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Abstract
Lewy bodies (LB) and Lewy neurites (LN), which are primarily composed of a-synuclein
(a-syn), are neuropathological hallmarks of Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB). We recently found that the neuronal phosphoprotein synapsin III (syn
III) controls dopamine release via cooperation with a-syn and modulates a-syn aggregation.
Here, we observed that LB and LN, in the substantia nigra of PD patients and hippocampus
of one subject with DLB, displayed a marked immunopositivity for syn III. The in situ
proximity ligation assay revealed the accumulation of numerous proteinase K-resistant
neuropathological inclusions that contained both a-syn and syn III in tight association in the
brain of affected subjects. Most strikingly, syn III was identiﬁed as a component of a-synpositive ﬁbrils in LB-enriched protein extracts from PD brains. Finally, a positive correlation
between syn III and a-syn levels was detected in the caudate putamen of PD subjects.
Collectively, these ﬁndings indicate that syn III is a crucial a-syn interactant and a key
component of LB ﬁbrils in the brain of patients affected by PD.

doi:10.1111/bpa.12587

INTRODUCTION
Parkinson’s disease (PD) is the most common age-related neurodegenerative movement disorder. The clinical symptoms include resting tremor, bradykinesia, rigidity and gait disturbances. The
primary neuropathological hallmarks are a progressive degeneration of dopaminergic neurons in the pars compacta of the substantia nigra (SN) that projects to the striatum and intraneuronal and
intraneuritic insoluble protein inclusions termed Lewy bodies (LB)
and Lewy neurites (LN), respectively (1, 25). The main protein
constituent of LB and LN is ﬁbrillary aggregated a-synuclein
(a-syn) (58). This is a 140 amino acid protein enriched at the
synaptic terminals of nigral dopaminergic neurons (61). Alphasynuclein is a crucial modulator of synaptic dopamine release (1)
and vesicle dynamics (14, 54, 62). In particular, a-syn interacts
with and regulates several key factors that control these functions,
such as the dopamine transporter (DAT) (5, 6, 40, 56), Rab
small GTP-binding proteins (11, 18, 22, 28, 66), soluble
N-ethylmaleimide sensitive fusion attachment protein receptor
(SNARE) complex, vesicle associated membrane protein-2
(VAMP-2) (13, 23, 27) and vesicular monoamine transporter 2
(VMAT2) (42). The pathological deposition of a-syn is considered
a causative factor for PD (19, 20), because the topographical
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pattern of LB spreading in the brain and the progression of PD
symptoms are correlated (10). Experimental evidence supports that
a-syn accumulation and aggregation at the synapse determines the
onset of dopaminergic terminal failure, which collapses axonal
trafﬁcking and might gradually lead to retrograde cell degeneration
(2, 8, 15, 53).
We recently found that a member of the synapsin (syn) family of
phosphoprotein (16, 50), synapsin III (syn III), interacts and cooperates with a-syn in the control of dopamine release from mesencephalic neurons (68).
The present study investigated alterations in syn III levels and its
distribution and interaction with a-syn in the SN and caudate putamen (CP) of patients affected by PD and age-matched controls.
Hippocampal slices of one patient affected by dementia with LB
(DLB) were also analyzed. We found that LB and LN in the SN of
PD patients, and in the hippocampus of the DLB subject, exhibited
a marked immunopositivity for syn III. The immunoreactivity for
this protein was increased in the CP of PD patients where we also
observed a signiﬁcant correlation between syn III levels and a-syn
using western blot (WB) analysis. Notably, double immunogold
transmitted electron microscopy (TEM), revealed that ﬁbrils
extracted from LB exhibited a-syn and syn III immunopositivity,
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which indicates that these proteins co-aggregate in insoluble ﬁbrillary structures and suggests the occurrence of a marked interaction
between them. The in situ proximity ligation assay (PLA) revealed
a pronounced accumulation of proteinase K-resistant inclusions
that contained tightly associated a-syn and syn III in PD and DLB
brains compared with controls. No changes in the distribution of
synapsin Ia/b (syn Ia/b) or synapsin II (syn II) were detected in the
brain of affected subjects.

MATERIALS AND METHODS
Human tissues and CSF
Parafﬁn embedded sections as well as fresh frozen tissue from ten
patients with PD (Age 79 6 6) and ten age-matched control subjects (Age 78 6 9), kindly supplied by the Parkinson’s UK Brain
Bank, a Charity funded by Parkinson’s UK (Imperial College
London, UK), were used for immunostainings and biochemical
studies, respectively. Sections from the SN and CP of PD patients
and age-matched control subjects were parafﬁn embedded and
supplied at 5-mm thick. Hippocampal sections (5-mm thick) from
one patient with DLB, from the Pathological Anatomy Division
of the Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy), were also employed for the
immunohistochemical studies. The study on human brain samples
was performed in accordance of the local clinical research regulations and obtained approval from the Ethics Committee of Brescia
District.
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conjugated secondary antibody (Vector Laboratories) diluted at optimal working concentration for 45 min at RT. The immunostaining
was visualized with an avidin–biotin system (Vector Laboratories)
and 3,3-diaminobenzidine as the chromogen (DAB kit, Vector
Laboratories).
Counterstaining was performed using Hematoxylin for 3 min
and Eosin Y (0.5%) for 30 s. Sections were then washed and dehydrated before mounting using the Vectamount mounting medium
(Vector Laboratories). Speciﬁcity of the syn III antibody was conﬁrmed by performing pre-adsorption of the antibody with recombinant human syn III (NovusBio) according to previously described
methods (4).
For double labeling immunoﬂuorescence staining, after the
incubation with the primary antibody, sections were washed
with 0.3% Triton X-100 diluted in PBS 0.1 M pH 7.4 and incubated with the appropriate ﬂuorophore-conjugated secondary
antibody (Jackson Immuno Research) for 45 min at RT. This
was followed by three washes in 0.3% Triton X-100 diluted in
PBS 0.1 M, pH 7.4 and then by incubation with a second primary antibody diluted at optimal working concentration in
blocking solution for 2 h at RT. Sections were ﬁnally incubated
with the optimal ﬂuorophore-conjugated secondary antibody
and then washed three times with 0.3% Triton X-100 diluted in
PBS 0.1 M, pH 7.4 for 1 h at RT. Cell nuclei were then counterstained with Hoechst 33258 (Sigma-Aldrich), and ﬁnally sections were mounted using the Vectashield mounting medium
(Vector Laboratories).

In situ PLA
Animals
C57BL/6J and syn III knockout mice (a kind gift of Prof. Fabio
Benfenati, Italian Institute of Technology, Genoa, Italy) (46) were
used to prepare brain protein extracts. Animals were bred and
housed in the Animal House facility of the Department of Molecular and Translational Medicine of the University of Brescia with
food and water and maintained on a 12-h light/dark cycle at a room
temperature 238C. All experiments and surgical procedures were
approved by the Animal Research Committees of the University of
Brescia and were conformed and approved to the National
Research Guide for the Care and Use of Laboratory Animals (Aut.
Min. 719/2015-PR) according to art.31 D.Lgs.26/2014 of the Italian Ministry of Health. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

Immunohistochemistry
For immunohistochemical studies we analyzed CP and SN sections
from ten PD patients and ten age-matched controls as well as
hippocampal sections from the DLB patient. Brieﬂy, following
deparafﬁnization and antigen retrieval with 10 mM sodium citrate
buffer, sections were incubated for 1 h at room temperature (RT) in
blocking solution made up by 2% w/vol bovine serum albumin
(BSA, Sigma Aldrich), 3% vol/vol normal goat serum (NGS, Sigma
Aldrich), 0.3% Triton X-100 diluted in phosphate buffer saline
(PBS) 0.1 M pH 7.4 and then with the primary antibody diluted at
optimal working concentration in the above described blocking solution overnight (o.n.) at 48C. Sections were then washed twice with
PBS 0.1 M pH 7.4 and incubated with the opportune biotin876
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The in situ PLA allows the detection of protein-protein interactions
in situ in intact tissues (6, 7, 57, 68). For the in situ PLA studies we
analyzed human parafﬁn embedded brain sections from the SN and
CP of PD patients and age-matched controls as well as hippocampal sections from a patient affected by DLB by using the Duolink
assay kit (O-LINK Bioscience) with a protocol adapted from the
manufacturer’s instruction. Brieﬂy, following deparafﬁnization
and antigen retrieval with proteinase K (50 mg/mL) digestion for
10 min at RT followed by 5 min incubation in 80% formic acid,
sections were incubated in blocking solution (provided by the kit)
for 1 h at RT and then with the primary antibodies recognizing syn
III and a-syn at 1:100 dilution o.n. at 48C. On the following day,
samples were washed and then incubated with PLA probe solution
for 2 h at 378C. Sections were then washed and incubated with the
ligation solution for 1 h at 378C, and then with the ampliﬁcation
solution at 378C for 3 h. Finally, counterstaining was performed
using Hematoxylin for 3 min and sections were washed, dehydrated, mounted using Vectamount mounting medium (Vector
Laboratories).

Bright field and confocal microscopy
Sections were observed by means of either an inverted light/epiﬂuorescence microscope (Olympus BX41; Olympus) or a Zeiss confocal
laser microscope (Carl Zeiss S.p.A.), with the laser set on k 5 405–
488–543 nm and the height of the sections scanning 5 1 lm.
Images (512 3 512 pixels) were then reconstructed using Zen lite
2.3 (Carl Zeiss S.p.A.) and Adobe Photoshop CC (Adobe systemCA) software.
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Immunoblotting on human brain tissues
For protein extraction, frozen human brain tissue samples or striatal
brain tissue from C57BL/6J wild type and C57BL/6J syn III knockout mice, were lysed in radioimmunoprecipitation (RIPA) buffer
containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40
(Sigma-Aldrich), 0.5% sodium deoxycholate, 1 mM NaF, 1 mM
Na3VO4 and 0.1% SDS, 1 mM phenylmethylsulfonyl ﬂuoride
(PMSF), 2 mM ethylenediaminetetraacetic acid (EDTA) plus complete proteasome inhibitor mixture (Roche Diagnostics), followed
by centrifugation at 10 000 3 g for 20 min at 48C. Protein concentration in the samples was measured using the Bio-Rad DCTM protein assay kit (Bio-Rad Laboratories). Equal amounts of proteins
(30 lg) were separated on 10% SDS-Page gels and blotted on onto
a polyvinylidene diﬂuoride membrane (PVDF, Merck Millipore).
Membranes were blocked in blocking buffer made up by Tris
buffer saline (TBS) containing 0.1% Tween 20 (Sigma Aldrich)
and 5% non-fat dried milk (Gene Spin) for 1 h at RT and then incubated o.n. at 48C with the appropriate primary antibody diluted at
optimal working concentration in blocking buffer. On the following
day membranes were washed in TBS containing 0.1% Tween
20 and incubated for 1 h at RT with the appropriate peroxidaseconjugated secondary antibody diluted at optimal working concentration in TBS containing 0.1% Tween 20 (Santa Cruz Biotechnology).
Blots were developed by using enhanced chemiluminescence (Gene
Spin). Densitometry analysis of bands was performed by means of
ImageJ Software (NIH Image). All bands were normalized to
GAPDH levels as a control of equal loading of the different samples
analyzed. For densitometry analysis of bands, each experimental
condition was performed in triplicate.

Purification of LB-enriched fractions from PD
brains
LB were extracted from fresh frozen SN sections of four PD
patients using a previously described method (51). Brieﬂy, tissues
were homogenized in 9 vol (w/vol) ice-cold membrane signal
extraction (MSE) buffer [10 mM MOPS/KOH, pH 7.4, 1 M
sucrose, 1 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N0 ,N0 tetraacetic acid (EGTA) and 1 mM EDTA with proteasome inhibitor mixture (Roche Diagnostics)]. For LB puriﬁcation, a sucrose
step gradient was prepared by overlaying 2.2 M with 1.4 M and
ﬁnally with 1.2 M sucrose in volume ratios of 1:2:2 (vol/vol). The
homogenate was layered on the gradient and centrifuged at
160 000 3 g for 3 h using a SW40 rotor (Beckman Coulter).
Twelve fractions of 1 mL were collected from each gradient from
top (fraction 1) to bottom (fraction 12), and analyzed for the presence of protein aggregates by immunoblotting.

Immunogold transmission electron microscopy
To examine LB by electron microscopy, we used negative staining
technique. Brieﬂy, 25 mL of the indicated LB-enriched fraction
were absorbed onto carbon coated grid, and negatively stained with
0.5% aqueous uranile acetate for 5 min, air-dried and examined
using a Tecnai G2 12 Twin instrument (FEI).
For immunogold labeling, 25 mL of the indicated LB-enriched
fraction were absorbed onto carbon coated grid, the excess was
removed using a ﬁlter paper. Subsequently, a blocking step was
performed in which grids were incubated with the following
Brain Pathology 28 (2018) 875–888
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primary antibodies. First, a-syn (1:1000) and syn III (1:1000), for
1 h at RT. After removing the unbound antibodies by washing,
anti-mouse IgG conjugated to 15 nm gold particles and anti-rabbit
IgG conjugated to 5 nm gold particles (1:100 dilution) were used to
reveal a-syn and syn III, respectively. Once the antibody reactions
had taken place, grids were washed twice with PBS and three times
with water, then double stained for 10 min ﬁrst with 0.5% aqueous
uranile acetate, and then 1% Pb citrate.

Antibodies
A list of the primary antibodies and of their working concentrations
for immunohistochemistry and WB studies is summarized in Table
1. The secondary antibodies used for ﬂuorescence immunohistochemistry were a goat anti-mouse IgG Cy3-conjugated and a goat
anti-rabbit Alexa488-conjugated (Jackson ImmunoResearch). For
bright-ﬁeld microscopy we used biotinylated goat anti-rabbit IgG
or goat anti-mouse IgG (Vector Laboratories). The secondary antibodies used for WB were goat anti-rabbit IgG-HRP or goat antimouse IgG-HRP (Santa Cruz Biotechnology).

Statistical analysis
Differences between PD and control SN and CP samples in the
levels of TH, DAT, syn III, a-syn and syn Ia/b, when normalized
against GAPDH, were assayed by using unpaired Student t-test.
Correlations between syn III and a-syn levels were expressed as
Spearman rank correlation coefﬁcient. All calculations were
performed by using GraphPad Prism version 6 for Windows
(GraphPad Prism Software). All data were presented as mean 1 s.d.
Statistical signiﬁcance was established at P < 0.05.

RESULTS
Synapsin III immunoreactivity in the brain
of patients affected by PD and DLB or
age-matched controls
The distribution of syn III and a-syn was evaluated in the postmortem brains of patients with PD and age-matched controls.
Speciﬁcity of the staining was conﬁrmed by pre-adsorption of the
antibody against syn III with human recombinant syn III protein

Table 1. List of the primary antibody used for the study and of their
working dilutions.
Primary antibody

Manufacturer

Working
concentrations

DAT
GAPDH
Syn Ia/b
Syn II
Syn III
a-syn (Syn211)
aa 121–125
a-syn (Syn211)
aa 121–125
TH

Millipore
Sigma-Aldrich
SYSY
AbCam
SYSY
Santa Cruz

WB
1:2000
1:5000
1:3000
/
1:3000
/

IHC
/
/
1:600
1:600
1:600
1:500

Thermo Fisher

1:1000

/

Millipore

1:2000

1:600
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Figure 1. Synapsin III staining in the SN of PD patients and agematched controls. Representative images showing a-syn (A,C,E,G,I)
and syn III (B,D,F,H,J) immunolabeling in the SN of patients affected
by sporadic PD and age-matched control subjects (CTR). Please note
the presence of neuromelanin positive neurons in both control and PD
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subjects (A,B,E,F, arrows). In the PD samples a-syn was detected in
LB (E–G, black arrowheads) and LN of different shapes (I, black arrowheads). Please note that in the SN of PD patients both LB (D,F,H) and
swollen LN (J) showed a marked immunopostivity for syn III. Scale
bars: (A–D) 50 mm, (E–J) 20 mm.
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(Supporting Information Figure 1C) and resulted in line with our
previously published observations (68). Intracellular (Figure 1E,F,
black arrowheads) and parenchymal (Figure 1G,H, black arrowheads) LB and LN with a varicose (Figure 1I, black arrowhead) or
ﬁliform shape (Figure 1J, black arrowhead) exhibited a-syn (Figure
1C,E,G,I) and syn III (Figure 1D,F,H,J) immunopositivity in the
SN. Control brains did not show LB or LN (Figure 1A,B). Remarkably, we observed that some of the syn III-immunopositive LB
exhibited a round-shaped, dark-stained core and a clearer halo,
which is a morphology that is typical of the LB of the brainstem
(26, 32) (Figure 1H).
We then examined a-syn distribution in the CP. Control subjects only exhibited a diffused a-syn staining in the gray matter
(Figure 2A, arrowheads). However, this protein showed a dot-

like, sparse distribution in the white matter of the PD brain
(Figure 2C, black arrowhead) and a more intense and widespread
accumulation in the gray matter. Several serpentine-shaped LN
were also visible (Figure 2E, black arrowhead). Synapsin III
exhibited a diffused staining in the gray matter and granular-like
syn III-positive dots with a tight distribution were detected in the
white matter (Figure 2D,F). Conversely, syn III in the CP of
control subjects was primarily localized within immunopositive
untidy areas that were reminiscent of the scattered distribution
described in the mouse brain (47) (Figure 2B). The differences
observed between syn III and a-syn distribution in the CP of
control and PD subjects are in agreement with our previous
observations (68) showing that the proteins do not completely
co-localize in this brain area.

Figure 2. Synapsin III immunolabeling in the CP of PD patients and
age-matched controls. Panels are showing a-syn (A,C,E) and syn
III (B,D,F) immunolabeling in the CP of PD patients (C–F) when
compared with that of age-matched control subjects (CTR) (A,B).
Please note that the distribution of a-syn and syn III in the PD
brains was very different from that of controls. In particular, in the
brains of PD patients a-syn resulted to be present both in the
parenchyma, in sparsely distributed dots within white matter

(E, arrowhead) and several LN (E, arrowhead), while syn III staining
was accumulated both in the parenchyma and in densely packed
dots within white matter areas (F, arrowhead). Conversely, in the
CP of healthy controls a-syn showed a widely diffused staining in
the gray matter with white matter areas that were found to be
almost devoid of signal (A), while the immunopositivity for syn III
was very scarce and poorly organized (B). Scale bars: (A–D) 50 mm,
(E,F) 20 mm.
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Figure 3. Synapsin Ia/b and syn II immunolabeling in the CP and SN
of PD patients and age-matched controls. Representative images
showing syn Ia/b (A,C,E,G,I) and syn II (B,D,F,H,J) immunolabeling
in the SN (A–F) and CP (G–J) of PD patients and age-matched control

subjects (CTR). Please note that LB in the SN of PD subjects did neither show positivity for syn Ia/b (C,E, black arrowhead) nor for syn II
(D,F, black arrowhead). Scale bars: (A–D, G–J) 50 mm, (E,F) 20 mm.

Further analysis of the hippocampus of one patient affected by
DLB (Supporting Information Figure 1C–H) conﬁrmed the presence of syn III- and a-syn-immunopositive LB. Alpha-synucleinimmunopositive structures reminiscent of coiled bodies were also

visible in the brain of this patient (Supporting Information
Figure 1G).
Synapsins can form heterodimers (31). Therefore, we evaluated
whether syn Ia/b or syn II were detectable in LB or showed a
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Figure 4. Co-localization of a-syn and syn III in LB and LN in the SN of
PD subjects. Representative confocal images showing syn III and a-syn
fluorescence immunolabeling in the SN of patients affected by PD (E-P)

and age-matched controls (CTR) (A–D). Please note LB (H–L, arrowheads) and a filiform LN (P, arrowhead) that were positive for both syn
III and a-syn. Scale bars: (A–H) 50 mm, (I–P) 20 mm.

distribution similar to syn III. Only a slight decrease in immunopositivity for syn Ia/b and syn II was observed in the SN (Figure 3C–
F) and CP (Figure 3I–J) of PD brains compared with controls (Figure 3A,B). No syn Ia/b- (Figure 3C,E) or syn II-positivity (Figure
3D,F) was observed in LB in the SN of PD patients. To date, in the
PD tissues that were immunolabeled by using syn I a/b and II antibodies, very few LB showed a very faint brownish unspeciﬁc staining (Figure 3C–F) that is in line with that of unstained LB (3) and
was comparable to that observed in the pre-adsorbed negative controls (Supporting Information Figure 1C).

localization was detectable at the edges and appeared to envelop a
syn III-positive core in other LB (Figure 4I,J,L). Synapsin III also
co-localized with a-syn in hippocampal LB of the patient affected
by DLB (Supporting Information Figure 2A). Numerous LN in PD
brains exhibited a-syn and syn III immunolabeling (Figure
4M,N,P, white arrowheads) while control individuals did not show
inclusions or aggregates (Figure 4A–D).

Synapsin III and a-syn co-localization in the
brain of PD, DLB and control subjects
We previously demonstrated a marked increase in the colocalization of syn III and a-syn in the CP of PD patients (68)
which is consistent with the above observations. We used double
ﬂuorescence immunolabeling and found that many LB in the SN of
PD brains exhibited a positive signal for syn III and a-syn (Figure
4H,L white arrowheads). The distribution of a-syn and syn III
immunolabeling varied within LB in the SN. Several LB displayed
a more marked signal for syn III at the borders with widespread asyn immunopositivity (Figure 4E,F,H), but a-syn/syn III coBrain Pathology 28 (2018) 875–888
C 2018 International Society of Neuropathology
V

Alpha-synuclein-positive fibrils from LBenriched protein extracts exhibited syn III
positivity
We investigated the presence of syn III within the LB-composing
ﬁbrils. We produced LB-enriched protein extracts from the SN of
PD brains using a sucrose gradient separation protocol (51). Given
the elevated homology between human and mouse syn III, the antibody that we used for this study recognizes both of them. For this
reason, we could assay the speciﬁcity of the syn III WB immunolabeling by analyzing mouse brain extracts from wild type and syn
III knockout mice (Supporting Information Figure 1L). WB analysis showed that LB-enriched fractions 10–12 and 7 exhibited a
strong immunopositive signal for a-syn (Figure 5A), which is consistent with previous ﬁndings (51). We found that the highest
881
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LB ﬁbrils (58). Here, we used Syn211 antibody which binds to aa
121–125 of the a-syn protein and it is likely to lower TEM immunopositive signals compared with antibodies that recognize the fulllength protein (58). The steric footprint of 15-nm gold particles
may also have contributed to a lower detection of a-syn using
TEM.

Semiquantitative WB analysis of a-syn, syn III
and syn Ia/b in the SN and CP of PD patients
and controls

Figure 5. WB and TEM analysis of LB-enriched protein extracts from
the SN of PD patients. Representative immunoblotting of syn III, asyn, syn Ia/b and syn II in the different fractions obtained by sucrose
gradient fractionation of freshly frozen postmortem nigral brain tissue
from one of the PD patients analyzed (A). Please note the presence
of both a-syn and syn III in the LB-enriched fractions no. 11–12. B–E.
representative images showing TEM analysis of the LB-enriched protein fractions no. 11–12 from one of the PD patients analyzed where
syn III was labeled by using small (5 nm) gold particles (white arrowheads) and a-syn by large (15 nm) gold particles (black arrowheads).
Please note that fibrils resulted to be positive both for a-syn and syn
III. Scale bars: (B,C) 100 nm, (D,E) 50 nm.

molecular weight LB-enriched fractions (11 and 12) also exhibited
a mild and marked immunopositivity for syn III, respectively.
These fractions did not contain syn Ia/b and syn II (Figure 5A),
which further conﬁrms the above described speciﬁcity of syn III
immunohistochemical positivity within LB. The LB-enriched protein fractions were then analyzed using double immunogold TEM.
Synapsin III was labeled using small (5 nm) gold particles and
a-syn was labeled using large (15 nm) gold particles. These studies
demonstrated that a-syn ﬁbrils were also syn III-immunopositive
(Figure 5B–E). Synapsin III was detected in close proximity
(Figure 5D,E) or further away from a-syn (Figure 5B,C). However,
we cannot exclude that the experimental protocol that we used for
the TEM double labeling could have led to an underestimation of
the effective rate of the a-syn/syn III interaction. A previous study
described that antibodies directed against different portions of
a-syn resulted in a diverse estimation of the protein content within
882

We used WB to probe the levels of monomeric a-syn, syn III and
syn Ia/b in the SN (Figure 6A) and CP (Figure 6B) of PD patients
and control subjects to validate immunohistochemical data. The
amounts of TH in the SN and DAT in the CP were also evaluated
as an index of dopaminergic neuron degeneration in the samples
analyzed (Figure 6A,B).
We observed that the levels of monomeric a-syn (Figure 6C)
were not altered in the SN, despite a signiﬁcant decrease in TH in
PD patients compared with controls (Figure 6G), which is consistent with previous ﬁndings (60, 65). Similarly, the levels of syn III
(Figure 6D) and syn Ia/b (Figure 6H) were not signiﬁcantly altered
in the brains of PD patients compared with controls.
The levels of monomeric a-syn (Figure 6E), syn Ia/b (Figure
6J) and DAT (Figure 6I) were signiﬁcantly diminished in the CP
of PD patients compared with age-matched controls. The decrease
in monomeric a-syn is consistent with previous studies (24, 60),
and it may reﬂect the rate of dopamine terminal degeneration. In
contrast, the amount of syn III (Figure 6F) in PD and control subjects was comparable. The lack of syn III reduction observed in
the PD brain may be indicative of the accumulation of this protein within the remaining dopamine terminals. Synapsin I and syn
II mislocalize with VMAT2 in the striatum (9), which suggests
that syn III is the only isoform regulating striatal dopamine
release. This is supported by studies on syn III knockout mice
(38) and is consistent with our previous study on primary dopaminergic mesencephalic neurons (68). By using in vitro and in
vivo experimental models we also found that absence or aggregation of a-syn induces a signiﬁcant increase and redistribution of
syn III in dopaminergic neurons (68), which supports a link
between the dysregulation of a-syn and syn III. Consistently, we
found a signiﬁcant positive correlation between a-syn and syn III
levels in the CP of PD patients (Figure 6L), but not in the CP of
control subjects (Figure 6K).
To further probe the interplay between syn III and a-syn, that
was supported by the correlation between the levels of the proteins
observed in the CP of PD patients, we probed the presence of syn
III in Urea/SDS detergent-insoluble protein fractions (Supporting
Information Figure 1M). The results showed that syn III could be
detected only in the Urea/SDS fraction of PD patients that has been
previously described to contain an elevated content of a-syn aggregates (59). Conversely, from the analysis of protein extracts from
the CP of control subjects we found that syn III resulted to localize
within the TBS1 detergent-soluble fraction. These observations
further support the occurrence of syn III aggregation in the PD
brains and are consistent with data deriving from the analysis of
LB-enriched protein fractions described above.
Brain Pathology 28 (2018) 875–888
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Figure 6. Analysis of protein levels in the SN and CP of PD patients
and age-matched controls. Representative immunoblotting showing
syn III, syn Ia/b, a-syn, TH ad DAT-positive bands in the SN (A)
(n 5 7) and CP (B) (n 5 8) of PD patients and age-matched controls
(CTR). GAPDH-immunopositive bands are reported as a control for
equal loading. C–J. Histograms showing the densitometric analysis

In situ PLA detects syn III/a-syn neuropathology
in the brain of patients affected by PD and DLB
We assessed the a-syn/syn III interaction using bright-ﬁeld in situ
PLA to visualize a-syn/syn III complexes in the brains of PD and
DLB patients and controls. This technique allows the visualization
of a single protein-protein interaction in situ in intact tissues (6, 7,
57, 68) and it is useful for the detection of a-syn protein complexes
in the brains of a-synucleinopathy patients (52). The results
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of monomeric a-syn, syn III, TH and syn Ia/b in the SN (C,D,G,H) as
well as in the CP (E,F,I,J). Protein levels were normalized against
those of GAPDH. ** P < 0.01, *** P < 0.001 Student’s t-test. K,L.
Graphs are showing the correlation between syn III and monomeric
a-syn levels in the CP (n 5 9) of control subjects (K) and PD patients
(L) expressed as Spearman rank correlation coefficient.

revealed a PLA-positive signal, which indicates a direct interaction
between a-syn and syn III in proteinase K and formic acid pretreated sections of the SN and CP of PD patients and age-matched
controls (Figure 7). The brownish dot-like PLA signal appeared
increased in the SN of PD subjects (Figure 7C–E) compared with
controls (Figure 7A,B). Numerous neuromelanin-containing cells
exhibited a-syn/syn III PLA-positive inclusions in the PD brains
(Figure 7C), but a marked PLA-positivity was also present within
883
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Figure 7. Synapsin III/a-syn in situ PLA in the human brain.
Representative images showing a-syn/syn III in situ PLA in the SN
and CP of PD patients and age-matched-controls (CTR). The presence
of a positive PLA signal, as brownish spots (black and red arrowheads), indicates the interaction between a-syn and syn III. Representative images from the SN (A–F). Please note the marked increase in
PLA-positivity in the PD samples, where a marked interaction
between a-syn and syn III was detected within several inclusions
localized in neuromelanin-containing neurons (arrows) as well as in LN
and neuropils (C–E, black arrowheads). Numerous neuritic swellings
of in the SN of PD patients also resulted to be PLA-positive (D, red

arrowheads). In the SN of control subjects, in situ PLA detected a
marked proximity between a-syn and syn III within neurites (B). However, control neuromelanin-containing neurons did not show positivity
(A). Representative image of a negative control (performed by omitting the syn III antibody) of the in situ PLA assayed on the CP of a PD
subject (F). Please note that the absence of PLA-positive signal is
indicative of the specificity of the assay. Representative images of the
CP (G–J). Please note the marked increase of the PLA signal in neuropil staining in the PD samples (I,J, black arrowheads) when compared with controls (G,H). Scale bar: 50 lm.

neurons devoid of neuromelanin (Figure 7E, black arrowheads),
neurite varicosities and parenchymal LB (Figure 7D, red arrowheads). These observations support an increase in a-syn/syn III
pathological aggregates in PD. A similar pattern of PLA distribution was detected in the hippocampus of the DLB patient, in whom
the PLA positivity was localized within pyramidal neurons and the
parenchyma (Supporting Information Figure 2B–D). Moreover, we
observed an accumulation of PLA positivity in numerous dots
localized within neuronal cells (Figure 7I) and the parenchyma
(Figure 7J) in PD brains.
The PLA signal was slight in the CP of control brains, with
few positive dots with a sparse distribution in the proximity of
neuronal cells (Figure 7G) and a non-reacting parenchyma
(Figure 7H). Negative controls were performed via omission of
the syn III antibody. These samples did not exhibit PLA positivity (Figure 7F), which conﬁrms the speciﬁcity of the signal. The
speciﬁcity of the interaction between a-syn and syn III was further corroborated by double immunogold a-syn/syn Ia/b, a-syn/
syn II and a-syn/syn III TEM analysis performed on protein
extracts from the brain of PD patients, where only syn III was
identiﬁed in close association with a-syn (Supporting Information
Figure 2E–G).

with syn I a/b and syn II (16), the distribution of these proteins is
very different in the mouse central nervous system (47).
Synapsin III is the last identiﬁed member of the syn phosphoprotein family (31, 33) and few studies characterized its function in the
CNS (31, 33, 34, 38, 44, 46–50, 68). These investigations demonstrated that syn III regulates neurotransmitter release, similar to syn
Ia/b and syn II, but the syn III isoform is also strongly involved in
brain development and axon elongation (35, 45, 50). Interestingly,
syn III-dependent neuronal survival, neuritic outgrowth and
polarization are ﬁnely regulated via its phosphorylation by cyclindependent kinase 5 (CDK5) (44, 46, 55), which is localized within
LB (12) and may be involved in cell loss in PD (17, 63). The
induction of CDK5 by a-syn mediates apoptotic cell death (21, 36,
63). Synapsin III alterations or changes in the rate of its CDK5-mediated phosphorylation may thus be involved in the asyn-related apoptosis, a hypothesis that deserves further
investigation.
Alterations of syn III are related to the onset of neuropsychiatric
disorders, such as attention deﬁcit hyperactivity disorder (ADHD)
(37) and schizophrenia (29, 50) as well as to multiple sclerosis (41,
43). No association between syn III genetic variations and PD were
detected in two Chinese patient cohorts (67) although this protein
was found to be involved in the regulation of dopaminergic neuron
synaptic function (38, 68). The present study is the ﬁrst demonstration that syn III accumulation may represent a pathological hallmark of PD and DLB.
The in situ PLA studies revealed a proteinase K-resistant a-syn/
syn III-positive deposits in the brains of PD and DLB patients.
These inclusions were composed of both proteins and localized
within neuronal cells, neuronal processes and LB-like structures.
This observation is consistent with the results of TEM studies
which demonstrated that LB-ﬁbrils from brains of PD patients were
positive for syn III and a-syn. This is a very ﬁrst evidence that the
commonly described as a-syn ﬁbrils are indeed a-syn/syn III
ﬁbrils. Numerous studies have previously reported the presence of
other proteins within LB and LN in the PD brains, but none of
them was found to constitute an a-syn-interacting component in
ﬁbrils (12, 18, 30, 64).
The positive correlation between a-syn and syn III levels that
was detected in the CP suggests that these proteins are
co-dysregulated at striatal terminals of PD patients although their
levels seem to move in different directions. The results of sequential Urea/SDS protein extraction indicate the presence of syn III in
detergent-insoluble Urea/SDS fraction of the PD samples that is
highly enriched in aggregated a-syn (59). This ﬁnding is in line
with data from LB extraction and in situ PLA and suggests the

DISCUSSION
This study demonstrates that LB ﬁbrils are made up by syn III in
complex with a-syn in PD. Neuropathological analysis in the SN
and CP of PD brains showed that LB and LN exhibited a marked
immunopositivity for syn III. In addition, a marked accumulation
of proteinase K-resistant a-syn/syn III PLA-positive aggregates
was observed in the brain of PD patients. Lewy bodies from hippocampal sections from the patient with DLB were also positive for
syn III and a-syn, which again were found to be tightly associated
in proteinase K-resistant neuronal and parenchymal inclusions by
in situ PLA. Most strikingly, syn III was found to be present within
a-syn-positive ﬁbrils extracted from the brain of patients affected
by PD. Although syn I, II and III form heterodimers that are relevant for their function (31), LB and LN were not immunopositive
for syn Ia/b or syn II.
Although syn III and a-syn immunolabeling in the SN and CP
were found to differ, our in situ PLA and double immunogold
TEM studies support a direct interaction between these proteins in
the PD and age-matched control brains. This feature may be
ascribed to the fact that the interaction between syn III and a-syn
occurs only in speciﬁc neuronal districts beside their distribution is
wider. Similarly, although syn III can form functional heterodimers
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occurrence of a pathological interplay within these proteins that are
both aggregated in the brain of affected patients. The contribution
of syn III/a-syn interaction in the onset and progression of LB
pathology is under investigation. Ongoing studies support that
experimental syn III knockout hampers a-syn aggregation and toxicity. These observations entail relevant implications within the
synaptic hypothesis of synucleinopathies (39, 53) and hint that
microaggregation of a-syn and syn III, both enriched at synaptic
sites, may strictly contribute to the pathogenesis of PD and DLB.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:
Figure S1. Negative controls of the IHC experiments and
alpha-synuclein and syn III immunolabeling in the hippocampus
of one patient affected by sporadic DLB.
Figure S2. Double labeling and in situ PLA in the post-mortem
brain of one patient affected by DLB.
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