Directive 2010/63/EU (EU 2010) and were
approved by the Italian administrative order DM 70/96
of Italian Ministry of Health.

Sequence analysis

The amino acid sequences of teleost synucleins were
sought in the NCBI protein database (http://www.ncbi.
nlm.nih.gov/protein, RRID:nif-0000-03178). Both the
deduced and predicted amino acid sequences were
considered. A total of 39 sequences defined by differ-
ent Accession Numbers were detected (Table 1). The
comparative analysis of the amino acid sequences was
performed with ClustalW2 software (http://www.ebi.ac.
uk/Tools/msa/clustalw2/, RRID:nif-0000-30076).

Antibodies

Three different antibodies against the C-terminus of
human a-syn were first compared to evaluate their puta-
tive ability to recognize carp a-syn: two noncommercial
mouse monoclonal antibodies (3D5, Department of Neu-
robiology, Xuanwu Hospital, Capital Medical University
Cat. no. 3D5 mouse antihuman a-synuclein antibody,
RRID:AB_2315787 and 2E3, Department of Neurobiol-
ogy, Xuanwu Hospital, Capital Medical University Cat. no.
2E3 mouse monoclonal antihuman a-synuclein antibody,
RRID:AB_2315791) directed respectively against the epi-
topes DMPVDPD (115-121 in human a-syn) and QDYEP
(amino acids 134-138 in human a-syn) (Yu et al., 2007),
and a commercial rabbit polyclonal antibody against the
111-131 region of human a-syn (Millipore, Bedford, MA;
Cat. no. AB5038, RRID:AB_91648) (see Results for
details). On the basis of the comparison between human
and teleost a-syn amino acid sequences, two of them,
3D5 monoclonal and the polyclonal antibody, were cho-
sen for western blot and immunohistochemical analyses.
Moreover, a commercial B-actin antibody (Santa Cruz
Biotechnology, Santa Cruz, CA; Cat. no. sc-47778, RRI-
D:AB_626632) was used to normalize western blot
results. Moreover, commercial polyclonal antibodies
against ChAT, TH, and 5HT were used for immunohisto-
chemistry and immunofluorescence.

The anti-ChAT polyclonal antibody (EMD Millipore,
Cat. no. AB143, RRID:AB_2079760) was produced
against human placental enzyme and it has been tested
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Abbreviations

A anterior thalamic nucleus

ac anterior commissure

acd anterior commissure, dorsal part

acv anterior commissure, ventral part

Br brainstem

cc central canal

CCe cerebellar corpus

Ce cerebellum

Cgus commissure of the secondary gustatory nucleus
CM mammillary body

co optic chiasm

CP central posterior thalamic nucleus

Ctec tectal commissure

dDI dorsal region of DI

DH dorsal horn

Di diencephalon

Div diencephalic ventricle

DI lateral zone of dorsal telencephalic area
Dm medial zone of dorsal telencephalic area
DMLX lateral column of the vagal motor complex
fr habenulo-interpeduncular tract

ggl ganglionic layer of cerebellum

gran granular layer of cerebellum

he horizontal commissure

He caudal hypothalamus

Hd dorsal zone of periventricular hypothalamus
Hv ventral zone of periventricular hypothalamus
IG intermediate gray, spinal cord

IL inferior lobe of hypothalamus

IMRF intermediate reticular formation

IR inferior raphe

IRF inferior reticular formation

LC locus coeruleus

If lateral longitudinal fascicle

LR lateral recess of diencephalic ventricle
Ma Mauthner axon

mlf medial longitudinal fascicle

mol molecular layer of cerebellum

MON medial octavolateralis nucleus

NAT anterior tuberal nucleus

NCLI central nucleus of inferior lobes

NI isthmic nucleus

nlll oculomotor nucleus

nlllsd oculomotor nucleus , dorsal subdivision

in human, mouse, rat, monkey, bat, and feline, showing
crossreactivity among these species (manufacturer’s
technical information). The anti-ChAT antibody has been
previously used in confocal microscopy analysis on
Electrophorus electricus (Nunes-Tavares et al., 2000).

The anti-TH rabbit polyclonal antibody (EMD Millipore,
Cat. no. AB152, RRID:AB_390204) was produced against
TH from rat pheochromocytoma denatured by sodium
dodecyl sulfate (SDS). The anti-TH antibody in western blot
selectively labeled a single band at ~62 kDa corresponding
to TH. The antibody reactivity has been tested in rat,
mouse, ferret, feline, and Aplysia californica (marine mol-
lusc) (manufacturer’s technical information). The same anti-
body has been previously used to stain TH in the goldfish
(Morita and Finger, 1987; Hornby and Piekut, 1990), the
stickleback (Ekstrom et al., 1990), the mormyrid (Meek
et al., 1993), the filefish (Funakoshi et al., 2002), the zebra-
fish (Bricaud et al., 2001; Yamamoto et al., 2011), the
cichlid fish Astatotilapia burtoni (O’'Connell et al., 2013), and
the Japanese eel Anguilla japonica (Mukuda et al., 2005).
Moreover, recently the same antibody has been tested by
western blot and immunofluorescence in the Indian major
carp, Cirrhinus cirrhosus (Kumar et al., 2014).

Nin interpeduncular nucleus

nlv trochlear nucleus

NLT lateral tuberal nucleus

Nmif nucleus of the medial longitudinal fascicle
nViim facial motor nucleus

nvm trigeminal motor nucleus

nVmd trigeminal motor nucleus, dorsal subdivision
nXm vagal motor nucleus

oT midbrain tectum

pc posterior commissure

PGm medial preglomerular nucleus

PGZ periventricular gray zone of optic tectum
PPa parvocellular preoptic nucleus, anterior part
PPd periventricular pretectal nucleus, dorsal part
PPp parvocellular preoptic nucleus, posterior part
PPv periventricular pretectal nucleus, ventral part
PTN posterior tuberal nucleus

R rat brain homogenate

rpo preoptic recessus

RTN rostral tegmental nucleus

RV rhombencephalic ventricle

SC spinal cord

SCN suprachiasmatic nucleus

SG subglomerular nucleus

SGN secondary gustatory nucleus

SR superior raphe

SRF superior reticular formation

SRN superior reticular nucleus

T telencephalon

TL longitudinal torus

TPp periventricular nucleus of posterior tuberculum
TS semicircular torus

tth tecto-bulbar tract

tthe crossed tecto-bulbar tract

Va valvula cerebelli

vd dorsal nucleus of ventral telencephalic area
vDI ventral region of DI

VH ventral horn, spinal cord

VL ventrolateral thalamic nucleus

Vi lateral nucleus of ventral telencephalic area
VM ventromedial thalamic nucleus

Vv ventral nucleus of ventral telencephalic area
XL vagal lobe

The rabbit polyclonal anti-5HT antibody (EMD Milli-
pore, Cat. no. AB938, RRID:AB_92263) has been pro-
duced against serotonin covalently bound to bovine
thyroglobulin with carbodiimide and it has been eval-
uated for its ability to stain serotonin-containing struc-
tures in the human ileum (manufacturer’s technical
information). The anti-5HT antibody has been previously
successfully used in immunohistochemical studies in
the Scottish powan Coregonus lavaretus (L.) (Dezfuli
et al., 2005) and in brown trout Saimo trutta (L.) (Dez-
fuli et al., 2008).

Western blot

Two specimens were anesthetized and euthanized by
an overdose of 2phenoxyethanol (8 ml/L) and the brain
and spinal cord were quickly dissected out at the binoc-
ular microscope. Brains were then subdivided by iridec-
tomy scissors into the following samples, including the
main brain regions: telencephalon, diencephalon, mid-
brain tectum, cerebellum, and brainstem (including
medulla oblongata and midbrain tegmentum). Samples
were homogenized in a denaturing lysis buffer containing
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TABLE 1.

Amino Acid Sequences of Teleost Synucleins
Available at the NCBI Protein Database
(www.ncbi.nlm.nih.gov/protein)

Accession
Species number
Teleost Alpha syn. 1 Cyprinus carpio* ACS68572.1
2 Esox lucius ACO14186.1
3 Astatotilapia XP_005931264.1
burtoni
4 Maylandia zebra XP_004549660.1

[&)]

Oreochromis
niloticus

XP_003455005.1

6 Oryzias latipes XP_004080506.1
7 Pundamilia nyererei XP_005720462.1
8 Silurus glanis * ACS68574.1
9 Takifugu rubripes NP_001029020.1
10 Xiphophorus XP_005812724.1
maculatus
Beta syn. 1 Anoplopoma ACQ58608.1
fimbria
2 Danio rerio AAI63140.1
NP_957263.1
ACA96673.1
AAH55608.1
3 Astatotilapia XP_005916463.1
burtoni XP_005916464.1
4 Maylandia zebra XP_004541135.1
5 Oreochromis XP_003445901.1
niloticus
6 Oryzias latipes XP_004073444.1
XP_004073445.1
XP_004073446.1
7 Osmerus mordax AC009057.1
8 Pundamilia XP_005719687.1
nyererei
9 Salmo salar 1 NP_001135131.1
ACl68037.1
10 Salmo salar 2 AGH92511.1
ACM08255.1
11 Salmo salar 3 ACMO08337.1
12 Takifugu NP_001029018.1
rubripes ABA10448.1
13 Xiphophorus XP_005795466.1
maculates XP_005795467 .1
Gamma syn. 1 Danio rerio 1a ACA96674.1
2 Danio rerio 1b ACA96675.1
3 Oryzias latipes 1 XP_004077051.1
4 Oryzias latipes 2 XP_004077052.1
5 Takifugu NP_001029017.1
rubripes 1
6 Takifugu NP_001029019.1
rubripes 2
Human « 1 Homo sapiens P37840.1
B 2 NP_001001502.1
y 3 NP_003078.2

The accession numbers of the sequences are reported. Asterisks indi-
cate the partial sequences.

urea (8M urea, 50 mM Tris-HCl, pH 7.6, 0.1M 2-
mercaptoethanol, 1 mM dithiothreithol [DTT], 1 mM phe-
nylmethylsulphonyl fluoride) and protease inhibitors
(Roche, Germany) and the particulate matter was
removed by centrifugation at 14,000g for 20 minutes.
The protein concentration was determined by the Lowry

a-Synuclein in CARP CNS

method (1951). For gel electrophoresis, proteins were
denatured after boiling in Laemmli Sample Buffer for 5
minutes. Then 50 pg of proteins was loaded in each lane
and separated in 15% SDS-polyacrylamide gels (SDS-
PAGE) according to Laemmli (1970). After electrophore-
sis, gels were transferred to nitrocellulose paper (Hybond
C+ Extra, GE Healthcare, UK). Membranes were stained
with Ponceau S to confirm the transfer of proteins. In
preliminary tests, three different saturation buffer were
tested: 5% nonfat milk powder in TBS-Tween, Amersham
ECL Prime Blocking Agent (GE Healthcare, UK), and 5%
bovine serum albumin in TBS-Tween. The last buffer
allowed better results and was used in the subsequent
analysis. The a-syn detection was achieved with the 3D5
mouse monoclonal antibody diluted at 1:500 or with a
rabbit a-syn polyclonal antibody (a-syn pol) diluted at
1:2,000 (Millipore, Temecula, CA) and then with the
appropriate peroxidase-conjugated secondary antibodies
diluted at 1:5,000 (Sigma-Aldrich, St. Louis, MO; Cat. no.
A9044, RRID:AB_258431 and Sigma-Aldrich Cat. no.
A9169, RRID:AB_258434). Normalization was made
against -actin expression diluted at 1:3,000 (Santa Cruz
Biotechnology, Dallas, TX). Rat brain homogenates were
used as positive controls and negative controls were per-
formed by the omission of primary antibodies. Detection
was done using the Westar nC Ultra enhanced chemilu-
minescent HRP substrate (Cyanagen, Italy) and Kodak X-
Omat LS films (Sigma-Aldrich). The developed films were
scanned as tiff images in eight-bit gray scale format at a
setting of 300 dpi and the band intensities were meas-
ured by Image) software (National Institutes of Health,
Bethesda, MD). In electrophoresis experiments, the
"Amersham Full-Range Rainbow Molecular Weight
Markers (12-225 KDa)" were used.

Immunohistochemistry (IHC) and
immunofluorescence (IF)

Single IHC

In order to inactivate the endogenous peroxidase activity,
the sections were pretreated for 1 hour at room tempera-
ture with PBST containing 0.1% sodium azide and 0.5%
H,0,. To avoid the aspecific antibody binding, sections
were preincubated with normal horse (goat, for polyclonal
primary antibodies) serum (Vector Laboratories, Burlin-
game, CA) diluted 1:50 in PBST containing 1% bovine
serum albumin (BSA, Sigma). Free-floating sections were
then incubated for 5 days at 4°C with monoclonal 3D5
(1:3,000), or a-syn pol (1:60,000), ChAT (1:5,000), TH
(1:5,000), 5HT (1:10,000). Sections were then incubated
for 1 hour at room temperature with biotinylated horse
antimouse immunoglobulin (Vector Laboratories, Cat. no.
BA2000, RRID:AB_2313581) or biotinylated goat antirabbit
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immunoglobulin  (Vector Laboratories, Cat. no. BA-1000,
RRID:AB_2313606) for polyclonal primary antibodies
diluted 1:1,000 with PBST/BSA and then incubated for 45
minutes at room temperature with avidin-biotin-peroxidase
complex (ABC, Elite Kit; Vector Laboratories) diluted
1:2,000 with PBST. The peroxidase activity was evidenced
by a reaction with a solution containing 0.04% of 3,3'-dia-
minobenzidine-tetrahydrochloride (DAB, Fluka, Buchs, Swit-
zerland), 0.4% of nickel ammonium sulfate, and 0.003% of
H,0, in 0.5 M Tris-HCI buffer, pH 7.6 for 3 minutes at
room temperature. The stained sections were mounted on
glass slides maintaining the seriality, dehydrated, cleared,
and coverslipped with Permount (Fisher Scientific, Pitts-
burgh, PA).

Double IHC/IF
Selected sections were processed by double immuno-
peroxidase or immunofluorescent labeling.

Double IHC

Sections immunolabeled for 3D5 with the DAB method,
incubated with polyclonal anti ChAT (1:5,000), TH (1:5,000)
or 5HT (1:10,000), and the last immunoperoxidase activity
was revealed by a 5-minute reaction with Novared solution
(Novared substrate kit, Vector Laboratories).

Double IF

Sections were incubated with the following paired primary
antibodies: 3D5 (1:2,000) + anti-ChAT (1:3,000) for 5 days
at 4°C. Incubation with primary antibodies was followed by
a 1-hour incubation with biotinylated horse antimouse IgG
(1:1,000). Sections were then incubated for 1 hour at room
temperature with a mixture of Cy2-conjugated streptavidin
(green 1:1,000, Jackson ImmunoResearch, West Grove, PA;
Cat. no. 016-220-084, RRID:AB_2307356) and Cy3-
conjugated goat antirabbit 1gG (red 1:400, Jackson Immu-
noResearch, Cat. no. 711-165-152, RRID:AB_2307443).
After several washes with PBS the sections were mounted
on slides, coverslipped with PBS containing 50% of glycerol
and observed under a fluorescence microscope (AX70 Pro-
vis, Olympus Optical, Japan).

Controls

For specificity controls the primary antiserum was substi-
tuted with PB alone or with suitably diluted normal
serum. Preadsorption test: a-syn pol and 3D5 antiserum
were preincubated with 25 mg/ml of human recombinant
a-syn for 24 hours at 4°C before applying the anti-a-syn
antibodies for immunostaining on tissue sections.

Image acquisition and processing
Photomicrographs were captured using an AX70 Provis
microscope (Olympus Optical). Images were captured

using a cooled CCD digital camera (Spot, Diagnostic
Instruments, Sterling Heights, MI) and the IAS 2000 soft-
ware (Delta Sistemi, Rome, lItaly) and saved as tiff files.
Images were digitally processed in Adobe Photoshop
CS5 (San Jose, CA). Only general contrast adaptations
were made, and figures were not otherwise manipulated.
The schematic drawings of transverse sections through
the carp brain were made by tracing digital photographic
images using Corel Draw 11 software (Ottawa, Canada).
The final figure composition was done using Microsoft
Office Powerpoint 2008 software (Redmond, WA).

RESULTS

Sequence comparison of teleost synucleins

In the NCBI protein database 39 amino acid sequen-
ces of teleost synucleins, deduced or predicted from
nucleotide sequences, were available. These sequences
correspond to 29 different amino acid sequences (see
Table 1 for details). For a-syn, eight complete (Esox
lucius, Haplochromis (=Astatotilapia) burtoni, Maylandia
zebra, Oreochromis niloticus, Oryzias latipes, Pundamilia
nyererei, Takifugu rubripes, Xiphophorus maculatus,) and
two partial (Cyprinus carpio, Silurus glanis) amino acid
sequences were found. For B-syn, 23 sequences corre-
sponding to 13 different and complete amino acid
sequences were available: Anoplopoma fimbria, Danio
rerio, Astatotilapia burtoni, Maylandia zebra, Oreochro-
mis niloticus, Oryzias latipes, Osmerus mordax, Pundami-
lia nyererei, Salmo salar (three different amino acid
sequences), Takifugu rubripes, Xiphophorus maculatus.
For vy synucleins, six different amino acid sequences
were known: Danio rerio 1a and 1b, Oryzias latipes 1
and 2, Takifugu rubripes 1 and 2.

The comparative analysis between human and teleost
synucleins showed a high variability, with a percentage
of homology ranging from 32 to 99% (Table 2). The
highest homology was detected between human a-syn
and the partial sequences of a-syn from Cyprinus carpio
and Silurus glanis. The two sequences from C. carpio
and S. glanis are identical (Fig. 1A) and correspond to
the residues 5-129 of the human isoform (Fig. 1A). It is
not known whether the unsequenced C-terminal region
of the carp a-syn is also homologous to the human
one. The percentage of homology among teleost a-syns
ranges from 48 (O. latipes/E. lucius and O. latipes/T.
rubripes) to 100% (A. burtoni, M. zebra, P. nyererei) and
the sequence alignment showed a higher homology in
the N-terminal region than in the C-terminal region of
the protein (Table 2, Fig. 1B). The seven degenerate 11-
residue repeats which in human a-syn form the amphi-
pathic a-helix involved in membrane binding (Davidson
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TABLE 2.

Determination of the Percentage Identity of Human and Teleost Synucleins Amino Acid Sequences, Using the ClustalW2
software at www.ebi.ac.uk/Tools/msa/clustalw2/

Alpha syn. Beta syn. Gamma syn.
2 2 — ol 3 a
" e , 8 2% . g x 8 . g Sle 237 3 ¢ g|le ¢
§ S 3 © T E 2 & 8 8|E 5 3 ©@ T EE 2w T e S 8l &% B S S|g e
3 2 &8 N B & g 2 E|s € 3 N B 8 E B 95 o o 2 E|2 |2 B 2 2|4 @
O W< = 00 ad v = X< ada< =¥ 0 C0du g v K X|gd o O K K| I
E. lucius 58
A. burtoni 58 79
@ M. zebra 58 79 100
» O. niloticus 58 78 89 99
= O. latipes 53 48 50 50 S0
S 1P . nyererei | 58 79 100 100 99 50
= S. glanis 100 58 58 58 58 53 58
T. rubripes 60 71 84 84 83 48 84 60
X. maculates| 59 80 87 87 87 50 87 59 80
A. fimbria 38 45 44 44 44 42 44 38 44 45
D. rerio 54 44 48 48 47 44 48 54 46 4979
A. burtoni 44 42 46 46 46 38 46 44 46 47]96 83
M. zebra 44 42 46 46 46 38 46 44 46 47|9 83 100
| O. niloticus | 44 42 46 46 46 38 46 44 46 47|96 83 100 100
£ | 0. latipes 45 47 44 44 44 42 44 45 45 46193 81 94 94 94
: O. mordax 43 45 45 45 44 36 45 43 46 42|85 B4 B6 86 86 85
g P. nyererei 44 42 46 46 46 38 46 44 46 47|96 B3 100 100 100 94 86
S. salar 1 40 42 42 42 42 36 42 40 42 38|76 65 75 75 75 75 73 75
S. salar 2 39 42 42 42 42 34 42 39 43 38|75 64 74 74 74 75 72 74 95
S. salar 3 33 41 41 41 41 36 41 33 44 38|68 65 67 67 67 67 77 67 100 90
T.rubripes |44 42 45 45 45 36 45 44 45 45]194 83 97 97 97 94 89 97 76 75 68
X. maculates] 44 41 46 46 46 35 46 44 46 47193 81 97 97 97 93 88 97 76 75 68 97
| D. rerio 1a 52 51 47 47 48 75 47 52 45 49|37 39 33 33 33 38 37 33 32 32 32 34 33
S.1D. rerio 1b 50 49 51 51 51 67 51 50 48 51|38 43 40 40 40 39 37 40 32 32 32 40 41)65
z O.latipes1 | 47 44 45 45 46 61 45 47 43 44|35 34 35 35 35 34 24 35 34 34 33 35 34|61 61
E O.latipes2 | 53 48 45 45 46 62 45 53 46 46|37 37 37 37 37 38 35 37 32 32 32 37 37|62 62 100
3 T.rubripes 1| 53 49 48 48 48 89 48 53 45 49|39 42 36 36 36 39 36 36 35 35 35 36 35|73 64 61 63
T.rubripes2 | 46 48 46 46 46 63 46 46 44 4732 33 32 32 32 32 26 32 30 30 29 32 32)160 63 77 77 63
H.sapienso | 99 52 61 61 60 57 61 99 61 62|53 63 55 55 55 54 56 55 44 45 47 55 55|54 52 49 56 57 48
H.sapiensp | 58 41 46 46 47 50 46 58 46 54|59 71 61 61 61 59 68 61 51 50 54 60 61|50 48 48 52 47 4063
H.sapiensy | 53 48 47 47 48 51 47 53 48 4637 44 38 38 38 38 35 38 32 33 32 38 38)50 52 50 55 55 52]54 51

The accession numbers of the sequences are reported in Table 1.

et al., 1998) are conserved in both C. carpio and S. gla-
nis (Fig. 1A). Among teleost a-syns, two partial overlap-
ping amino acid stretches (GAVVTGVTAVA and
GVTAVAQKTVE) are the most conserved among the 11-
residue repeats (Fig. 1A).

The available B-syn sequences of teleosts are com-
posed by 115-127 amino acids. They appear well con-
served, with the percentage of homology ranging from
64 (D. rerio/S. salar) to 100% (A. burtoni, M. zebra, O.
niloticus, P. nyererei, S. salar 1 and 3) (Table 2).
Sequence alignments showed a highly variable region in
the residues 51-68 and 90-99 in D. rerio 3-syn (Fig.
2A), whereas vy-syn sequences are 113-124 amino
acids long and have a percentage of homology ranging
from 60 (D. rerio 1a/T. rubripes 2) to 100% (O. latipes
1/0. latipes 2) (Table 2). The sequence alignment
showed a wide range of variability in the C-terminal
region (Fig. 2B).

Antibodies choice

On the basis of sequences analysis, we first eval-
uated the possible crossreactivity to carp a-syn of
three antibodies directed against C-terminal epitopes of

human a-syn: two noncommercial mouse monoclonal
antibodies (3D5 and 2E3, Yu et al., 2007) and a poly-
clonal antibody (Millipore). The 3D5 antibody is directed
against the epitope DMPVDPD (amino acids 115-121 in
human a-syn), whereas the 2E3 recognizes the epitope
QDYEP (amino acids 134-138 in human a-syn) and the
polyclonal antibody is directed against the 111-131
region (Fig. 1A). In human synucleins, the epitopes rec-
ognized by the three antibodies are specific for a-syn
and they are not present in B- and +y-isoform (Yu et al,,
2007).

Sequence analysis showed that the epitope recog-
nized by 3D5 antibody is perfectly conserved in carp a-
syn (Fig. 1A), while it is lacking in the available teleost
sequences of B- and vy-syns (Figs. 1-3). Different from
3D5, the epitope QDYEP recognized by 2E3 is not pres-
ent in the partial sequence of carp a-syn nor in the
other available sequences of teleost a-syn (Fig. 2A,B).
The same epitope was instead identified in most avail-
able B-syn sequences from teleosts (Fig. 2). Neither -
nor y-syn sequences are available in the carp, thus it
cannot be excluded that the epitope recognized by 2E3
is present in other syn isoforms.
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Cyprinus carpio
Silurus glanis
Homo sapiens

Cyprinus carpio f G KTV A 116
Silurus glanis ] C ; ATGFVKKDQLGKNEEGAPQEGILEDMPVDP 116
Homo sapiens ﬂ ARATGFVKKDQLGKNEEGAPQEGILEDMPVDP 120

************i—******t******i—******1—**i—******i—***********i****

DNELYEMP S—mrememmemime 125
DNEAYEMPS-————-—————- 125

Cyprinus carpio
Silurus glanis
Homo sapiens

DNEAYEMPSEEGYQDYEPEA 140
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B

Cyprinus carpio

Esox lucius MGTGYQVLQGADCIAGFEISRAKAVNWAVMDALMKGFSKAKDGVVAAAEM 50
Astatotilapia burtoni MDALMKGFSKAKDGVVAARAREK 21
Maylandia zebra MDALMKGFSKAKDGVVAAAEK 21
Oreochromis niloticus MDALMKGFSKAKDGVVAAAEK 21
Oryzias latipes MDVFMKGFSMAKEGVVAAAEK 21

Pundamilia nyererei
Silurus glanis
Takifugu rubripes

Xiphophorus maculatus =  ===esccmcmcmmaccnsoc o neanan MDALMKGFSKAKDGVVAAAEK 21
***:* **:*******
Cyprinus carpio { EK! JVTH 67
Esox lucius TKQGVTGAAEMTK VGNKTKD----GVTTVAGKTVSGVS GAMV 96
Astatotilapia burtoni TKQGVTGAAEMTKDGVMYVGTKTKD-———GVTTVAGKTVSGVSQVG. 67
Maylandia zebra TKQGVTGAAEMTKDGVMYVGTKTKD----GVTTVAGKTVSGVSQVG 67
Oreochromis niloticus TKQGVTGAAEMTKDGVMYVGTKTKD----GVTTVAGKTVSGVSQVGEAVV 67
Oryzias latipes TKAGMEEAAARRTKEGVMYVGNKTKEGVVSSVNTVANKTVDQTNIVGDTAV 71
Pundamilia nyererei TKQGVTGAAEMTKDGVMYVGTKTKD“~~~GVTTVAGKTVSGVSQVG 67
Silurus glanis TKQGVAEARG 67
Takifugu rubripes TKQGVTGAAEMTKDGVMFVGTKTKD————GVTVVAGKTVSGVSQVGGAMV 67
Xiphophorus maculatus TKQGVTGAAEMTKDGVMYVGTKTKD————GVSTVAEKTVSGVSHVG- 67
* % *: * % **:**::**'***: '*.'** * % % < * ok : *
Cyprinus carpio [ARATGFVKKDQLGKNEEGAPQEGILEDMPVDPD 117
Esox lucius TGVTAVAHKTVEGAGNIAAATGLVKKDPAKQEEDTLSKDSPVKESPVDTE 146
Astatotilapia burtoni KTVEGAGTIAAATGLVKKDPAKQSDDASAVQD-VAESPVDTD 116
Maylandia zebra KTVEGAGTIAAATGLVKKDPAKQSDDASAVQD-VAESPVDTD 116
Oreochromis niloticus TGVTAVAQKTVEGAGT IARATGLVKKDPAKQSDDASAVQD-VAESPVDTD 116
Oryzias latipes AGAHEVSQATVEGVENVAASTGLIN--—--- QGEYGGMEQG-———-———- GE 108
Pundamilia nyererei IOKTVEGAGT IAAATGLVKKDPAKQSDDASAVQD-VAESPVDTD 116
Silurus glanis JGAGSTAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPD 117
Takifugu rubripes TGVTAVAQKTVESAGSIAAATGLVKKEPGKQGDDAARAPEN-MAESPDVTD 116
Xiphophorus maculatus KTVEGAGNIAAATGLVKKDPAKQGEDVSAVPD-AVESPIDTD 116

Cyprinus carpio

Esox lucius
Astatotilapia burtoni
Maylandia zebra
Oreochromis niloticus

. % ko . kkk ckk e kk e s - T &

-NEAYEMPS---- 125
GGNTTAEGHSDGY 159
PADVTEEDSDE-- 127
PADVTEEDSDE-- 127
PADVTEEDSDE-- 127

Oryzias latipes GGEGY-—--—---- 113
Pundamilia nyererei PADVTEEDSDE-- 127
Silurus glanis -NEAYEMPS---- 125

Takifugu rubripes
Xiphophorus maculatus

PAEATEEDADD-- 127
STEPTEEDSDD-- 127

Figure 1. Alignment of the a-syn amino acid sequences of Cyprinus carpio, Silurus glanis, and Homo sapiens (A) and of the available tele-
ost a-syns (B). Sequences were aligned with Clustal W2. Asterisks indicate identity of amino acids; double dots indicate amino acids with
the same polarity or size; dots indicate semiconserved substitutions. The epitopes recognized by the a-syn commercial polyclonal antibody
(underlined), by the 3D5 monoclonal antibody (bolded), and by the 2E3 monoclonal antibody (dotted underlined) are indicated. The amino
acid stretches homologous to the seven 11-residue repeats of human a-syn (Davidson et al., 1998) are alternately highlighted in gray or
light gray. The 11 amino acid stretch in the hydrophobic region (GVTAVAQKTVE), characteristic of avian and mammalian a-syns, is double
underlined. The accession numbers of the sequences are reported in Table 1.
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Danio rerio la
Danio rerio 1b
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Figure 2. Alignment of the available teleost (3- (A) and - (B) synucleins. Sequences were aligned with Clustal W2. Asterisks indicate iden-
tity of amino acids; double dots indicate amino acids with the same polarity or size; dots indicate semiconserved substitutions. The epi-
tope recognized by the 2E3 monoclonal antibody (highlighted in gray) is indicated. The accession numbers of the sequences are reported

in Table 1.
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Danio rerio y-syn la
Danio rerio y-syn 1b
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Danio rerio y-syn la
Danio rerio y-syn 1b
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Figure 3. Alignment between the amino acid sequences of Cyprinus carpio a-syn and Danio rerio B- (A) and y- (B) syns. Sequences were
aligned with Clustal W2. Asterisks indicate identity of amino acids; double dots indicate amino acids with the same polarity or size; dots
indicate semiconserved substitutions. The epitope recognized by the 3D5 monoclonal antibody is indicated bold. The accession numbers

of the sequences are reported in Table 1.

The epitope recognized by the commercial polyclonal
antibody is well conserved in carp a-syn with the exclu-
sion of the last two amino acids that are not present in
the partial sequence of the carp.

Validation of antibodies by western blot and
immunohistochemistry

On the basis of sequence comparisons, the commer-
cial polyclonal and the monoclonal 3D5 antibody were
tested for their capacity to recognize carp a-syn by WB
and IHC.

In the carp brain and spinal cord homogenates,
3D5 antibody stained a protein band at about 17
kDa corresponding with slight variations to the band
labeled in the rat brain used as positive control.
Additional and weaker immune-labeled bands were
detected at about 12 kDa and 15 kDa (Fig. 4A). Pro-
tein bands with a molecular weight lower than 17
kDa could correspond to products of degradation, to
additional isoforms, to different posttranslational mod-
ifications of a-syn like proteins, or even to unrelated
proteins. Densitometric analyses of 3D5-
immunolabeled bands at 17 kDa were performed on
normalized actin levels (black bars in Fig. 4D). The
highest a-syn-like expression was detected in the

midbrain tectum, followed by the cerebellum and the
diencephalon, whereas lower expression levels were
found in the brainstem, the spinal cord, and the tel-
encephalon. Given the low expression levels in these
last homogenates, a longer time of film exposure
was necessary to detect the 17 kDa band in the tel-
encephalon and spinal cord (compare Fig. 4A,B).

WB analysis was repeated by using the commercial
polyclonal antibody directed toward human a-syn (Milli-
pore). This antibody detected two bands at about 15 kDa
and 17 kDa in most brain samples and a weaker band at
about 12 kDa in the cerebellum homogenates (Fig. 4C).
Densitometric analysis of labeled bands at 17 kDa con-
firmed the results obtained with 3D5 antibody demon-
strating that a-syn-like protein is more expressed in the
midbrain tectum, the cerebellum, and the diencephalon
rather than in the brainstem, the spinal cord, and the tel-
encephalon (gray bars in Fig. 4D).

The same antibodies were tested by IHC on sections
from carp and mouse spinal cord (Fig. 4E-J). In both tis-
sues, 3D5 antibody intensely immunostained the cell
bodies of motoneurons (Fig. 4E). The immunolabeling
was not detected in the preadsorbed controls, in which
the antibody was incubated with the recombinant
human a-syn before tissue incubation (Fig. 4F).
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Figure 4. Regional a-syn expression in the brain and spinal cord of Cyprinus carpio. Expression in telencephalon (T), diencephalon (Di),
midbrain tectum (OT), cerebellum (Ce), brainstem (Br), and spinal cord (SC) labeled by 3D5 antibody (A,B) and a-syn pol antibody (C). The
rat brain homogenate (R) was used as positive control and molecular weights expressed in kDa are indicated on the left. In telencephalon
and diencephalon samples, a longer film exposure was necessary to detect immunolabeled bands (B). The a-syn expression was estimated
by the densitometric analysis of the immunolabeled bands at 17 kDa (D). Data were normalized on actin levels. Means of three values for
each homogenate and standard deviation are reported. Immunohistochemistry experiments were performed in spinal cord sections from
carp (E-H) and mouse (I-J) by using 3D5 (E-F) and a-syn pol antibody (G-J) to test the specificity of the antibody. Consecutive sections
were incubated with the antibody (E,G,l) or with the antibody preadsorbed with human recombinant a-syn (F,H,]). Scale bars = 100 um.
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TABLE 3.
Summary of 3D5ir Structures in the CNS of Cyprinus carpio and Their Colocalization With ChATir, 5-HTir and
THir
Codistribution Codistribution Codistribution
3D5ir/ChATir 3D5ir/THir 3D5ir/5HTir
3D5ir
3D5ir neuronal varicose neuronal Varicose neuronal Varicose Neuronal Varicose
3D5 positive nuclei perikarya fibers bodies fibers bodies fibers bodies fibers
Ventral telencephalic area, - ++ - X - - - -
ventral nucleus (Vv)
Preoptic area (PPa, PPp, SC) - ++ - X - - - X
Dorsal and ventral periventricular + ++ - X - - - -
hypothalamus (Hd, Hv)
Lateral tuberal nucleus (NLT) - ++ - - - - - -
of the hypothalamus
Caudal hypothalamus (Hc) +- + - - - - - X
Central nucleus of the + +- - - - - - -
inferior lobe (NCLI)
Ventromedial (VM) and + + - - X X - X
ventrolateral (VL)
thalamic nuclei
Periventricular posterior +- + - - - - X -
tuberculum (TPp)
Posterior tuberal nucleus (PTN) +- + - - - - X -
Periventricular dorsal +- - - - X - - -
pretectum (PPd)
Nucleus of the medial longitudinal + - X - - - - -
fascicle (Nflm)
Rostral tegmental nucleus (RTN) ++ - X - - - - -
Superior (SR) and inferior raphe (IR) - ++ - - - X - X
Locus coeruleus (LC) + - - - X - - -
Cranial motor nerve nuclei Ill-IX + + X - - - - -
Cerebellum: ganglionic (ggl) and ++ - - - - - - -
molecular layer (mol)
Medial octavolateral nucleus (MON) + + - - - - -
Vagal motor lateral column (DMLX) + ++ X - - - - X
Superior (SRF), intermediate + - X - - - - _
(IMRF) and inferior
(IRF) reticular formation
Spinal cord, ventral horn (VH) and ++ - X - - - - -

intermediate gray (IG)

+- few; + moderate; ++ abundant; x presence. -: no immunoreactive structures; +: scarce immunoreactive structures; +-+: abundant immunore-

active structures.

Different from 3D5, the incubation of carp spinal cord
sections with the commercial antibody produced an
intense and generalized staining of blood capillaries in
addition to neuronal labelings. This pattern of immuno-
labeling was also observed in the preadsorbed controls
(Fig. 4G,H). Moreover, it was specific for the carp tissue,
as the same antibody with or without the preadsorption
did not produce any unspecific positive immunostaining
of the capillaries in the mouse spinal cord (Fig. 41,]), but
3D5ir fibers were immunolabeled (Fig. 41).

Cellular distribution of a-syn-like proteins in
the carp CNS

This analysis was performed by using 3D5 monoclo-
nal antibody, given our preliminary evidence on its abil-
ity to stain distinct neuronal cell bodies and nerve

processes in brain and spinal cord regions. The single
labeling of consecutive sections with 3D5, TH, or 5HT
antibodies revealed the specificity of the 3D5 immuno-
staining. Indeed, each antibody produced a different
pattern of immunolabeling. In addition, the replacement
of the primary antibody with normal serum completely
abolished the immunostainings. On this basis, 3D5
immunoreactivity was considered specific for a-syn-like
proteins of the carp. Colocalization of 3D5/ChAT, 3D5/
TH, and 3D5/5HT was examined in selected regions by
IHC/IF double immunolabeling with 3D5/ChAT, 3D5/
TH, or 3D5/5HT antibodies.

Distribution of 3D5 immunoreactivity.
Neurons immunoreactive (ir) for 3D5 were identified in the
prethalamus, tuberal region, and inferior lobes of the
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Figure 5. Schematic drawings of transverse sections through the carp brain showing the distribution of 3D5ir structures. Large dots indi-
cate 3D5ir neuronal perikarya and small dots indicate 3D5ir varicose fibers.

hypothalamus, synencephalon, cerebellum, discrete brain-
stem nuclei, and in the spinal cord of the carp (Table 3).
All the immunostained neurons showed a diffuse labeling
in the perikarya and dendritic processes. Moreover, 3D5
antibody labeled thin varicose axons and the neuropil with
a punctate pattern in several brain regions. Conversely,
nuclear 3D5 labeling was never found in the carp neurons.

The nomenclature used for the carp brain was based on
previous studies on cyprinids (Clemente et al., 2004;
Mueller et al., 2004; Yamamoto and Ito, 2005a,b, 2008 in
carp; Giraldez-Perez et al., 2009; Kato et al., 2012 in gold-
fish; Wulliman et al., 1996 in zebrafish). The distribution of
3D5 positive cells in the carp brain is depicted in the draw-
ings of Figure 5 and summarized in Table 3.
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Figure 5. (continued).

Olfactory bulb

Cell bodies immunoreactive for 3D5 were not found
in the olfactory bulb, which contained numerous THir
neurons distributed in all cell layers and particularly in
the granule layer. Abundant ChATir fibers were also
present in the stratified olfactory bulb, whereas only
scattered fibers were immunolabeled for 3D5 in the
olfactory tract (not shown).

Telencephalon

Abundant thin axons with en passant varicosities
were labeled for 3D5 in the ventral telencephalic area
corresponding to the ventral nucleus (Vv) (Figs. 5A, 6A).
No neuronal perikarya were stained within the Vv. How-
ever, small cells of uncertain nature were intensely
stained for 3D5 in the periventricular layer (Fig. 7A).
The Vv was also labeled for ChAT since a large number
of ChATir varicose axons were intermingled with 3D5ir
varicose fibers. In addition, ChATir neuronal cell bodies
and dendritic processes were found on the lateral
aspect of the Vv (Fig. 7A). Varicose ChATir axons were
abundant in the entire subpallium. However, no immu-
noreactivity was found in the dorsal telencephalon for
3D5 or ChAT. The Vv of the carp was not reactive for
TH, but small THir neurons were detected among the
Vv, the central and the ventrolateral (VI) nuclei of the
ventral telencephalon. Double immunostaining with 3D5

and 5HT showed that 3D5ir thin fibers in the Vv are
intermingled with serotoninergic fibers provided with
large varicosities (not shown).

Preoptic area

Thin axons showing varicosities were labeled by
3D5 antibody throughout the entire preoptic region,
from the anterior to the posterior nuclei (Fig. 5B-D).
Labeled fibers were also detected in the horizontal
region comprised between the anterior dorsal and ven-
tral commissure (Fig. 6B). In the preoptic region neu-
ropil, varicose 3D5ir axons were always codistributed
with varicose ChATir axons (Fig. 7B). 3D5ir fibers
innervated THir neurons in the preoptic nuclei and ter-
minal 3D5ir varicosities were found on the cell soma
and dendrites of these neurons (Fig. 7C). The preoptic
region neuropil was also labeled by 5HT antibodies
with a similar pattern. In fact, abundant varicose
5HTir fibers were codistributed with 3D5ir fibers and
some pictures suggested the possible colocalization of
3D5ir and 5HTir products in the same axons (Fig.
7D). Thin varicose axons positive for 3D5 were also
found in the suprachiasmatic nucleus where 3D5ir
axons were interspersed with less numerous varicose
axons positive for ChAT and varicose axons positive
for SHT (not shown).
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Figure 6. Immunoreactivity for 3D5 in transverse sections of the carp brain. (A) 3D5ir varicose axons are seen in the ventral nucleus of
the ventral telencephalic area (Vv). Similar varicose fibers are also seen in the preoptic region (B) and hypothalamus (C). Moreover, small
cells are densely stained for 3D5 in the periventricular layer of the same regions (B). 3D5ir neuronal perikarya are seen in the hypothala-
mic NCLI (D,E). Fusiform (arrow) and round cells (arrowhead) with long axons are distinguished (E). Neurons labeled for 3D5 are seen in
the midbrain RTN (D,F). For other abbreviations, see list. Scale bars = 100 pum.

Hypothalamus

The immunoreactivity for 3D5 was observed in the dorsal
(Hd) and ventral (Hv) periventricular hypothalamus (Fig.
5D,E). Immunoreactive products were located in numerous
small perikarya and abundant varicose fibers. Some labeled
cells were cerebrospinal fluid (CSF)-contacting cells while
others were located at a small distance from the ventricle
(Fig. 7E). In the periventricular hypothalamus, 3D5ir fibers
were codistributed with ChATir varicose fibers. The same
region was not labeled for TH or 5HT. Varicose 3D5ir fibers
were abundant in the punctate neuropil of the lateral
tuberal nucleus (NLT) (Figs. 5E, 6C). Neurons in the NLT
were labeled for 5HT. 3D5ir varicose fibers and terminal

varicosities were densely packed among these neurons
(Fig. 7F). 3D5ir varicose fibers were abundant in the caudal
hypothalamus (Hc) (Fig. 5F), which is also 5HTir in the carp.
In the same nucleus, scattered neuronal bodies were
labeled for 3D5. Neurons were labeled by 3D5 in the cen-
tral nucleus of the inferior lobe (NCLI) (Fig. 5G). Two differ-
ent cell types were labeled in the inferior lobe: fusiform and
round cells provided with long axons (Fig. 6D,E) that were
not labeled by ChAT, TH, or SHT antibodies.

Prethalamus
3D5 antibody labeled bipolar neurons with laterally
directed axons and the surrounding punctate neuropil in
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Figure 7. Double immunostaining 3D5/ChAT, 3D5/TH, and 3D5/5HT (dark-blue/brown) in transverse sections of telencephalon (A), preoptic
region (B-D) and hypothalamus (E,F). A: 3D5ir varicose axons are codistributed with ChATir axons in the Vv. Arrow points at ChATir neuronal struc-
tures in the lateral aspect of the Vv. Arrowhead points at 3D5ir small cell bodies in the periventricular layer of the ventral telencephalon. B: Varicose
3D5ir axons are codistributed with similar ChATir axons in the PPa. C: 3D5ir varicosities are seen in contact with THir neurons in the PPa. D: Varicose
5HTir fibers are codistributed with 3D5ir fibers in the parvocellular preoptic region. This distribution suggests that immunolabeled varicosities for
3D5 and 5HT are located in the same axons. E: Numerous 3D5/r small perikarya are seen in the periventricular Hv together with abundant varicose
fibers. Labeled cells are located in contact with the ventricular surface (CSF-contacting cells) and in the subventricular layer (arrows). ChATir varicose
fibers are observed among 3D5ir fibers. F: 3D5ir varicosities are densely packed in the 5HTir NLT. For abbreviations, see list. Scale bars = 100 pum.

the ventrolateral (VL) and ventromedial (VM) nuclei (Figs.
5D, 8A,B). Double immunolabeling for 3D5/TH revealed
that 3D5ir neurons are codistributed with THir neurons
but evidence of 3D5/TH colocalization was not found in
the same cells (Fig. 8A). The neuropil of these nuclei also
contained abundant varicose 5HTir axons that establish
synaptic contacts on 3D5 positive neurons (not shown).
The 3D5ir perikarya and their processes were not stained
for ChAT (Fig. 8B) but they were contacted by ChATir
varicosities (Fig. 8B, insert).

Thalamus
The immunoreactivity for 3D5 was limited to scattered
varicose axons (not shown).

Epithalamus
The pineal organ, the habenular nuclei, and the fasciculus
retroflexus were not immunoreactive for 3D5 antibody.

Posterior tuberculum
The periventricular posterior tuberculum (TPp) and the
posterior tuberal nucleus (PTN) (Fig. 5E) of the carp
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Figure 8. Double immunostaining 3D5/TH, 3D5/ChAT, and 3D5/5HT (dark-blue/brown) in ventral thalamus (A,B), posterior tuberculum (C),
synencephalon (D,E) and mesencephalon (F). A: 3D5ir neurons are seen in the VM. They are codistributed with THir neurons but no evidence of
3D5/TH colocalization was found in the same cell (detail in the insert). B: 3D5ir neurons in the VL are contacted by ChATir varicosities (detail in
the insert). C: neurons labeled for 5HT immunoreactivity are seen in the TPp and PTN. Among them, scattered 3D5ir neuronal perikarya can be
observed. In these neurons the colocalization of 3D5 and 5HT immunoreactive products is suggested (detail in the insert, arrows). D: Scattered
neurons labeled for 3D5 are seen in the THir PPd (arrows). The 3D5/TH colocalization is suggested in some neurons (arrowhead). E: Multipolar
neurons double-labeled for 3D5 and ChAT in the Nmlf (arrows). F: Bipolar neurons labeled for 3D5 are seen in the RTN. Evidence of double label-
ing for 3D5 and ChAT is shown in the insert. For abbreviations, see list. Scale bars = 100 pm; 25 um in inserts.

were strongly reactive for 5HT (Fig. 8C). Among the
abundant 5HTir neurons, few neuronal perikarya and
thin varicose axons were labeled for 3D5. The possible
colocalization between 3D5 and 5HT was suggested in
some neuronal bodies (Fig. 8C, insert).

Synencephalon

Neurons were labeled for 3D5 in the periventricular
dorsal pretectum (PPd) (Fig. 5E), which is THir in the carp
(Fig. 8D). Moreover, large and small multipolar neurons

were labeled by 3D5 in the nucleus of the medial longitu-
dinal fascicle (Nmlf) (Fig. 5F). These neurons were
double-labeled by 3D5 and ChAT (Fig. 8E).

Mesencephalon

Midbrain tegmentum

Large bipolar neurons were labeled for 3D5 in a teg-
mental nucleus dorsomedially located to the horizontal
commissure (Figs. 5F, 6D,F). This nucleus corresponds
to the "rostral tegmental nucleus" (RTN) identified in
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Figure 9. Double immunostaining 3D5/ChAT, 3D5/TH, and 3D5/5HT (dark-blue/brown) in transverse sections of the carp brainstem. A:
3D5/ChAT labeled neurons are seen within the dorsal subdivision of the oculomotor nucleus (arrows). B: 3D5/r multipolar neurons (arrow)
are seen in close proximity to large THir neurons of the LC. C: 3D5ir perikarya (arrows) are seen in close proximity to the cholinergic neu-
rons of the SRN. 3D5ir varicose axons are observed between ChATir SGN and NI (square box). D: Nerve fibers strongly immunoreactive
for 3D5ir are intermingled with 5HTir varicose fibers in the SR. E: 3D5ir axons codistributed with THir axons in the SR. F: Neurons reactive
for 3D5 in the SRF, not labeled for TH. G: 3D5ir neurons in the IMRF, some of them double-labeled for 3D5/ChAT (arrows). H: 3D5 is
colocalized with ChAT in some neurons in the nVmd (arrow). For abbreviations, see list. Scale bars = 100 um.
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Figure 10. Transverse sections of the carp midbrain optic tectum (A), cerebellum (B,C), isthmus and medulla oblongata (D-H), immuno-
stained for a-syn pol (A) or 3D5 (B-H). A: a-syn pol immunoreactivity distributed in a punctate pattern on neuronal perikarya and the apical
dendrite of unipolar periventricular neurons of the PGZ (arrowheads). B: Neurons immunoreactive for 3D5 in the ganglionic layer of the cere-
bellum. C: Small unipolar neurons labeled for 3D5 in the molecular layer of the cerebellum (detail in the insert). D: Neurons labeled for 3D5 in
the SRF (arrows). E: 3D5ir neuronal bodies in the nVm. F: Neurons labeled for 3D5 are seen in the nVIim and IMRF. G: Neurons reactive for
3D5 in the DMLX. H: 3D5ir neurons in the MON. For abbreviations, see list. Scale bars = 50 pm in A; 100 pm in B-H; 25 pum in the insert.

zebrafish (Mueller et al., 2004). The same nucleus was was then renamed the "nucleus of the rostral mesence-
originally known as the "nucleus ruber tegmenti" (Gold- phalic tegmentum" (NRMT) in goldfish (Grover and
stein, 1905) until tracer studies demonstrated that it Sharma, 1981) and RTN in zebrafish. A subgroup of
does not correspond to the red nucleus of mammals. It neurons was immunostained for ChAT in the zebrafish
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RTN (Mueller et al., 2004) and the same occurred in
the carp. For this neurochemical similarity, the tegmen-
tal nucleus positive for 3D5 was identified as the RTN
of the carp. In the double-immunostained sections, evi-
dence of colocalization between ChAT and 3D5 immu-
noreactive products was obtained at the level of single
neurons (Fig. 8F, insert). In the same nucleus, nerve
fibers also immunoreacted for ChAT. The RTN was not
reactive for TH. However, 3D5ir neurons were possibly
contacted by thin axons and terminal varicosities posi-
tive for 5HT (not shown).

Varicose axons and terminal varicosities were
strongly stained by 3D5 in the mesencephalic superior
raphe region (SR) (Fig. 5I). Motor neurons of the oculo-
motor nucleus (nlll) and their processes were strongly
immunoreactive for ChAT. Double labeling with 3D5 and
ChAT antibodies revealed that some neurons in the dor-
sal subdivision of the nlll were stained by both ChAT
and 3D5 antibodies (Fig. 9A).

Midbrain tectum.

In contrast to the intense 3D5 reactivity detected by
western blot in the optic lobes homogenates, 3D5 anti-
body only labeled scattered varicose fibers in the optic
lobes. Additional immunostainings were performed by
mammalian a-syn polyclonal antibody already tested by
western blot. By using this antibody, the immunostain-
ing was detected in the periventricular gray zone (PGZ)
of the midbrain tectum (Fig. 10A). a-syn pol immunore-
activity was distributed in a punctate pattern around
neuronal perikarya and the apical dendrite of ChATir
unipolar periventricular neurons. The granular labeling
was probably due to presynaptic terminals containing
a-syn-like proteins. No neuronal perikarya were immu-
nostained for a-syn in the midbrain tectum.

Cerebellum

Neurons immunoreactive for 3D5 were found in the
corpus and the valvula cerebelli. Positive cells were pres-
ent in the molecular and ganglionic layers (Fig. 5H-K),
whereas the granular layer was unstained. In the gangli-
onic layer, positive cells were numerous. Most of them
showed pear-shaped perikarya and a long dendrite
extending up into the molecular layer, whereas others
appeared fusiform (Fig. 10B). Pear-shaped 3D5/r neurons
might be tentatively identified as Purkinje cells. Among
positive cells found in the ganglionic layer, eurydendroid
neurons might be included. However, the two cell types
could not be distinguished on the basis of simple mor-
phological criteria. Small unipolar neurons positive for
3D5 were also found in the molecular layer (Fig. 10C).
Since the molecular layer of teleost cerebellum contains
a single type of neuronal bodies, i.e., the superficial stel-
late cells, 3D5ir neurons probably represent inhibitory

stellate cells. All 3D5ir neurons of the carp cerebellum
were unreactive for ChAT, TH, or 5HT (not shown).

Isthmus and medulla oblongata

Several cell populations were labeled for 3D5 in the
hindbrain. Small multipolar neurons immunoreacted for
3D5, but not for TH, in the proximity of the large THir neu-
rons of the locus coeruleus (LC) (Figs. 51, 9B). In addition,
3D5ir cell bodies were detected in close proximity to the
cholinergic neurons of the superior reticular nucleus (SRN)
(Fig. 5J). In the carp, the SRN is ventromedially located to
the secondary gustatory nucleus (SGN) and the nucleus
isthmi (NI), which were both ChATir and received a dense
net of 3D5ir varicose fibers (Figs. 5J, 9C).

Large and thin varicose axons were strongly stained
by 3D5 throughout the superior (SR) and inferior raphe
(IR) region (Fig. 5l,L). This region contained neuronal
perikarya labeled for 5HT and a large number of THir
and 5HTir varicose axons codistributed with 3D5ir
fibers (Fig. 9D,E). Neurons reactive for 3D5 were found
in the superior (SRF), intermediate (IMRF), and inferior
(IRF) rhombencephalic reticular formation (Figs. 5H-
J,K,L=-M, respectively, 10D-F). Positive neurons were
not labeled for TH (Fig. 9F) but some of them were dou-
ble stained for 3D5/ChAT (Fig. 9G).

Neurons positive for 3D5 were observed in cranial nerve
motor nuclei from IV to X (Fig. 5H,K,L). Several of these
nuclei also received 3D5ir afferent innervation made by thin
varicose axons and axon terminals. In particular, both dorsal
and ventral subdivisions of the trigeminal motor nucleus
contained 3D5ir neuronal bodies (Fig. 10E). The double
immunostaining with 3D5 and ChAT showed evidence that
3D5 is colocalized with ChAT in some neurons (Fig. 9H).

Similarly, both dorsal and ventral subdivisions of the
facial motor nucleus (nVIim) contained 3D5ir neurons
(Fig. 10F) and some of them were double-labeled for
3D5/ChAT (Fig. 11A). In the facial motor nucleus 3D5ir
neurons were innervated by 5HTir axons (not shown).

Neurons reactive for 3D5 were also found in the
glossopharyngeal motor nucleus and in the cholinergic
lateral column of the vagal motor complex (DMLX) (Fig.
10G), where some neurons were double-labeled for
3D5/ChAT (Fig. 11B). Neuronal perikarya and fibers
immunoreactive for 3D5ir were also seen in the medial
octavolateralis nucleus (MON) (Figs. 5K, 10H).

The caudal part of the vagal lateral motor complex
was richly innervated by 3D5ir varicose fibers belonging
to the ventromedial vagal nerve root (Fig. 11C). Axonal
varicosities immunolabeled for 3D5 established a large
number of synaptic contacts with cholinergic neurons
of this nucleus (Fig. 11D). Double immunostaining by
3D5/5HT demonstrated that the DMLX also receives
serotoninergic innervation (Fig. 11E).
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Figure 11. Transverse sections of the medulla oblongata (A-D) and spinal cord (E,F), double immunostained for 3D5/ChAT and 3D5/5HT
(dark-blue/brown). A: Neurons labeled for 3D5/ChAT are visible in the nVIim (arrow). B: In the CMX some neurons appear double-labeled
for 3D5 and ChAT (arrows). C: Cholinergic neurons of the nXm are richly innervated by 3D5ir axons belonging to the ventromedial X root.
D: Axonal varicosities and synaptic contacts immunolabeled for 3D5 are seen in contact with cholinergic neurons in the DMLX (arrow). E:
3D5ir and 5HTir varicose fibers are codistributed in the nXm. F: multipolar neurons are labeled for 3D5/ChAT in the VH and |G of the spi-

nal cord. For abbreviations, see list. Scale bars = 100 um.

Spinal cord

Large and small multipolar neurons were respectively
stained by 3D5 in the motor column of the ventral horn
(VH) and in the intermediate gray matter of the spinal
cord. These cells appear to be double-labeled for 3D5
and ChAT (Figs. 5N, 11F).

Colocalization between 3D5 and ChAT
immunoreactivities

Double immunofluorescence stainings with 3D5/ChAT
antibodies demonstrated that 3D5 and ChAT immunoreac-

tivities may be colocalized in the perikarya of motor neu-
rons located in the carp brain and spinal cord. The
colocalization between 3D5 and ChAT was detected within
distinct neurons of the nlll (Fig. 12A-C), in the motor zone
of the vagal lobe (Fig. 12D-F), and in the spinal cord moto-
neurons (Fig. 12G-I). Within brain cholinergic nuclei, 3D5ir
neurons represent a minor subpopulation of ChATir
neurons.

DISCUSSION

The present study demonstrates that antihuman o-
syn antibodies developed against well-conserved
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Figure 12. Double immunofluorescent stainings for 3D5/ChAT in the oculomotor nucleus (A-C), the motor zone of the vagal lobe (D-F),
and the spinal cord (G-1). The same section was immunostained with 3D5 (A,D,G) and then incubated with ChAT antibody (B,E,H). Merged
images (C,F,l) clearly show the colocalization between 3D5 and ChAT in distinct neuronal bodies (arrows). Scale bars = 100 um.

epitopes of the C-terminal tail of the human «a-syn are approximately the same molecular size as that of the
able to recognize a protein band of about 17 kDa in rat brain a-syn used as positive control. This band can
the carp brain and spinal cord homogenates, which has be attributed to the presence of a-syn-like proteins in
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the carp. The crossreactivity of the two antibodies used
here for a-syn detection, a commercial polyclonal anti-
body (Millipore) and the noncommercial 3D5 monoclo-
nal antibody (Yu et al.,, 2007), may be explained by the
presence of highly conserved amino acid residues in
the carboxy-terminal tail of both carp and human a-syn
(Larsen et al., 2009).

Both antibodies also labeled weaker bands at 15 and
12 kDa that might correspond to degradation products,
additional isoforms, or posttranslational modifications of
a-syn-like protein. As the amino acid sequences of (3-
and +y-syns are not known in the carp, it cannot be
ruled out that the 3D5 antibody in this species recog-
nizes similar epitopes present in - or +y-isoforms or
even in unrelated proteins. Nevertheless, as shown in
Figures 1-3, all the amino acid sequences of teleost B-
and y-syn available in protein databases are lacking the
epitope DMPVDPD, recognized by 3D5, allowing us to
suppose that the 3D5 antibody is specific for carp a-
syn or a-syn-like protein.

Densitometric analysis of the immunolabeled bands
at 17 kDa demonstrated that the expression levels of
a-syn-like proteins differ in the main regions of the
carp CNS. In particular, the highest expression was
found in the midbrain tectum and the lowest in the tel-
encephalon. A similar pattern was detected for sncgb
(or sncg2, encoding <y2-syn) expression in zebrafish.
Indeed, the highest levels of gene expression were
found in the midbrain and hindbrain (Chen et al., 2009).
With regard to a-syn, the expression levels found in the
carp CNS are opposite to those found in the rat CNS,
since rat a-syn is more abundant in the telencephalon
and diencephalon than in the caudal brain regions (Li
et al., 2002). Regional differences in a-syn expression
between teleosts and mammals may be ascribed, in
part at least, to the diverse evolutionary changes under-
gone by the forebrain and midbrain structures in the
two vertebrate radiations.

In the brain and spinal cord of the carp the immuno-
histochemical staining by the monoclonal 3D5 antibody
labeled distinct neuronal perikarya. A more significant
labeling was found in the neuropil, with abundant vari-
cose axons and terminal varicosities immunostained for
a-syn throughout the CNS. The predominant a-syn
localization in nerve terminals was also reported in
mammals (Li et al., 2002) and the widespread presence
of 3D5ir fibers and terminals is consistent with the
major site of syn function at the presynaptic level (Mar-
oteaux et al., 1988; lwai et al., 1995; Li et al., 2002).
The presence of a discrete number of positive neuronal
perikarya in the carp suggests that a-syn accumulates
in the cytoplasm of carp neurons before being trans-
ported to presynaptic terminals.

a-Synuclein in CARP CNS

In the carp neurons, the immunoreactive material
was present in perikarya, dendrites, axons, and terminal
varicosities. Therefore, a-syn-like proteins appear to be
ubiquitous in all cell compartments except for the
nucleus. For this aspect, the cellular distribution of
a-syn in the carp differs from that first identified in
electromotor lobes and the electric organ of Torpedo
californica (Maroteaux et al., 1988) since Torpedo syn
was specifically localized to the nucleus and presynap-
tic terminals of cholinergic neurons. In this regard the
authors suggested that nuclear a-syn might represent
the unmodified protein, whereas the presynaptic protein
could be the result of structural modifications occurring
at the synapse or during the axonal transport. The
observed differences between carp and ray may represent
true differences in the a-syn cellular distribution among
species or may be due to the different reactivity of the
antibodies used to localize a-syn. The nuclear localiza-
tion of a-syn was also controversial in normal mamma-
lian neurons (Hegde and Jagannatha Rao, 2003) until
the novel monoclonal antibody 3D5 was developed (Yu
et al., 2007). This antibody was able to recognize both
nuclear and presynaptic a-syn in mammalian neurons
(Vivacqua et al., 2009, 2011a). In spite of its specificity
for nuclear a-syn in mammals, the 3D5 antibody did
not detect a-syn in the nuclear compartment of carp
neurons. This negative result may reflect the true
absence of nuclear a-syn or its very low expression in
carp neurons. As an alternative, the epitope recognized
by the 3D5 antibody might be masked by the a-syn
binding to other nuclear proteins. Further studies are
required to discriminate between these possible explan-
ations. In particular, WB studies on distinct cellular frac-
tions might help to overcome the putative effects of
the epitope presentation in immunohistochemistry.

Our study demonstrated a differential distribution of
3D5ir structures in the main regions of the carp CNS. Dou-
ble immunostainings by 3D5/TH, 3D5/5HT, and 3D5/
ChAT allowed us to correlate the distribution of 3D5 immu-
noreactivity with those of catecholaminergic, serotoniner-
gic, and cholinergic neurotransmitters described in
cyprinids (Kah and Chambolle, 1983; Ekstrom, 1987; Kas-
lin and Panula, 2001; Clemente et al., 2004; Mueller et al.,
2004; Rink and Wulliman, 2001, 2002, 2004; Giraldez-
Perez et al., 2009; Yamamoto et al., 2011).

In this respect, the present results showed that the
distribution of THir neurons in the carp brain is similar
to that described for TH1-expressing neurons in the
zebrafish brain (Yamamoto et al., 2011). In the carp
brain, 3D5ir neuronal perikarya were codistributed with
THir neurons in the prethalamus, periventricular pretec-
tum, and locus coeruleus. Few other 3D5ir neurons
were codistributed with 5HTir neurons in the posterior
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tuberculum. Moreover, 3D5ir varicose fibers were codis-
tributed with similar SHTir fibers in the preoptic area,
the NLT, caudal hypothalamus, prethalamus, and vagal
motor nucleus. The monoaminergic region showing the
highest 3D5 immunoreactivity was the raphe region,
where large 3D5ir varicose fibers were codistributed
with serotoninergic neurons and abundant 5HTir or THir
varicose fibers. These findings indicate that a-syn-like
proteins may be expressed in few subpopulations of
catecholaminergic and serotoninergic neurons in the
carp brain. However, evidence of colocalization 3D5/TH
or 3D5/5HT was rare at the single-cell level. Con-
versely, all THir cell groups expressed both sncb and
sncgl (or sncga, encoding <y1-syn) in zebrafish (Mila-
nese et al,, 2012).

Unlike TH and 5HT, ChAT immunoreactivity was
extensively codistributed and even colocalized with 3D5
immunoreactivity in the carp CNS. Neurons reactive for
3D5 were detected in cholinergic motor nuclei of the
midbrain, hindbrain, and spinal cord (cranial nerve
nuclei from Il to X and the spinal cord motoneurons).
In addition, 3D5ir neurons were detected in cholinergic
nuclei of the synencephalon, midbrain tegmentum, and
hindbrain (i.e., mIf nucleus, RTN, discrete reticular neu-
rons). The colocalization 3D5/ChAT within the same
cell was demonstrated by double immunofluorescence
in the nlll and spinal cord motoneurons. In addition to
neuronal perikarya, abundant varicose axons were
labeled for 3D5, especially in the forebrain ventral
regions (i.e., ventral telencephalic area, preoptic area,
and hypothalamus) richly innervated by ChATir varicose
axons. On the whole, the present results demonstrate
that a-syn-like proteins are largely expressed in cholin-
ergic systems of the carp.

The first immunohistochemical studies on mammals
(Li et al., 2002; Mori et al., 2002; Lee et al., 2008)
reported that a-syn is quite exclusively localized into
dopaminergic or catecholaminergic neurons in general.
By contrast, the recent anatomical map of the a-syn
distribution in the mouse CNS made by 3D5 monoclo-
nal antibody revealed that nuclear a-syn is almost ubig-
uitous. Indeed, it was found in the cholinergic,
GABAergic, glutamatergic, as well as in the monoami-
nergic neurons (Vivacqua et al., 2011). Interestingly,
the prevailing cellular localization of a-syn differs in the
CNS areas so that in some regions, such as the
caudate-putamen or substantia nigra, a-syn-positive
neuronal nuclei were absent, while labeled fibers and
synapses were abundant. The opposite was found in
other regions. The authors suggested that a-syn might
be implicated in multiple functions, each of them spe-
cific for a particular neuronal type (Vivacqua et al,,
2011). The same explanation may be suggested for the

carp CNS, i.e., the relative abundance of a-syn-like pro-
tein in fibers and synaptic terminals or into neuronal
perikarya might be related to the specific functions of
each neuronal subtype in the different regions.

Therefore, the prevailing a-syn expression shown by
ChATir neurons in the carp does not conflict with what
was previously described in mammals. The present find-
ings sustain a functional conservation of the a-syn
expression in cholinergic systems, thus suggesting that
a-syn modulates similar molecular pathways in phyloge-
netically distant vertebrates, such as teleosts and mam-
mals. Further studies are required to validate this
suggestion, i.e., coimmunoprecipitation studies of a-syn
with target proteins involved in cholinergic neurotrans-
mission in both animal models.

The cellular distribution of a-syn in the CNS has not
been investigated before in fish. Previous studies have
examined the expression levels of synuclein-related
transcripts in embryonic and adult tissues of zebrafish
(Sun and Gitler, 2008; Chen et al., 2009). These studies
reported high levels of the sncb (B-syn) and sncga (y-
syn1) mRNA in the brain and eyes. A detailed expres-
sion pattern of sncb and sncg! (=sncga) in the adult
brain of the same species was recently reported (Mila-
nese et al, 2012). These results demonstrated that
sncb is expressed in the most rostral regions (olfactory
bulb and dorsal telencephalon), where sncg! was
weakly expressed. On the contrary, sncg? was intensely
expressed in the medulla oblongata and habenula,
where sncb expression was weak. Although the rostro-
caudal distribution of a-syn expression in carp is similar
to that of sncgi in Danio rerio, these results cannot be
directly compared since carp - and y-syn sequences
are still unknown. Moreover, the three genes character-
ized in zebrafish do not correspond to a-syn, given that
the zebrafish genome lacks the a-syn sequence recog-
nized in other teleosts. Studies on more species are
necessary to understand whether the a-syn distribution
observed in the carp represents the generalized condi-
tion of teleosts.

In the following sections, the a-syn distribution was
compared in the carp and mammalian CNS to highlight
possible similarities concerning the putative role of o-
syn in vertebrates.

Forebrain

No cell bodies were labeled for 3D5 in the olfactory
bulbs of the carp and only scattered 3D5ir fibers were
found in the olfactory tracts. Olfactory bulbs of the
carp were instead strongly reactive for TH, as occurs in
other cyprinids. Olfactory unmyelinated axons have
been traced to the ventral telencephalic area in zebra-
fish (Kaslin and Panula, 2001; Rink and Wulliman,
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2001), which is involved in the olfactory input process-
ing in teleosts (Meek and Nieuwenhuys, 1998).
Although 3Db5ir varicose fibers were abundant in the
ventral nucleus (Vv) of the ventral telencephalon, the
same fibers were not reactive for TH in the carp. This
finding suggests that 3D5ir fibers in the ventral telen-
cephalon originate from the more caudal region of the
carp brain. In contrast, all layers of the THir olfactory
bulbs exhibited positive staining for a-syn in both rat
and mouse (Mori et al., 2002; Yu et al., 2007; Vivacqua
et al., 2011a) and a-syn is thought to be implicated in
olfactory functions in mammals.

The Vv of the carp contains ChATir neuronal bodies
and varicose ChATir axons sharing similar morphology
and distribution with 3D5/r axons. Given such similar-
ities, it may be hypothesized that cholinergic afferents
to the ventral telencephalon express a-syn. Previous
studies in teleosts reported the presence of cholinergic
cells limited to the ventral telencephalic area. These
studies described ChAT-positive fibers with varicosities
in the ventral telencephalon (Giraldez-Peres et al.,
2009, in goldfish) or in the entire subpallium (Perez
et al.,, 2000, in trout; Mueller et al.,, 2004; Clemente
et al., 2004, in zebrafish). The ventral nuclei of the tele-
ostean subpallium are considered homologous to part
of the septum of the evaginated vertebrate brains
(reviewed by Northcutt and Davis, 1983; Braford, 1995;
Wullimann, 1997; Meek and Nieuwenhuys, 1998; Rink
and Wulliman, 2004). Given the ubiquitous a-syn
expression in the cholinergic structures of the basal
forebrain in mammals (Li et al., 2002; Vivacqua et al.,
2011a), the pattern of 3D5 immunoreactivity detected
here suggests that the pattern of a-syn expression is
conserved in the cholinergic ventral telencephalon of
vertebrates.

In the carp, no labeling for 3D5 was found in the dor-
sal nucleus of the ventral telencephalon, which is con-
sidered part of the teleostean striatum. Conversely,
intense presynaptic staining for a-syn was found in the
caudate-putamen of mouse (Vivacqua et al., 2011a)
accompanied to a moderate staining of neuronal nuclei
in the dopaminergic substantia nigra. The comparison
between carp and mouse indicates that a-syn is not
expressed in teleostean structures homologous to the
basal ganglia of other vertebrates.

Immunopositive fibers for 3D5 were also abundant in
the preoptic region and the periventricular hypothala-
mus of the carp and there codistributed with ChATir
varicose fibers. This confirms that cholinergic afferent
projections to the forebrain may express a-syn. In the
preoptic region, 3D5ir varicose fibers were also inter-
mingled with 5HTir fibers exhibiting the same morphol-
ogy (thin beaded) and distribution. According to our

a-Synuclein in CARP CNS

findings, serotoninergic afferents to the forebrain were
also described in goldfish by 5HT immunolabelings (Kah
and Chambolle, 1983). These observations suggest
that, in teleosts, a-syn is expressed by subpopulations
of serotoninergic neurons located in the more caudal
brain regions and transported along ascending axons to
the preoptic region. Putative ascending 3D5ir projec-
tions might originate from the serotoninergic raphe
region (see below) since no neurons 5HTir have been
detected rostrally to the hypothalamus in the carp and
projections from the raphe to the forebrain have been
traced in goldfish (Echteler and Saidel, 1981). A weak
immunoreactivity for a-syn was detected in the preoptic
and hypothalamic nuclei in mammals (Yu et al., 2007;
Vivacqua et al., 2011).

Neuronal bodies expressing a-syn were identified in
the periventricular hypothalamus and prethalamus (VI
and Vm nuclei) of the carp. The ventromedial nucleus
was characterized in the teleost Sebasticus marmoratus
as a multimodal relay center for the telencephalon, and
afferent projections have been traced from the ventro-
medial thalamic nucleus to a variety of telencephalic
regions, including the ventral telencephalon (lto et al.,
1986). The existence of similar projections has been
postulated in zebrafish (Rink and Wulliman, 2004). On
this basis, neurons labeled for 3D5 in both ventrolateral
and ventromedial nuclei might represent an additional
source of 3D5ir afferents to the ventral telencephalon
of the carp. In the ventral thalamic nuclei of mammals,
the a-syn expression is moderate and mainly located in
the synaptic neuropil (Vivacqua et al., 2011).

Brainstem and spinal cord

Neurons positive for 3D5 were found in the midbrain
tegmentum within the cholinergic RTN (previously
named NRMT in goldfish). Neurons of the NRMT were
found to receive inputs from the vagal lobe and to pro-
ject them to the optic tectum in goldfish (Grover and
Sharma, 1981). For this reason, the NRMT/RTN was
considered a relay center for gustatory inputs from the
vagal lobe to higher brain centers. The present evi-
dence in the carp indicates that a-syn is expressed in
gustatory circuits of the teleostean brain. Accordingly,
the ventromedial vagal nerve root was extremely rich in
3D5ir varicose fibers in the carp (see below).

Intense a-syn-like expression was also found in the
serotoninergic raphe, a region exhibiting the highest lev-
els of 3D5 immunoreactivity in all the carp brain. Neuro-
nal structures of the raphe also showed strong or
moderate levels of a-syn expression in mammals (Vivac-
qua et al.,, 2011). In addition to raphe, small, intermedi-
ate, and large neurons were stained by 3D5 in all the
subdivisions of the rombencephalic reticular formation in
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the carp. In particular, neurons immunoreactive for 3D5
were detected in the isthmic cholinergic superior reticu-
lar nucleus (SRN). This nucleus has been retrogradely
traced from the ventral telencephalon in zebrafish (Rink
and Wulliman, 2004) and thus compared to the ascend-
ing cholinergic populations found in the brainstem of
other vertebrates. In particular, the zebrafish SRN was
compared to mammalian cholinergic pedunculopontine
and laterodorsal tegmental nuclei, respectively projecting
to the caudate-putamen and the septum (Mueller et al,,
2004). The expression of a-syn in the SRN can be con-
sidered a conservative feature between teleosts and
mammals, given that pontine nuclei also express a-syn
in mammals (Vivacqua et al., 2011). Moreover, the SRN
might be a possible source for cholinergic a-syn express-
ing projections to the forebrain in the carp.

A remarkable colocalization of 3D5 with ChAT immu-
noreactivity was found in neurons of all cranial nerve
motor nuclei as well as in the somatomotor and viscer-
omotor neurons of the spinal cord. The cholinergic
nature of cranial nerve motor nuclei is a conserved fea-
ture in cyprinids (Ekstrom, 1987; Clemente et al., 2004;
Mueller et al., 2004; Giraldez-Perez et al., 2009) as well
as in other fish groups (Rodriguez-Moldes et al., 2002).
The partial overlap of the two immunoreactivities in
motor neurons is consistent with the first synuclein
localization in the electric ray (Maroteaux et al., 1988)
and the a-syn expression in mouse cholinergic neurons
(Vivacqua et al., 2011a).

According to the present results, the motor zone of
the vagal lobe receives abundant 3D5ir afferent input
from the X nerve root. Since the primary afferent input to
the vagal lobe is from the gustatory portion of the vagal
nerve (Farrell et al., 2002), this suggests that a-syn is
involved in synaptic transmission of special viscerosen-
sory gustatory inputs in teleosts as well as in mammals,
where abundant 3D5ir cell nuclei in the nucleus of the
solitary tract were shown (Vivacqua et al., 2011a).

Midbrain tectum

According to the WB results, large amounts of a-syn-
like proteins are expressed in the midbrain tectum.
However, the 3D5 antibody was not able to reveal the
cellular localization of a-syn by immunohistochemistry.
This negative result could be ascribed to the binding/
interaction of a-syn with specific proteins or to the
polymerization of a-syn molecules. Both of these condi-
tions could cause the masking of the epitope recog-
nized by 3D5 antibody. Such an explanation is
confirmed by the immunostainings with the a-syn poly-
clonal antibody that was able to detect a strong a-syn
expression at the presynaptic level in the periventricular
layer. Based on this evidence, a-syn appears to be

predominantly expressed at the synaptic level in the
midbrain tectum. A moderate labeling for nuclear a-syn
was reported in several layers of the superior colliculus
in mammals (Vivacqua et al., 2011).

Cerebellum

Neuronal perikarya were labeled for 3D5 in the gan-
glionic and molecular layers of the carp cerebellum. On
the basis of morphological criteria, 3D5-positive cells
could be identified as Purkinje neurons and stellate
cells. No neurons were labeled for ChAT in the carp
cerebellum. Similarly, no ChAT/r neurons are present in
the zebrafish cerebellum (Clemente et al., 2004),
whereas ChAT-labeled cells were detected in the
ganglionic layer of goldfish cerebellum (Giraldez-Perez
et al.,, 2009). Given the relative high number of 3D5-
positive neurons in the carp cerebellum, the present
data suggest that a-syn may be involved in specific
functions within cerebellar circuits of teleosts. Such
functions might be conserved in vertebrates, since a
strong staining for a-syn was also found in the Purkinje
and molecular layers of human (Mori et al., 2002) and
mouse cerebellum (Vivacqua et al., 2011a). Interest-
ingly, g7-syn is also expressed in the Purkinje cells of
zebrafish cerebellum, whereas sncb is expressed in the
granule cells (Milanese et al., 2012).

CONCLUSION

The present results demonstrate that significant
amounts of a-syn-like proteins are expressed in the neuro-
nal perikarya, axoplasm, and presynaptic terminals of neu-
rons localized in several brain regions and the spinal cord
of the common carp. a-syn-like proteins appear to be pref-
erentially expressed by cholinergic neurons and thus par-
ticipate in cholinergic neurotransmission in teleosts.

The immunohistochemical detection of a-syn-like pro-
teins at presynaptic terminals suggests that presynaptic
functions of a-syn are evolutionarily conserved. a-syn is
particularly involved in the synaptic transmission at the
presynaptic level (Cheng et al., 2011). In this regard, it
is noteworthy that the few sequenced a-syns from tele-
osts share the same hydrophobic N-terminal with mam-
malian a-syn. In particular, all the a-syn sequenced
from C. carpio, H. burtoni, M. zebra, O. niloticus, P.
nyererei, S. glanis, T. rubripes, and X. maculatus possess
the typical 11 amino acid stretch in the hydrophobic
region (GVTAVAQKTVE), which is 100% conserved in
comparison to human a-syn (Yoshida et al., 2006). This
suggests that the lipid binding is a conserved biochemi-
cal property of all known a-syns. Lipid binding is crucial
for a-syn interaction with synaptic vesicles and its
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consequent regulation of synaptic transmission (Volles
and Lansbury, 2007; Yang et al., 2010).

In conclusion, the present results propose a new ver-
tebrate model for studying the biological function of a-
syn. The specific colocalization between carp a-syn and
ChAT may open future perspectives to the development
of a new model of a-syn-mediated neurodegeneration
based on a selective degeneration of cholinergic neu-
rons. Several synucleinopathies indeed are character-
ized by the degeneration of cholinergic neurons, which
are also the main target in the Alzheimer’s disease.
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