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Abstract

Background
Parkinson’s disease (PD) is mainly characterized by the pathological feature of α-synuclein (α-syn)
aggregation, with the exact disease pathogenesis unclear. During the onset and progression of PD,
synaptic dysfunction including dysregulation of axonal transport, impaired exocytosis and endocytosis
are identi�ed as crucial events of PD pathogenesis. It has been reported that overexpression of α-syn
impairs clathrin-mediated endocytosis (CME) in the synapses. However, the underlying mechanisms
remained unknown.

Methods
In this study, we investigated the molecular events underlying the synaptic dysfunction induced by
overexpression of wild-type human α-syn and its mutant form, involving series of proteins participating in
CME.

Results
We found that excessive human α-syn causes impaired �ssion and uncoating of clathrin-coated vesicles
(CCVs) during synaptic vesicle recycling, leading to reduced clustering of synaptic vesicles near the active
zone and increased size of plasma membrane and number of endocytic intermediates. Furthermore,
overexpressed human α-syn induced changes of CME associated proteins, among which synaptojanin1
(SYNJ1) showed signi�cant reduction in various brain regions. Overexpression of SYNJ1 in the primary
neuron of α-syn transgenic mice recovered the synaptic vesicle density and clustering. Using
�uorescence-conjugated transferrin, we demonstrated that SYNJ1 re-boosted the CME activity by
restoring the phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] homeostasis.

Conclusions
In summary, our data suggested that overexpression of α-syn disrupts synaptic function through
interfering with vesicle recycling, which could be alleviated by re-availing of SYNJ1. Our study unrevealed
a molecular mechanism of the synaptic dysfunction in PD pathogenesis and provided a potential
therapeutic target for treating PD.

Background
α-Synuclein (α-Syn) is known to be involved in the major neuropathology of Parkinson’s disease (PD),
forming cytoplasmic inclusions called Lewy bodies (LBs) and Lewy neurites (LNs) [1–3]. The
accumulation and aggregation of α-syn have been reported to cause multiple cellular dis-homeostasis,
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particularly synaptic defects at the early stages of the disease [4, 5]. Recently, mutations in synaptojanin1
(SYNJ1) [6–9], auxilin (DNAJC6) [10–12] and endophilin-A1 (SH3GL2) [13] have been identi�ed as the
risk factors in PD, all of which cause synaptic de�ciency involving clathrin-mediated endocytosis (CME)
[14–16].

CME is the predominant internalization route in synaptic vesicle recycling [17, 18]. Mechanistically, CME
is initiated by the recruitment of clathrin by adaptor proteins such as Epsin [19], AP-2 [20] and AP180 [21],
in association with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] lipids [22]. Thereafter, endophilin-A
(EndoA) function as a membrane bender, folding the invagination of the nascent deforming vesicle [23].
Once the clathrin-coated pit (CCP) is matured, a membrane remodeling GTPase dynamin stimulates the
�ssion of the CCP from the plasma membrane [24], together with other membrane-bending proteins, such
as amphiphysin (Amp) [25] and EndoA [26, 27]. In conjunction with the �ssion, the phosphatase SYNJ1
dephosphorylates PI(4,5)P2 to PI4P and PI [28, 29]. These dephosphorylations stimulate AP-2 release
from the clathrin-coated vesicles (CCVs), subsequently allowing the clathrin disassembling chaperone
Heat-shock cognate (Hsc70) and its cofactor auxilin to shed clathrin-coat [30, 31]. Once the CCV is
uncoated, the majority of the nascent vesicles are quickly transported to synaptic vesicle pools for
neurotransmitter re�lling [32].

α-Syn was reported to play a role in mediating membrane curvature and tabulation [33]. Studies showed
that overexpression of α-syn increased clathrin-coated vesicles along the plasma membrane, by defected
vesicle �ssion, where PI(4,5)P2 was signi�cantly elevated [34–36]. PI(4,5)P2 is a key signaling
phospholipid involved in recruiting clathrin adaptors and their accessory factors to the plasma membrane
[37, 38]. PI(4,5)P2 also binds to EndoA and dynamin, contributing to the �ssion of endocytic vesicles [39,
40]. Importantly, PI(4,5)P2 are inter-converted by SYNJ1 to rapidly change membrane concentration for
the vesicle uncoating [41]. An elevation of steady-state PI(4,5)P2 indicated a de�ciency in SYNJ1 capacity
for dephosphorylation [42]. Therefore, α-syn may interfere with CME by altering SYNJ1 expression level
and distribution as an upstream effect of PI(4,5)P2 in the cascade of CME activities.

In the present study, we aimed to elucidate the molecular mechanisms underlying aberrant α-syn-induced
CME dysfunction. We employed two transgenic mouse models, i.e., mice that express BAC-α-Syn-GFP
under the control of endogenous α-syn promotor and that express human α-syn-A53T under the control of
PrP promotor, respectively, through electron microscopy (EM) and analyses of the cascade interactions of
CME proteins, we observed the selective impairment of CCV uncoating and �ssion induced by α-syn,
leading to expansion of the plasma membrane and diffused SV distribution. CME-associated proteins,
such as SYNJ1, predominantly decreased in α-syn transgenic mice, while knock-down of α-syn expression
normalized the CME-related protein levels. Furthermore, we found that both the expression level and
distribution of SYNJ1 altered, with clustered pattern in the cytosol. Overexpression of SYNJ1 normalized
the aberrations by elevating synaptic vesicle clustering and enriching the density of dendritic vesicles.
Finally, using �uorescence-conjugated transferrin, we demonstrated that SYNJ1 attenuates CME activity
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by retrieving PI(4,5)P2 homeostasis. Our results showed that SYNJ1 is a key modulator of CME activity
upon α-syn pathology, which may present a valuable therapeutic target in the early prevention of PD.

Materials And Methods

Animals
The BAC-α-syn-GFP mice were generated as previously reported [43]. Brie�y, recombinant BAC (Bacterial
Arti�cial Chromosome) DNA consisting the full-length human wild-type (WT) α-syn gene fused with green
�uorescent protein (GFP) consisted was inoculated into the pronuclei of C57BL/6J fertilized eggs
(Jackson Laboratories, Bar Harbor, ME, USA). The BAC-α-syn-GFP mice overexpress WT human α-syn
driven by mouse α-syn promoter. BAC-α-syn-GFP, C57BL/6J and α-syn-A53T mice (Jackson Laboratories,
Bar Harbor, ME, USA) were randomly assigned to different groups and housed �ve to six per cage under a
12-h light-dark cycle with food and water ad libitum. All animal experimental procedures were approved
by the Ethical Committees for use of laboratory animals at Lund University, Sweden, and at Northeastern
University, China.

AAV virus and plasmid construct
The vector for production of AAV2 ITR including shRNA of human WT α-syn-AcGFP, driven by U6 promoter
and enhanced using a mCherry which was driven by CMV promoter, were produced by Brain VTA (Wuhan,
China). The Flag-His-SYNJ1 plasmids encoding full-length SYNJ1 with the human synapsin I promoter
and EGFP/3xFlag-tag were described previously [44].

Tissue preparation
Mice (n = 3–5 in each group) were deeply anesthetized with sodium pentobarbital and perfused with 0.9%
sodium chloride (NaCl) transcardially. Hippocampal and striatal tissues for protein analyses were rapidly
collected and snap frozen in liquid nitrogen. For immunohistochemistry, brains were perfused with 4%
paraformaldehyde (PFA) for 10 min and then dissected, post-�xed in 4% PFA overnight and transferred to
gradient sucrose solution in 0.1 M phosphate buffered saline (PBS). Thirty µm thick free-�oating sections
were cut on a microtome (Leica, SM2010R, Wetzlar, Germany).

Stereotactic injection of the AAV viruses
rAAV6-U6-shRNA1 (α-syn-AcGFP) vectors were used for inducing the knock-down (KD) of human WT-α-
syn-GFP in BAC mice, with empty vectors as contralateral controls. After general anesthesia with 50
mg/kg sodium pentobarbital, rAAV6-U6-shRNA1 (α-syn-AcGFP) were injected into the right dorsal dentate
gyrus (DG) (Coordinates: 1.8 mm posterior to bregma, 1.2 mm lateral from midline and 1.65 mm
dorsoventral from the dura). α-syn-AcGFP empty vectors were delivered to the corresponding left dorsal
DG of mice. Each injection was performed with 15 min duration and the micropipette was left in the
injection site for an additional 5 min. Mice were sacri�ced 6 weeks post-viral delivery.

Western blot analyses
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Hippocampal and striatal tissues were fully immersed in ice-cold radioimmunoprecipitation assay lysis
buffer (Beyotime, Cat. #P0013B, Shanghai, China) containing 2 mM PMSF (Beyotime, Cat. #ST505,
Shanghai, China), 1% protease inhibitor cocktail (Seven, Cat. #SW105-02, Beijing, China) and 1%
phosphatase inhibitor cocktail (Bimake, Cat. #B15001, HOU, USA), homogenized by ultrasonic crashing
and incubated at 4 ◦C for 1 h. After centrifugation at 13000rpm for 30 min, proteins were collected from
supernatants and the concentrations were measured using BCA kit (TransGen Biotech, Cat. #DQ111-01,
Beijing, China). Before loading onto gels, proteins were diluted in 5X SDS (Solarbio, Cat. #P1040, Beijing,
China) loading buffer and boiled 5 min at 95 ◦C. The sample was loaded, 20 µg per lane and 10% SDS-
PAGE was run �rst at 80 V, 120 min followed by 120 V, 70 min before transferred onto poly-vinylidene
di�uoride membranes (Millipore, Cat. #IPVH00010, MA, USA). Membranes were blocked with 5% skim
milk solution (BD, Cat. #232100, USNJ, USA) in Tris-buffered saline (TBS) with 0.1% Triton X-100 at room
temperature (RT) for 1 h. Primary antibody incubations (Additional �le 1: Table S1) were performed
overnight at 4°C in TBS. After washing, horseradish peroxidase (HRP)-labeled secondary antibodies
(Additional �le 1: Table S1) were applied at RT for 1 h. The membranes were developed using enhanced
chemiluminescence (ECL) Kits (Tanon, Cat. #180–5001, Shanghai, China) and imaged using
chemiluminescence imaging analysis system (Tanon, 5500, Shanghai, China). Fiji 1.0 (National Institutes
of Health, MD, USA) was used to quantify the intensity of the bands corresponding to the related proteins.

Electron microscopy
CA1 region of hippocampus of 14-month-old WT mice, BAC-α-syn-GFP mice and α-syn-A53T mice were
dissected into 1 mm3 cubes and post-�xed with 2.5% glutaraldehyde in PBS at 4°C overnight. Seventy nm
ultrathin sections were cut and mounted onto carbon-coated grids, observed with a transmission electron
microscope (Hitachi, H-7650, TKY, Japan). Seventy to one hundred images with synapses were taken at a
�xed magni�cation (50,000 ×) per group from n = 3 animals. The synapses were identi�ed by the
presence of both the pre-synaptic element containing vesicles and the post-synaptic electron-density.
Vesicles were quanti�ed every 500 nm radius within each presynaptic active zone, including number and
density of SVs, extent of plasma membrane (PM) evaginations, number of membranous “cisternae”, and
total number and stage of CCPs and CCVs per terminal.

Immunohistochemistry and immunocytochemistry
Free-�oating sections were antigen-retrieved in 0.1 M citrate acid buffer (pH = 6) at 70°C for 40 min,
quenched by 3% hydrogen peroxide in methanol at RT for 15 min, and blocked in 10% normal goat serum
and 0.3% Triton X-100 in 0.1 M PBS at RT for 1 h. Primary antibody incubation (Additional �le 1: Table
S1) was performed at 4°C overnight, followed by secondary antibody incubation (Additional �le 1: Table
S1) at RT for 2 h. Standard ABC (Vector Laboratories, Cat. #PK-6100, CA, USA) kit was then applied at RT
for 1 h before developing with DAB (Vector Laboratories, Cat. #SK-4100, CA, USA). Sections were
dehydrated with rising gradience of ethanol before mounted with neutral balsam (Meilunbio, Cat.
#MB9899, Dalian, China). Images were acquired using a microscope (Nikon, Eclipse Ni-E/Ni-U, TKY,
Japan).
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Cells were �xed with 4% PFA at RT for 20 min, permeabilized with 0.25% Triton X-100 in PBS for 10 min
and washed. Blocking was applied with 10% normal goat serum in PBS for 1 h and primary antibody
incubation (Additional �le 1: Table S1) was performed at 4°C overnight, followed by secondary antibody
incubation (Additional �le 1: Table S1) at RT for 1 h. After washing cells were mounted in anti-
�uorescence quenching sealing reagent (Beyotime, Cat. #P0126, Shanghai, China). Fluorescent images
were taken using a confocal laser scanning system (Nikon, X-Light V3, TKY, Japan).

Primary neuronal culture and transfection
Primary neuronal cultures were prepared from the hippocampus of neonatal mice. Hippocampal neurons
were dissected and cultured as previously described [45]. Brie�y, the hippocampus was extracted and
digested in trypsin (Sigma, Cat. #T8154, SL, USA). After manual trituration, single cells were plated onto
coverslips coated with 0.5 mg/ml poly-L-lysine (Thermo, Cat. #15400054, MA, USA) at a density of
30,000 cells/cm2 in plating medium, DMEM (Gibco, Cat. #C12430500BT, Shanghai, China) with 3% horse
serum (Gibco, Cat. #16050-130, New Zealand), 2% B-27 supplement (Gibco, Cat. #17504-044, CA, USA)
and 1% L-glutamine (Gibco, Cat. #25030081, Paisley, UK). Three to six hours after plating, the medium
was changed to culture medium, Neurobasal (Gibco, Cat. #25030081, Paisley, UK) with 2% B-27
supplement and 1% L-glutamine. Neurons were maintained at 37°C in a 5% CO2 humidi�ed incubator
(Thermo, BB150, MA, USA), with partial medium change (50%) every two days. Flag-His-SYNJ1 were
performed using calcium phosphate for 90 mins at 14 days in vitro (DIV), before subjected to imaging
and staining process.

Transferrin uptake assay
Four days after Flag-His-SYNJ1 transfection, neurons were starved for 60 min in media lacking B27
supplementation at 37°C. Neurons were then treated with 25 µg/ml Alexa Fluor 647-conjugated
transferrin (647-Tf) (Bioss, Beijing, China) at 37°C for 30 min, before subjected to immunocytochemistry.

Quanti�cation

Vesicle quanti�cation in EM
Synaptic vesicles (SVs) were de�ned as clear-edge round vesicles < 100 nm in diameter. CCP/Vs
contained electron-dense coat around the vesicle membrane, staging as: 1-initial clathrin coated bud; 2-
invaginated CCP without constricted neck; 3-invaginated CCP with constricted neck; 4-free CCV [46].
Cisternae were de�ned as atypical vesicles with intracellular membranous structures larger than 100 nm
in diameter [47]. The total amount of membrane within individual cisternae per synapse was de�ned as
“Total cisternae”. PM evaginations were measured as previously described be Morgan et al [48].

SV2 and SYNJ1 and PI(4,5)P2 quanti�cation
Synaptic vesicle glycoprotein 2 (SV2), which labels presynaptic vesicle clusters, and SYNJ1 puncta area
and density were manually counted in Z-stack images using FIJI 1.0. Each �uorescent dot were identi�ed
as one positive puncta. The average number of SYNJ1 puncta per synaptic vesicle clusters was also
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calculated. In addition, the mean �uorescence intensity of PI(4,5)P2 and internalized transferrin in each
phenotype were calculated by using FIJI software.

Statistical analyses
Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, CA, USA). All data
shown were based on at least three independent experiments unless otherwise stated, presented with the
mean ± standard deviation (SD). Student’s t-tests were used to analyze differences between α-syn
overexpression transgenic mice and WT mice. Two-way ANOVA with Tukey’s multiple comparisons post
hoc tests were used to analyze differences between α-syn overexpression transgenic mice and WT mice
at different ages. To analyze the data of EM and cell experiments, we used non-parametric Kruskal Wallis
test, Student’s t-tests, as well as one or two way ANOVA when appropriate. Results with p < 0.05 was
considered statistically signi�cant.

Results
Available evidence has shown that overexpression of human WT-α-syn [43, 49] or mutant forms [50, 51]
can lead to multi-features of pathological alterations, such as protein aggregation, protein
phosphorylation, neuroin�ammation, and even neuronal cell death [52]. Here, we reported that two α-syn
overexpression transgenic mice, i.e., BAC-α-syn-GFP mice (called as BAC-α-syn mice below) and α-syn-
A53T mice (called as α-syn-A53T mice below) exhibited impaired synaptic vesicle recycling, particularly
on CME.

Alterations of CME-associated proteins in α-syn
overexpressing mice
To explore the potential impacts on synaptic function in the BAC-α-syn and α-syn-A53T mice, we
examined the proteins regulating synaptic vesicle endocytosis. We observed a marked decrease in
proteins regulating CME processes, particularly SYNJ1 in the hippocampus and the striatum (Fig. 1,
Fig. 2). We analyzed the expression levels of key CME-associated proteins in the BAC-α-syn mice at
different ages. SYNJ1 appeared signi�cantly decreased in the hippocampus (Fig. 1a, b) at 6 months of
age and in the striatum (Fig. 2a, b) at 10 months of age, implying a potential impairment of CCV �ssion
and uncoating. Auxilin, also related to CCV uncoating, decreased signi�cantly in the hippocampus
(Fig. 1c) at 14 months and in the striatum (Fig. 2c) at 10 months of age. The protein expression changes
align with abundant free CCVs observed in EM. Furthermore, the clathrin heavy chain (CHC) also
signi�cantly decreased in the hippocampus (Fig. 1d) at 14 months and in the striatum (Fig. 2d) at 10
months, which may trap clathrin coats in CCVs due to impaired uncoating. The clathrin light chain (CLC)
expression level remained unchanged (Fig. 1e, Fig. 2e). Moreover, Amp was also reduced in the transgenic
mice at 14 months of age in the hippocampus and striatum (Fig. 1f, Fig. 2f), which may result from
halted recruitment to plasma membranes due to decreased clathrin availability. In contrast, AP180
expression increased in the hippocampus and striatum (Fig. 1g, Fig. 2g) at 14 months, possibly due to a
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compensatory effect. Other endocytic proteins, such as EndoA, dynamin, and Hsc70 remained unchanged
(Fig. 1h-j, Fig. 2h-j).

In order to validate the �ndings in BAC-α-syn mice, we further examined transgenic mice overexpressing
human α-syn with A53T point mutation. In the 14-month-old α-syn-A53T mice, we observed similar
protein expression patterns to the BAC-α-syn mice. SYNJ1, auxilin, CHC, Amp and EndoA decreased in
both hippocampus and striatum (Additional �le 1: Fig. S1a-f, Fig. S2a-f), while CLC and dynamin reduced
in the striatum (Additional �le 1: Fig. S2g, h). Similarly, AP180 increased in the hippocampus and striatum
of α-syn-A53T mice (Additional �le 1: Fig. S1f, Fig. S2f).

Clustering of SYNJ1 in α-syn overexpression mice
The biochemical analyses revealed the signi�cant reduction of SYNJ1. We then further performed
immunohistochemistry to assess the pattern and distribution of SYNJ1. Compared to WT mice, marked
clustering of SYNJ1, shown as differently sized patches, was observed in the hippocampus and striatum
of BAC-α-syn mice from 6 months of age and became more robust with age (Fig. 3). Similar phenomena
also appeared in the hippocampus and striatum in α-syn-A53T mice (Additional �le 1: Fig. S3).

To determine the distribution of SYNJ1 and the effects on synaptic vesicle recycling, we further
performed immunocytochemical studies with synaptic vesicle cluster marker protein SV2 and SYNJ1 in
primary hippocampal neuron cultures (Fig. 4a). We compared cultured hippocampal neurons from
neonatal BAC-α-syn mice and WT mice (Fig. 4b). At 18 days in culture (DIV 18), we observed the SV2
positive synaptic boutons appeared smaller in size and more sparse in the distribution in α-syn-
expressing neurons, compared to WT ones, implying a diminished synaptic vesicle clustering (Fig. 4b, c).
In detailed analyses with high-power images (Fig. 4c), we quantitatively analyzed the mean puncta size
and density of SV2-positive and SYNJ1-positive boutons associated with dendritic pro�les. We found that
although SV2 positive puncta appeared in smaller in size and more sparse in density in α-syn-expressing
neurons compared to WT ones (Fig. 4d, e), SYNJ1-positive pro�les signi�cantly increased in α-syn-
expressing neurons compared to the WT ones (Fig. 4f). However, the density of SYNJ1 positive boutons
was decreased in α-syn-expressing neurons (Fig. 4g). We hypothesized that α-syn overexpression induced
CME dysfunction causes impaired neural plasticity and then causes reduced synapses, furthermore,
reduced SYNJ1 availability, which are consistent with the decreased density of SV2-positive and SYNJ1-
positive boutons (Fig. 4f, g). Moreover, because of the expanded plasma membrane caused by
overexpressed α-syn, the SYNJ1 on the plasma membrane of α-syn-expressing neurons formed clustered
aggregation, which is consistent with the increased area of each SYNJ1 puncta (Fig. 4f). Finally, double
immuno�uorescence labeling exhibited that the number of SYNJ1-positive boutons overlapped with SV2-
positive ones signi�cantly decreased in α-syn-expressing neurons compared to the WT ones (Fig. 4h). The
data indicates that overexpression of α-syn led to reduced SYNJ1 availability during CCV uncoating.

Ultrastructural alterations of presynaptic compartments in
α-syn overexpression transgenic mice
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Upon the reduced to depleted key proteins regulating different steps of endocytosis, such as clathrin
coating and de-coating and retrieved membrane �ssion from the plasma membrane, we reasoned that we
may expect to detect the related de�cits in ultrastructural and functional studies. To address these issues,
we �rst performed detailed ultrastructural analyses on presynaptic membranes of BAC-α-syn and α-syn-
A53T mice compared to that of WT mice (Fig. 5a-e). Compared to WT mice, expanded plasma membrane
and cisternae of accumulation in the two α-syn transgenic mice (Fig. 5f). The total number of SVs
remained unchanged in BAC-α-syn mice, while it signi�cantly decreased in the α-syn-A53T mice (Fig. 5g).
In the active zone, the synaptic vesicle clusters were more dispersed in the two α-syn transgenic mice
than that in WT mice (Fig. 5h) and located further away from the active zone, distributed in the axoplasm
(Fig. 5k). Presynaptic membranes of the two α-syn transgenic mice exhibited increased numbers of large
atypical cisternae (> 100nm diameter) (Fig. 5i) and abundant clathrin-coated (CCPs + CCVs) structures
(Fig. 5j), supporting that α-syn is associated to the impairment of synaptic vesicle recycling via inhibition
of CME.

We calculated the number of CCPs (Stage 1–3) and CCVs (Stage 4) at presynaptic membranes among
the three groups of mice. In BAC-α-syn mice, the number of free CCVs (Stage 4) increased due to the
impaired uncoating step (Fig. 5l). In α-syn-A53T mice, the number of Stage 3 CCPs and Stage 4 CCVs
increased, suggesting an impairment in vesicle �ssion and uncoating (Fig. 5l). In summary, the data
reinforces the observations that overexpression of WT-α-syn and mutant (A53T) α-syn could induce
disordered synaptic vesicle recycling via inhibition of CME, especially at the site of vesicle �ssion and
uncoating.

Knock-down α-syn overexpression rescues impaired CME
In order to validate that impaired CME processes are directly contributed by overexpression of α-syn in the
BAC-α-syn mice, we have designed AAV vectors to knock-down α-syn expression in this BAC-α-syn-GFP
transgenic mice. The AAV vector was stereostactically injected into the hippocampus (Fig. 6a, b). Six
weeks post-AAV delivery, we observed a signi�cant reduction of α-syn-GFP and phosphorylated α-syn in
the hippocampus of AAV-shRNA (α-syn-AcGFP) injected side (Fig. 6c, d). Concomitantly, we detected
increased SYNJ1, CHC, and auxlin in the hippocampus of AAV-shRNA (α-syn-AcGFP) injected side
compared to the contralateral side (Fig. 6e-g). Taken together, the data indicates that overexpressed α-syn
impairs CME processes by inducing the decrease to depletion of different CME-associated proteins,
particularly SYNJ1, targeting the �ssion and uncoating process. Knock-down of α-syn transgenic
expression in the mice largely normalized the dysfunctioned CME processes.

Overexpression of SYNJ1 attenuates the levels of synaptic
vesicle cluster and CME defects
As SYNJ1 was the most robustly changed CME protein in the α-syn expressing mice and also in the KD
experiments mentioned above, we then further determined the role of SYNJ1 in α-syn-induced CME
processes, we have over-expressed SYNJ1, tagged with Flag-His, in the primary hippocampal neurons
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from BAC-α-syn mice or WT mice (Fig. 7a, b). We observed that, upon overexpression of SYNJ1, size and
density of SV2-positive puncta associated with dendrites and dendritic spines signi�cantly increased in α-
syn-expressing (BAC-α-syn) neurons, which largely normalized the reduced SYNJ1 in the control condition
(i.e. α-syn-overexpression condition) (Fig. 7c-e). Interestingly, overexpression of Flag-His-SYNJ1 did not
affect WT neurons (Fig. 7c-e). This data suggests that replenishment of SYNJ1 can restore the levels of
synaptic vesicle clusters, initially reduced due to overexpression of α-syn.

In order to further determine the rescuing effects of SYNJ1 on CME, we applied assays measuring
transferrin endocytosis (Fig. 8a). 647-Tf uptake was signi�cantly decreased in primary neurons of BAC-α-
syn mice compared to the neurons from the WT mice (Fig. 8b, c). However, upon SYNJ1 overexpression,
647-Tf endocytosis increased markedly to the level comparable to the one of WT neurons (Fig. 8d),
further strengthening that capacity of CME is largely rescued by SYNJ1 overexpression to the neurons
that possess impaired CME, induced by α-syn overexpression.

SYNJ1 overexpression retrieved CME function through
reducing PI(4,5)P2

Previous evidence has shown that α-syn is associated with PI(4,5)P2 on the plasma membrane during
endocytosis, which is dephosphorylated by SYNJ1 [36]. We, therefore, examined the level of PI(4,5)P2

upon SYNJ1 overexpression with the same experimental paradigm as Fig. 7 to investigate the
mechanism underlying the rescuing effects of SYNJ1 on impaired CME. The average �uorescence
intensity of BAC-α-syn neurons was elevated compared to WT ones (Fig. 9a, b), indicating the PI(4,5)P2

dis-homeostasis induced by α-syn overexpression. However, after transduced with SYNJ1, the PI(4,5)P2

levels were restored to the one of WT neurons (Fig. 9c), indicating the mediating role of PI(4,5)P2 in α-syn
induced CME dysfunction.

Discussion
Previous studies have shown that the endocytic function at cultured hippocampal synapses [53], lamprey
nerve terminals [47] and calyces of held [54] were inhibited by normal and mutant α-syn. However, the
detailed mechanisms behind are still obscure. Thus, in this work we used BAC-α-syn mice and α-syn-A53T
mice to better understand how age-dependent α-syn pathology at synapses impact the pathogenesis of
PD. In the two strains of α-syn overexpression transgenic mice, we observed dispersed synaptic vesicle
clusters, expanded plasma membrane, increased cisternae and diminution of CME associated proteins,
which suggest that excessive WT-α-syn and A53T-α-syn induce a speci�c defect in the synaptic vesicle
recycling pathway by preventing the re-clustering of vesicles after endocytosis.

Different severity of synaptic toxicity induced by WT- and
A53T-α-syn
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In the present study, we observed differences in the two strains of mice regarding CCV de�ciency, with
WT-α-syn inhibiting CCV uncoating and A53T-α-syn inhibiting both CCV �ssion and uncoating.
Furthermore, A53T-α-syn caused more severe plasma membrane expansion. The different synaptic
toxicity between the BAC-α-syn and α-syn-A53T mice was intriguing, we reasoned that following factors
may be involved. Firstly, different transgene expression in the two transgenic strains, one strain of mice
express human WT α-syn, while the other express the mutated form, A53T-α-syn. Available evidence
showed that α-syn-A53T mice developed more severe and earlier neurodegeneration [52, 55]. By 8 months
of age, transgenic mice expressing A53T-α-syn developed an age-dependent motor impairment and α-syn
inclusions in the somatodendritic compartment and dystrophic neurites, while mice expressing WT-α-syn
developed aberrant α-syn accumulations or neurological defects from at least 14 months of age [50].
Moreover, it has been shown by of Rocha et al that WT-α-syn and A53T-α-syn aggregates possess
different rates of interconversion and structural variants of aggregation intermediate [56, 57]. A53T-α-syn
oligomerizes and forms into �brils more rapidly and show higher potency regarding propagation and
cytotoxicity to neurons than that of WT-α-syn mice [58–60].

The different synaptic toxicity of WT-α-syn and A53T-α-syn raises the question of whether strain variance
play a role in neuronal toxicity of α-syn in the early phase of disease onset, as previous studies have
demonstrated the structural difference between WT-α-syn aggregates and A53T-α-syn �brils [61, 62]. It will
be meaningful and important in future experiments to investigate the impacts of different α-syn
conformers on CME dysfunction and to identify common mechanisms of α-syn induced synaptic
de�ciencies.

SYNJ1, the driving force of CME impairment in α-syn-
expressing mice
The most robust evidence in the present study is reduction to depletion of SYNJ1 in response to
overexpression of WT- and A53T-α-syn. SYNJ1 acts as a phosphoinositide phosphatase, through
dephosphorylating PI(4,5)P2 to promote dynamin-mediated membrane �ssion and concomitant vesicle
uncoating mediated by the auxilin-Hsc70 complex [63]. Thus, we hypothesize that α-syn in�uence the
CME and further synaptic vesicle recycling through impairment of SYNJ1 function. We discovered
dispersed synaptic cluster, accumulation of CCV, expanded plasma membrane and, decreased transferrin
endocytosis, which could explain for the clustered pattern of SYNJ1, in the overexpression of WT- or
A53T-α-syn mice. These concomitant alterations induced by decreased SYNJ1 were consistent to
previous observations in SYNJ1 ablated mice [64], worms [65], and �ies [66]. Furthermore, overexpression
of SYNJ1 recovered SV density and increased transferrin uptake, which were impaired by overexpressed
α-syn. Our work strengthens the notion that SYNJ1 is vital in �ssion and uncoating function in
pathological process of PD. The data presents a viable strategy by increasing SYNJ1 availability and
function to stabilize the CCV uncoating for halting and even reversing neurodegeneration in PD and other
synucleinopathies. Moreover, to our knowledge, the current study work is the �rst report, demonstrating
SYNJ1 decreased in a chronic overexpression α-syn mouse model and providing evidence for a
correlation between SYNJ1 and α-syn.
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How the cascades of synaptic protein changes may lead to
CME de�ciency
How does the α-syn disturb the SYNJ1 availability and function? PI(4,5)P2. PI(4,5)P2 plays a vital role in
the process of membrane recruitment of presynaptic proteins, especially SYNJ1 [67]. In the present study
it is evident that α-syn pathology disturbed PI(4,5)P2 steady-state on the plasma membrane. PI(4,5)P2

dys-homeostasis leads to inhibition of the SYNJ1 recruitment and then decreased SYNJ1 conversely
aggravates PI(4,5)P2 dys-homeostasis, which make PI(4,5)P2 failed to be transformed insu�ciently to
PI(3)P and PI(3,4)P2. The insu�cient PI(3)P and PI(3,4)P2 inhibit the auxilin recruited to clathrin-coated
pits and then vesicle uncoating is inhibited by the decreased auxilin-Hsc70 complex, which also cause
clathrin trapped in the accumulated CCV [67]. Furthermore, the CCV accumulation in�uences the vesicle
transported to the recycling pool. The disturbed PI(4,5)P2 level and insu�cient vesicle recycling pool may
in�uence the SNARE complex synthesis and induce defective exo-endocytotic coupling process, leading
to AP180 accumulation on plasma membrane, forming a trend of increase of the protein due to
compensating mechanisms [68]. Our study has therefore paved out a theoretical process on how α-syn
pathology induced CME dysfunction through altering cascades of protein expressions.

Conclusion
In conclusion, we have shown that SYNJ1 is the key protein in alleviating disrupted synaptic function
caused by α-syn through interfering with vesicle recycling. Overexpression of SYNJ1 can restore the
extent of synaptic vesicle cluster and 647-Tf endocytosis. Moreover, we have demonstrated that SYNJ1
attenuating CME activity is mediated by PI(4,5)P2 homeostasis simultaneously. Thus, maintenance of
normal endocytic processes requires an adequate concentration of SYNJ1. Overall, our study identi�ed
the molecular mechanisms underlying α-syn-induced CME dysfunction and provided a potential
therapeutic target for treating PD.

Abbreviations



Page 14/30

α-syn α-synuclein KD knock-down

Amp amphiphysin LBs Lewy bodies

BAC Bacterial Arti�cial Chromosome LNs Lewy neurites

CCP clathrin-coated pit NaCl sodium chloride

CCVs clathrin-coated vesicles PBS phosphate buffered saline

CHC clathrin heavy chain PD Parkinson’s disease

CLC clathrin light chain PFA paraformaldehyde

CME clathrin-mediated endocytosis PI(4,5)P2 phosphatidylinositol-4,5-

bisphosphate

DG dentate gyrus PM plasma membrane

DIV days in vitro PSD post-synaptic density

ECL enhanced chemiluminescence RT room temperature

EM electron microscopy SD standard deviation

EndoA endophilin-A SVs synaptic vesicles

GFP green �uorescent protein SV2 synaptic vesicle glycoprotein 2

hα-syn human α-synuclein SYNJ1 synaptojanin1

HRP horseradish peroxidase TBS Tris-buffered saline

Hsc70 Heat-shock cognate WB western blot

ICC immunocytochemistry WT wild-type

IHC immunohistochemistry 647-Tf Alexa Fluor 647-conjugated transferrin
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Figure 1

CME-associated proteins in the hippocampus of BAC-α-syn mice.

(a) Western blot showing the amounts of a variety of CME-associated proteins in the hippocampus of 3-,
6-, 10- and 14-month-old BAC-α-syn and WT mice. (b-j) Quanti�cation of relative protein levels of SYNJ1
(b), auxilin (c), CHC (d), CLC(e), Amp (f), AP180 (g), EndoA (h), dynamin (i) and Hsc70 (j) from at least
three independent pairs of samples. Two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001were considered to be signi�cant.

Figure 2

CME-associated proteins in the striatum of BAC-α-syn mice.

(a) Western blot showing the amounts of a variety of CME-associated proteins in the striatum of 3-, 6-, 10-
and 14-month-old BAC-α-syn and WT mice. (b-j) Quanti�cation of relative protein levels of SYNJ1 (b),
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auxilin (c), CHC (d), CLC(e), Amp (f), AP180 (g), EndoA (h), dynamin (i) and Hsc70 (j) from at least three
independent pairs of samples. Two-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 were considered to be signi�cant.

Figure 3

Clustering of SYNJ1 in BAC-α-syn mice.

(a) Immunohistochemistry for SYNJ1 in the hippocampus of 3-, 6-, 10- and 14-month-old BAC-α-syn and
WT mice show clustering of SYNJ1 from 6 month. Scale bar, 20μm. (b) Immunohistochemistry for
SYNJ1 in the striatum of 3-, 6-, 10- and 14-month-old BAC-α-syn and WT mice show clustering of SYNJ1
from 6 month. Scale bar, 20μm.
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Figure 4

Overexpression of α-syn reduces and clusters SYNJ1 at presynaptic in primary neurons.

(a) Experimental timeline paradigm of the primary neuron experiment, the area circled by dotted line
indicates synaptic vesicle cluster, which is labeled by SV2 antibody, and yellow circle indicates SYNJ1. (b)
Immunostaining of SV2 and SYNJ1 of DIV18 primary neurons from BAC-α-syn and WT mice. Purple
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indicates SV2, red indicates SYNJ1 and green indicates α-syn-GFP. Scale bar, 20μm. (c) Dendritic
segments of the �gure (b). Dendrite enlarge picture, scale bar, 100μm. Positive puncta enlarge picture,
scale bar, 200μm. (d-g) Quanti�cations of the puncta area and the linear density of SV2 and SYNJ1
clusters. (h) Graphs showing the average number of SYNJ1 puncta per SV2. n = 45-50 dendrites which
were derived from 15 neurons obtained from 3 × technical replicates for each mice (5 neurons each
mice). Unpaired t-test. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered to be signi�cant.
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Figure 5

Overexpression of WT-α-syn and A53T-α-syn impairs synaptic vesicle recycling.

(a-d) Electron micrographs from CA1 of hippocampal region in BAC-α-syn (a), α-syn-A53T (b), and WT (c,
d) mice. Red asterisks and Black dotted lines mark the clustered vesicles. Red dotted lines indicates the
plasma membrane. Black circles means the CCP. Red circles means the CCV. C, cisternae; S, dendritic
spine; psd, postsynaptic density. Scale bar, 200 nm. (e) Examples of cisternae in BAC-α-syn and α-syn-
A53T mice. Scale bar, 50 nm. (f) In contrast to WT mice, BAC-α-syn and α-syn-A53T mice show a buildup
of PM. (g) The total synaptic vesicles in the active zone only increase in α-syn-A53T mice. (h) Clustered
vesicles in BAC-α-syn, α-syn-A53T mice signi�cantly reduced compared to the WT mice. (i) The number of
large cisternae were increased in BAC-α-syn and α-syn-A53T mice. (j) The increase in clathrin coated
vesicles in BAC-α-syn and α-syn-A53T mice indicates defects of recycling vesicles. (k) Histogram with
bins indicating the distances from the active zone: 1:25-50 nm, 2:50-75 nm, 3:75-100 nm, 4:100-125 nm,
5:125-150 nm, 6:150-175 nm, 7:175-200 nm, 8:200-225 nm, 9:225-250 nm, 10:250-275 nm, 11:275-300
nm, 12:300-325 nm, 13:325-350 nm. (l) Quantitative analysis of each morphologically distinct stage of
CCP and CCV formation. This analysis revealed vesicle �ssion defected only in α-syn-A53T mice, as
indicated by a selective increase in stage 3 CCPs. In addition, clathrin uncoating defected both in BAC-α-
syn and α-syn-A53T mice (stage 4). Bars represent mean SD from n = 70-100 synapses, 3 mice. One way
ANOVA (f-j), Two-way ANOVA with Tukey’s post hoc test (k, l). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 were considered to be signi�cant.

Figure 6

α-Syn knockdown restores the CME-associated proteins expression in the hippocampus of BAC-α-syn
mice.
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(a) Western blot analysis of abnormal α-syn and CME-associated proteins of the hippocampus from the
injection side and contralateral side of the injection of BAC-α-syn mice, 6 weeks after AAV vector delivery.
(b) Experimental timeline paradigm of unilaterally injected AAV-shRNA (α-syn-AcGFP) into the DG of WT
and BAC-α-syn mice. (c-d) The expression levels of α-syn (c) and phosphorylated α-syn (d) reduced in
AAV-shRNA (α-syn-AcGFP) injected side. (e-i) Quanti�cation of expression levels of other CME-associated
proteins. SYNJ1 (e), CHC (f), auxilin (g), Amp (h), AP180 (i). n = 3. Unpaired t-test. *p < 0.05; **p < 0.01,
***p < 0.001, ****p < 0.0001 were considered to be signi�cant.



Page 27/30

Figure 7

Exogenous SYNJ1 restores the level of synaptic vesicle cluster reduced by α-syn

(a) Experimental timeline paradigm of the primary neurons transfected with Flag-His-tagged SYNJ1. (b)
Immunostaining of SV2 of DIV18 primary neurons transfected with Flag-His-tagged SYNJ1 of both BAC-
α-syn and WT mice, and the corresponding control group. Purple indicates SV2, red indicates Flag-His-
tagged SYNJ1 and green indicates α-syn-GFP. Scale bar, 20μm. (c) Dendritic segments of the �gure (b).
Scale bar, 100μm. (d-e) Quanti�cations of the linear density and the puncta area of SV2 clusters. n = 45-
50 dendrites which were derived from 15 neurons obtained from 3 × technical replicates for each mice (5
neurons each mice). One way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered
to be signi�cant.
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Figure 8

Exogenous SYNJ1 reverses the α-syn-induced CME dysfunction.

(a) Experimental timeline paradigm of the primary neurons added with 647-Tf. (b) Transferrin uptake
assay. DIV14 primary neurons transfected with Flag-His-tagged SYNJ1 of both BAC-α-syn and WT mice,
four days later, neurons were incubated in parallel with 647-Tf at 37 ◦C for 30 min. Purple indicates
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transferrin, red indicates Flag-His-tagged SYNJ1 and green indicates α-syn-GFP. Scale bar, 20μm. (c)
Dendritic segments of the �gure (b). Scale bar, 100μm. (d) Quanti�cations of the mean �uorescence
intensity of transferrin. n = 45-50 dendrites which were derived from 15 neurons obtained from 3 ×
technical replicates for each mice (5 neurons each mice). One way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 were considered to be signi�cant.

Figure 9
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SYNJ1 attenuates the CME defects caused by α-syn through PI(4,5)P2

(a) Immunostaining of PIP2 of the DIV18 primary neurons transfected with Flag-His-tagged SYNJ1 of
both BAC-α-syn and WT mice, and the corresponding control group. Purple indicates PIP2, red indicates
Flag-His-tagged SYNJ1 and green indicates α-syn-GFP. Scale bar, 20μm. (b) Dendritic segments of the
�gure (a). Scale bar, 100μm. (c) Quanti�cations of the mean �uorescence intensity of PIP2. n = 45-50
dendrites which were derived from 15 neurons obtained from 3 × technical replicates for each mice (5
neurons each mice). One way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered
to be signi�cant.
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