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Parkinson’s Disease-Associated LRRK2 Hyperactive Kinase
Mutant Disrupts Synaptic Vesicle Trafficking in Ventral
Midbrain Neurons
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Parkinson’s disease (PD) is characterized pathologically by the selective loss of substantia nigra (SN) dopaminergic (DAergic) neurons.
Recent evidence has suggested a role of LRRK2, linked to the most frequent familial PD, in regulating synaptic vesicle (SV) trafficking.
However, the mechanism whereby LRRK2 mutants contribute to nigral vulnerability remains unclear. Here we show that the most
common PD mutation LRRK2 G2019S impairs SV endocytosis in ventral midbrain (MB) neurons, including DA neurons, and the slowed
endocytosis can be rescued by inhibition of LRRK2 kinase activity. A similar endocytic defect, however, was not observed in LRRK2
mutant neurons from the neocortex (hereafter, cortical neurons) or the hippocampus, suggesting a brain region-specific vulnerability to
the G2019S mutation. Additionally, we found MB-specific impairment of SV endocytosis in neurons carrying heterozygous deletion of
SYNJ1 (PARK20), a gene that is associated with recessive Parkinsonism. Combining SYNJ1�/� and LRRK2 G2019S does not exacerbate SV
endocytosis but impairs sustained exocytosis in MB neurons and alters specific motor functions of 1-year-old male mice. Interestingly,
we show that LRRK2 directly phosphorylates synaptojanin1 in vitro, resulting in the disruption of endophilin-synaptojanin1 interaction
required for SV endocytosis. Our work suggests a merge of LRRK2 and SYNJ1 pathogenic pathways in deregulating SV trafficking in MB
neurons as an underlying molecular mechanism of early PD pathogenesis.
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Introduction
Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder, and it is thought to occur due to substantial

loss of the nigral dopaminergic (DAergic) neurons in the ventral
midbrain (MB). Human genetic studies have identified �20 ge-
netic variants, which are linked to PD pathogenesis (Hardy et al.,
2006; Hernandez et al., 2016); however, we have so far gained
little insight in nigral DAergic neuron vulnerability based on
these findings. Mutations in LRRK2/PARK8 represent the great-
est contributor to inherited forms as well as some sporadic forms
of PD (Paisán-Ruíz et al., 2004; Zimprich et al., 2004). The most
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Significance Statement

Understanding midbrain dopaminergic (DAergic) neuron-selective vulnerability in PD is essential for the development of tar-
geted therapeutics. We report, for the first time, a nerve terminal impairment in SV trafficking selectively in MB neurons but not
cortical neurons caused by two PARK genes: LRRK2 (PARK8) and SYNJ1 (PARK20). We demonstrate that the enhanced kinase
activity resulting from the most frequent G2019S mutation in LRRK2 is the key to this impairment. We provide evidence suggest-
ing that LRRK2 G2019S and SYNJ1 loss of function share a similar pathogenic pathway in deregulating DAergic neuron SV
endocytosis and that they play additive roles in facilitating each other’s pathogenic functions in PD.
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frequent Gly2019Ser (G2019S) mutation in LRRK2 kinase
domain results in enhanced kinase activity (West et al., 2005),
suggesting a gain-of-toxic-function as the potential patho-
genic mechanism. Many pathogenic pathways of LRRK2
mutants were suggested; however, validation of the disease-
related pathways is hindered by the lack of robust mammalian
models of LRRK2 PD mutations (Yue and Lachenmayer,
2011). Thus, the molecular mechanism underlying the patho-
genesis of LRRK2 mutant remains mostly elusive. Despite the
lack of obvious PD-like toxicity in the available rodent mod-
els, a common functional alteration in those models is associ-
ated with DA transmission deficiency (Tong et al., 2009;
Melrose et al., 2010; Beccano-Kelly et al., 2015). We previously
reported altered DA release/uptake in BAC transgenic mice
expressing LRRK2 G2019S but not in control BAC mice ex-
pressing WT LRRK2 (Li et al., 2010). There has been little
understanding, however, on the molecular basis of deregu-
lated DA transmission.

Emerging evidence suggested a role of LRRK2 in synaptic ves-
icle (SV) recycling, which is supported by its localization to the
SV fraction (Piccoli et al., 2014) and its regulation of synaptic
proteins, including rab5b (Shin et al., 2008), NSF, synapsin (Pic-
coli et al., 2014), and endophilin (Matta et al., 2012; Arranz et al.,
2015). Examination of the proteome and phosphoproteome of
flies expressing LRRK2-R1441C also implicated dysfunctional SV
recycling as a potential LRRK2 pathogenic pathway (Islam et al.,
2016). A recent human study reported genetic variability within
DNM3 (encoding dynamin3), which is known to regulate SV
endocytosis (Raimondi et al., 2011), as an age-of-onset modifier
for LRRK2 G2019S carriers (Trinh et al., 2016), further highlight-
ing the contribution of SV dysfunction to PD pathogenesis.
Whether the deregulated SV function represents a core mecha-
nism for the dysfunctional DAergic system in PD-risk genetic
backgrounds requires further validation in the relevant cell type.

We and others reported a novel recessive missense mutation
(R258Q) in SYNJ1 (chromosome 21q22) known as PARK20, which
is associated with early-onset Parkinsonism (Krebs et al., 2013;
Quadri et al., 2013; Olgiati et al., 2014). SYNJ1 encodes a synapse-
enriched inositol phosphatase, synaptojanin1 (synj1), which is
essential for SV endocytosis and neural development (Cremona
et al., 1999). Mice carrying the disease mutation recapitulated
PD-like motor deficits and displayed impaired SV clathrin coat
removal and loss of nigral DAergic innervation (Cao et al., 2017).
Interestingly, the synj1 binding partner endophilinA was recently
reported as a potential substrate of LRRK2 (Matta et al., 2012;
Arranz et al., 2015), which raises a possibility for the interaction
of LRRK2, endophilin, and synj1 in the same pathogenic pathway
of PD. Herein we examined cultured neurons derived from the
ventral MB, which contains mostly DAergic and GABAergic
interneurons from the SN and VTA. We show impaired SV en-
docytosis caused by LRRK2 G2019S mutation or SYNJ1 heterozy-
gosity in MB neurons, but not in cortical or hippocampal
neurons. We report evidence that LRRK2 PD mutation and
SYNJ1 deficiency converges at the MB neuron nerve terminal for
deregulation of DA signaling in PD.

Experimental Procedures
Animals, cell culture, and transfection. Mice were housed in the pathogen-
free Center for Comparative Medicine at Icahn School of Medicine at
Mount Sinai. Handling procedures were in accordance with National
Institutes of Health guidelines and approved by the Mount Sinai Institu-
tional Animal Care and Use Committee. LRRK2 BAC transgenic mice
were described previously (Li et al., 2010). SYNJ1�/� mice were gifts

from Dongming Cai’s laboratory at the Mount Sinai Veterans Adminis-
tration Hospital Campus. MB cultures (Mani and Ryan, 2009; Pan and
Ryan, 2012) and cortical cultures (Mani et al., 2007) were prepared as
described previously. Ventral MB (containing both VTA and SN) or
cortices were dissected from P0-P1 mice pups of either sex and digested
using papain (Worthington, catalog #LK003178) or trypsin (Sigma-
Aldrich, catalog #T1005) supplemented with DNase (Sigma-Aldrich,
catalog #D5025), respectively. MB neurons were then prepared accord-
ing to our previously published protocol plated at a cell density of
199,000 cells/cm 2 and grown in the Neurobasal-A based medium sup-
plemented with GDNF (10 ng/ml, EMD Millipore, catalog #GF030).
Cortical neurons, which were also prepared from P0-P1 mice pups of
either sex, were plated at 142,000 cells/cm 2 and grown in the MEM-based
medium supplemented with insulin (24 �g/ml, Sigma, catalog #I6634)
and transferrin (0.1 mg/ml, Calbiochem, catalog #616420). Typically,
four P0-P1 mouse brains are required for an MB culture. Calcium phos-
phate was used for transfection to achieve sparse expression and to
ensure analysis of single neurons during the imaging experiments. Trans-
fection was performed at DIV 3–5 for MB neurons and at DIV 5– 6 for
cortical neurons, after which the growth medium was replaced with a
fresh medium supplemented with an antimitotic agent, ARA-C (Sigma-
Aldrich, catalog #C6645). P0-P1 Sprague Dawley rat pups were used to
make rat MB and hippocampal cultures as described previously (Ariel
and Ryan, 2010; Pan and Ryan, 2012).

Constructs and cloning. FLAG-mLRRK2 WT and FLAG-mLRRK2
G2019S were engineered by inserting mLRRK2 cDNAs into p3xFLAG-
CMV-7.1 (Sigma-Aldrich, catalog #E4026) via restriction sites, NotI and
XbaI. pEGFP-N3-endophilin1 and pEGFP-C1-FLAG-hSYNJ1 were gifts
from the De Camili laboratory (Yale University). Site-directed mutagen-
esis (QuikChange Lightning kit, Agilent, catalog #210518) was used to
generate synj1 mutant constructs: synj1 T1205A, synj1 T1205E, synj1
T1202A, synj1 D769A. The following primers were used to generate synj1
mutant constructs: synj1 T1205A_forward: 5�-AGCACCCAAAAGCCC
TGGAGCAACAAGGAAAGATAATATAG-3�, synj1T1205A_reverse:5�-
CTATATTATCTTTCCTTGTTGCTCCAGGGCTTTTGGGTGCT-3�;
synj1 T1205E_forward: 5�-AGCACCCAAAAGCCCTGGAGAGACAAG
GAAAGATAATATAG-3�, synj1 T1205E_reverse: 5�-CTATATTATCTT
TCCTTGTCTCTCCAGGGCTTTTGGGTGCT-3�; synj1 T1202A_forward:
5�-ATGGAAGCACCCAAAGCCCCTGGAACAACAAGG-3�, synj1
T1202A_reverse: 5�-CCTTGTTGTTCCAGGGGCTTTGGGTGCTTCC
AT-3�. Synj1 S1202A_forward: 5�-ATGGAAGCACCCAAAGCCCCTG
GAACAACAAGG-3�, Synj1 S1202A_reverse: 5�-CCTTGTTGTTCCAG
GGGCTTTGGGTGCTTCCAT-3�; synj1. When performing coimmu-
noprecipitation with EGFP-endophilin1, EGFP was deleted from pEGFP-
C1-FLAG-hSYNJ1. To delete EGFP from pEGFP-C1-FLAG-hSYNJ1 by
site-directed mutagenesis (QuikChange Lightning kit, Agilent, catalog
#210518), we used the following primers: forward, 5�-CGCTAGCGCTAC
CGGTCGCCACCTCCGGACTCAGATC-3�; reverse, 5�-GCTTGAGCT
CGAGATCTGAGTCCGGAGGTGGCGACCGG-3�. All oligonucleo-
tides were synthesized by Integrated DNA Technologies and sequences
validated by Genewiz.

Immunofluorescence and antibodies. Immunocytochemistry: Follow-
ing imaging experiments all cells were stained for the DAergic neuron-
specific marker, TH. Neurons were fixed in PFA (containing 4% PFA,
EMS, in 1 � PBS) for 10 min, permeabilized in 0.2% Triton, and blocked
with 5% BSA for 40 – 60 min in 37°C. Primary antibodies were diluted in
5% BSA and incubated with the cells at 37°C for 1 h, and then incubated
with 1:1000 dilution of AlexaFluor secondary antibodies (Thermo Fisher
Scientific). The following primary antibodies were used: anti-TH an-
tibody (monoclonal, Sigma-Aldrich catalog #T2928 RRID:AB_477569,
or polyclonal, Millipore catalog #AB152 RRID:AB_390204, both used at
1:1000 dilution) and chicken anti-GFP (Thermo Fisher Scientific catalog
#A10262 RRID:AB_2534023, 1:1000 dilution), rabbit anti-synj1 (Novus
catalog #NBP1-87842 RRID:AB_11047653, 1:500 dilution), mouse anti-
LRRK2 clone N241A/N34 (NeuroMab, 1:500 dilution), and guinea pig
anti-synapsin 1/2 (Synaptic Systems catalog #106 004 RRID:
AB_1106784, 1:500 dilution).

Optical setup and live cell imaging. For live cell imaging, cells were
mounted on a custom-made laminar-flow stimulation chamber with
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constant perfusion (at a rate of �0.2– 0.3 ml/min) of a Tyrode’s salt
solution containing the following (in mM): 119 NaCl, 2.5 KCl, 2 CaCl2, 2
MgCl2, 25 HEPES, 30 glucose, 10 �M CNQX, and 50 �M D-AP5 and
buffered to pH 7.40. NH4Cl solution containing the following (in mM):
50 NH4Cl, 70 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 25 HEPES, 30 glucose, 10
�M CNQX, and 50 �M AP5, buffered to pH 7.4, was used to reveal total
pHluorin expression for normalizing exocytosis. All chemicals were pur-
chased from Sigma-Aldrich, except for bafilomycin A1 (1 �M, Calbio-
chem, catalog #196000-1SET). Temperature was clamped at 30.0°C at
the objective throughout the experiment. Field stimulations were deliv-
ered at 10 V/cm by A310 Accupulser and A385 stimulus isolator (World
Precision Instruments). A 1 ms pulse was used to evoke single action
potentials. Normalized exocytosis is determined by the size of the pHluo-
rin signal relative to the maximum response upon a brief perfusion of the
NH4Cl, pH 7.4, solution. Images were acquired using a highly sensitive,
back-illuminated EM-CCD camera (iXon� model # DU-897E-BV, An-
dor). An IX73 microscope was modified for laser illumination (Olym-
pus). A solid-state 488 nm OPSL smart laser at 50 mW (used at 10% and
output at �2 mW at the back aperture) was built into a laser combiner
system for millisecond on/off switching and camera blanking control
(Andor). Fluorescence excitation and collection were achieved through
an Olympus PLAPON 60XO 1.42 NA objective using 525/50 m emission
filter and 495LP dichroic filters (Chroma, catalog #49002). Images were
sampled at 2 Hz with an Imaging Workstation (Andor) driven by iQ-
CORE-FST (version 2.x, Andor) iQ3.0 software.

Kinase assay. Kinase assay was performed as previously described (Li et
al., 2010). FLAG-hSYNJ1 was transfected in HEK293T cells by Lipo-
fectamine 2000 (Thermo Fisher Scientific, catalog #11668019) and affin-
ity purified by anti-FLAG M2 Magnetic beads (Sigma-Aldrich catalog
#M8823; also M8823-1ML, M8823-5ML RRID:AB_2637089) after lysing
with a Tris-HCl buffer containing 150 mM Na � and 1% Triton. Purified
synj1 was resolved in SDS-PAGE (Thermo Fisher Scientific) and quan-
tified based on colloidal Coomassie Blue staining. Tris-HCl buffer con-
taining 15 mM Mn 2�, 5 mM EGTA, and 0.1 mg/ml BSA was used as the
kinase buffer for LRRK2 kinase reaction at 37°C for 30 min, supple-
mented by 0.6 mM ATP. For radioactive kinase assay, 32P-ATP
(PerkinElmer Health Sciences, catalog #BLU502H250UC) was added to
the reaction system for autoradiograph detection. Full-length hLRRK2
WT, hLRRK2 G2019S, or hLRRK2 D1994A were either purchased from
Invitrogen or purified from HEK293T cells and used at 0 –20 nM in the
kinase reaction. G1023 (Genentech) was applied to the reaction at
0 –5 �M.

Mass spectrometry analysis. To identify the specific residue(s) on synj1
that can be modified by LRRK2, we performed two lines of mass spec-
trometry analyses. In the first analysis, we performed kinase assays for
human synj1 (hsynj1) purified from HEK293T cells by incubating it with
0 nM (as control) or 50 nM Invitrogen purified full-length hLRRK2
G2019S. Synj1 was then separated from LRRK2 on an SDS-PAGE for
further enzyme digestion and phosphor group detection. Both trypsin
digestion and lys-C/glu-C double digestion were used to enrich coverage
for different regions of the synj1 protein. In the second analysis, hsynj1
was coexpressed with hLRRK2 kinase dead (LRRK2 D1994A, as control)
or hLRRK2 G2019S in HEK293T cells for 2 d before cells were lysed and
proteins were separated on an SDS-PAGE. The Scaffold software was
used to analyze the phosphor groups. This work was performed at the
Mass Spectrometry Core (by Dr. Rong Wang and colleague) at Mount
Sinai.

Anti-synj1 pT1205 antibody generation and purification. Phosphor
peptide (PGpTTRKDNIGRS-Cys) was synthesized and injected into 3
rabbits (Cocalico Biologicals). The prebleed and the third-bleed sera
were collected from all 3 rabbits and tested for specificity by in vitro
kinase assay. The third-bleed serum from one of the rabbits with the best
efficacy and specificity was selected for phosphor-specific antibody pu-
rification. The nonphosphor peptide (PGTTRKDNIGRS) was used to
remove nonspecific binding.

Coimmunoprecipitation. EGFP-endophilin1 and FLAG-hsynj1 WT or
mutants were transfected at 1:1 molar ratio in HEK293T cells. Trans-
fected HEK293T cells were harvested and suspended in cell lysis buffer
(50 mM Tris HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, and mini-

complete protease and phosphatase inhibitor mixture, Thermo Fisher
Scientific, Pierce, catalog #88669). The cell lysate was cleared at 12,000 �
g for 10 min at 4°C. After quantification using the BCA assay, 600 �g of
total lysate was used to incubate with rabbit anti-GFP (Thermo Fisher
Scientific catalog #A-11122 also A11122 RRID:AB_221569) overnight,
followed by 1 h incubation with Dynabeads Protein G (Thermo Fisher
Scientific, 10004D) at 4°C. The beads were washed with Tris-HCl buffer
3 times and eluted by a sample buffer (Novex, catalog #NP0007). The
immunoprecipitated and coimmunoprecipitated proteins were analyzed
on a SDS-PAGE gel followed by Western blotting using anti-GFP and
anti-FLAG, respectively.

Behavioral assays. Male transgenic mice and their littermate controls
(12 months) were tested for general locomotor activity in an open field
chamber in the dark room for 60 min. Motor coordination was assessed
on an accelerated Rota-rod and a challenge beam. All tests were per-
formed in a double-blinded manner.

1. Open-field test. An individual mouse was placed into the center of a
16 � 16 inch cage with a Versamax monitor system (Accuscan) in a
quiet dark room. The mouse horizontal and vertical movement was
monitored and recorded for 60 min by a grid of 32 infrared beams
at ground level and 16 elevated (3 inch) beams.

2. Accelerated Rota-rod test. A mouse was placed on a rotating rod with
acceleration from 4 to 40 RPM within 5 min. Each mouse was
trained for 2 trials before the test. The duration a mouse spent on
the accelerated Rota-rod was averaged for consecutive 3 trials spaced
by 15 min.

3. Challenging beam traversal test. Mice were trained for 2 d to walk on
an elevated tapering beam that measures 100 cm in length and
consists of four sections with different widths (3.5, 2.5, 1.5, and 0.5
cm) (Fleming et al., 2004). On each training day, the mouse walks
across the beam 2 times in the home cage assisted mode and then 5
times in the unassisted mode. On the experiment day, a set of
matching mesh wires was placed on top of the beam. Animals were
then videotaped while traversing the grid-surfaced beam for con-
secutive five trials with 15 min spacing. The total steps and slips
were scored and analyzed in a double-blinded fashion.

Stereology analysis. Mice were perfused and fixed by freshly made 4%
PFA. Brains were dissected immediately and fixed again in 4% PFA fol-
lowed by 15% and 30% sucrose. Fixed brains were imbedded in the
OCT-compound media (Sakura) and let set in liquid nitrogen. MB brain
tissues were cryo-sectioned at 40 �m in thickness using a Leica CM3050s
cryostat and stored in an antifreeze media containing 30% ethanol glycol,
25% glycerol, and 5% phosphate buffer. For stereology counting, 1 in
every 5 sections was selected with a random start and a total of 8 brain
slices on average were used for each mouse for IHC labeling for TH,
including DAB enhancement, followed by cresyl violet staining to reveal
all neurons. A Zeiss Axioplan2 was used for tissue slice imaging with a
20� objective, and Stereo Investigator was used to estimate the total
number of neurons in the region of interest using the following param-
eters: frame sizes, 150 � 150 �m; grid sizes, 250 � 250 �m; top guard
zone height, 2 �m; and optical dissector height, 8 �m. These parameters
yielded a coefficient of error �10% throughout the analysis.

Data analysis and statistics. The number of repetitions and sample sizes
are determined by intrinsic variation of the dataset. For cell culture-based
imaging study, data were obtained from at least 2 or 3 independent
cultures. For biochemical studies, each result represents 4 or more repe-
titions. All sample sizes are indicated in the figure legends. In the imaging
study, typically, 15–50 nerve terminals with consistent responses were
selected for analysis for each cell. More than three replications were
typically used for each experimental setting to ensure the stability of the
cell and the optical system. For the LRRK2 overexpression study pre-
sented in Figure 4, LRRK2 G2019S was coexpressed with vMAT2-
pHluorin. Post hoc immunocytochemistry was used to determine
whether the neuron we analyzed had LRRK2 overexpression by normal-
izing the LRRK2 immunofluorescence at the soma to the average of those
from 4 or 5 neighboring untransfected cells. LRRK2 overexpression (GS
OE) was determined at 20% cutoff. Few (�5%) outliers (if data fall
outside the range of mean 	 3� SD) were excluded. For each dataset
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acquired, a test for normality was performed using the built-in function
in OriginPro 8.2. Two-way ANOVA was used when comparing two vari-
ables, such as Figure 2. One-way ANOVA test was used for multiple
group comparisons followed by Tukey’s post hoc test. Paired Student’s t
test was used to test the paired observation on the same neuron before
and after the drug (see Fig. 3). Exact p values and F values were printed on
the figure. All data (but see Fig. 3) were presented in box-and-scatter plot,
where the box represents 25%–75% distribution of the data, the whiskers
represent 5%–95% distribution of the data, the square indicates the
mean, and the line indicates the medium.

Results
LRRK2 G2019S mutation leads to an impairment in SV
endocytosis in midbrain but not in cortical or hippocampal
neurons
To dissect the mechanism underlying the pathogenic effect of
LRRK2 G2019S (GS), we investigated the nerve terminal func-

tions of MB neurons and cortical neurons derived from the BAC
mice previously established in our group (Li et al., 2010). Quan-
tification of LRRK2 levels in cultured MB neurons derived from
LRRK2 GS and LRRK2 WT BAC mice through anti-LRRK2 anti-
body immunofluorescence intensity indicated a near twofold el-
evation of LRRK2 (Fig. 1-1A, available at https://doi.org/10.1523/
JNEUROSCI.0964-17.2017.f1-1), which was substantially lower
than our previous Western blot estimates (6- to 8-fold) for the
whole brain (Li et al., 2010). Despite the existing evidence for the
potential role of LRRK2 in regulating presynaptic function (Shin
et al., 2008; Matta et al., 2012; Piccoli et al., 2014; Belluzzi et al.,
2016), it has been difficult to demonstrate endogenous LRRK2
localization at the nerve terminal and the relevance to PD re-
mains elusive. By expressing LRRK2 GS transgene into cultured
MB neurons, we found that LRRK2 could be targeted to express

Figure 1. PD-linked LRRK2 G2019S mutation leads to MB neuron-specific impairment in SV endocytosis. A, B, Representative pHluorin traces (in black) in response to 10 Hz, 10 s field stimulations
(short black bars) obtained from midbrain (A) and cortical (B) neurons with different genetic backgrounds: from left to right: GS ctrl (N 
 18), GStg (N 
 21), WT ctrl (N 
 11), and WTtg
(N 
 11). Red traces represent the fitted single exponential decay function. Scale bars: A, 25 s, 0.15% NH4Cl response; B, 25 s, 0.25% NH4Cl response. C, D, Comparison of endocytosis
time constants (� obtained from the single exponential decay fit) (top two panels) and the amount of exocytosis by normalizing to the peak of the NH4Cl response (bottom two panels)
for cultured midbrain neurons (C) and cultured cortical neurons (D) derived from different transgenic backgrounds. For LRRK2 immunofluorescence in cultured MB neurons, see Figure
1-1 (available at https://doi.org/10.1523/JNEUROSCI.0964-17.2017.f1-1). For comparison of exocytosis and endocytosis kinetics between TH � and TH � neurons, see Figure 1-2
(available at https://doi.org/10.1523/JNEUROSCI.0964-17.2017.f1-2).
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at the axonal terminals of MB DAergic and non-DAergic neurons
(Fig. 1-1B, available at https://doi.org/10.1523/JNEUROSCI.
0964-17.2017.f1-1). We then applied an optical assay using
pHluorin, a variant of GFP whose fluorescence is quenched by
protonation (Sankaranarayanan et al., 2000). When targeted to
the acidic lumen of SVs, pHluorin is quenched but fluoresces upon
exocytosis when pHluorin is exposed to the extracellular buffer, pH
7.4. Previously, we have shown that conjugating pHluorin to vesic-
ular transporters, such as vesicular glutamate transporter 1 (vGLUT1)
or vesicular monoamine transporter 2 (vMAT2), allows the ex-
amination of SV kinetics at unprecedented precision (Ariel and
Ryan, 2010; Pan and Ryan, 2012). These optical reporters have
provided a great means for investigating the presynaptic regula-
tion for GPCR-mediated DA signaling, which is inaccessible by
conventional patch-clamp recording.

vMAT2-pHluorin and vGLUT1-pHluorin were expressed, re-
spectively, in cultured MB neurons and cortical neurons derived
from the transgenic mice (GStg) and their littermate controls (GS
ctrl). DAergic neurons were determined by post hoc immunore-
activity to TH. SV endocytosis in response to a brief 10 Hz, 10 s
stimulation was significantly slowed in MB neurons from LRRK2
GStg mice compared with their littermate control (GS ctrl ),
whereas the exocytosis was not affected (Fig. 1A,C). In contrast,

the slowed endocytosis kinetics in MB neurons was not observed
in LRRK2 GStg cortical neurons (Fig. 1B,D). The amount of
exocytosis, however, was enhanced, which is consistent with
previous reports (Beccano-Kelly et al., 2014; Plowey et al., 2014;
Belluzzi et al., 2016). Interestingly, we did not observe any differ-
ence in endocytic or exocytic kinetics between DAergic and non-
DAergic neurons in these cultures (Fig. 1-2, available at https://
doi.org/10.1523/JNEUROSCI.0964-17.2017.f1-2). Transient ov-
erexpression of LRRK2 GS mutant also resulted in defective SV
endocytosis in cultured rat MB neurons but not in hippocampal
neurons (Fig. 2). Our data herein revealed a MB-selective defect
in SV endocytosis regulated by LRRK2.

To distinguish the effect of LRRK2 GS from the conse-
quence of LRRK2 protein overexpression, we examined SV
endocytosis in neurons derived from LRRK2 WT BAC trans-
genic (WTtg) mice, in which WT LRRK2 proteins are overex-
pressed at a similar level to LRRK2 GS proteins in the brains of
BAC mice (Li et al., 2010) (Fig. 1-1A, available at https://doi.org/
10.1523/JNEUROSCI.0964-17.2017.f1-1). Our results show that
the endocytosis time constant in WTtg MB neurons was not dif-
ferent from its littermate controls (WT ctrl; Fig. 1A,C). Consis-
tently, rat-derived WT MB neurons overexpressing WT LRRK2
also failed to alter endocytosis kinetics (Fig. 2), suggesting that the

Figure 2. LRRK2 G2019S overexpression in rat MB neurons, but not in hippocampal neurons, leads to slowed endocytosis. A, Endocytosis time constant after 10 Hz, 10 s and 10 Hz, 30 s
stimulations in WT rat MB neurons (N
14) and those overexpressing either LRRK2 G2019S (N
23) or LRRK2 WT (N
10). B, Endocytosis time constant after 10 Hz, 10 s (left) and 10 Hz, 30 s (right)
stimulations in WT rat hippocampal (HP) neurons (N 
 10) and those overexpressing LRRK2 G2019S (LRRK2 GS OE, N 
 10). C, Representative immunofluorescence image for rat MB culture
transfected with vMAT2-pHluorin and mouse LRRK2. D, Summary for the relative LRRK2 overexpression level at the cell body in different neurons. LRRK2 GS was overexpressed at a similar 50% level
in both the MB and the HP neurons.
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GS mutation, rather than LRRK2 protein overexpression, is at-
tributable to the SV endocytic defect.

Impaired SV trafficking is caused by hyperactivity of LRRK2
PD mutant
G2019S
To further assess the contribution of hyperactive GS kinase (West
et al., 2005) to dysfunctional SV trafficking, we applied LRRK2
kinase-specific inhibitor G1023 (Sheng et al., 2012) to the cul-
tured neurons (Fig. 3A) and examined SV dynamics in the same
neuron before and after 30 min incubation of the drug. We found
that littermate (GS ctrl) neurons displayed little or no sensitivity
to the kinase inhibitor, whereas the slowed endocytosis in GStg
MB neurons as well as the enhanced exocytosis in GStg cortical
neurons were effectively rescued after incubation with G1023
(Fig. 3B,C). Collectively, our results suggest that the hyperactive
kinase activity caused by the PD-linked LRRK2 G2019S mutation

leads to selective impairment in SV traf-
ficking in distinct neuronal types.

MB neurons carrying LRRK2 G2019S
and SYNJ1 heterozygosity have
impaired endocytosis and exocytosis
A previous study suggested a genetic in-
teraction between lrrk and endoA in
drosophila NMJ. EndoA haploinsuffi-
ciency rescued the slowed endocytosis in
lrrk-null mutant (Matta et al., 2012).
Given the close partnership between en-
doA and synj1 during SV recycling (Ces-
tra et al., 1999; Schuske et al., 2003;
Verstreken et al., 2003; Chang-Ileto et al.,
2011; Dong et al., 2015), we then tested
whether LRRK2 and SYNJ1 are in the
same signaling pathway in the mamma-
lian system. Unlike the drosophila NMJ,
LRRK2 deletion did not alter SV endocy-
tosis in mouse MB neurons with brief 10
Hz, 10 s stimulations (knock-out: 16.60 	
0.97 s, N 
 7; wild-type: 16.47 	 1.21 s,
N 
 11, p 
 0.52, two-tailed Student’s t
test). We therefore focused on LRRK2
GStg and SYNJ1 heterozygous mice. Cor-
tical neurons derived from SYNJ1�/�

mice did not exhibit endocytic deficits,
although homozygous deletion of SYNJ1
resulted in substantial slowing of endocy-
tosis kinetics at the synapse and perinatal
lethality in mice (Mani et al., 2007). Con-
sistent with the previous study, we observed
similar results by expressing vGLUT1-
pHluorin in SYNJ1�/�, �/�, and �/� corti-
cal neurons (ANOVA, p 
 4.99E-14,
SYNJ1�/�: 14.81 	 1.63 s, N 
 8 com-
pared with SYNJ1�/�: 12.55 	 1.01 s, N 

15, p 
 0.83, Tukey’s post hoc; SYNJ1�/�:
67.17 	 5.69 s, N 
 8, p 
 0 compared
with SYNJ1�/� neurons, Tukey’s post
hoc). However, SYNJ1�/� MB neurons
exhibited significantly slowed endocytosis
(Fig. 4A,C), reminiscent of LRRK2 GStg
MB neurons (Fig. 1). This result suggests
an enhanced sensitivity of MB neurons

(relative to cortical neuron) to reduced SYNJ1 expression for SV
endocytosis. The phenotypic resemblance in SV endocytosis for
LRRK2 GStg and SYNJ1�/� MB neurons suggests that the two
genes may share the same pathogenic pathway for disrupting SV
trafficking.

To further examine the genetic interaction of LRRK2 GS and
SYNJ1 heterozygosity, we then expressed LRRK2 GS in SYNJ1�/�

MB neurons. The results indicate that LRRK2 G2019S expression
did not exacerbate the slowed endocytosis due to SYNJ1 heterozy-
gosity (Fig. 4A,C), consistent with the notion that LRRK2 G2019S
shares the same pathogenic signaling as SYNJ1 insufficiency in
impairing SV endocytosis in these neurons. However, SV exocy-
tosis was substantially reduced compared with SYNJ1�/� MB
neurons (Fig. 4B,D), whereas neither SYNJ1�/� nor LRRK2 GS
alone altered exocytosis. The disruption of SV exocytosis in MB
neurons carrying both LRRK2 GS and SYNJ1�/� is unexpected and

Figure 3. Impaired SV trafficking is mediated by hyperactivity of LRRK2 PD mutant G2019S. A, Experimental scheme of LRRK2
kinase inhibitor test for each neuron. B, C, Comparison of endocytosis time constant (B) and normalized exocytosis (C) before and
after 30 min incubation with G1023 (1 �M) for GS ctrl cortical neurons (N 
 10), GStg cortical neurons (N 
 10), GS ctrl MB neurons
(N 
 9), and GStg MB neurons N 
 9). p values are from paired t tests.
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not understood at present. It may be related
to the role of synj1 in balancing the level of
PI(4,5)P2, which is involved in exocytosis
regulation (Di Paolo and De Camilli, 2006;
van den Bogaart et al., 2012; Honigmann et
al., 2013), or related to the other roles of
LRRK2 GS in altering DA transmission
(Tong et al., 2009; Li et al., 2010; Melrose et
al., 2010; Beccano-Kelly et al., 2015).

Transgenic mice carrying both LRRK2
G2019S mutation and SYNJ1�/� display
behavioral deficits
We next tested the genetic interaction of
LRRK2 PD mutant and SYNJ1 deficiency
using animal models by crossing LRRK2
GStg mice with SYNJ1�/� mice and exam-
ined the vulnerability of the LRRK2 Gtg;
SYNJ1�/� (double transgenic, Dtg) mice.
We performed a set of behavioral analysis
in cohorts of 1-year-old male mice with
four genotypes: WT LM, Dtg, LRRK2
GStg, and SYNJ1�/�. In the open field
study, we found that Dtg mice are similar
to control groups (WT LM) in general lo-
comotor functions (Fig. 5A). However,
Dtg mice spent less time in the center areas
of the testing chambers compared with
SYNJ1�/� mice (Fig. 5B) but showed no
difference compared with WT LM. In the
challenging beam test, which is a sensitive
test for fine motor coordination (Fleming
et al., 2004), Dtg mice lagged behind by a
moderate but significant two steps com-
pared with the WT LM (Fig. 5D). Furthermore, the Dtg mice
displayed a trend toward shorter duration on the accelerated
Rota-rod than WT LM (Fig. 5C). Thus, the behavioral alterations
in Dtg mice further supports a genetic interaction between
LRRK2 GS and SYNJ1 insufficiency that renders LRRK2 GS more
vulnerable to motor function challenges. We also performed an
unbiased stereological counting of TH� DAergic neurons in the
midbrains. The results did not reveal obvious reduction of TH�

neurons in Dtg (Fig. 5E,F) compared with control (WT LM)
mice, suggesting that the behavioral changes in Dtg mice are likely
due to the functional alteration rather than degeneration. The
lack of degeneration in Dtg mice also suggests that neuronal func-
tion deficits represent an early pathological change in the dis-
ease process.

LRRK2 phosphorylates synj1 in vitro and impairs its
interaction with
endophilin
To determine the potential molecular basis for LRRK2 and synj1
interaction, we tested whether LRRK2 phosphorylates synj1 and
thereby deregulates SV trafficking. We first performed phosphor-
ylation assay with purified full-length LRRK2 GS protein (Guai-
toli et al., 2016) and synj1 in the presence of radioactive 32P-ATP.
Strong 32P labeling was detected for synj1 as well as for LRRK2
due to autophosphorylation (Fig. 6A), suggesting that synj1 can
be phosphorylated by LRRK2 in vitro. We next performed mass
spectrometry analyses to identify potential phosphorylation sites
in synj1. In two independent studies (detailed in Experimental
Procedures), only one conserved threonine (T1205) in the

proline-rich domain (PRD) of hsynj1 was consistently phosphor-
ylated in the presence of LRRK2 (Fig. 6B).

Using a phospho-specific antibody against hsynj1 pT1205
(generated in this study), we detected a near 15-fold increase of
pT1205 synj1 signal in the presence of LRRK2 GS compared with
the WT LRRK2 protein (Fig. 6C,D). Incubation with a kinase-
dead LRRK2 mutant (D1994A) yields no signal in pT1205 synj1
(Fig. 6C,D). Moreover, LRRK2 kinase-specific inhibitor G1023
reduces the intensity of pT1205 synj1 signal (Fig. 6E), suggesting
LRRK2-specific modification.

The PRD of synj1 binds endophilin and contains many serines
and threonines prone to phosphorylation. For example, cdk5
phosphorylates hS1202/mS1144 (but not hT1205/mT1147) (Lee
et al., 2004), which is only three amino acids preceding hT1205.
To study the effect of T1205 phosphorylation in synj1 function,
we examined how phosphomimetic (synj1 T1205E) and phos-
phodead (synj1T1205A) mutants of hsynj1 may alter endophilin
binding. We expressed GFP-tagged endophilinA1 (endo-GFP)
with either WT or mutant forms of synj1 in HEK293T cells and
performed a coimmunoprecipitation assay. Consistent with the
previous findings, the binding between S1202A synj1 and endoA
was not impaired (Fig. 6F) (Lee et al., 2004); however, both
T1205E and T1205A mutations significantly reduced synj1’s
binding to endophilin (Fig. 6F,G). The reduction of endophilin
binding for synj1 T1205A or T1205E suggests that T1205 of PRD
is critical for endophilin interaction and structurally vulnerable
for perturbation. Because of the lack of sufficient sensitivity of the
antibody, we were unable to detect T1205 phosphorylation of
synj1 in mouse brains. However, a recent study in fly model

Figure 4. Combination of LRRK2 G2019S and SYNJ1 heterozygosity leads to impairment in both exocytosis and endocytosis.
A, Representative pHluorin traces in response to 10 Hz, 10 s field stimulations obtained from midbrain neurons with the indicated
genotypes. Red traces overlaying the decay phase of the pHluorin traces represent the fitted single exponential functions for
endocytosis time constants. Scale bar, 25 s, 0.2% NH4Cl response. B, Representative pHluorin traces in response to 10 Hz, 2 min
continuous stimulation in the presence bafilomycin (1 �M) for comparison of exocytosis kinetics. Overlaying red traces represent
the fitted single exponential functions for exocytosis time constants. Scale bar, 25 s. C, Summary of endocytosis time constants for
the following midbrain neurons: SYNJ1�/� (N 
 19), SYNJ1�/� (N 
 22), and SYNJ1�/� neurons expressing LRRK2 G2019S
(SYNJ1�/� OE GS, N 
 12). D, Summary of exocytosis time constants for a subset of these neurons in C: SYNJ1�/�, N 
 9;
SYNJ1�/�, N 
 14; SYNJ1�/� OE GS, N 
 10).
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demonstrated that PD mutant R1441C of human LRRK2 phos-
phorylates synj1 at PRD domain (Islam et al., 2016), supporting
the idea that LRRK2 can phosphorylate synj1 in vivo. Nonethe-
less, the validation of the above idea in mammals awaits future
experiments with the development of antibodies with greater
sensitivity.

Discussion
Our data demonstrate that the most common PD mutation
LRRK2 G2019S disrupts SV endocytosis in DAergic neurons and
appears selective for MB but not cortical or hippocampal neu-
rons. The pathogenic function of LRRK2 mutant may require
LRRK2 kinase activity. Our study indicates that LRRK2 G2019S

Figure 5. Dtg mice display altered motor functions. A–D, Male mice at 1 year of age with the following genotypes: WT littermates (N 
 21, black), SYNJ1�/� (N 
 12, cyan), and LRRK2 G2019S
transgenic (LRRK2 GS) (N 
 10, purple) and LRRK2GS; SYNJ1�/� (Dtg) mice (N 
 23, red) are subjected to open field test (A, B), accelerated Rota-rod test (C), and challenging beam traversal test
(D). A, Scattered and box plot summarizing total distance and movement time in the open field test. B, Summary of time animal spent in the center versus the periphery of the open field chamber
for all littermates. C, Summary of the duration animal spent on the accelerated Rota-rod. D, Number of steps and total number of slips from averaging 5 separate trials in the challenging beam
traversal test for all littermates. E, Representative images showing TH immunolabeling (DAB enhanced, brown) and Nissl counterstaining (blue) at the ventral midbrain from a Dtg mouse and a WT
littermate. Scale bars, 20 �M. F, Stereology analysis estimating total number of TH and Nissl-positive neurons in Dtg mice (N 
 5) and WT littermates (N 
 6) as well as the percentage of TH-positive
neurons did not reveal any difference.
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shares a pathogenic pathway with SYNJ1 insufficiency in the de-
regulation of SV recycling. In addition, they play expanded roles
in facilitating each other’s function in PD pathogenesis. Our bio-
chemical evidence of LRRK2-mediated phosphorylation of synj1,
which is supported by a previous in vivo study (Islam et al., 2016),
provides a potential mechanism for the merge of the pathogenic
signaling of the two PD risk genes (PARK8 and PARK20) in a
brain region-specific manner.

A major challenge facing PD research is to understand the
molecular nature of nigral DAergic neuron-specific vulnerability.
Using pHluorin live imaging for tracking SV dynamics at the
nerve terminal, our study shows the differential effect of LRRK2
G2019S in MB neurons (including DAergic neurons) compared
with cortical neurons or hippocampal neurons in SV endocytosis.
The lack of impaired SV endocytosis in cortical and hippocampal
neurons expressing LRRK2-G2019S remains to be understood,
and the downstream signaling mediating the slowed SV endocy-
tosis in both TH� and TH� MB neurons in LRRK2 GStg mice
needs to be characterized. Application of a LRRK2 kinase inhib-
itor in our study, however, suggests a clue for LRRK2 activity-
modified synj1 function in altering SV trafficking, although our
conclusion could be strengthened by using more specific and
potent LRRK2 kinase inhibitors and phospho-specific antibodies

for synj1. It has yet to be determined whether LRRK2 phosphor-
ylation of synj1 impairs SV reavailability, and thereby reduces
exocytosis when combining the mutations (Fig. 4). Recent search
for LRRK2 targets has also identified several GTPase rab proteins
as LRRK2 substrates (Steger et al., 2016). Although the role for
rab proteins (e.g., rab10 and rab12) in SV trafficking has not been
demonstrated, it remains possible that mutant LRRK2 targets
multiple proteins that are involved in vesicular trafficking, and
the effects could be due to the combination of several modified
trafficking molecules during SV cycling. Alternatively, the brain
region-specific availability of the different LRRK2 targets and
LRRK2 kinase regulation are likely to influence the outcome of
the altered SV trafficking. Although it is unclear whether reduced
SYNJ1 expression (e.g., SYNJ1�/� mice) drives DAergic neuron
toxicity, a recent report by Cao et al. (2017) demonstrates that
disease-related mutation of synj1 (with reduced SAC1-like phos-
phatase activity) leads to dystrophic axons selectively in DAergic
neurons. Collectively, the existing evidence suggests that the dys-
functional SV endocytosis in the MB region may be crucial to the
selective vulnerability of DAergic neuron.

Impaired SV trafficking has long been implicated in the
pathogenic pathway of PD. Several PARK genes were previously

Figure 6. LRRK2 phosphorylates synj1 and phosphomimetic synj1 display reduced endophilin interaction. A, Radioactive kinase assay showing enhanced 32P signal for synj1 after incubation
with 15 nM Invitrogen full-length human LRRK2 G2019S protein. B, Mass spectrometry analysis reveals a threonine at 1205 within the proline-rich domain of human synj1 as the phosphorylation
substrate of LRRK2 G2019S. This threonine also exhibits conservation in two rodent forms of synj1. C, Purified kinase-dead (D1994A), WT, and kinase gain-of-function mutant (G2019S) of LRRK2
were used to incubate with synj1 immunoprecipitated by anti-synj1 antibody in a kinase assay, followed by immunoblotting with anti-pT1205 synj1 antibody (N 
 5). D, Summary of the pT1205
synj1 signal in C from four separate experiments. E, Reduced pT1205 signal in response to increasing amount of LRRK2 kinase inhibitor (G1023) (0, 0.2, 1, and 5 �M). F, Coimmunoprecipitation of
synj1 by endophilinA (endoA). WT and mutant forms of synj1, including FLAG-synj1 S1202A, FLAG- synj1 T1205E, and FLAG-synj1 T1205A, were coexpressed with GFP-endoA in HEK293T cells.
Coexpression of WT synj1 and GFP was used as a negative control for IP. G, Box plot summarizing the reduced endophilinA binding for synj1 T1205E and synj1 T1205A (N 
 6).
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shown to disrupt SV cycling. Mutations or altered expression of
SNCA (Larsen et al., 2006; Nemani et al., 2010; Lundblad et al.,
2012; Xu et al., 2016) and DNAJC6 (Yim et al., 2010; Edvardson et
al., 2012) have been shown to deregulate SV exocytosis and en-
docytosis. DNAJC6 encodes auxilin-1, which is a direct partner of
synj1 in clathrin coat removal. Interestingly, mutations in both
genes lead to early-onset Parkinsonism with epilepsy. Another
close partner of synj1, endoA, was also known as a substrate of
LRRK2 kinase. Phosphorylation of endoA impairs endocytic ki-
netics in Drosophila NMJ (Matta et al., 2012). Although it is un-
clear whether endoA phosphorylation disrupts its interaction
with synj1, our biochemical study suggests that the phosphoryla-
tion of synj1 by LRRK2 impairs endoA-synj1 interaction. It is
likely that synj1 and endoA are both targets of hyperactive LRRK2
mutant kinase, which deregulates the endoA-synj1 complex in
endocytosis and contributes to nerve terminal dysfunction and
neuronal vulnerability (Cao et al., 2017). Our study shows that
animals carrying both LRRK2 G2019S mutation and SYNJ1�/�

display behavioral deficits in specific motor function tests, con-
sistent with the idea that the two mutants genetically interact with
each other perhaps at multiple pathways and in multiple brain
regions, by which the combining effects facilitate the disease
onset.

In conclusion, our study shows that multiple PD-related mu-
tants disrupt SV trafficking in brain regions that are highly rele-
vant to PD pathogenesis. LRRK2 and SYNJ1 may share the same
pathogenic pathway at nerve terminals, which involves aberrant
LRRK2 kinase activity and impairment of DA transmission as an
early pathological event of PD.
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