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Abstract

Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is characterized by the progressive loss
of nigral dopamine neurons. The deposition of fibrillary aggregated a-synuclein in Lewy bodies (LB), that is considered to
play a causative role in the disease, constitutes another key neuropathological hallmark of PD. We have recently described
that synapsin III (Syn III), a synaptic phosphoprotein that regulates dopamine release in cooperation with a-synuclein,
is present in the a-synuclein insoluble fibrils composing the LB of patients affected by PD. Moreover, we observed that
silencing of Syn III gene could prevent a-synuclein fibrillary aggregation in vitro. This evidence suggests that Syn III might
be crucially involved in a-synuclein pathological deposition. To test this hypothesis, we studied whether mice knock-out
(ko) for Syn III might be protected from a-synuclein aggregation and nigrostriatal neuron degeneration resulting from the
unilateral injection of adeno-associated viral vectors (AAV)-mediating human wild-type (wt) a-synuclein overexpression
(AAV-hasyn). We found that Syn III ko mice injected with AAV-hasyn did not develop fibrillary insoluble a-synuclein
aggregates, showed reduced amount of a-synuclein oligomers detected by in situ proximity ligation assay (PLA) and lower
levels of Ser129-phosphorylated a-synuclein. Moreover, the nigrostriatal neurons of Syn III ko mice were protected from
both synaptic damage and degeneration triggered by the AAV-hasyn injection. Our observations indicate that Syn III con-
stitutes a crucial mediator of a-synuclein aggregation and toxicity and identify Syn III as a novel therapeutic target for PD.
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Introduction

Brain a-synuclein deposition in Lewy bodies (LB) and Lewy
neurities (LN) is a key neuropathological hallmark of Par-
kinson’s disease (PD) [22, 50]. This is the most common
neurodegenerative movement disorder and is characterized
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substantia nigra. Alpha-synuclein aggregation is thought to
be causatively involved in neuronal cell degeneration in PD,
although the mechanisms underlying its toxicity need clarifi-
cation. Several studies indicate that impairment of synaptic
functions in PD is related to aggregation of a-synuclein at
synaptic sites [2]. At the presynaptic terminals, a-synuclein
physiologically interacts with a multiplicity of proteins, such
as vesicle-associated membrane protein 2 (VAMP2) [14,
17], synapsin III (Syn III) [31, 59] or the dopamine trans-
porter (DAT) [27] and modulates the turnover of synaptic
vesicles (SV) [13, 55]. Alpha-synuclein also regulates SV
exocytosis by assisting the Soluble NSF Attachment Pro-
tein Receptor (SNARE) complex assembly. This function
is mediated through the binding of presynaptic membranes
and of the vesicular SNARE protein VAMP2 with its N- and
C-terminal domains, respectively [15, 17]. Conversely, we
observed that a-synuclein aggregation alters the distribution
of SNARE:g at striatal dopaminergic terminals [21], support-
ing that this phenomenon may be associated with changes
in the proper distribution of SV. On this line, a-synuclein
multimers have been found to induce the clustering of SV
resulting in the reduction of their mobility [57]. Moreover,
a-synuclein aggregation also compromises DAT trafficking
by directly altering its distribution in the striatum [6, 9].

Recently, we have shown that the cooperation between
a-synuclein and the synaptic phosphoprotein Syn III is rel-
evant for ensuring dopamine neuron synaptic function [59].
To date, among the different synapsin isoforms, Syn III
is selectively involved in the control of striatal dopamine
release [24]. In addition, we have shown that Syn III is a
crucial a-synuclein interactant and a key component of LB
fibrils in the brain of patients affected by PD [31]. These
observations, when coupled to the fact that Syn III gene
silencing can prevent the formation of a-synuclein inclu-
sions in primary murine dopaminergic neurons [59], sup-
port that Syn III may be involved in a-synuclein aggregation
and toxicity. We aimed at testing this working hypothesis
by evaluating whether the formation of fibrillary insoluble
deposits of a-synuclein and nigrostriatal neuron degenera-
tion, induced by the injection of adeno-associated viral vec-
tors (AAV)-mediating human a-synuclein overexpression
(AAV-hasyn), may be hampered in Syn III knock out (ko)
mice.

In line with previous observations [16, 25, 32, 36], we
found that the inoculation of AAV-hasyn in the substantia
nigra of wild-type (wt) mice resulted in the overexpression
and aggregation of human a-synuclein in the nigrostriatal
system. These events were associated with partial loss of
nigral tyrosine hydroxylase (TH)-positive neurons and fib-
ers as well as of DAT-positive synaptic terminals. At this
pathological stage, we also detected specific changes in SV
organization and synaptic proteins (Syn III, VAMP2, DAT)
in the striatum, although these alterations were not sufficient
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to induce a significant increase in the number of amphet-
amine-induced ipsilateral rotations. Conversely, albeit the
Syn III ko mice inoculated with AAV-hasyn exhibited an
overexpression of human a-synuclein that was comparable
to that observed in wt mice, they showed very mild signs
of a-synuclein aggregation. Furthermore, they were also
protected from the AAV-hasyn injection-related synaptic
changes and nigrostriatal degeneration.

Materials and methods
Animals

Two-month-old Syn III ko mice on C57BL/6J background, a
kind gift of Prof. Fabio Benfenati, Italian Institute of Tech-
nology, Genoa, Italy, and C57BL/6J wt mice were used for
this study. Mice were bred in our animal house facility at
the Department of Molecular and Translational Medicine
of University of Brescia, Brescia, Italy. Animals were main-
tained under a 12-h light—dark cycle at a room temperature
(rt) of 22 °C and had ad libitum food and water. All experi-
ments were made in accordance with Directive 2010/63/EU
of the European Parliament and of the Council of 22 Sep-
tember 2010 on the protection of animals used. All experi-
mental and surgical procedures conformed to the National
Research Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Research Committees of
the University of Brescia (Protocol Permit 719/2015-PR).
All achievements were made to minimize animal suffering
and to reduce the number of animals used.

Animal surgery

The plasmids for the production of AAV serotype 2/6 induc-
ing the overexpression of either human wt a-synuclein or
green fluorescent protein (AAV-GFP), driven by the Syn I
promoter and enhanced using a woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE), were pro-
duced as previously described and acquired by the Univer-
sity of Lund, Sweden, at the titers 4.7 X 10'* and 6.1 x 10"
genome copies/ml, respectively [16, 32]. Two-month-old
(25 g) wt and Syn III ko mice were injected in the left sub-
stantia nigra with either AAV-GFP or AAV-hasyn diluted
at 5x 103 genome copies/ml. Briefly, animals were anes-
thetized and placed in a stereotactic head frame (Stoelting,
IL, USA). After making a midline incision of the scalp,
a hole was drilled in the appropriate location for the sub-
stantia nigra at the left site of the skull. Two microliters
of viral vector were injected at a rate of 0.2 pl/min with a
33-gauge needle on a 10 uL Hamilton syringe at the fol-
lowing coordinates: antero-posterior — 3.60; medio-lateral
+ 1.15; dorsal-ventral — 3.75 relative to Bregma [37]. The
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needle was left in place for additional 5 min before being
slowly retracted from the brain. Mice were then killed at
8 weeks from the injections for immunohistochemical or
biochemical analysis.

Immunohistochemistry (IHC), immunofluorescence,
thioflavin-S$ staining and proximity ligation assay
(PLA)

Immunohistochemical studies were performed as previously
described. For more details, please see Supplementary meth-
ods (Online Resource 1).

Stereological quantification of nigral TH-positive
and Nissl-positive neurons and image analysis
in the striatum

Please see Supplementary methods (Online Resource 1).
Confocal microscopy

The slides were observed by a LSM 510 Zeiss confocal laser
microscope (Carl Zeiss S.p.A., Milan, Italy) with the laser
set on 1=405-488-543 nm and the height of the sections
scanning =1 pm. Images (512 X 512 pixels) were then recon-
structed using ZEISS ZEN Imaging Software (Carl Zeiss
S.p.A).

Real-time PCR (rtPCR)

Total RNA was extracted by substantia nigra of wt and
Syn III ko mice using an RNA extraction kit (RNeasy Mini
Kit, Qiagen, Hilden, GE) according to the manufacturer’s
recommendations. Two ug of RNA were retrotranscribed
by using QuantiTect Reverse Transcription Kit (Qiagen).
Real-time PCR was performed by using SYBR Green Master
Mix (Applied Biosystems, Foster City, USA) and the fol-
lowing primer pairs: SNCA for tgttggaggagcagtggtg, SNCA
rev gtacccctcctcaccettge; GAPDH for tcaacagcaactcccactctt,
GAPDH rev ccagggtttcttactccttgg. The SNCA primers pair
was able to recognize both human and mouse a-synuclein.

The ViiA7 Real-Time PCR system (Life Technologies,
Grand Island, NY, U.S.A.) as used for 40 cycles of 95 °C for
15 s and 60 °C for 1 min. mRNA expression was normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene expression. Each experimental condition was analyzed
in triplicate and the resulting data were averaged subjected
to statistical analysis.

Western blot (wb) analysis

Fresh frozen tissues from the substantia nigra and striatum
were collected from mouse brains after cervical dislocation.

Total proteins were extracted with Radiommunoprepita-
tion Assay (RIPA) buffer made up by 50 mM Tris—-HC] pH
7.4, 150 mM NaCl, NP-40 1%, sodium deoxycholate 0.1%,
sodium dodecyl sulfate (SDS) 0.1%, 1 mM NaF, 1 mM
NaVO, plus complete protease inhibitor mixture (Roche
Diagnostics, Mannheim, Germany). Protein concentration
in the samples was measured by using the Bio-Rad DC™
protein assay kit (Bio-Rad Laboratories, Milan, Italy). Equal
amounts of proteins (30 ug) were run on 10% polyacryla-
mide gels and transferred onto polyvinylidene fluoride
(PVDF) membrane. Densitometric analysis of the bands
was performed using Imagel Software and all bands were
normalized to GAPDH levels as a control of equal loading of
samples in the total protein extracts. For densitometry analy-
sis of bands, each experimental condition was performed in
triplicate and the resulting data were subjected to statistical
analysis.

Detergent-insoluble a-synuclein extraction

Alpha-synuclein insoluble aggregates were extracted from
substantia nigra fresh tissues, after homogenization in
Tris Buffer Saline+ (TBS+) solution composed of 50 mM
Tris—HCl pH 7.4, 175 mM NaCl, 5 mM ethylenediaminetet-
raacetic acid (EDTA), 0.1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM N-ethyl-maleimide, plus complete protease
inhibitor mixture (Roche Diagnostics) and centrifugation at
4 °C at 50,000g for 30 min [54]. Pellets were re-suspended
in TBS+ solution plus 1% Triton X-100 and centrifuged
at 4 °C at 50,000¢ for 30 min and then in RIPA buffer and
subjected to a further centrifugation. The final pellets were
resuspended in urea 8 M plus SDS 5% and loaded on 10%
homemade polyacrylamide gel. For densitometry analysis of
bands, each experimental condition was performed in trip-
licate and the resulting data were averaged and subjected to
statistical analysis. All bands were normalized to beta-actin
levels as a control of equal loading of samples in the UREA/
SDS protein extracts.

Transmission electron microscopy (TEM)
ultrastructural morphological analysis

Wild-type and Syn III ko mice were anesthetized and per-
fused as previously described. DAT-positive striatal dopa-
minergic synapses were visualized according to the methods
described by Moss and Bolam [35] with minor modifica-
tions. For detailed protocol please see Supplementary meth-
ods (Online Resource 1).

Amphetamine-induced rotations test

Mice were placed in a cylinder with a diameter of 11.5 cm
and height of 14 cm, in a closed room to avoid any
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environmental disturbance and allowed to habituate for
5 min before the intraperitoneal injection of 5 mg/kg of
D-Amphetamine (Sigma) in line with previously described
protocols [12]. Each mouse was monitored for 15 min and
scored for full body rotations (360°). The ipsilateral rota-
tions number normalized versus the total number of ipsilat-
eral + contralateral rotations was used to evaluate percentage
changes of this parameters with the 100% corresponding to
the value of GFP-injected wt mice.

Antibodies

A list of the primary antibodies and of their working con-
centrations for immunohistochemistry, in situ PLA and wb
studies is summarized in Suppl. Table 1 (Online Resource
2). The secondary antibodies used for fluorescence immuno-
histochemistry were a goat anti-mouse IgG Cy3-conjugated,
a goat anti-rabbit Alexa488-conjugated, goat anti-rabbit
Alexa405-conjugated and a goat anti-rat IgG 488-conjugated
(Jackson ImmunoResearch, Pennsylvania, USA). For bright-
field microscopy, we used biotinylated goat anti-rabbit I[gG
or goat anti-mouse IgG (Vector Laboratories). The second-
ary antibodies used for wb were goat anti-rabbit IgG-HRP
or goat anti-mouse IgG-HRP (Santa Cruz Biotechnology,
Dallas, Texas, USA).

Statistical analysis

Statistical differences between groups (wt AAV-GFP, wt
AAV-hasyn, Syn III ko AAV-GFP and Syn III ko AAV-
hasyn) or between the contralateral and injected sides of
either wt or Syn III ko mice were assessed using two-way
ANOVA followed by Bonferroni’s multiple comparisons
test. All data are presented as mean =+ standard error of the
mean (SEM) and statistical significance was established at
P <0.05. The numbers (n) of animals used for each experi-
mental group in the different experimental studies ranged
between 4 and 6. When possible the data were analyzed in
triplicate as described above.

Results

Characterization of a-synuclein and GFP expression
in AAV-injected mice

The AAV-mediated overexpression of a-synuclein in the
nigrostriatal system of mice or rats has been found to induce
PD-like alterations such as the formation of cytoplasmic
toxic inclusions [36], alterations in dopamine neurotransmis-
sion [32] and progressive degeneration of the nigrostriatal
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system even after only 8 weeks from the virus inoculation
[16, 25, 28, 36].

Wild-type and Syn III ko mice that received a unilateral
stereotaxic injection of either AAV-hasyn or AAV-GFP
in the substantia nigra were killed at 8 weeks from AAV
inoculation to assess a-synuclein aggregation, striatal syn-
aptic alterations and nigral neuron degeneration. In order
to be able to evaluate early synaptic striatal alterations
with this mouse model, we performed pilot experiments
(not shown). These investigations allowed us to establish
the optimal AAV-hasyn titer to be used to achieve striatal
synaptic protein changes in the presence of a moderate
nigrostriatal neuron degeneration at this time point.

We found that human a-synuclein immunopositivity,
detected by using the Syn211 antibody, was abundant in
the substantia nigra injected with AAV-hasyn (Fig. 1a)
and in the ipsilateral striatum (Fig. 1b) of both wt and Syn
III ko mice. Results from rtPCR experiments confirmed
that AAV-hasyn induced a similar a-synuclein overexpres-
sion pattern (about fourfold increase vs AAV-GFP-injected
mice) in the substantia nigra of wt and Syn III ko mice
(Fig. Ic).

Double fluorescence IHC confirmed that TH-positive
neurons of the substantia nigra were efficiently infected
by AAV-GFP and AAV-hasyn, as they exhibited a marked
GFP and human a-synuclein immunolabeling, respectively
(Fig. 2a). Interestingly, we found that in the AAV-hasyn
injected substatia nigra of wt mice the a-synuclein-
positive neurons exhibited an accumulation of Syn III
immunoreactivity when compared to the GFP-injected
animals [suppl. Figure 1 (Online Resource 3, 1)]. In the
AAV-hasyn-injected wt mice Syn IIl immunolabeling dis-
played a widespread distribution in the inner part of the
soma with a minor co-localization with a-synuclein in the
periphery of the cells, while in the AAV-GFP-injected ani-
mals Syn III staining was fainter, although it still involved
the cell body [suppl. Fig. 1 (Online Resource 3, 1)]. This
peculiar localization profile is in line with previous stud-
ies showing that, although Syn III is mainly a presynaptic
protein, it can also exhibit an extrasynaptic localization
within cell body and processes in neurogenic regions of
the adult brain [40, 42].

By wb analysis, we found that the levels of total
(mouse + human) a-synuclein, detected using SYN-1 anti-
body, were significantly increased in both the AAV-hasyn-
injected substantia nigra (Fig. 2b) and in the ipsilateral
striatum (Fig. 2¢) of wt and Syn III ko mice. In addition,
we observed that the AAV-hasyn injection led to a com-
parable increase of human a-synuclein levels in wt and
Syn IIT ko mice (not shown). Similar results were obtained
when we analyzed GFP levels in the substantia nigra and
striatum ipsilateral and contralateral to AAV-GFP injec-
tion in wt and Syn III ko mice (not shown).
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Fig.1 Characterization of a-synuclein expression in the brain of
AAV-GFP- and AAV-hasyn-injected mice. Immunoreactivity for
human a-synuclein in the substantia nigra (a) and striatum (b) of wt
and Syn III ko mice injected with either AAV-GFP or AAV-hasyn.
Human o-synuclein was overexpressed in the AAV-hasyn-injected
substantia nigra and ipsilateral striatum of wt and Syn III ko mice.
No immunoreactivity for human a-synuclein was observed in the
same brain areas of AAV-GFP-injected wt mice. ¢ The histogram
is showing results from rtPCR experiments evaluating a-synuclein
mRNA in the AAV-GFP- and AAV-hasyn-injected substantia nigra

Syn Il ko mice did not exhibit TH-positive neuron
loss 8 weeks after the injection of AAV-hasyn

To evaluate the effect of human a-synuclein overexpres-
sion in the nigrostriatal system of wt and Syn III ko mice,
we first performed stereological cell counts to assess the
number of TH-positive neurons in the substantia nigra
ipsilateral and contralateral to AAV-hasyn or AAV-GFP
injection. Two-way ANOVA coupled to Bonferroni’s post-
comparisons test showed that wt mice displayed a signifi-
cant decrease in the number of TH-positive neurons at the
site of AAV-hasyn injection when compared to that of
AAV-GFP inoculation (Fig. 3a, b). Conversely, Syn III ko

of wt and Syn III ko mice. Data are expressed as fold-increase of
mRNA expression with respect to either AAV-GFP-injected wt
or AAV-GFP-injected Syn III ko mice. Please note the significant
increase of a-synuclein mRNA levels in the AAV-hasyn-injected
mice when compared to the respective AAV-GFP injected litter-
mates (***+3.45, P<0.001 in wt mice, °°°+2.79, P<0.001 in Syn
IIT ko mice, two-way ANOVA + Bonferroni’s multiple comparisons
test). n=4/5 mice for each group. ns non-significant. Scale bars: a,
b=1 mm, higher magnifications =20 pm

mice did not display TH-positive cell loss at the site AAV-
hasyn injection (Fig. 3a, b). No loss of TH-positive cells
was observed in the AAV-GFP injected substantia nigra
of control or Syn III ko mice (Fig. 3a, b).

These observations were corroborated by counting
Nissl-positive cells in the substantia nigra. Indeed we
found that the number of Nissl-positive neurons signifi-
cantly decreased at the site of AAV-hasyn injection in wt
mice but not in Syn III ko mice [Fig, 3c, suppl. Fig. 2a
(Online Resource 4, 1)]. This finding substantiates that
the decrease of TH-positive cells can be ascribed to nigral
neuron degeneration rather than to changes in TH protein
expression.
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«Fig. 2 Characterization of GFP and a-synuclein expression in the
substantia nigra and striatum of mice. a Representative photomi-
crographs showing either GFP or human a-synuclein positivity in
TH-positive neurons of the substantia nigra of wt mice injected with
AAV-GFP and AAV-hasyn, respectively. The yellow signal in the
merge is indicative of either GFP/TH or human a-synuclein/TH co-
localization. (b,c) Western blot analysis confirmed total a-synuclein
increase in the AAV-hasyn-injected substantia nigra and ipsilateral
striatum of wt (***+1.98, P<0.001 for the substantia nigra and
**41.0, P<0.01 for the striatum, two-way ANOVA + Bonferroni’s
multiple comparisons test) and Syn III ko mice (°°+1.70, P<0.01 for
the substantia nigra and °°+1.05, P<0.01 for the striatum, two-way
ANOVA + Bonferroni’s multiple comparisons test) when compared to
the same brain areas of wt or Syn III ko mice that recieved the AAV-
GFP injection. IN: injected side; CL: contralateral side. Consistently,
the levels of total a-synuclein in the AAV-hasyn-injected substantia
nigra and ipsilateral striatum were significantly increased when com-
pared to the respective contralateral areas of wt (¥*+0.90, P <0.05 for
the substantia nigra and **+1.09, P <0.01 for the striatum, two-way
ANOVA + Bonferroni’s multiple comparisons test), and Syn III ko
mice (°+0.94, P <0.05 for the substantia nigra and °°+1.12, P<0.01
for the ipsilateral striatum, two-way ANOVA +Bonferroni’s multi-
ple comparisons test). Please note that GFP-immunopositive bands
are reported as a control for the injections. n=4/5 animals for each
group. Scale bar: a=20 pm

Syn Il ko mice were spared
from the AAV-hasyn-induced striatal DAT reduction
and redistribution

We evaluated whether the absence of Syn III could block
a-synuclein overexpression-related synaptic damage. To
date, we previously reported that a-synuclein aggregation
alters DAT distribution in vitro and in vivo [6, 9]. Indeed,
the DAT is re-distributed in association with aggregated
a-synuclein in the brain of PD patients and experimental
mouse models [9, 30]. Notably, direct binding and func-
tional coupling of a-synuclein to the DAT has been found
to exacerbate dopamine neurotoxicity [27], thus supporting
that this event may be crucial for the initiation of nigrostri-
atal neuron degeneration. We thus aimed to assess whether
the a-synuclein overexpression-related DAT reduction and
redistribution might be hampered in Syn III ko mice. We
found that in the wt mice the AAV-hasyn injection induced
a statistically significant decrease of DAT-immunopositive
area in the ipsilateral striatum when compared to that of
the contralateral hemisphere (Fig. 4a, b). Conversely, DAT
decrease was not visible in the striatum ipsilateral to AAV-
hasyn injection of Syn III ko mice. GFP-overexpression did
not affect striatal DAT expression in either wt or Syn III ko
mice.

We then studied DAT distribution. Interestingly, we
observed that, beside the general decrease of DAT-immu-
nopositivity (Fig. 4a, c asterisks), the AAV-hasyn-injected
wt mice showed several areas with marked clustering of
DAT-positive terminals in the ipsilateral striatum (Fig. 4a,
c arrows). Conversely, Syn III ko mice did not show the

AAV-hasyn injection-related formation of DAT-positive
clumps in the ipsilateral striatum. DAT clustering in the
striatum ipsilateral to AAV-hasyn injection of wt mice
was corroborated by image analysis that showed a signifi-
cant increase in the average size of DAT-positive particles
when compared to Syn III ko mice, that did not show this
feature (Fig. 4d). Collectively, these observations fit both
with data supporting a reduction of DAT positivity fol-
lowing the overexpression of human a-synuclein in rats
[32] and with the redistribution of DAT observed in the
striatum of PD patients and experimental mouse models
[9, 30].

The dopaminergic innervation in the striatum was then
evaluated by analyzing TH-immunolabeling that showed
a statistically significant decrease in the area occupied by
TH-immunopositive fibers in the striatum ipsilateral to the
injection of wt mice that received the AAV-hasyn inocula-
tion when compared to the AAV-GFP-injected animals or to
Syn IIT ko mice with AAV-hasyn injection [suppl. Fig. 2b, ¢
(Online Resource 4, 1)].

To evaluate whether DAT redistribution was strictly
related to a-synuclein accumulation, we probed the co-
localization of DAT with either human a-synuclein or Syn
IIT in the striatal dopaminergic terminals ipsilateral and con-
tralateral to AAV-hasyn- and AAV-GFP-injection. We found
that in wt mice the DAT-positive clumps in the striatum
ipsilateral to AAV-hasyn-injection co-localized with human
a-synuclein [suppl. Fig. 3a (Online Resource 5, 1), white
arrow]. This is in line with our previous findings showing
that DAT redistribution is related to a-synuclein aggregation
[6,9, 21]. Conversely, in spite of the co-localization between
human a-synuclein and DAT observed in the striatum
ipsilateral to AAV-hasyn injection in Syn III ko mice, we
observed that the DAT and a-synuclein did not co-cluster.

In addition, we found that in the wt mice the redistribu-
tion of DAT in the striatum ipsilateral to AAV-hasyn injec-
tion was also accompanied by a redistribution of Syn III
[suppl. Fig. 3b (Online Resource 5, 1), asterisks]. This not-
withstanding, the proteins did not co-localize [suppl. Fig. 3b
(Online Resource 5, 1), asterisks]. The absence of Syn III/
DAT co-localization was also corroborated in the striatum
contralateral to AAV-hasyn injection of wt mice, though this
area did not show DAT redistribution.

These observations support that human o-synuclein over-
expression in the nigrostriatal system of wt mice can affect
synaptic function by altering DAT distribution and that this
phenomenon is dependent on the presence of Syn III. None-
theless, the absence of co-localization between DAT and
Syn III in the striatum of wt mice does not support the pos-
sibility that Syn III can directly mediate DAT/a-synuclein
interaction. Therefore, it may be feasible that the lack of
DAT redistribution observed in the striatum ipsilateral to
AAV-hasyn injection of Syn III ko mice could be ascribed
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Fig.3 The AAV-mediated overexpression of human o-synuclein
decreased the number of TH-positive neurons in the substantia nigra
of wt, but not of Syn III ko, mice. a Immunolabeling of TH-positive
neurons in substantia nigra of wt and Syn III ko mice injected with
AAV-GFP or AAV-hasyn. Please note the reduction of TH-positive
cells in the AAV-hasyn-injected substantia nigra of wt mice (indi-
cated by the rectangle). b The histogram is showing the TH-positive
cell numbers in the AAV-GFP or AAV-hasyn-injected substantia
nigra of wt and Syn III ko mice expressed as the % change vs the
respective contralateral side. In the wt mice human a-synuclein over-
expression induced a statistically significant decrease of TH-positive
cells at the site of injection (*** — 34.24%, P<0.001 vs AAV-GFP-
inoculated wt animals; ™™™ _ 32.59%. P<0.001 vs AAV-hasyn-

to an inhibition of a-synuclein aggregation related to the
absence of Syn III.

Alpha-synuclein aggregation was prevented in Syn
lll ko mice

The occurrence of a-synuclein aggregation in the sub-

stantia nigra and striatum of AAV-hasyn-injected wt
and Syn III ko mice was at first evaluated by performing
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injected Syn III ko mice, two-way ANOVA + Bonferroni’s post com-
parisons test). Please note that the overexpression of a-synuclein in
Syn III ko mice did not result in the loss of TH-positive neurons of
the substantia nigra. ¢ The histogram is showing the Nissl-stained
cell number in the AAV-GFP or AAV-hasyn-injected substantia
nigra of wt and Syn III ko mice, expressed as the % change vs the
respective contralateral side. The overexpression of a-synuclein in wt
mice resulted in a reduction of Nissl-positive cells at the site of injec-
tion (** — 31.87%, P<0.01 vs AAV-GFP inoculated wt animals; =
—34.47%, P<0.01 vs AAV-hasyn-injected Syn III ko mice, two-way
ANOVA + Bonferroni’s post comparisons test). n=6 animals for each
group. Scale bar: =100 pm

thioflavin-S/a-synuclein double labeling. We found a marked
presence of thioflavin-S/human a-synuclein-positive inclu-
sions in both the AAV-hasyn-injected substantia nigra and
ipsilateral striatum of wt mice (Fig. 5a, b). Of note, in the
striatum thioflavin-S-positivity exceeded human a-synuclein
immunopositivity, supporting the occurrence of endogenous
mouse a-synuclein aggregation (Fig. 5b, asterisks). How-
ever, in the Syn III ko mice, the injection of AAV-hasyn
did not result in the formation of thioflavin-S-positive
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Fig.4 Analysis of DAT-positive terminals in the striatum of AAV-
GFP- and AAV-hasyn-injected wt and Syn III ko mice. a Representa-
tive images showing that the overexpression of a-synuclein in the wt
mice induced a decrease of DAT-positive area (asterisks) as well as
the formation of DAT-positive clumps (black arrows) in the striatum
ipsilateral to AAV-hasyn injection. No loss of DAT-immunoreac-
tivity was observed in the striatum ipsilateral to AAV-hasyn injec-
tion of Syn III ko mice. b Densitometric analysis of DAT-positive
area confirmed the presence of a statistically significant decrease of
DAT in the striatum ipsilateral to AAV-hasyn injection of wt mice
(* — 37.96%, P<0.05 vs the contralateral striatum; ** — 46.40%,
P<0.01 vs the striatum ipsilateral to AAV-GFP injection, two-way

ANOVA + Bonferroni’s post comparisons test). IN: injected side; CL:
contralateral side. ¢ High magnification representative images show-
ing a DAT-positive clump (arrow) as well as a DAT-negative area
(asterisk) in the striatum ipsilateral to AAV-hasyn injection of wt
mice and the uniform DAT-immunoreactivity in the striatum of AAV-
hasyn-injected Syn III ko mice. d Image analysis showed a statisti-
cally significant increase of the mean area of DAT-positive particles
in wt mice injected with AAV-hasyn (*#%490.38%, P <0.001 vs Syn
IIT ko mice with AAV-hasyn injection; °°° + 98.98%, P<0.001 vs
AAV-GFP-injected wt, two-way ANOVA + Bonferroni’s post com-
parisons test) that supports the occurrence of dopamine terminal clus-
tering. n=6 animals for each group. Scale bars: a, c=20 pm
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«Fig.5 Thioflavin-S/a-synuclein double labeling in the substantia
nigra and striatum ipsilateral and contralateral to AAV-hasyn injec-
tion of wt and Syn III ko mice. a Representative images showing that
the overexpression of human a-synuclein resulted in the formation of
thioflavin-S-positive aggregates only in the AAV-injected substantia
nigra of wt mice (arrows), but not in the same brain area of Syn III
ko mice and in the contralateral side. b The striatum ipsilateral to
AAV-hasyn injection of Syn III ko mice was devoid of thioflavin-S
staining in spite of the abundancy of human a-synuclein immunola-
beling. The striatum ipsilateral to AAV-hasyn-injection of wt mice
showed the presence of a marked co-localization between human
a-synuclein-immunopositivity and the thioflavin-S signal with sev-
eral thioflavin-S/a-synuclein-positive neurites (arrows). This notwith-
standing, in some areas the thioflavin-S-positivity resulted to exceed
human a-synuclein immunopositivity (asterisks). n=4/5 animals for
each group. Scale bars: a, c=20 pm

inclusions in the substantia nigra and ipsilateral striatum,
although these areas exhibited a marked positivity for human
a-synuclein. The substantia nigra and striatum contralateral
to AAV-hasyn injection of both wt and Syn III ko mice did
not show any thioflavin-S signal. These observations indi-
cate that the absence of Syn III could prevent the formation
of fibrillary aggregates composed of a-synuclein.

To corroborate this finding, we extracted detergent-insol-
uble a-synuclein from fresh frozen substantia nigra of wt
and Syn III ko mice that were injected either with AAV-
GFP or AAV-hasyn (Fig. 6). In particular, we probed the
levels of detergent-insoluble a-synuclein aggregates, Syn
III and DAT, in the substantia nigra UREA/SDS extracts
that were produced by sequential protein extraction [3, 6,
10]. We observed that the UREA/SDS protein fractions from
the GFP-injected substantia nigra of both wt and Syn III ko
mice did not show human a-synuclein or Syn III positivity
(Fig. 6a, b). Conversely, UREA/SDS soluble protein frac-
tions from AAV-hasyn-injected wt mice resulted positive
for human a-synuclein, Syn III and DAT, which were not
present in the same brain area of Syn III ko mice. Moreo-
ver, we found that detergent insoluble a-synuclein mono-
mers (Fig. 6a, black asterisk) and oligomers (Fig. 6a, red
asterisks) increased in the substantia nigra of wt mice that
received AAV-hasyn injection. Conversely, in the blots of
AAV-hasyn-injected Syn III ko mice, we did not observe
the presence of high molecular weight a-synuclein oligom-
ers but only of a very faint positive band corresponding to
a-syn monomers (black asterisks) and non-specific high
molecular weight bands that were also detected in wt mice
(Fig. 6a, arrows), supporting that a-synuclein aggregation
was hampered in Syn III ko mice. In addition, in line with
our recent observations showing the presence of Syn III in
LB-composing fibrils purified from the brain of PD patients
[31], the positivity for Syn III in UREA/SDS extracts of wt
mice indicates that the protein is present within a-synuclein
aggregates even in this AAV-based mouse model. Interest-
ingly, when we examined the UREA/SDS protein fractions

of wt mice we found the presence of a mild a-synuclein-,
Syn III- and DAT-positivity also in the substantia nigra con-
tralateral to AAV-hasyn-injection (Fig. 6a, b). This feature,
that is in line with the above-described wb data, may be
related to the diffusion of the AAV-hasyn vector to the con-
tralateral substantia nigra through interhemispheric connec-
tions [45]. The specificity of Syn III detection in the UREA/
SDS protein fraction of wt mice was corroborated by the
absence of positivity in Syn III ko mice (Fig. 6a, b).

We then wanted to probe the formation of a-synuclein
oligomers by using the in situ PLA [7, 44, 59]. We found a
more diffused and intense PLA signal detecting a-synuclein/
a-synuclein interaction in the striatum of wt mice which
had received the AAV-hasyn injection, when compared to
Syn IIT ko mice under the same experimental conditions
[suppl. Fig. 4a, c (Online Resource 6, 1)]. The a-synuclein/
a-synuclein PLA-positive signal was very low in the con-
tralateral hemisphere of both wt and Syn III ko mice.

Previous studies have shown that the AAV-mediated
a-synuclein overexpression in mice results in increased
phosphorylation of a-synuclein at serine 129 [58]. To date,
almost 90% of a-synuclein in LB is phosphorylated at this
site [1]. However, it is still debated whether this specific
post-translational modification can enhance or reduce
a-synuclein fibrillation with conflicting results deriving from
different studies [4, 33, 46, 47]. We thus aimed at analyzing
whether a-synuclein phosphorylation might be differently
modulated in the wt or Syn III ko mice that received the
unilateral injection of AAV-hasyn [suppl. Fig. 4b (Online
Resource 6, 1)]. By immunofluorescence staining, we found
that serine 129-phosphorylated a-synuclein was almost
undetectable in the striatum ipsilateral to AAV-injection of
Syn IIT ko mice, with no differences with the contralateral
site. Conversely, the striatum ipsilateral to the AAV-hasyn
injection of wt mice displayed a marked immunopositiv-
ity for serine 129-phosphorylated a-synuclein, although
the contralateral site was devoid of signal [suppl. Fig. 4b,
d (Online Resource 6, 1)]. These data further support the
hypothesis that Syn III is a key regulator of a-synuclein at
striatal dopaminergic terminals, as the absence of this pro-
tein can impede both a-synuclein phosphorylation and the
formation of a-synuclein oligomers.

Absence of Syn lll prevented the increase

in the number of amphetamine-induced
ipsilateral rotations and SV alterations at striatal
dopaminergic terminals

We then aimed at evaluating the onset of alterations in
dopamine transmission in the AAV-hasyn-injected mice
by counting the number of amphetamine-induced rotations.
We found that the mild unilateral degeneration of nigrostri-
atal neurons observed in the AAV-hasyn-injected wt mice
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Fig.6 Evaluation of detergent-insoluble «-synuclein and Syn III
in the substantia nigra and detection of a-synuclein oligomers by
in situ PLA as well as of serine 129-phosphorylated a-synuclein
immunolabeling in the striatum ipsilateral and contralateral to AAV-
hasyn injection of wt and Syn III ko mice. a Western blot showed
the presence of a-synuclein Syn III and DAT in the UREA/SDS-
soluble protein fractions of the AAV-GFP and AAV-hasyn-injected
substantia nigra of wt and Syn III ko mice and in the contralateral
areas of the mice overexpressing human a-synuclein. IN: injected
side; CL: contralateral side. Red asterisks: a-synuclein oligomers.
Black asterisks: a-synuclein monomers. Arrows: non-specific bands.
b The histograms are showing results from the densitometric analy-
sis of a-synuclein monomers and oligomers and Syn III-positive
bands expressed as optical density (0.d.). Please note that the levels of
monomeric a-synuclein in the UREA/SDS protein fraction from the
AAV-hasyn-injected substantia nigra of wt mice were significantly
higher than those observed in Syn III ko mice (°°+2.14, P<0.01,
two-way ANOVA + Bonferroni’s post-comparisons test) and in the

induced a slight, although not significant, increase in the
percentage of ipsilateral amphetamine-induced rotations
normalized against the total number of rotations when com-
pared to the same parameter in AAV-GFP injected wt mice
or in the Syn III ko animals (Fig. 7a). This observation is
in agreement with previous findings showing that a 30%
of degeneration in mice with unilateral 6-hydroxydopamine
injection correlates with a mild and not significant increase
in the number of ipsilateral rotations [12, 23]. In line with
the absence of nigrostriatal degeneration in the Syn III ko
mice with unilateral AAV-hasyn injection, we found that
these animals did not show differences between the number
of ipsilateral rotations normalized against the total number
of rotations when compared to their littermates injected with
AAV-GFP (Fig. 7a).

We then analyzed the DAT-immunopositive synaptic ter-
minals of the striatum ipsilateral and contralateral to AAV-
hasyn-injection in wt and Syn III ko mice using morpho-
logical TEM. We wanted to estimate whether a-synuclein

@ Springer

AAV-GFP-injected substantia nigra of control wt mice (***+2.56,
P<0.001, two-way ANOVA + Bonferroni’s post-comparisons test).
The Syn III ko mice also showed a very mild and non-significant
increase of +0.42 o.d in detergent-insoluble a-synuclein in the AAV-
hasyn-injected side when compared to the contralateral. At higher
molecular weight an increase of a-synuclein oligomers was observed
in the AAV-hasyn-injected wt mice when compared to AAV-GFP
injected mice (*+1.40, P<0.05, two-way ANOVA + Bonferroni’s
post-comparisons test). Alpha-synuclein oligomers were absent in
the Syn III ko mice even when they received AAV-hasyn injection.
The levels of Syn III in the substantia nigra ipsilateral to AAV-hasyn
injection of wt mice were increased when compared to the AAV-GFP
injected substantia nigra of the same mouse line (**+1.49, P<0.01,
two-way ANOVA + Bonferroni’s post-comparisons test) or to the
contralateral hemisphere (-+ 0.94, P<0.05, two-way ANOVA + Bon-
ferroni’s post-comparisons test). No Syn IIl-positive signal was
observed in the samples of the Syn III ko mice

overexpression and aggregation was able to induce synaptic
derangement despite we could not detect significant changes
in amphetamine-induced rotations. In particular, we counted
the number of SV at the presynaptic active zone and assessed
the mean diameter of SV in the whole SV pools to estimate
the organization of terminals. Interestingly, we found a sta-
tistically significant decrease in the number of SV at the
active zone of dopaminergic terminals in the striatum ipsi-
lateral to AAV-hasyn injection of wt mice, when compared
to the contralateral side (Fig. 7c, d). This was accompanied
by a statistically significant increase in the mean diameter of
SV (Fig. 7e). Conversely, in the striatum ipsilateral to AAV-
hasyn-injection of Syn III ko mice, we observed a statisti-
cally significant increase in the number of SV at the active
zone (Fig. 7d) without changes in their mean diameter, when
compared to the respective contralateral area (Fig. 7c, e).
As previously described, stimulus pulse-evoked dopamine
release in the striatum is doubled in the Syn III ko mice
when compared to wt animals [24]. This notwithstanding,
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we did not observe changes in the number of SV at the active
zone between the contralateral striata of wt and Syn III ko
mice.

Syn lll deficiency hindered the human a-synuclein
overexpression-related redistribution of VAMP2
in the striatum

We previously observed that PD patients and mice trans-
genic for C-terminally truncated human a-synuclein show a
marked redistribution of SNARE proteins and of Syn III in
the striatum [21, 59]. Like Syn III, VAMP?2 directly inter-
acts with a-synuclein [17, 31, 59]. We thus wanted to probe
whether: (1) Syn III is redistributed in the striatum in asso-
ciation with a-synuclein and (2) the absence of Syn III could
hamper VAMP? redistribution or affect its interaction with
a-synuclein.

We found that, in wt mice, the overexpression of
a-synuclein induced the formation of Syn III-positive
clumps in the striatum ipsilateral to AAV-hasyn-injection,
when compared to AAV-GFP-injected animals (Fig. 8a).
Similarly, VAMP2 was also accumulated in the striatum
ipsilateral to AAV-hasyn injection of wt mice. The analysis
of the mean area of VAMP2-positive particles in the stria-
tum showed that these were significantly increased ipsilat-
erally to AAV-hasyn injection in wt mice when compared
to AAV-GFP-inoculated wt mice or to AAV-hasyn-injected
Syn III ko mice (Fig. 8c). Conversely, in the Syn III ko mice
the immunolabeling of VAMP?2 was similar in the striatum
ipsilateral to AAV-hasyn and AAV-GFP injection.

We then performed in situ PLA studies to estimate the
distribution of a-synuclein/Syn III and a-synuclein/VAMP2
complexes in the striatum ipsilateral to AAV-hasyn or AAV-
GFP injection in wt and Syn IIT ko mice (Fig. 8b, d). In
wt mice, a marked accumulation of clusters containing
a-synuclein/Syn III and a-synuclein/VAMP2 complexes was
observed in the striatum ipsilateral to AAV-hasyn injection.
These clusters were not visible in the same area of wt mice
injected with AAV-GFP. Conversely, in Syn III ko mice,
the distribution of VAMP2/a-synuclein complexes was not
perturbed by AAV-hasyn overexpression (Fig. 8b, d).

These results support a redistribution of the synaptic
proteins Syn III and VAMP?2 occurring in association with
a-synuclein aggregate deposition that appears in line with
the above-described redistribution of DAT-positive ter-
minals. Since we did not observe co-localization between
DAT and Syn III, to further confirm that Syn III redistri-
bution in association with a-synuclein was concomitant to
a displacement of dopaminergic terminals in the striatum
ipsilateral to AAV-hasyn injection of wt mice, we probed
a-synuclein/Syn III PLA in co-localization with vesicu-
lar monoamine transporter 2 (VMAT-2). Interestingly, we
found that a-synuclein/Syn III PLA-positive clusters were

co-redistributed with VMAT-2 in the AAV-hasyn-injected
wt mice [suppl. Fig. 5 (Online Resource 7, 1)], while the
human a-synuclein overexpressing Syn III ko mice did
not show alterations. This observation supports that Syn
III functions as an accessory mediator for the a-synuclein
aggregation-dependent redistribution of synaptic terminals/
proteins.

Discussion

The results of this study show that Syn III deficiency pre-
vents a-synuclein aggregation, nigral neuron degenera-
tion and the onset of synaptic changes in an AAV-hasyn
mouse model of PD. These alterations were not related
to differences in the AAV-mediated expression of human
a-synuclein between wt and Syn III ko mice. Indeed, in
spite of the comparable amount of human a-synuclein,
driven by the AAV-hasyn injections in wt and Syn III ko
animals, we found that the Syn III ko mice exhibited a reduc-
tion of a-synuclein aggregation. This was supported by the
decrease of UREA/SDS detergent-insoluble, as well as phos-
phorylated a-synuclein levels, lack of thioflavin-S-positive
a-synuclein aggregates, and mild a-synuclein oligomers for-
mation detected in this mouse line following AAV-hasyn
injection. In addition, at 8 weeks from the inoculation of
AAV-hasyn, Syn III ko mice did not show degeneration or
signs of synaptic alterations. Conversely, in wt mice, human
a-synuclein overexpression in the substantia nigra resulted
in a significant reduction of TH-positive neurons at the site
of injection, as well as in the reduction of DAT-positive ter-
minals and TH-positive fibers in the ipsilateral striatum that
was accompanied by DAT redistribution.

To date, since in the present study we did not analyze
mice killed at time points longer than 8 weeks after AAV
injections, we cannot definitely exclude that the absence
of degeneration observed in the Syn III ko mice might be
related to a delay in the loss of nigrostriatal neurons.

It has to be mentioned that the reduction of TH-positive
cells observed in the substantia nigra of our AAV-hasyn-
injected wt mice is lower than that observed in other studies
on AAV-hasyn mouse models [36]. This can be ascribed to
the fact that our plasmid did not contain the cytomegalovi-
rus immediate-early (CMVie)-enhancer that can increase the
expression of transduced proteins and the related neurode-
generation. In addition, we used a diverse AAV serotype that
might have differently influenced the amount of a-synuclein.

A large body of evidence supports that a-synuclein
regulates SV turnover [15] and neurotransmitter release by
interacting with a variety of SV proteins as well as SV mem-
branes. However, a-synuclein aggregation impairs these
regulatory effects on neuronal function. In particular, it com-
promises pre-synaptic structures and induces conformational
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changes that correlate with the onset of synaptic degenera-
tion in the early phases of PD [8, 39, 56]. Therefore, synap-
tic changes have been proposed as the primum movens for
the occurrence of PD symptoms [5, 18, 53]. On this line,
we found that the loss of TH-positive neurons observed in
the AAV-hasyn-injected substantia nigra of wt mice, when
compared to the same brain area of AAV-GFP-injected
wt mice (— 34.24%), was paralleled by a slighter decrease
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(— 22.1%) of TH-immunopositive fibers and a more marked
reduction of striatal DAT-positive terminals (— 46.40%) in
the same experimental groups. This observation may indi-
cate that, at the stage of pathology that we analyzed in our
AAV-hasyn-based mouse model, the overexpression of
a-synuclein had more severe effects on striatal synaptic ter-
minals than on nigral cell bodies and dopaminergic fibers.
Alternatively, the diverse rates of TH and DAT loss may
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«Fig.7 Amphetamine-induced rotations and morphological TEM
studies. a The amphetamine-induced rotations test showed a slight
increase in the ipsilateral rotations against the total number of con-
tralateral + ipsilateral rotations in AAV-hasyn-injected wt mice when
compared to the same parameter of AAV-GFP injected wt mice
(+30.3% P>0.05, two-way ANOVA + Bonferroni’s post-compari-
sons test) or to the Syn III ko animals. b Representative photomicro-
graph showing the parameters that were analyzed in the TEM images.
The red line traces the area of the active zone that delimits the 50 nm
distance to borders of the synaptic cleft that are traced in white. For
the analysis of SV diameter the borders of SV was delineated (yellow
dashed line) and the diameter was traced manually (red line connec-
tor). ¢ Transmission electron microscopy images showed the synaptic
site of contralateral or ipsilateral striatum of AAV-hasyn-injected wt
or Syn IIT ko mice. d The number of SV at the active zone signifi-
cantly decreased in the striatum ipsilateral to AAV-hasyn injection of
wt mice when compared to the contralateral hemisphere (** — 2.65,
P <0.01, two-way ANOVA + Bonferroni’s post-comparisons test). In
the striatum ipsilateral to AAV-hasyn injection of Syn III ko mice
the number of SV significantly increased when compared to the same
brain area of wt mice (°°°+6.15, P <0.001, two-way ANOVA + Bon-
ferroni’s post-comparisons test) or to the respective contralateral side
(™™42.48, P<0.01, two-way ANOVA + Bonferroni’s post-compar-
isons test). e The analysis of SV size at whole terminals showed a
statistically significant increase in the diameter of SV in the ipsilateral
striatum of AAV-hasyn-injected wt mice when compared to the con-
tralateral hemisphere (***+8.32, P<0.001, two-way ANOVA + Bon-
ferroni’s post-comparisons test) or to the same brain area of Syn III
ko mice (°°°+9.56, P<0.001, two-way ANOVA + Bonferroni’s post-
comparisons test). Scale bar: ¢ =500 nm

be related to the fact that TH and DAT may be differently
subjected to compensatory regulation.

Moreover, we also observed a marked DAT, Syn III,
VAMP2 and VMAT?2 clustering in the striatum ipsilateral
to AAV-hasyn injection of wt mice. Interestingly, although
being in close proximity to areas that also showed Syn III
accumulation, DAT-positive clusters were found to co-
localize only with human a-synuclein, thus supporting the
absence of a direct interaction between DAT and Syn III.
This notwithstanding, both DAT and Syn III were found to
be present within the detergent-insoluble UREA/SDS pro-
tein fractions of the wt mice that received the AAV-hasyn
injections, a finding hinting that a-synuclein aggregation
may determine a differential sequestration of the diverse
members of its synaptic interactome. The co-localization
observed between a-synuclein and DAT is in line with previ-
ous studies by our group showing that the DAT is co-redis-
tributed with a-synuclein in the post-mortem caudate puta-
men of patients affected by sporadic PD and in the striatum
of mice transgenic for C-terminally truncated a-synuclein
[9, 30, 31]. Interestingly, this type of synaptic protein redis-
tribution following a-synuclein overexpression has never
been observed in AAV-based rat models of PD [30, 38],
despite the rate of nigrostriatal degeneration was similar
to that described in our study in mice. This may indicate
that mice and rats could present diverse nigrostriatal vul-
nerability thresholds to human a-synuclein overexpression.

In addition, our findings support that the redistribution of
a-synuclein/DAT complexes, that we observed in human
brains of PD patients at advanced stages of disease [30],
can be reproduced in the AAV-hasyn mouse model even at
initial stages of degeneration. In agreement with our previ-
ous observations [21, 59], the in situ PLA that we performed
in this study supports that also Syn III and VAMP?2 are
co-redistributed with a-synuclein. In particular, Syn IIl/a-
synuclein PLA-positive clusters appeared to co-redistribute
with the dopaminergic SV marker VMAT?2. Notably, Syn
IIT pivotally modulates striatal dopamine release [24, 59],
and VAMP?2 regulates synaptic vesicle release [52], while
VMAT?2 and DAT functions are essential for the proper
maintenance of dopamine turnover and release at synaptic
terminals [29]. Therefore, it is likely that the a-synuclein
aggregation-related changes in VAMP2, DAT, VMAT?2 and
Syn III distribution and/or expression, together with the
degeneration of TH-positive neurons, might have induced a
reduction in dopamine release in the striatum ipsilateral to
AAV-hasyn injection in wt mice, supporting the idea that
Syn III is necessary for a-synuclein aggregation-related syn-
aptic damage. Further studies aimed at defining the exact
role of Syn III in association with a-synuclein in the modu-
lation of nigrostriatal dopamine neuron function and SV
turnover are currently ongoing by our group.

In line with the above hypothesis, we observed a slight
but not significant increase in the number of amphetamine-
induced ipsilateral rotations in the AAV-hasyn injected
wt mice that easily correlates with the fact that they only
showed a partial unilateral nigrostriatal degeneration. In
addition, we found that the injection of AAV-hasyn altered
the size and the distribution of SV at dopaminergic striatal
terminals in wt mice when compared to their contralat-
eral side or to Syn III ko mice. Evidence supporting that
native a-synuclein promotes the formation of SNARE
complex, thus increasing the number of docked vesicles
at the active zone [15, 17, 34], hints the occurrence of an
impairment of SV turnover in the presence of aggregated
and/or oligomeric a-synuclein, that may lose its original
regulatory action especially upon VAMP2, a protein that
is crucial for SV fusion [51]. Indeed, our results suggest
that the aggregation of a-synuclein in wt mice induced
VAMP2 sequestration, as supported by the clustering of
a-synuclein/VAMP2 PLA-positive signal observed in the
striatum ipsilateral to AAV-hasyn injection of wt mice.
This observation, when coupled to the decrease in the
number of SV at the active zones of striatal dopaminer-
gic synapses, supports that the a-synuclein aggregation-
mediated VAMP2 derangement might have impaired the
proper docking of SV at the pre-synaptic membranes. In
addition, VAMP?2 alterations may have also contributed
to increase the size of SV through dysregulations in clath-
rin-cage adaptor proteins [43]. Conversely, in the Syn III
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ko mice we did not observe alterations in the size of SV,
but they showed a statistically significant increase in the
number of SV at the active zone in the striatum ipsilat-
eral to AAV-hasyn injection, although in the contralateral
side this parameter was comparable to the same area of
wt mice. This finding suggests that, in agreement with the
results of previous studies [17, 20, 34], the elevated levels

@ Springer

of non-aggregated a-synuclein might have promoted SV
increase at the pre-synaptic membrane of Syn III ko mice.

Although we did not find differences in the organization
of SV within the dopaminergic striatal terminals of the hem-
ispheres contralateral to AAV-hasyn injection of wt and Syn
IIT ko mice, these latter have been found to exhibit a marked
increase in electrical stimulation-evoked dopamine release
when compared to wt mice [24]. It may thus be feasible that
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«Fig.8 Syn III and VAMP2 distribution as well as a-synuclein/Syn
III and a-synuclein/VAMP2 in situ PLA in the striatum ipsilateral to
AAV-hasyn or AAV-GFP injection of wt and Syn III ko mice. a Rep-
resentative images showing that Syn III and VAMP2-positive clumps
were detected in the striatum ipsilateral to AAV-hasyn injection of
wt mice, but not in that of Syn III ko mice, where the distribution
of these proteins was similar to that observed in AAV-GFP-injected
animals. b Accumulation of a-synuclein/Syn III- and a-synuclein/
VAMP2-positive PLA clumps in the striatum ipsilateral to AAV-
hasyn-injection of wt mice. Please note that no change in the distri-
bution of VAMP2 was observed in the human a-synuclein overex-
pressing Syn III ko mice. The absence of a-synuclein/Syn III PLA
signal in the Syn III ko mice is indicative of the specificity of the
in situ PLA. ¢ Please note the statistically significant increase of the
size of VAMP2-positive clusters in the striatum ipsilateral to AAV-
hasyn injection of wt mice when compared to the same brain area
of Syn III ko mice (°°+93.7%, P<0.01, two-way ANOVA + Bon-
ferroni’s post-comparisons test) or to the AAV-GFP injected mice
(***4+114.4%, P<0.001 vs wt mice; ™™™ 120.0%, P<0.001 vs
Syn III ko mice, two-way ANOVA + Bonferroni’s post-comparisons
test). d The mean area of a-synuclein/VAMP2 PLA-positive signal
was increased in the striatum ipsilateral to AAV-hasyn injection of
wt mice when compared to the AAV-GFP-injected wt (**%4-207.3%,
P<0.01, two-way ANOVA + Bonferroni’s post-comparisons test)
or Syn III ko mice ™+191.5%, P<0.05, two-way ANOVA + Bon-
ferroni’s post-comparisons test) or to the same area of AAV-
hasyn-injected Syn III ko mice (°°+182.4%, P<0.01, two-way
ANOVA + Bonferroni’s post-comparisons test). e The histogram
shows that in the wt mice the mean area of Syn IIl/a-synuclein PLA-
positive signal was increased in the striatum ipsilateral to AAV-hasyn
injection when compared that ipsilateral to AAV-GFP-injection
(**+88.8%, P<0.01, two-way ANOVA + Bonferroni’s post-compar-
isons test). n=4 animals for each group. Scale bars: a, b =40 pm

the increased striatal dopamine release occurring in the Syn
IIT ko mice has also contributed to impeding a-synuclein
aggregation by reducing dopamine load at synaptic termi-
nals. Indeed, dopamine, and in particular its toxic metabo-
lites, such as 3,4-dihydroxyphenylacetaldehyde (DOPAL),
have been found to foster a-synuclein aggregation [41, 48].

The mechanisms through which Syn III mediates
a-synuclein clumping still need to be elucidated. The direct
binding of Syn III and a-synuclein, detected by in situ
PLA, and the presence of Syn III in detergent-insoluble
a-synuclein-positive protein fractions support that Syn III
interacts with aggregated a-synuclein. This is in line with
our previous findings showing the presence of Syn III within
a-synuclein fibrils from LB-enriched protein extracts as well
as of a-synuclein/Syn III PLA-positive neuropathological
deposits in the post-mortem brain of sporadic PD patients
[31]. Furthermore, a marked correlation exists between the
levels of a-synuclein and Syn III measured in the caudate/
putamen of the same subjects [31] that did not exhibit paral-
lel neuropathological alterations of Syn I and Syn II [31].
Therefore, Syn III seems to be the only synapsin affecting
a-synuclein aggregation via a direct protein—protein inter-
action. This notwithstanding, since we observed that other
protein members of a-synuclein synaptic interactome, such
as VAMP-2, are modulated in response to a-synuclein

aggregation in wt mice, we cannot definitely conclude that
Syn III is the only synaptic protein contributing to this pro-
cess, although it seems to play a major role.

Recent evidence supports that oligomeric a-synuclein
selectively lowers Syn I and II, thus worsening memory defi-
cits in an Alzheimer disease mouse model [26]. However,
it has to be taken into consideration that Syn I and Syn II
mis-localize with VMAT?2 in the striatum [11], while Syn
III is the only synapsin isoform that can regulate striatal
dopamine release [24] in conjunction with a-synuclein [59].
Differently from Syn I and Syn II, Syn III is also present in
extra-synaptic locations in neurogenic regions of the adult
mouse brain, thus displaying a unique regulatory profile that
is different from that of the other two synapsins [40, 42]. The
fact that the substantia nigra, where we found numerous cell
soma positive for Syn 111, is one of the neurogenic regions of
the adult mouse brain [19, 49], suggests that additional stud-
ies are needed to clarify how and why the overexpression of
human a-synuclein can induce an increase of Syn III within
the neurons of this area.

These findings, when coupled to the present results, indi-
cate that Syn III constitutes a crucial mediator of a-synuclein
aggregation and toxicity in PD. Our observations support
that Syn III is pivotally involved in a-synuclein-mediated
nigrostriatal damage and that the modulation of Syn III, or
of its interaction with a-synuclein, can represent a poten-
tially effective therapeutic strategy to cure this disabling
neurodegenerative disorder.
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