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Fibrillary aggregated a-synuclein (a-syn) deposition in Lewy
bodies (LB) characterizes Parkinson’s disease (PD) and is
believed to trigger dopaminergic synaptic failure and a retro-
grade terminal-to-cell body neuronal degeneration. We
described that the neuronal phosphoprotein synapsin III (Syn
III) cooperates with a-syn to regulate dopamine (DA) release
and can be found in the insoluble a-syn fibrils composing
LB. Moreover, we showed that a-syn aggregates deposition,
and the associated onset of synaptic deficits and neuronal
degeneration occurring following adeno-associated viral vec-
tors-mediated overexpression of human a-syn in the nigros-
triatal system are hindered in Syn III knock out mice. This
supports that Syn III facilitates a-syn aggregation.
Here, in an interventional experimental design, we found that
by inducing the gene silencing of Syn III in human a-syn trans-
genic mice at PD-like stage with advanced a-syn aggregation
and overt striatal synaptic failure, we could lower a-syn aggre-
gates and striatal fibers loss. In parallel, we observed recovery
from synaptic vesicles clumping, DA release failure, and motor
functions impairment. This supports that Syn III consolidates
a-syn aggregates, while its downregulation enables their reduc-
tion and redeems the PD-like phenotype. Strategies targeting
Syn III could thus constitute a therapeutic option for PD.

INTRODUCTION
The key neuropathological hallmarks of Parkinson’s disease (PD) are
degeneration of nigrostriatal dopaminergic neurons and presence of
Lewy bodies (LB), intraneuronal inclusions mainly composed of fi-
brillary a-synuclein (a-syn).1 The deposition of a-syn is considered
to play a causative role in the onset of motor and non-motor symp-
toms of PD, thus suggesting that a-syn aggregation-related synaptic
dysfunctions may be the primary cause of neurodegeneration in
this disorder.2,3 In particular, the pivotal role exerted by a-syn within
dopaminergic neurons as a regulator of neurotransmitter synthesis,
vesicle storage, reuptake, and release4–6 hints that this cell population
M
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can be particularly vulnerable to a-syn aggregation. Indeed, there is
compelling evidence that a-syn aggregation can first compromise
striatal synaptic functions and then induce a retrograde terminal-
to-cell body neuronal degeneration in the substantia nigra.7

We previously described that synapsin III (Syn III), a synaptic phos-
phoprotein negatively regulating dopamine (DA) release,6,8 is present
in a-syn filaments purified from postmortem brains of sporadic PD
patients, presenting with co-pathology composed of both proteins.1,9

We also observed fibrillary Syn III/a-syn co-aggregates in the brain of
transgenic mice expressing human C-terminally truncated (1–120)
a-syn under the guidance of the rat tyrosine hydroxylase (TH) pro-
moter on the C57BL/6JOlaHsd a-syn null background (SYN120
tg).10 Moreover, we have described that the formation of a-syn aggre-
gates as well as the associated onset of nigrostriatal synaptic injury
and neuronal degeneration in an adeno-associated viral vector
(AAV)-based mouse model overexpressing human wild type (wt)
a-syn, is hampered in the absence of Syn III.11 This evidence supports
that Syn III acts as a promoting factor for a-syn aggregation.

Interestingly, we also observed that the monoamine reuptake inhibi-
tor methylphenidate (MPH), known to counteract gait hypokinesia
and freezing in advanced PD,12,13 specifically restores motor abilities
in SYN120 tg mice at pathological stage.10 Of note, this MPH effect is
not related to DA transporter (DAT) inhibition, but relies on the pres-
ence of Syn III.10 Consistently, by generating a fluorescent cell perme-
able MPH derivative, we were able to detect a direct interaction
between MPH and Syn III in cells in culture by fluorescence reso-
nance energy transfer (FRET).14 In addition, we observed that
olecular Therapy Vol. 30 No 4 April 2022 ª 2022 The Authors. 1465
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.ymthe.2022.01.021
mailto:arianna.bellucci@unibs.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2022.01.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy
MPH promotes the interaction between Syn III and a specific a-heli-
cal conformation of a-syn owning low aggregation propensity.10 This
effect is contrary to that of Syn III, which instead appears to promote
a-syn aggregation. All together, these findings point to Syn III as a
druggable target for PD.

To validate this hypothesis, we established an interventional experi-
mental design aimed at addressing whether Syn III manipulation at
a pathological stage in which a-syn aggregates in vivo are already
formed and relate with the onset of an early PD-like phenotype can
exert a disease-modifying effect. In particular, we investigated
whether and how Syn III knock down by RNA interfering (RNAi)
in the nigrostriatal system of SYN120 tg mice at early PD-like path-
ological stage could affect a-syn aggregation, the onset of motor def-
icits, and nigrostriatal terminals dysfunction and degeneration. RNAi
was performed by bilateral stereotaxic injection of AAV expressing a
short hairpin (shRNA) sequence for mouse Syn III gene (Syn3)
(AAV-shSynIII) in the substantia nigra of 12-month-old SYN120
tg mice or C57BL/6JOlaHsd and C57BL/6J wt littermates. At this
age, the SYN120 tg mice already display marked deposition of insol-
uble a-syn/Syn III aggregates and advanced synaptic failure, while
frank motor deficits become more apparent between 16 and
18 months of age.6,10,15,16 Age-matched control groups of SYN120
tg, C57BL/6OlaHsd, and C57BL/6J mice were injected with AAV ex-
pressing non-silencing control RNA sequences (AAV-shNSC). Ani-
mals were analyzed at 4 months after AAV injections to evaluate mo-
tor functions (by open field and beam walking test) and striatal DA
release in freely moving conditions by vertical microdialysis. Then,
they were sacrificed to collect brains to study a-syn aggregation, pro-
tection of striatal TH-positive fibers, and synaptic vesicles (SVs) orga-
nization at striatal terminals as a readout of a possible disease-modi-
fying effect of Syn III gene silencing.

We found that the SYN120 tg mice injected with AAV-shSynIII ex-
hibited a reduction of a-syn aggregates in the substantia nigra and
striatum. In this latter brain area, fibers were spared from degenera-
tion and terminals from SV clumping. Finally, Syn III gene silencing
allowed a marked recovery of basal, depolarization-dependent, and
cocaine-stimulated DA release in the striatum of SYN120 tg mice,
which also displayed increased motility in the open field and beam
walking test. These results indicate that Syn III reduction rescued
the SYN120 tg mice from a-syn aggregates deposition and the asso-
ciated synaptic and motor dysfunction. Overall, our findings support
that therapeutic strategies targeting Syn III could be beneficial for the
treatment of diseases exhibiting a-syn aggregation like PD.

RESULTS
AAV-mediated Syn III RNAi efficiently reduced the expression

and levels of Syn III

First, we checked the localization of the enhanced green fluorescent
protein (eGFP) reporter of both AAV-shNSC or AAV-shSynIII in
the substantia nigra and striatum of SYN120 tg mice 4 months after
stereotaxic injections by immunohistochemistry and bright-field mi-
croscopy. We found that eGFP immunopositivity was localized in the
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substantia nigra and striatum, thus supporting the correct site for
AAV injections (Figure 1A).

In the same animals, we also evaluated whether the eGFP reporter
signal co-localized with the TH-immunopositive nigrostriatal neu-
rons of the substantia nigra by confocal microscopy. We found that
AAV-shNSC- and AAV-shSynIII-associated eGFP reporter signal
co-localized with some of the TH-positive neuronal cell bodies and
fibers in the substantia nigra and the striatum, respectively (Fig-
ure 1B). This finding supports the correct expression of our shRNA
in nigrostriatal neurons. Then, we estimated the efficiency of infection
of the nigral TH-positive neurons with either AAV-shNSC or AAV-
shSynIII in the C57BL/6JOlaHsd, C57BL/6J, and SYN120 tg mice at
4 weeks following the injections. In particular, to estimate the
percent of TH-immunoreactive cells or processes exhibiting eGFP re-
porter signal, we quantified the average eGFP/TH co-localizing
area, normalized versus the total TH-immunopositive area in
serial sections from the substantia nigra of the AAV-shNSC- or
AAV-shSynIII-injected animals. Results from this analysis indicated
that in the three mouse lines the percentage of TH-immunoreactive
cells or processes exhibiting eGFP reporter signal was about 40%
for the animals injected with AAV-shNSC, while it ranged around
30% for those injected with AAV-shSynIII (Figure S1A).

Subsequently, we evaluated the efficiency of Syn III silencing in
C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice 4 months after
the injection of AAV-shNSC or AAV-shSynIII by Syn III and TH
double immunofluorescent labeling. A significant decrease of Syn
III-immunopositive area was detected in the substantia nigra of
C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice injected with
AAV-shSynIII when compared to their respective AAV-shNSC-in-
jected littermates (Figure 1C). By quantifying TH-immunopositive
area in the substantia nigra of the C57BL/6J, C57BL/6JOlaHsd,
and SYN120 tg mice, we found that neither AAV-shNSC nor
AAV-shSynIII infection induced TH-positive neuronal loss or
shrinkage in the different mouse lines (Figure S1B). In spite of the
fact that aged SYN120 tg mice do not display a frank TH-positive
neuronal loss in the substantia nigra,17 this analysis showed a signif-
icant reduction of TH-immunopositive area in the AAV-shNSC-in-
jected SYN120 tg mice when compared with C57BL/6J and C57BL/
6JOlaHsd animals, which is supportive of the occurrence of neuronal
shrinkage. Of note, the analysis also showed that the SYN120 tg mice
injected with AAV-shSynIII exhibited an increase of TH-positive area
when compared to their littermates who received AAV-shNSC injec-
tions (Figure S1B). This supports that Syn III gene silencing exerted a
neuroprotective effect on the nigral neurons of the SYN120 tg mice.

The analysis of total Syn III-positive area in the striatum confirmed an
efficient gene silencing of Syn III also in the nigrostriatal terminals of
the three mouse lines injected with AAV-shSynIII when compared
with those injected with AAV-shNSC (Figure 2A). Interestingly, we
also observed that the average size of Syn III-immunoreactive areas,
taken into account as an index of Syn III-positive aggregates
formation,10,11 was significantly reduced only in the striatum of



Figure 1. Evaluation of the efficiency and specificity

of Syn III silencing in the nigrostriatal system of

AAV-shNSC- and AAV-shSynIII-injected mice

(A) Representative images showing eGFP-immunolabel-

ing in the substantia nigra and striatum of SYN120 tgmice

injected with AAV-shNSC or AAV-shSynIII. Scale bar:

100 mm. (B) Representative images show eGFP signal in

the TH-immunopositive neurons of the substantia nigra

and fibers of the striatum of AAV-shNSC- and AAV-

shSynIII-injected SYN120 tg mice. Scale bar: 20 mm. (C)

Syn III-immunopositive signal in the TH-positive neurons

of the substantia nigra of C57BL/6J, C57BL/6JOlaHsd,

and SYN120 tg mice injected with either AAV-shSNC or

AAV-shSynIII. Graphs show results from the analysis of

the Syn III-positive area in the substantia nigra of AAV-

shSynIII-injected mice when compared with the AAV-

shNSC-injected littermates of the three mouse lines. Data

are expressed as positive area in mm2. Boxplots represent

the distribution of the 75%, 50%, and 25% of the values.

Whiskers indicate the upper and lower extreme of the

dataset. Please note the significant decrease of Syn III in

AAV-shSynIII-injected mice (***, –2,221 mm2, P < 0.001 in

C57BL/5J mice; ***, –2,081 mm2, P < 0.001 in C57BL/

6JOlaHsd mice; ***, –3,057 mm2, P < 0.001 in SYN120 tg

mice). Unpaired Welch’s t test. n = 4/5 for each group.

Scale bar: 20 mm.
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AAV-shSynIII-injected SYN120 tg mice when compared with AAV-
shNSC-injected littermates, but not in that of C57BL/6J or C57BL/
6JOlaHsd animals.

The specificity of Syn III silencing was then evaluated by quantitative
real-time PCR (qRT-PCR). In particular, we determined the expres-
sion of Syn III and also of its orthologues Syn II and Syn I to confirm
the selectivity of our shRNA (Figure 2B). We found that AAV-
shSynIII injections reduced Syn III expression in the substantia nigra
Mo
of C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg
mice when compared with AAV-shNSC-in-
jected littermates. In parallel, we observed that
Syn II relative expression was comparable in
the AAV-shSynIII and AAV-shNSC-injected
C56BL/6J, C57BL/6JOlaHsd, and SYN120 tg
mice, thus supporting the specificity of Syn III
gene silencing. Interestingly, the analysis of
Syn I relative gene expression suggested the
occurrence of a compensatory increase of Syn
I following Syn III gene silencing only in the
AAV-shSynIII-injected SYN120 tg mice when
compared with AAV-shNSC-injected animals,
while the other mouse lines, despite a tendency
to the increase of Syn I, did not show significant
changes.

Finally, the levels of Syn III, Syn I, and Syn II in
the nigrostriatal system were investigated by
western blot (wb) analysis. In line with the immunolabeling and
qRT-PCR data, we observed a significant decrease of Syn III levels
in the AAV-shSynIII-injected substantia nigra (Figure 3A) and stria-
tum (Figure 3B) of C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice
when compared with those of AAV-shNSC-injected controls. Consis-
tently with our previous findings,10 these wb studies confirmed that
the levels of Syn III in the substantia nigra and striatum of AAV-
shNSC-injected C57BL/6JOlaHsd and SYN120 tg control mice were
significantly higher than those of C57BL/6J littermates. In parallel,
lecular Therapy Vol. 30 No 4 April 2022 1467
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no changes in the levels of Syn I and Syn II were observed in either the
substantia nigra or striatum of the mice who received AAV-shSynIII
injections, thus corroborating the specificity of Syn III gene silencing
and supporting that the injection of the AAV-shNSC control vector
did not perturb Syn III expression. To further confirm that Syn I levels
in the nigrostriatal system were not increased by AAV-shSyn III in-
jections, in spite of the significant improvement of Syn I mRNA
expression induced by this AAV in the substantia nigra of SYN120
tg mice, we analyzed striatal Syn I immunolabeling, as Syn I strictly
localizes in synaptic terminals in the adult brain.18 In agreement
with our wb data, we found that the C57BL/6J, C57BL/6JOlaHsd,
and SYN120 tg mice injected with AAV-shSynIII exhibited a Syn I
striatal immunolabeling that was comparable to that of their AAV-
shNSC-injected littermates (Figure S1C). Syn I deficiency is known
to contribute to the onset of an epileptic-like phenotype by altering
the size of the SV readily releasable pool as well as the SV recycling
rate and refilling in gamma-aminobutyric acid (GABA)ergic neu-
rons.19 However, Syn III knockout (ko) mice are not epileptic, likely
because Syn III does not play a significant role in the control of
GABAergic transmission, but rather regulates more specifically DA
release in the adult brain.8,18 Our findings support that Syn III gene
silencing should not affect network excitability by indirectly affecting
Syn I as the increase of Syn I mRNA expression induced by Syn III
gene silencing in the SYN120 tg mice did not coincide with an in-
crease of Syn I protein levels. This could be ascribed to differential
changes in production and degradation rate that may enrich the
mRNA levels but not protein expression.20,21

SYN120 tg mice injected with AAV-shSynIII exhibited reduced

a-syn aggregation

We then evaluated a-syn aggregation in the substantia nigra and
striatum of AAV-shSynIII- and AAV-shNSC-injected C57BL/6J,
C57BL/6JOlaHsd, and SYN120 tg mice by performing thioflavin-S/
a-syn double labeling (Figures 4A, 4B, S2A, and S2B). We previously
reported that the overexpression of C-terminally truncated (1–120)
a-syn results in the aggregation and deposition of the protein in the
substantia nigra and striatum of these mice.10,15,16 Here, we
confirmed the presence of thioflavin-S/a-syn-positive inclusions in
both the substantia nigra and striatum of AAV-shNSC-injected
SYN120 tg mice (Figures 4A and 4B) but not in C57BL/6J and
Figure 2. Efficiency of Syn III gene silencing in the AAV-shSynIII-injected C57B

(A) Representative images show Syn III and DAT-immunolabeling in the striatum. Grap

shSynIII-injected-mice when compared with the AAV-shNSC-injected mice. A sign

(***, –695 mm2, P < 0.001), C57BL/6JOlaHsd (***, –942 mm2, P < 0.001), and SYN120

average size of Syn III-positive areas. Only SYN120 tgmice exhibited a significant decrea

the 75%, 50%, and 25% of the values. Whiskers indicate the upper and lower extreme o

Graphs show results of qRT-PCR results assessing the relative expression of Syn III, Syn

mRNA levels of AAV-shNSC-injected C57BL/6J mice) in the substantia nigra of AAV-sh

A significant decrease of Syn III mRNA levels in the AAV-shSynIII-injected C57BL/6J (*

P < 0.05) animals with respect to their AAV-shNSC-injected littermates was detected. Sy

SYN120 tg mice when compared to the C57BL/6J animals (*, +2.38, P < 0.05; *, +2.66,

tg mice exhibited a marked increase in Syn I mRNA levels after the AAV-shSynIII injection

AAV-shNSC- and AAV-shSynIII-inoculated C57BL/6J mice (**, +5.76, P < 0.01; ***, +5.2

Data are expressed as mean ± SEM. Two-way ANOVA + Bonferroni’s multiple compa
C57BL/6JOlaHsd controls (Figures S2A and S2B). This notwith-
standing, the a-syn-positive neurons from SYN120 tg mice that
were injected with AAV-shSynIII exhibited very faint thioflavin-S-
positive signal. Consistently, the analysis of the images from
SYN120 tg mice confirmed that those exposed to Syn III gene
silencing exhibited a significant reduction of the thioflavin-S-positive
area when compared with AAV-shNSC-injected littermates (Figures
4A and 4B). This supports a reduction of fibrillary a-syn aggregation
in the brain of SYN120 tg mice exposed to Syn III gene silencing.

To corroborate this observation, we analyzed the detergent-insoluble
striatal protein fractions reconstituted in UREA/SDS from SYN120 tg
mice. We found that the samples from AAV-shSynIII-injected ani-
mals only exhibited a faint a-syn immunoreactivity, which instead
was clearly detectable, as monomeric or high molecular weight forms,
in the mice injected with AAV-shNSC (Figure 4C). This was
confirmed by densitometric analysis of both a-syn monomer and
high molecular weight bands in the UREA/SDS fractions (Figure 4C).
No significant changes were observed in the radioimmunoprecipita-
tion assay (RIPA)-soluble fraction of AAV-shSynIII-inoculated
SYN120 tg animals when compared with AAV-shNSC littermates
(Figure 4D).

Striatal sections were also stained with HS-68, a luminescent-conju-
gated oligothiophene, and a-syn, to evaluate possible changes in the
conformation of a-syn aggregates as previously described.22,23

Indeed, since the backbone of HS-68 is flexible, the binding and
fluorescence emission of the molecule depends on the conforma-
tional properties of the aggregates.24 By the analysis of the emission
spectra of HS-68 in a-syn-immunolabeled striatal sections, we
observed that AAV-shNSC-injected SYN120 tg mice exhibited a
high fluorescence intensity (Figures 4E and S3A). Of note, the
SYN120 tg animals exposed to Syn III gene silencing were found
to exhibit a lower fluorescence intensity, supporting a decreased
binding of HS-68 and thus a reduced presence of aggregates.
When we then analyzed the ratio between the peaks at l =
485 nm and l = 570 nm as an index of the spectral distribution,
we found that the spectrum of SYN120 tg mice injected with
AAV-shNSC was blue shifted when compared to those of the
SYN120 tg mice exposed to Syn III gene silencing (Figure 4F). These
L/6J, C57BL/6JOlaHsd, and SYN120 tg mice

hs in middle panels show total Syn III-positive area (in mm2) in the striatum of AAV-

ificant reduction of Syn III-positive area in the AAV-shSynIII-injected C57BL/5J

tg mice (***, –1942 mm2, P < 0.001) was detected. Graphs in right panels show the

se in this parameter (***, –0.33 mm2, P < 0.001). Boxplots represent the distribution of

f the dataset. Unpaired Welch’s t test. n = 4/5 for each group. Scale bar: 20 mm. (B)

II, and Syn I mRNA (expressed as fold changes inmRNA expression versus themean

SynIII- or AAV-shNSC-injected C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice.

, –0.56, P < 0.05), C57BL/6JOlaHsd (*, –1.93, P < 0.05), and SYN120 tg (*, –2.41,

n III mRNA expression was increased in AAV-shNSC-injected C57BL/6JOlaHsd and

P < 0.05). No changes in Syn II mRNA expression were detected, while only SYN120

when compared with the AAV-shNSC-injected littermates (**, +5.21, P < 0.01), with

7, P < 0.001) and with AAV-shNSC-injected C57BL/6JOlaHsd (**, +5.10, P < 0.01).

risons test. n = 4/5 for each group.
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Figure 3. Western blot analysis evaluating the

efficiency and specificity of Syn III silencing in the

substantia nigra and striatum of AAV-shNSC- and

AAV-shSynIII-injected mice

(A) Syn III protein levels were reduced in the AAV-shSynIII-

injected substantia nigra of C57BL/6J (*, –0.34, P < 0.05),

C57BL/6JOlaHsd (*, –0.46, P < 0.05), and SYN120 tg

mice (*, –0.52, P < 0.05) when compared to AAV-

shNSC-injected littermates. Please note the statistically

significant increase of Syn III in C57BL/6JOlaHsd

(**, +0.62, P < 0.01) and SYN120 tg mice (**, +0.63,

P < 0.01) when compared to AAV-shNSC-injected

C57BL/6J mice. No difference in Syn II or Syn I levels was

observed. Data are expressed as mean ± SEM. Two-way

ANOVA + Bonferroni’s multiple comparisons test. n = 6

mice for each group. (B) The analysis of Syn III levels in the

striatum showed a significant decrease in the AAV-

shSynIII-injected C57BL/6J (*, –0.29, P < 0.05), C57BL/

6JOlaHsd (*, –1.01, P < 0.05), and SYN120 tg mice

(*, –1.07, P < 0.05) when compared to AAV-shNSC-in-

jected littermates. Please note the statistically significant

increase of Syn III in C57BL/6JOlaHsd (*, +0.82, P < 0.05)

and SYN120 tgmice (**, +0.92, P < 0.01) when compared

to AAV-shNSC-injected C57BL/6J mice. No differences

were observed in Syn II or Syn I levels following Syn III

gene silencing in the three mouse lines analyzed. Data are

expressed as mean ± SEM. Two-way ANOVA + Bonfer-

roni’s multiple comparisons test. n = 6 mice for each

group.
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spectral differences support the occurrence of a change in aggregate
conformation following Syn III gene silencing.

Finally, we also performed immunolabeling of aggregated a-syn on
striatal sections from SYN120 tg mice by using an antibody (clone
5G4) that has been found to detect pathological aggregates in the
brain of PD patients and animal models,25,26 and we observed a sig-
nificant reduction in immunopositivity in the animals exposed to Syn
III gene silencing when compared with those injected with control
AAV-shNSC (Figure S3B).

Gene silencing of Syn III rescues dopaminergic striatal fibers

from degeneration in SYN120 tg mice

We previously showed that SYN120 tg mice do not present a signif-
icant TH-positive neuron loss in the substantia nigra that could
justify a stereological-based count of these cells as a readout of a pro-
1470 Molecular Therapy Vol. 30 No 4 April 2022
tective effect of Syn III gene silencing.17 This
notwithstanding, by exhibiting prominent stria-
tal dopaminergic failure, SYN120 tg mice can be
considered an ideal model recapitulating the
initial neuropathological events driving nigros-
triatal neurons deafferentation.10,15,16 We thus
evaluated whether the silencing of Syn III in
SYN120 tg mice might efficiently counteract
nigrostriatal fiber degeneration, a process
occurring in the very early stages of PD7. Inter-
estingly, a statistically significant loss of striatal TH-positive fibers was
observed in the AAV-shNSC-injected SYN120 tg mice. Conversely,
the decrease of TH-positive fibers was not detectable in the striatum
of AAV-shSynIII-injected SYN120 tg littermates (Figure 5A) sup-
porting that dopaminergic deafferentation was hampered by Syn III
deletion.

These observations were corroborated by wb analysis of striatal pro-
tein extracts that confirmed that the AAV-shNSC-injected SYN120 tg
mice displayed a significant decrease of TH levels when compared to
C57BL/6J and C57BL/6JOlaHsd littermates (Figure 5B). Conversely,
in the SYN120 tg mice injected with AAV-shSynIII we observed TH
levels similar to the control C57BL/6J and C57BL/6JOlaHsd animals
(Figure 5B). Of note, AAV-shSynIII injection did not alter TH levels
in C57BL/6J or C57BL/6JOlaHsd mice, thus indicating that Syn III
gene silencing does not affect the basal homeostasis of dopaminergic



Figure 4. Gene silencing of Syn III prevents a-syn

aggregation

(A) Representative images of thioflavin-S staining on

a-syn-immunolabeled sections from the substantia nigra

of AAV-shNSC or AAV-shSynIII-injected SYN120 tgmice.

The graph shows the significant decrease of thioflavin-S-

positive area in the animals exposed to AAV-shSynIII

when compared to AAV-shNSC littermates (***,

–161 mm2, P < 0.001). Boxplots represent the distribution

of the 75%, 50%, and 25% of the values. Whiskers indi-

cate the upper and lower extreme of the dataset. Un-

paired Welch’s t test. n = 5 mice for each group. Scale

bar: 20 mm. (B) Representative immunolabeling of a-syn

coupled with thioflavin-S staining in the striatum of AAV-

shNSC- or AAV-shSynIII-injected SYN120 tg mice. The

graph is showing the significant decrease of thioflavin-S-

positive area of AAV-shSynIII when compared to AAV-

shNSC littermates (***, –136 mm2, P < 0.001). Boxplots

represent the distribution of the 75%, 50%, and 25% of

the values. Whiskers indicate the upper and lower

extreme of the dataset. Unpaired Welch’s t test. n = 5

mice for each group. Scale bar: 20 mm. (C) Western blot

analysis of the striatal UREA/SDS soluble fractions of

AAV-shNSC- and AAV-shSynIII-injected SYN120 tg

mouse brains revealed a statistically significant decrease

of both monomeric and high molecular weight a-syn in

the mice subjected to Syn III gene silencing (***, –0.98,

P < 0.001 and *,�3.65, P < 0.05). Data are expressed as

mean ± SEM. UnpairedWelch’s t test. n = 4mice for each

group. (D) Western blot analysis of the striatal RIPA-sol-

uble fractions of AAV-shNSC- and AAV-shSynIII-injected

SYN120 tg mouse brains revealed no differences in the

monomeric levels of a-syn. Data are expressed as

mean ± SEM. UnpairedWelch’s t test. n = 4mice for each

group. (E) Analysis of the spectral emission wavelength of

the luminescent-conjugated oligothiophene HS-68 in

striatal sections exposed to sequential a-syn-im-

munolabeling revealed with an Alexa 647 secondary

antibody and HS-68 labeling. The SYN120 tg mice in-

jected with AAV-shNSC exhibited a higher fluorescence

intensity when compared to the AAV-shSynIII-injected

littermates. n = 3 animals for each group. (F) The ratio

between the peaks at l= 485 nm and l = 570 nm showed

that the SYN120 tg mice injected with AAV-shNSC

showed a blue shifted spectrum when compared the

SYN120 tg mice exposed to Syn III gene silencing. Data

are expressed as mean ± SEM. *P < 0.05, Unpaired

Welch’s t test. n = 3 animals for each group.
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neurons (Figure 5B). This supports that the protective effect exerted
by Syn III gene silencing on the striatal TH-positive fibers of
SYN120 tg mice is likely consequent to the inhibition of a-syn aggre-
gation. Finally, as TH is synthesized in neuronal soma and then trans-
ferred to axonal projections,27 we analyzed TH expression levels in
the substantia nigra by qRT-PCR. In line with the above described
immunohistochemical and wb studies, we observed that TH expres-
sion was significantly reduced in the AAV-shNSC-injected SYN120
tg mice when compared to the C57BL/6J and C57BL/6JOlaHsd con-
trols (Figure 5C).
Taken together, these observations indicate that, when performed in
the very early phases of PD, Syn III gene silencing may hamper dopa-
minergic striatal deafferentation, which can act as the primummovens
of the retrograde neuronal degeneration pattern characterizing this
disorder.7,28

Syn III gene silencing reduces SV clustering in SYN120 tg mice

To evaluate the impact of the interplay between (1–120) a-syn and
Syn III on the synapse organization, we performed a transmitted elec-
tron microscopy (TEM) ultrastructural analysis of the pre-synaptic
Molecular Therapy Vol. 30 No 4 April 2022 1471
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Figure 5. Syn III gene silencing reduces dopaminergic fiber loss in the striatum of SYN120 tg mice

(A) Representative images of TH-positive fibers in the striatum of AAV-shNSC- or AAV-shSynIII-injected C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice. Graph shows

densitometric analysis of TH-positive area (in mm2) in the striatum of AAV-shNSC- or AAV-shSynIII-injected C57BL/6J, C57BL/6JOlaHsd, and SYN120 tgmice. AAV-shNSC-

injected SYN120 tg mice showed a significant reduction of TH-positive area when compared to C57BL/6J (***, –355 mm2, P < 0.001 for AAV-shNSC-injected mice;

***, –351 mm2, P < 0.001 for AAV-shSynIII-injected mice), and C57BL/6JOlaHsd (***, –345 mm2, P < 0.001 for AAV-shNSC-injected mice; ***, –307 mm2, P < 0.001 for AAV-

shSynIII-injectedmice). TH-positive fiber loss in SYN120 tgmicewas recovered by Syn III gene silencing (***, +242 mm2, P < 0.001). Data are expressed asmean ±SEM. Two-

way ANOVA + Bonferroni’s multiple comparisons test. n = 6 for each group. Scale bar: 50 mm. (B) Western blot analysis showed that TH levels (expressed as optical density,

O.D.) were reduced in the striatum of AAV-shNSC-injected SYN120 tg mice when compared to C57BL/6J (*, –0.32, P < 0.05) or C57BL/6JOlaHsd animals (*, –0.3, P < 0.05

for AAV-shNSC-injected mice; *, –0.47, P < 0.05 for AAV-shSynIII-injected mice). TH levels were significantly higher in the AAV-shSynIII-injected SYN120 tg mice when

compared to AAV-shNSC-injected SYN120 tg littermates (**, +0.24, P < 0.01). Data are expressed as mean ± SEM. Two-way ANOVA + Bonferroni’s multiple comparisons

test. n = 6 for each group. Asterisk indicates a non-specific band that did not contribute to the quantification. (C) Graph shows qRT-PCR results for the relative TH expression

(as fold changes of mRNA expression versus the mean mRNA levels of AAV-shNSC-injected C57BL/6J mice) in the substantia nigra of C57BL/6J, C57BL/6JOlaHsd, and

SYN120 tgmice. In SYN120 tgmice THmRNA expression was significantly increased by Syn III silencing (*, +2.03, P < 0.05). In the AAV-shNSC-injected SYN120 tg animals,

TH expression was significantly lower than in C57BL/6J (*, –1.18, P < 0.05 for AAV-shNSC-injected mice; *, –1.21, P < 0.05 for AAV-shSynIII-injected mice), or C57BL/

6JOlaHsd controls (*, –0.94, P < 0.05). Data are expressed as mean ± SEM. Two-way ANOVA + Bonferroni’s multiple comparisons test. n = 4/5 for each group.
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terminals in the striatum of each experimental group (Figure 6A). We
observed that the C57BL/6JOlaHsd mice injected with AAV-shNSC
exhibited a reduced density of SVs in striatal terminals when
compared to the C57BL/6J littermates, thus supporting that the
absence of a-syn impacts on SV organization (Figure 6B). This is in
line with our previous studies showing a significant reduction of
SVs per micrometer in the synaptic terminals of primary midbrain
1472 Molecular Therapy Vol. 30 No 4 April 2022
neurons from C57BL/6JOlaHsd animals6. Interestingly, the analysis
of striatal synaptic terminals of the SYN120 tg mice injected
with AAV-shNSC showed that the expression and aggregation of
(1–120) a-syn on the C57BL/6JOlaHsd background resulted in a sig-
nificant increase of SV density that was comparable to that of C57BL/
6J mice (Figure 6B). In addition, we found that Syn III gene silencing
did not affect SV density either in C57BL/6J or C57BL/6JOlaHsd



(legend on next page)
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mice, but it was able to significantly reduce the number of vesicles per
synapse in the SYN120 tg mice at values comparable to those of
C57BL/6JOlaHsd mice (Figure 6B). In light of our previous observa-
tions, and other studies supporting that a-syn aggregates cluster
SVs,6,29 the present findings suggest that the increased SV clumping
observed in SYN120 tg mice injected with AAV-shNSC may be
related to a-syn aggregate formation, while its decrease in the
SYN120 tg mice exposed to Syn III gene silencing, could be the result
of the reduction of the same process.

We then analyzed the frequency distribution of the nearest neighbor
distance (NND) among vesicles. In this analysis, the multiple-peak
Gaussian fit of each distribution (blue curves in Figures 6C–6H) re-
vealed two main groups of SVs exhibiting the highest levels of good-
ness of the Gaussian fit (Figure S3J). Thus, these two groups represent
the two main populations of SVs. These are population 1, that is indi-
cated by the red peaks representing the SVs with mean distance
between vesicle centroids of 34.05 nm, and population 2, that is indi-
cated by the green peaks representing the SVs with mean distance be-
tween vesicle centroids of 43.43 nm, as in Figures 6C–6H. We found
that in the C57BL/6J mice the mean distance between vesicle cen-
troids was 34.05 nm for 70.9% of SVs following AAV-shNSC and
for 61.0% of SVs following AAV-shSynIII injection, thus supporting
that the majority of vesicles pertained to population 1. Interestingly,
the NND of population 1 was almost comparable to the average diam-
eter of SV in the AAV-shNSC- or AAV-shSynIII-injected C57BL/6J
mice (Figures S3C and S3F). These findings support that in the syn-
aptic terminals of these animals the vesicles were close to each other
and that Syn III gene silencing did not significantly impact SV size
and distribution. The Gaussian fit of the NND frequency distribution
in the striatal synapses of C57BL/6JOlaHsd mice showed that the ma-
jority of vesicles (66.2% in the AAV-shNSC and 72.5% in the AAV-
shSynIII) instead pertained to population 2 by exhibiting an
inter-vesicle distance of about 43.43 nm (Figures 6E and 6F). This
supported a reduced clustering of SVs in the C57BL/6JOlaHsd
mice. Of note, the analysis of Gaussian fit further confirmed the above
described improvement of vesicle density observed in the striatal syn-
apses of SYN120 tg mice injected with AAV-shNSC versus their
C57BL/6JOlaHsd littermates in the same experimental conditions.
Indeed, while Syn III gene silencing was able to decrease vesicle
clumping by rebalancing the majority of inter-vesicle distances
(61.6%) of the striatal synapses of SYN120 tg mice at values compa-
Figure 6. Syn III gene silencing reduces SV clustering in SYN120 tg mice

(A) Representative electron micrographs of pre-synaptic terminals for each experimental

active zone (in red), the post-synaptic density (in green) within the presynaptic terminal

synapse area (nm2) in each experimental group. C57BL/6J AAV-shNSC: 60 synapses; C

C57BL/6JOlaHsd AAV-shSynIII: 60 synapses; SYN120 tg AAV-shNSC: 60 synapses;

analyzed by Kruskall-Wallis non-parametric test with Dunn’s multiple comparison test

Gaussian fit of the frequency distribution of vesicle clustering in each experimental group

and SYN120 tg mice (G and H). In the graphs, the red peaks represent population 1, wh

(NND) = 34.05 nm, while the green peaks represent population 2, which includes the SV

cumulative fit of the NND of the two populations of SVs. Data are expressed in nano

comparing the AAV-shNSC and AAV-shSynIII conditions in each genotype. (I) The table

and the respective 95% confidence interval (CI) of the AAV-shNSC and AAV-shSynIII-in
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rable to population 2 as in the C57BL/6JOlaHsd mice (Figures 6E and
6F), in the AAV-shNSC-injected SYN120 tg littermates, 69.3% of SVs
exhibited an inter-vesicle proximity comparable to that of population
1 as in the AAV-shNSC-injected C57BL/6J mice (Figures 6G and 6H).
Remarkably, the analysis of the ratio between population 1 and pop-
ulation 2 in the different experimental groups confirmed the above
observation (Figure 6I). Indeed, the ratio between population 1 and
population 2 in the AAV-shSynIII-injected SYN120 tg mice was com-
parable to what observed in C57BL/6JOlaHsd mice, while the AAV-
shNSC-injected littermates exhibited a ratio that was comparable to
C57BL/6J mice (Figure 6I).

When we analyzed the mean diameter of SVs in the diverse mouse
lines following either AAV-shNSC or AAV-shSynIII injection, we
found that the C57BL/6JOlaHsd mice exhibited a higher SV diameter
(38.3 ± 0.3 nm and 38.8 ± 0.3 nm) when compared with both C56BL/
6J (35.6 ± 0.2 or 36.1 ± 0.2) and SYN120 tgmice (35.3 ± 0.1 and 35.9 ±
0.3) (Figures S3C–S3F). Since in the C57BL/6JOlaHsd animals the
majority of SVs exhibited an NND of 43.43 nm, which is higher
than the mean diameter of SVs (y 38 nm), we can conclude that
the SVs of C57BL/6JOlaHsd mice did not exhibit a close proximity.
On the same line, we can assume that in the SYN120 tg mice exposed
to Syn III gene silencing, where the majority of SVs exhibited an NND
of 43.43 nm and a mean diameter of y 35 nm, the SVs were even
more spaced than in C57BL/6JOlaHsd animals. Finally, no substantial
difference in the frequency distribution of the vesicle distance from
the active zone was observed in the three mouse lines analyzed in
the presence or in the absence of Syn III (Figures S3G–S3I).

Syn III gene silencing restored the locomotor activity of SYN120

tg mice

We evaluated whether the protection from striatal dopaminergic fiber
loss may coincide with a rescue of motility in SYN120 tg mice by
using the beam walking and open field behavioral paradigms.

First, we assessed the time spent to travel the beam by C57BL/6J,
C57BL/6JOlaHsd, and SYN120 tg mice (Figure 7A). When looking
at animals injected with AAV-shNSC, we observed that the
SYN120 tg mice spent more time to walk along the beam when
compared to the C57BL6J and C57BL/6JOlaHsd littermates. Of
note, AAV-shSynIII injection was able to significantly ameliorate
the motor performances of SYN120 tg mice as supported by the
group. Scale bar: 100 nm. Image on the right is annotating the SVs (in light blue), the

(in yellow). (B) Quantification of vesicle density expressed as number of vesicles per

57BL/6JAAV-shSynIII: 60 synapses; C57BL/6JOlaHsd AAV-shNSC: 59 synapses;

SYN120 tg AAV-shSynIII: 63 synapses. Data are presented as mean ± SEM and

(**P < 0.01, ****P < 0.0001). (C–H) Analysis of vesicle clustering by multiple-peak

in striatal synapses of C57BL/6J mice (C and D), C57BL/6JOlaHsd mice (E and F),

ich include the SV fitting under the curve with the median nearest neighbor distance

fitting under the curve with a median NND of 43.34 nm. The blue line indicates the

meters as frequency distribution of NND and fitted by multiple-peak Gaussian fit,

shows the ratio between the area under the peak of population 1 and of population 2

jected C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice.



Figure 7. Syn III gene silencing abolished motility

deficits in SYN120 tg mice

(A) Time spent to travel the beam by AAV-shNSC- or AAV-

shSynIII-injected C57BL/6J, C57BL/6JOlaHsd, and

SYN120 tg mice. The AAV-shNSC SYN120 tg mice spent

more time than C57BL/6JOlaHsd (*, +4.06 s, P < 0.05) or

C57BL/6J controls (**, +7.57 s, P < 0.01). Syn III deletion

reduced the beam traveling time in SYN120 tg mice (***,

–7.03 s, P < 0.001). One-way ANOVA + Newman-Keuls

multiple comparisons test. n = 10 mice for each group. (B)

Mean distance traveled by mice in the open field in basal

condition (left graph) or following cocaine administration

(right graph). AAV-shNSC-injected SYN120 tg mice ex-

hibited reduced basal motility versus C57BL/6J (*, –2.64

m, P < 0.05) and C57BL/6JOlaHsd littermates (*, –2.78m,

P < 0.05). AAV-shSynIII injected C57BL/6J and SYN120

tg mice showed increased motility versus AAV-shNSC-

injected littermates (**, +3.21 m, P < 0.01 and ***, +4.33

m, P < 0.001, respectively). AAV-shSynIII-injected C57BL/

6JOlaHsd mice had reduced activity versus AAV-shNSC

littermates (*, –2.31 m, P < 0.05) and AAV-shSynIII-in-

jected SYN120 tg mice (***, –3.86 m, P < 0.001). AAV-

shSynIII injection reduced cocaine response in C57BL/6J

mice (*, –4.38 m, P < 0.05). SYN120 tg mice with AAV-

shNSC injection showed decreased cocaine-induced

locomotion versus C57BL/6J littermates (*, –5.08 m,

P < 0.05), but this was recovered by Syn III deletion

(***, +11.41 m, P < 0.001). C57BL/6JOlaHsd motility was

not changed by cocaine administration. One-way

ANOVA + Newman-Keuls multiple comparisons test.

n = 8/10 mice for each group.

www.moleculartherapy.org
significant reduction in the time they employed to travel through the
beam compared to their littermates injected with AAV-shNSC. How-
ever, AAV-shSynIII injection did not appear to influence the motor
performances of control C57BL/6J and C57BL/6JOlaHsd mice, which
exhibited a behavior similar to their respective AAV-shNSC
littermates.

We then tested the motor abilities of C57BL/6J, C57BL/6JOlaHsd,
and SYN120 tg mice injected either with AAV-shSynIII or AAV-
shNSC in the open field test. In particular, we recorded the total dis-
tance traveled in basal condition and after an intraperitoneal (i.p.)
acute administration of 10 mg/kg cocaine (Figure S4A). Indeed, we
previously observed that aged SYN120 tg mice exhibit a significant
reduction of cocaine-induced motility.10 From our previous studies
we knew that, although 16-month-old SYN120 tg mice show a
compensatory increase of striatal DAT levels, they do not respond
to DAT inhibitors as this protein is retained within the a-syn aggre-
gates forming at synaptic terminals since 12 months of age.10,30 Of
note, DAT upregulation and the formation of a-syn/DAT complexes
have been also reported to occur as an early pathological event in a
synthetic human a-syn fibrils-based primate model of PD.31 Consis-
tently, we observed that spared a-syn/DAT complexes are still detect-
able in the putamen of postmortem brains of sporadic PD patients.9,32

We observed that the SYN120 tg mice injected with AAV-shSynIII
were able to respond to cocaine administration, while their littermates
injected with AAV-shNSC did not show cocaine-induced motor
improvement (Figure S4A). Interestingly, cocaine administration
reduced the locomotor activity of the C57BL/6J wt mice exposed to
AAV-shSynIII-mediated gene silencing, and it did not induce a sig-
nificant improvement of motility in the C57BL/6JOlaHsd mice in
the same experimental condition when compared with their litter-
mates injected with AAV-shNSC. Previous studies showed that Syn
III ko mice display an increase in striatal dopamine release, thus sup-
porting that the protein acts as a negative regulator on dopaminergic
neurotransmission.8 Of note, evidence showing that cocaine increases
DA release by mobilization of a synapsin-dependent reserve pool,
supports that the presence of Syn III allows the response to cocaine.33

Consistently, the ability of cocaine to enhance DA release in vivo is
reduced in Syn III ko mice.8 Moreover, we previously demonstrated
Molecular Therapy Vol. 30 No 4 April 2022 1475
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that a-syn and Syn III cooperatively regulate DA release and that
C57BL/6JOlaHsd a-syn null mice exhibit an age-related variable mo-
tor response to acute cocaine administration in the open field likely as
a result of the compensatory variation of Syn III and DAT levels
occurring along aging.6,10 The variable responses observed to cocaine
administration in C57BL/6J, C57BL/6JOlaHsd, and SYN120 tg mice
may thus be ascribed to Syn III gene silencing having a different effect
depending on the presence or absence of either physiological full-
length (fl) mouse a-syn or pathological human (1–120) a-syn
expression.

By independently analyzing the total distances traveled either in basal
condition or following cocaine administration (Figure 7B), we could
appreciate that Syn III gene silencing was able to significantly improve
basal motility in SYN120 tg mice, whose activity was comparable to
that of the C57BL/6J mice injected with AAV-shSynIII. Conversely,
the SYN120 tg mice injected with AAV-shNSC exhibited a signifi-
cantly lower distance traveled when compared to the C57BL/6J
mice in the same experimental condition. The AAV-shNSC-injected
C57BL/6JOlaHsd mice showed a basal motility similar to that of
C57BL/6J mice, but in contrast to what has been observed for these
latter and for SYN120 tg mice, they did not exhibit locomotor activity
changes following Syn III gene silencing. The SYN120 tg mice in-
jected with the AAV-shSynIII also exhibited a higher response to
cocaine when compared to their littermates receiving AAV-shNSC.
In addition, when considering the animals injected with AAV-
shSynIII, we also observed that cocaine administration reduced the
motility of the C57BL/6J, whereas it did not perturb that of the
C57BL/6JOlaHsd mice.

Lastly, we analyzed the overall DAT-immunopositive area as well as
the size of DAT-immunopositive particles as an index of DAT distri-
bution, in the striatum (Figure S4B). Striatal DAT-immunoreactivity
in the AAV-shNSC- and AAV-shSynIII-injected C57BL/6J and
C57BL/6JOlaHsd mice was similar. This notwithstanding, in line
with our previous observations showing a marked a-syn aggrega-
tion-related redistribution and clustering of DAT immunoreactivity
in the substantia nigra and striatum of SYN120 tg mice,30 we found
that in the AAV-shNSC-inoculated SYN120 tg mice the DAT-immu-
nopositive signal showed areas of clumping (indicated by the arrows)
(Figure S4B). Of note, DAT clumping was reduced in the SYN120 tg
mice with Syn III gene silencing (Figure S4B). The analysis of striatal
DAT-positive particles confirmed that in the AAV-shSynIII-injected
SYN120 tg mice this parameter was comparable to both C5BL/6J and
C57BL/6JOlaHsd mice, though the AAV-shNSC-injected SYN120 tg
mice exhibited a significant increase in the size of DAT-immunopos-
itive particles when compared with all the other mouse lines and to
their littermates with Syn III gene silencing (Figure S4B). Interest-
ingly, the a-syn aggregation-related redistribution of the DAT also
occurs in the brain of sporadic PD patients and of non-human pri-
mates injected with pre-formed a-syn fibrils.31,32 The analysis of total
DAT-immunopositive area showed a significant decrease in the
AAV-shNSC-injected SYN120 tg mice when compared with the
C57BL/6J and C57BL/6JOlaHsd animals. In line with the above
1476 Molecular Therapy Vol. 30 No 4 April 2022
described recovery of TH-positive fibers following Syn III gene
silencing in the SYN120 tg mice, these animals also exhibited a rescue
of DAT-immunoreactivity. Together, these evidences support that
Syn III gene silencing could allow the above described rescue of the
response to cocaine in the SYN120 tg animals by enabling striatal
dopaminergic fibers protection as well as a recovery of the proper
DAT distribution at striatal dopaminergic terminals.

The SYN120 tg animals subjected to Syn III gene silencing

exhibited recovery of DA release

Finally, we evaluated striatal DA release of freely moving C57BL/6J,
C57BL/6JOlaHsd, and SYN120 tg animals injected either with
AAV-shSynIII or AAV-shNSC by vertical microdialysis coupled to
high-performance liquid chromatography (HPLC) (Figure 8A).

The results from the analysis of DA release appeared in agreement
with the behavioral outcomes. Indeed, they confirmed that the
SYN120 tg mice exposed to Syn III gene silencing displayed a signif-
icant increase of basal, depolarization-dependent (K+-stimulated)
and cocaine-induced DA release when compared to their littermates
injected with AAV-shNSC. Conversely, the AAV-shNSC-injected
SYN120 tg mice exhibited a significant reduction of DA release in
basal as well as in K+- or cocaine-stimulated condition when
compared to C57BL/6J and C57BL/6JOlaHsd animals in the same
experimental condition. In line with the data from the analysis of total
distance traveled, supporting a reduction of motility following acute
cocaine administration in the AAV-shNSC-injected C57BL/6J mice,
we observed that these animals displayed lower DA release in
response to this drug. In addition, we observed that the C57BL/
6JOlaHsd mice exposed to Syn III gene silencing did not exhibit im-
provements in either basal, K+-, or cocaine-stimulated DA release,
suggesting that a-syn deficiency can affect the fundamental function
of dopaminergic synaptic terminals and their capability to respond to
depolarization or homeostatic changes in DA turnover.

DISCUSSION
The results of this study support that the AAV-mediated gene silencing
of Syn III in the nigrostriatal system of a human a-syn tg mouse model
of PD, at a pathological stage characterized by insoluble a-syn accumu-
lation and dopaminergic synaptic dysfunction, exerts a disease-modi-
fying effect. In particular, Syn III gene silencing reduced fibrillary insol-
ublea-syn aggregates in the substantia nigra and striatum of SYN120 tg
mice, that were also protected from TH-positive fibers reduction in the
striatum. The morphometric analysis of striatal pre-synaptic terminals
highlighted that a-syn expression and aggregation differently impact
SV organization. In particular, in the SYN120 tg animals, a-syn aggre-
gation was associated with a marked increase in the density and clus-
tering of SVs at striatal terminals with respect to what we observed in
the littermates with similar genetic background, the C57BL/6JOlaHsd
mice. Of note, Syn III deletion reduced SV clumping in the SYN120
tg mice, though it did not influence SV density and clustering in
C57BL/6J or C57BL/6JOlaHsd mice. This supports that the decrease
in SV clustering observed in the SYN120 tg mice occurs as a conse-
quence of a-syn aggregates reduction.



Figure 8. Syn III gene silencing restored striatal DA release in SYN120 tg mice

(A) Striatal DA release (pg/mL) as assessed by vertical microdialysis coupled with HPLC assays in basal condition (left graph) or following K+ (central graph) or cocaine

stimulation (graph on the right). AAV-shNSC-injected SYN120 tg mice exhibited a significant reduction in basal DA release when compared to AAV-shNSC-injected C57BL/

6J (**, –18.42 pg/mL, P < 0.01) and C57BL/6JOlaHsd controls (*, –15.54 pg/mL, P < 0.05). AAV-shSynIII injection increased basal DA release in C57BL/6J (**, +23.40 pg/mL,

P < 0.01) and SYN120 tg mice (*, +21.18 pg/mL, P < 0.05) when compared to their respective AAV-shNSC-injected littermates. Upon Syn III deletion, C57BL/6JOlaHsd mice

exhibited a mild non-significant decrease in basal DA release. AAV-shSynIII-injected C57BL/6J showed increased K+-stimulated DA release versus AAV-shNSC-injected

littermates (*, +30.50 pg/mL, P < 0.05). SYN120 tg exhibited a significant decrease of DA release versus AAV-shNSC-injected C57BL/6Jmice (*, –48.87 pg/mL, P < 0.05), that

was rescued by Syn III deletion (*, +84.88 pg/mL, P < 0.05 versus AAV-shNSCSYN120 tg littermates). C57BL/6JOlaHsd had no change in K+-stimulated DA release following

Syn III deletion. AAV-shSynIII-injected C57BL/6J mice showed reduction of cocaine-induced DA release versus AAV-shNSC littermates (*, –44.17 pg/mL, P < 0.05). SYN120

tg mice exhibited a decrease of cocaine-stimulated DA release when compared to AAV-shNSC-injected C57BL/6J animals (*, –44.17 pg/mL, P < 0.05), but this was rescued

by Syn III gene silencing (*, +21.11 pg/mL, P < 0.05 versus AAV-shNSC SYN120 tg littermates). Data are expressed as mean ± SEM. One-way ANOVA + Bonferroni’s post-

comparison test. n = 6/8 mice for each group.
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Indeed, in this tg mouse line, insoluble a-syn aggregates in the nigros-
triatal system start to develop around 6months of age.15 At 12months
of age, the SYN120 tg mice exhibit severe deficits in striatal DA release
and synaptic pathology characterized by the accumulation of thiofla-
vin-S-positive a-syn/Syn III co-aggregates and alterations in soluble
NSF attachment protein receptor (SNARE) and DAT distribu-
tion.16,30 Subsequently, the SYN120 tg mice develop overt motor def-
icits between 16 and 18 months of age,10,15 though they do not exhibit
a frank neuronal loss in the substantia nigra.15

Remarkably, by analyzing thioflavin-S and aggregated a-syn labeling,
by using spectral analysis of HS-68 as well as through the quantifica-
tion of UREA/SDS insoluble a-syn fractions, we observed that Syn III
deletion could reduce the amount of a-syn aggregates. This was paral-
leled by a rescue of dopaminergic striatal functions in basal and depo-
larizing conditions or following the administration of cocaine, colli-
mating with the improved basal and cocaine-stimulated motor
abilities observed when the SYN120 tg mice with Syn III deletion
were compared to their littermates injected with AAV-shNSC. Our
behavioral and functional studies also showed that C57BL/6J and
C57BL/6JOlaHsd mice exhibited different responses to Syn III gene
silencing. In particular, the C67BL/6J animals injected with AAV-
shSynIII exhibited an enhancement ofDA release andmotility in basal
condition, but they did not display a normal response to cocaine. This
is in line with evidence supporting that Syn III acts as a negative regu-
lator of DA release in the striatum and that its deletion reduces
cocaine-dependent DA release.8,33 In the C57BL/6JOlaHsd mice, we
did not observe differences in motility or DA release following Syn
III deletion. Both the AAV-shNSC and AAV-shSynIII-injected
C57BL/6JOlaHsd mice exhibited the same open field motility profile
that we previously observed for their non-injected littermates,10 which
lost the ability to respond to cocaine administration at 16 months of
age. The fact that Syn III does not perturb DA release and motility
in the absence of a-syn reinforces that these proteins exert a coopera-
tive control of dopaminergic neurotransmission.6 Interestingly,
following Syn III gene silencing in the SYN120 tg mice, we observed
an opposite behavior with respect to C57BL/6J mice upon cocaine
stimulation, as the SYN120 tg mice exhibited an improvement of
DA release. This was probably ascribed to the occurrence of a differ-
ential synaptic homeostatic response to Syn III deletion in the two
mouse lines. Indeed, at the time of AAV injections (12 months of
age) the SYN120 tg mice already exhibit human (1–120) a-syn aggre-
gation-related pathological alterations and severe dysfunctional prob-
lems,10,16 which associate with a reduction of functional DAT, as the
protein is retained within a-syn aggregates.30,32 It is thus feasible
that the reduction of a-syn aggregation observed following Syn III
gene silencing in the SYN120 tg mice may have allowed a restoration
of DAT membrane transportation, thus enabling cocaine response.

Although Syn III deletion was able to affect striatal DA release and
motility of C57BL/6J and C57BL/6JOlaHsd mice, the results from
our morphological TEM studies on striatal terminals support that it
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did not significantly impinge on SV size and organization in these
mouse lines. This is in agreement with our previous observations in
the brain of young 4-month-old Syn III ko mice that exhibited a num-
ber of SVs at the active zone and an SV diameter comparable to
C57BL/6J wt mice.11 In this previous study, we did not address SV
clustering, but we observed that AAV-mediated human fl a-syn over-
expression in the nigrostriatal system induced a significant reduction
in the number of SVs at the active zone while increasing SV
diameter.11 These features were instead not detected in the SYN120
tg mice. This notwithstanding, we found that (1–120) a-syn aggrega-
tion was associated with an improvement of the density and clus-
tering of SVs when compared to what observed in the C57BL/
6JOlaHsd mice, which represent their genetic background, and this
effect was recovered upon Syn III deletion. These observations indi-
cate that by hampering SV motility, a-syn aggregation in the
SYN120 tg mice can induce nigrostriatal neurons dysfunction and
initiate axonal degeneration. Indeed, a-syn aggregation is signifi-
cantly reduced following Syn III deletion in the SYN120 tg mice,
and this results in the abolishment of SV clumping, recovery of DA
release and motility, and reduced TH-positive fibers loss in the
striatum.

Since the C57BL/6JOlaHsd a-syn null mice exhibited a significant in-
crease of SV diameter when compared with C57BL/6J wt mice, it may
be feasible that the increase of SV diameter and decrease in active
zone SVs previously detected in the AAV-based human fl a-syn over-
expression mouse model, which was produced on a mouse C57BL/6J
genetic background, was ascribed to the loss of function of mouse
endogenous a-syn, occurring as a consequence of its fast recruitment
into pathological aggregates with human a-syn.11 This sounds in
agreement with previous studies on primary hippocampal neurons
frommice overexpressing human eGFP-tagged fl human a-syn under
the guidance of the platelet-derived growth factor promoter, where
aggregation of the protein was found to affect the size and clustering
of SVs.34 In the light of evidence supporting that a-syn is a key regu-
lator of membrane curvature,35 our present findings showing that the
SYN120 tg mice exhibit an SV diameter comparable to C57BL/6J
mice suggest that the human (1–120) non-aggregated a-syn fraction
still compensates for the absence of endogenous mouse a-syn in the
C57BL/6JOlaHsd genetic background, even when the tg animals
exhibit marked insoluble aggregates deposition and dysfunction.
The differences in the speed and severity of a-syn aggregates deposi-
tion and PD-like phenotype development, in concert with the distinct
genetic backgrounds (C57BL/6J versus C57BL/6JOlaHsd), could
instead explain the diverse distribution of active zone vesicles
observed between the AAV-based human fl a-syn overexpressing
mice and the SYN120 tg mice.

Remarkably, our findings supporting that Syn III gene silencing does
not impinge on a-syn-mediated regulation of SV size or on the num-
ber of active zone SVs in the SYN120 tg mouse line, or in control
mice, support that the manipulation of this protein would not perturb
this specific function of a-syn. Consistently, Syn III ko mice exhibit
comparable SV size and numbers at the active zone when compared
1478 Molecular Therapy Vol. 30 No 4 April 2022
to C57BL/6J wtmice in basal condition.11 This notwithstanding, a sig-
nificant increase in the number of SVs at the active zone following hu-
man fl a-syn overexpression in Syn III ko animals was observed.11

Since in the Syn III ko mice a-syn aggregation is hampered, we can
speculate that the improvement in SVs at the active zone was related
to the additional effect of endogenous mouse a-syn coupled with the
overexpression of human fl a-syn, which would both promote the
docking of SVs to the plasma membranes in line with previous
findings.36

It has been recently shown that a-syn plays a crucial role in activity-
dependent dopaminergic neurons plasticity, as it facilitates DA
release when triggered by short repeated burst, while it depresses
the same process upon prolonged burst activity.5 In the light of our
results, it thus sounds feasible that both these events may be compro-
mised by the deposition of a-syn aggregates, which can clump and
block SVs. However, our findings support that Syn III gene silencing
may be able to rescue both the above-cited modality of a-syn-medi-
ated control of DA transmission.

Of note, we recently found that similarly to Syn III gene silencing, the
AAV-mediated expression of the synaptic chaperone cysteine string
protein a (CSPa), a protein controlling SV exocytosis and which is
reduced by a-syn pathological deposition, is also able to rescue
a-syn aggregation and DA release in the nigrostriatal system of
12-month-old SYN120 tg mice.37 This observation, when coupled
to the present findings, support that by changing the levels of proteins
that are known to cooperate with a-syn at synaptic terminals,4 we can
impact stability of aggregates.

Although our findings appear to suggest that similarly to CSPa over-
expression, Syn III deletion could affect a-syn aggregation by regu-
lating SV motility and exocytosis, the absence of a clear alteration
of SV distribution and clustering or in the number of active zone ves-
icles following Syn III removal in C57BL/6J and C57BL/6JOlaHsd
mice rules out this possibility. Our previous observations on the pres-
ence of Syn III in fibrils extracted from postmortem brains of sporadic
PD patients showing a-syn/Syn III co-pathology32 rather support that
Syn III may be directly and actively involved in a-syn fibrillation and
stabilization of a-syn fibrils.

Interestingly, a functional interaction between a-syn in a low aggre-
gation propensity a-helical state and Syn III is necessary for the
promotion of Syn III-dependent motor response to acute MPH
administration in SYN120 tg mice.10 This supports that a dual role
for Syn III in physiological and pathological a-syn regulation may
be envisaged. On the one hand, Syn III would bind a-syn fibrils,
thus allowing aggregate stabilization. On the other hand, functional
Syn III would interact with monomeric a-helical a-syn thus promot-
ing DA release. It may thus be feasible that by recruiting Syn III and
promoting its interaction with this a-helical monomeric a-syn
conformation, MPH could reduce in parallel the binding of Syn III
to fibrils, thus mimicking the effect of Syn III deletion. Therefore,
although we envisage that the gene silencing of Syn III does not
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represent a feasible approach for clinical translation, the fact that the
protein can be pharmacologically targeted14 opens the way toward the
development of novel agents modulating its function. Studies aimed
at clarifying the features of pathological and functional a-syn/Syn
III interaction and at developing novel specific Syn III-active com-
pounds are ongoing.

Collectively, these findings indicate that Syn III plays a key role in
maintaining or stabilizing a-syn aggregates and that its gene silencing
in an established mouse model of PD at pathological stage reduces
pathological a-syn deposition and striatal dopaminergic fibers loss
and rescues DA release and motor functions. We thus foresee that
therapeutic strategies targeting Syn III could be of help in the context
of PD or other synucleinopathies.
MATERIALS AND METHODS
Animals

C57BL/6J mice (Charles River, Wilmington, MA), C57BL/6JOlaHsd
carrying a spontaneous deletion of a-syn gene (Harlan Olac, Bices-
ter, UK), and SYN120 tg mice15 were used. Mice were bred at the
animal house facility at the Department of Molecular and Transla-
tional Medicine of University of Brescia, Brescia, Italy. Animals
were maintained under a 12-h light–dark cycle at a room tempera-
ture (rt) of 22�C and had ad libitum food and water. All experi-
ments were made in accordance to Directive 2010/63/EU of the
European Parliament and of the Council of September 22, 2010,
on the protection of animals used. All experimental and surgical
procedures conformed to the National Research Guide for the
Care and Use of Laboratory Animals and were approved by the An-
imal Research Committees of the University of Brescia (Protocol
Permit 719/2015-PR). All efforts were made to minimize animal
suffering and to reduce the number of animals used.
Animal surgery

Twelve-month-old SYN120 tg male mice were bilaterally injected
in the substantia nigra with either AAV-shSynIII or AAV-shNSC
at a concentration of 1012 genome copies/mL. Both AAV-shSynIII
and AAV-shNSC were serotype 2/6 and also drove the expression
of an eGFP reporter under the guidance of the cytomegalovirus
(CMV) promoter, while shSynIII or shNSC expression was driven
by the U6 promoter (Vector biolabs, Malvern, PA, USA).10 Briefly,
animals were anesthetized 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 substantia nigra at
the left and right side of the skull. Two microliters of AAV-shSy-
nIII or AAV-shNSC were injected at a rate of 0.2 mL/min with a
33-gauge needle on a 10 mL Hamilton syringe at the following co-
ordinates: antero-posterior – 3.70; medio-lateral + and – 1.50; dor-
sal-ventral – 3.9 relative to bregma.38 The needle was left in place
for an additional 5 min before being slowly retracted from the
brain. All the AAV-shSynIII- and AAV-shNSC-injected mice
were analyzed 4 months after the AAV injections.
Double immunofluorescence staining

Mice were anesthetized by i.p. injection of chloral hydrate
(400 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) and perfused
transcardially by using a 4% paraformaldehyde (PFA) Immunofix so-
lution (Bio-optica, Milan, Italy). After 4 h of post-fixation in 4% PFA,
brains were incubated in a solution of PBS with high salt concentra-
tion (NaOH 200 mM, NaH2PO4 245 mM, NaCl 0.9%) containing
18% sucrose for at least 24 h, then 25-mm coronal sections were cut
with a cryostat (Leica Biosystems, Milan, Italy) and stored in 60%
glycerol. Only in the case of the immunolabeling with the aggregated
a-syn antibody (5G4), slices were subjected to antigen retrieval for
5 min in sodium citrate buffer (10 mM, pH 6) at 95�C.

After permeabilization in 20% methanol and 0.3% Triton X-100 in
PBS 0.1 M, the free-floating sections were incubated for 1 h at rt in
blocking solution (2% v/v normal goat serum [NGS], 3% w/v BSA,
0.3% Triton X-100 in PBS 0.1 M), and then with the primary antibody
diluted in blocking solution overnight (o.n.) at 4�C. The following
day, sections were washed with 0.3% Triton X-100 PBS 0.1 M and
incubated with the fluorochrome-conjugated secondary antibody in
0.3% Triton X-100 PBS 0.1 M plus 1 mg/mL BSA for 1 h at rt. After
three washes in 0.3% Triton X-100 PBS 0.1 M, sections were incu-
bated for 2 h at rt with the second primary antibody, followed by
incubation for 1 h at rt with the appropriate secondary antibody.
Lipofuscin was quenched with TrueBlack Lipofuscin Autofluores-
cence Quencher (Biotium, Fremont, CA), then slices were mounted
onto glass slides using Vectashield (Vector Laboratories, Burlingame,
CA) and analyzed by confocal microscopy.

Thioflavin-S staining

Mouse brain sections were incubated with 0.05% thioflavin-S (Sigma-
Aldrich) dissolved in 50% ethanol for 8 min and subsequently washed
in 80% ethanol to eliminate unspecific dye residues. Sections were
then incubated in blocking buffer before immunostaining with the
antibody against a-syn, mounted on glass slides, and analyzed by
confocal microscopy. For thioflavin-S detection, images were ac-
quired with laser excitation set between 350 and 400 nm. For image
analysis of thioflavin-S-positive area a total of eight images taken
from eight serial sections at 80-mm interval from the substantia nigra
and striatum were analyzed for each animal.

HS-68 oligothiophene/a-syn double labeling and spectral

analysis

The synthesis of HS-68 has been described.24 Mouse brain sections
were incubated with HS-68 for 30 min at rt as previously described.22

Sections were then incubated in blocking buffer before immunostain-
ing with the antibody against a-syn (Syn1, Beckton Dickinson, Milan,
Italy), revealed by using an Alexa 647-conjugated secondary antibody
(Jackson Immunoresearch, Pennsylvania, USA), and mounted on
slides. The double-positive aggregates were analyzed by averaging
10 regions of interest for each of the eight images acquired from
each of the eight serial sections selected at 80-mm interval for each an-
imal. In particular, emission spectra were acquired with laser excita-
tion set at 458 nm by using a Zeiss LSM880 microscope (Carl Zeiss,
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Milan, Italy). The mean of the HS-68 spectral values of each animal
was plotted on a graph.

Confocal microscopy

The slides were observed by an LSM 880 Zeiss confocal laser micro-
scope with the laser set on l = 405–488–543–633 nm and the height of
the sections scanning = 1 mm. Images (512 � 512 pixels) were then
reconstructed using ZEISS ZEN Imaging Software (Carl Zeiss).

Quantitative real-time PCR

Total RNA was extracted from the substantia nigra of C57BL/6J,
C57BL/6JOlaHsd, and SYN120 tg mice using an RNA extraction kit
(RNeasy Mini Kit, Qiagen, Hilden, GE) according to the manufac-
turer’s instructions. Two mg of RNA was retrotranscribed by using
QuantiTect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s instructions. The qRT-PCR was performed by using
SYBR Green Master Mix (Applied Biosystems, Foster City, USA)
and the following primers pairs: Syn III for aaatcagcatcaccccaccc,
Syn III rev gccttggcctcatcttcact; Syn II for ctcaacaagtcgcagtccct; Syn
II rev agaggctggcaaaggacttc; Syn I for tcctcctgctcaacaacgac; Syn I rev
cggtccaaggccagaaagat; TH for tgaaggaacggactggcttc; TH rev gagtgca
taggtgaggaggc; GAPDH for tcaacagcaactcccactctt, and GAPDH rev
ccagggtttcttactccttgg.

The ViiA7 Real-time PCR system (Life Technologies, Grand Island,
NY, USA) was used for 40 cycles of 95�C for 15 s and 60�C for
1 min. mRNA expression was normalized to GAPDH gene expres-
sion. Each experimental condition was analyzed in triplicate and
the resulting data were averaged and subjected to statistical analysis.
The mean value of the AAV-shNSC-injected C57BL/6J controls from
each triplicate was used to normalize all the samples. Each experi-
mental value is standardized to the control mean value.

Western blot analysis

Fresh frozen tissues from the substantia nigra and striatum were
collected from mouse brains after cervical dislocation. Total proteins
were extracted with RIPA buffer made of 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, NP-40 1%, sodium deoxycholate 0.1%, SDS 0.1%,
1 mM NaF, 1 mM NaVO4 plus complete protease inhibitor mixture
(Roche Diagnostics, Mannheim, Germany). Protein concentration
in the samples was measured by using the Bio-Rad DCTM protein
assay kit (Bio-Rad Laboratories, Milan, Italy). Equal amounts of pro-
teins (30 mg) were run in 10% polyacrylamide gels and transferred
onto polyvinylidene fluoride membrane. Densitometric analysis of
the bands was performed by using FIJI software, and all bands were
normalized to GAPDH levels as a control of equal loading of samples
in the total protein extracts. For densitometry analysis 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 striatal
fresh tissues, after homogenization in tris-buffer saline+ (TBS+) solu-
tion composed of 50 mM Tris-HCl (pH 7.4), 175 mM NaCl, 5 mM
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EDTA, 0.1 mM PMSF, 1 mM N-ethyl-maleimide, plus complete pro-
tease inhibitor mixture (Roche Diagnostics) and centrifugation at
50,000 g for 30 min at 4�C.15 Pellets were resuspended in TBS+ solu-
tion plus 1% Triton X-100 and centrifuged at 50,000 g for 30 min at
4�C and then reconstituted in RIPA buffer and subjected to a further
centrifugation. The final pellets were resuspended in 8M urea plus 5%
SDS and loaded on 10% polyacrylamide gel. For densitometry anal-
ysis of bands, each experimental condition was performed in triplicate
and the resulting data were averaged and subjected to statistical anal-
ysis. All bands were normalized to beta-actin levels as a control of
equal loading of samples in the UREA/SDS protein extracts. Three
animals for each group were analyzed.

Immunohistochemistry (IHC) and bright-field microscopy

Mice were anesthetized as described above. Sections of the striatum and
substantia nigrawere permeabilized with 20%methanol and 5%H2O2,
washed and incubatedwith primary antibody o.n. at 4�C.The following
day, sections were washed and incubated with biotinylated secondary
antibody for 45 min at rt. This was followed by gentle washing, and in-
cubation with avidin-biotin complex (ABC kit, Vector Laboratories) at
rt for 45min and staining visualizedwith 3,30-diaminobenzidine (DAB)
staining (Vector Laboratories) for 5 min. Finally, sections were washed,
dehydrated, mounted with Vectamount mounting medium (Vector
Laboratories), and were acquired by using an inverted light/epifluores-
cence microscope (Olympus IX50; Olympus, Milan, Italy).

Antibodies

Primary and secondary antibodies and their working dilutions are
summarized in Table 1.

Image analysis of eGFP/TH-positive signal in the substantia

nigra

Striatal TH- and eGFP-positive area was examined from digitized im-
ages using FIJI software as previously described.11 Five sections from
each mouse were analyzed by examining an average of five fields per
section. The area of colocalization between TH and eGFP was quanti-
fied by using Zen software (Carl Zeiss). The area of TH/eGFP colocal-
ization was then normalized on the total TH-positive area for each field
to estimate the percent amount of TH-immunoreactivity exhibiting
eGFP signal. The values deriving from the different fields analyzed
for each section were averaged, and the resulting values for the different
animals were plotted and subjected to statistical analysis.

Image analysis of Syn III-, syn I-, DAT-, or aggregated a-syn-

immunopositive area in the substantia nigra and striatum

For the quantification of the immunoreactivity for Syn III, Syn I,
DAT, or aggregated a-syn as recognized by the 5G4 antibody, the
acquisition parameters during confocal imaging were maintained
constant for all the images acquired. Brains (10 sections from each
mouse, two every 150 mm) were analyzed by examining the whole
area of the substantia nigra within a virtual standard grid composed
of eight fields. The total Syn III-positive or 5G4-positive area within
the grid was estimated by using the FIJI software. The mean Syn
III-positive area was calculated by averaging the values of the ten grids



Table 1. List of the primary and secondary antibodies used for the study and

of their working dilutions

Antibody Manufacturer
Host
species

Working dilution

wb IHC

a-syn (5G4, MABN389) Cell Signaling Rabbit 1:400

a-syn (syn1, 610787) BD Mouse 1:1,000 1:500

b-actin (251001) Synaptic System Mouse 1:10,000

DAT (sc-32258) Santa Cruz Rat 1:500

GAPDH (G8795) Sigma-Aldrich Mouse 1:7,000

GFP (ab183734) Abcam Rabbit 1:500

Syn III (106,303)

Synaptic System

Rabbit 1:3,000 1:600

Syn II (106,203) Rabbit 1:3,000

Syn I (106,103) Rabbit 1:3,000 1:600

TH (AB152) Millipore Rabbit 1:2000 1:600

anti-mouse IgG Cy3-
conjugated

Jackson
ImmunoResearch

Goat 1:1,000

anti-rabbit IgG Cy3-
conjugated

Goat 1:1,000

anti-rat IgG Cy3-conjugated Goat 1:1,000

anti-rat IgG Alexa 647-
conjugated

Goat 1:800

anti-rabbit IgG Alexa 647-
conjugated

Goat 1:1,000

biotinylated anti-rabbit IgG Vector Laboratories Goat 1:1,000

anti-rabbit IgG-HRP
Promega

Goat 1:3,000

anti-mouse IgG-HRP Goat 1:3,000
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analyzed for each animal in the different experimental groups. The
optical density of the striatal Syn III- or Syn I- or DAT-positive
area and the average size of Syn III- or DAT-positive particles from
digitized images acquired by confocal microscopy were examined
by a researcher blind to the experimental conditions by using FIJI
software. Eight fields per section were analyzed. The threshold setup
for FIJI was fixed between 30 and 150.

Analysis of TH-positive fibers density in the striatum and

substantia nigra

The optical density of striatal TH-positive area was examined from
digitized images using FIJI software as previously described.11 Five
sections from each mouse were analyzed by examining an average
of ten fields per section. Data from TH analysis were expressed as
the positive area in each sample.

The TH-positive neurons in the substantia nigra were analyzed by
examining digitized images using FIJI software. Six sections from
each mouse (30 mm thick) were acquired every 150 mm in a rostro-
caudal extension. The optical density of nigral TH-positive area from
each image was summed and averaged by examining six mice for
each condition. Data from nigral TH-positive area were expressed as
percent changes versus the AAV-shNSC-injected C57BL/6J control
mice.
Beam walking test

The time spent to traverse the beam in the balance beam test was as-
sessed as previously described.39 The beam, 2.5 cm width and 1 m
length, was placed at 25 cm height ending into the animal’s home
cage. A first day of training was performed for a total of four trials
every 30 min. The animal was trained to traverse the entire length
of the beam by placing it at the beginning of the beam and moving
the home cage in close proximity to the animal to encourage the
movement forward along the beam. The following day the time taken
to cross the beam was measured. The time was evaluated from when
the mouse began to move forward and ended when the first forepaw
was placed outside the beam.

Open field behavioral tests

Acute locomotor activity of C57BL/6J, C57BL/6JOlaHsd, and
SYN120 tg was assessed using the automated ANY-maze video
tracking system (Stoelting, Wood Dale, IL, USA) according to previ-
ously described protocols.6 The total distance traveled was recorded
automatically with ANY-maze behavioral tracking software (Stoelt-
ing) in the open-field arena (50 � 50 cm2) and data were analyzed
in 14 trials of 2.5 min each. Mice were gently placed in the arena
and were allowed to explore freely for 5 min before starting the
test. After 10 min of registration in basal condition, mice received
an i.p. injection of cocaine (10 mg/kg, dissolved in normal saline
0.9%) (Tocris, Bristol, UK) to evaluate their ability to respond to a
stimulus promoting DA neurotransmission. All the experiments
were conducted during daylight hours.

Vertical microdialysis and HPLC assays

Extracellular DA levels were measured in the striatum of C57BL/6J,
C57BL/6J, and SYN120 tg mice 4 months after the injection of
AAV-shSynIII orAAV-shNSCby using verticalmicrodialysis coupled
to HPLC as previously described.16 Mice were anesthetized with tilet-
amine-zolazepam (75 mg/kg i.p.) before being placed in a stereotaxic
frame. After sagittal cutting, the overlying skin was retracted, folded
away, and a hole drilled at the level of the right dorsal striatum (an-
tero-posterior + 0.6; medio-lateral + 1.8; dorsal-ventral – 2.1 from
the bone); all coordinates38 were taken over the bone and referred to
bregma, with bregma and lambda on a horizontal plane. A microdial-
ysis CMA/7 guide cannula (CMAMicrodialysis, Stockholm, Sweden)
was then gently inserted through the hole using themicromanipulator
of the stereotaxic instrument. The cannula was secured with acrylic
dental cement and the skin sutured.Mice were housed with free access
to food and water to recover from surgery (one mouse per cage). The
following day, a CMA/7 microdialysis probe was inserted into the
guide cannula and perfused at a constant flow rate (2 mL/min) with
artificial cerebrospinal fluid (ACSF) containing 140 mM NaCl,
7.4 mM glucose, 3 mM KCl, 0.5 mM MgCl2, 1.2 mM CaCl2, 1.2 mM
Na2HPO4, 0.3 mM NaH2PO4 (pH 7.4). The dialysate was collected
at 20-min intervals in tubes containing 5 mL of 5 mM ascorbic acid
to prevent DA oxidation. After a 1-h settling period, five samples
were collected to evaluate the baseline release of DA. Basal ACSF
was then replaced first by ACSF fluid containing 10 mM cocaine and
then 50mMK+, and four supplementary samples from each condition
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were collected. Finally, the probes were perfused with ACSF contain-
ing 1 mM tetrodotoxin to assay the blockade of DA release following
voltage-gated Na2+ channels inhibition. At the end of the experiment,
mice were killed by decapitation and brains were quickly removed and
put in 10% formalin, to verify the correct placement of the microdial-
ysis probe. A total of 6–8 animals for each experimental group was
analyzed. DA content in the dialysate samples was assessed by a
researcher blind to the experimental conditions by using an ultra-
HPLC (UHPLC, ALEXYS Neurotransmitter analyzer, Antec) equip-
ped with a column NeuroSep (C18 110, 1.0 � 100 mm, 1.7 mm) and
an electrochemical amperometric detector (DECADE II SCC). The
mobile phase comprised 100 mM phosphoric acid, 100 mM citric
acid, 0.1 mM EDTA, and acetonitrile (8% v/v), 3 mM.
Transmitted electron microscopy-based ultrastructural

morphological analysis

For TEM imaging, samples from three animals per experimental
group were processed according to Ferrarese and Lunardi,40 with
slight modifications. Briefly, animals were anesthetized and perfused
as described above. Brain coronal sections (25 mm of thickness) were
fixed in 2.5% glutaraldehyde in 0.3 M cacodylate buffer overnight at
4�C. Sections were then post-fixed in 1% osmium tetroxide (Electron
Microscopy Sciences, Hatfield, PA, USA) for 1 h at 4�C, following
dehydration and embedding in Epoxy resin (Sigma-Aldrich). Subse-
quently, 80- to 100-nm-thick ultrathin sections of the striatal areas of
each sample were obtained using a diamond knife, collected on for-
mvar coated grids, double stained with 1% uranyl acetate and 0.3%
lead citrate, and observed with a Tecnai G2 (FEI) transmission elec-
tron microscope operating at 100 kV. Images were captured with a
Veleta (Olympus Soft Imaging System) digital camera and analyzed
with FIJI software. The morphometric analysis of pre-synaptic termi-
nals was performed on a minimum of 60 synapses for each experi-
mental group. The SVs were annotated manually in each pre-synaptic
terminal. The vesicles density was calculated as number of vesicles/
synapse area (nm2). For each synapse, vesicles clustering was calcu-
lated as distance (nm) between vesicles centroid with the NND plugin
and expressed as frequency distribution analyzed by multiple-peak
Gaussian fit. Vesicle size was expressed as frequency distribution of
the Feret diameter (nm) of vesicles in each synapse and analyzed by
Gaussian fit. Finally, the vesicle distance from the active zone was ex-
pressed as frequency distribution of the distances (nm) between the
centroid of each vesicle and the active zone, identified on the mem-
brane of the pre-synaptic terminal in correspondence of the darker
signal of the post-synaptic density. The striata of three animals for
each experimental condition were analyzed. All measurements and
counts were made on coded samples by an experimenter blind to
the different experimental groups.
Statistical analysis

Statistical differences between groups were assessed as described in
figure legends. Statistical significance was established at P < 0.05.
The number (n) of animals used for each experimental group in the
different experimental studies ranged between 3 and 10.
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