
2300

Human Molecular Genetics, 2020, Vol. 29, No. 14 2300–2312

doi: 10.1093/hmg/ddaa080
Advance Access Publication Date: 30 April 2020
General Article

G E N E R A L A R T I C L E

Synj1 haploinsufficiency causes dopamine
neuron vulnerability and alpha-synuclein
accumulation in mice
Ping-Yue Pan1,2,3,*,†, Patricia Sheehan1,2, Qian Wang1,2, Xinyu Zhu3,
Yuanxi Zhang1,2, Insup Choi1,2, Xianting Li1,2, Jacqueline Saenz3,
Justin Zhu3, Jing Wang1,2, Farida El Gaamouch1,2,4, Li Zhu1,2,4,
Dongming Cai1,2,4 and Zhenyu Yue1,2,*
1Department of Neurology, Icahn School of Medicine at Mount Sinai, New York, NY 10029 USA, 2The Friedman
Brain Institute, Icahn School of Medicine at Mount Sinai, New York, NY 10029 USA, 3Department of
Neuroscience and Cell Biology, Robert Wood Johnson Medical School, Rutgers University, Piscataway, NJ 08854
USA and 4James J Peters VA Medical Center, Research & Development, Bronx, NY 10468 USA

*To whom correspondence should be addressed at: Rutgers University Robert Wood Johnson Medical School, 675 Hoes Lane, Research Tower R330,
Piscataway, NJ 08854 USA. Tel: 732-235-9763; Fax: 732-235-5885; Email: pingyue.pan@rutgers.edu; Icahn School of Medicine at Mount Sinai, 1470 Madison
Ave. Hess Center for Science and Medicine, 9-201, New York, NY 10029 USA. Tel: 212-824-8983; Fax: 212-241-3869; Email: zhenyu.yue@mssm.edu

Abstract

Synaptojanin1 (synj1) is a phosphoinositide phosphatase with dual SAC1 and 5′-phosphatase enzymatic activities in
regulating phospholipid signaling. The brain-enriched isoform has been shown to participate in synaptic vesicle (SV)
recycling. More recently, recessive human mutations were identified in the two phosphatase domains of SYNJ1, including
R258Q, R459P and R839C, which are linked to rare forms of early-onset Parkinsonism. We now demonstrate that Synj1
heterozygous deletion (Synj1+/−), which is associated with an impaired 5′-phosphatase activity, also leads to Parkinson’s
disease (PD)-like pathologies in mice. We report that male Synj1+/− mice display age-dependent motor function
abnormalities as well as alpha-synuclein accumulation, impaired autophagy and dopaminergic terminal degeneration.
Synj1+/− mice contain elevated 5′-phosphatase substrate, PI(4,5)P2, particularly in the midbrain neurons. Moreover,
pharmacological elevation of membrane PI(4,5)P2 in cultured neurons impairs SV endocytosis, specifically in midbrain
neurons, and further exacerbates SV trafficking defects in Synj1+/− midbrain neurons. We demonstrate down-regulation of
SYNJ1 transcript in a subset of sporadic PD brains, implicating a potential role of Synj1 deficiency in the decline of
dopaminergic function during aging.
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Introduction
Synaptojanin1 (synj1, encoded by Synj1) is an important phos-
phoinositide phosphatase enriched in nerve terminals, where
it regulates synaptic vesicle (SV) recycling and synaptic pro-
tein targeting (1–4). Synj1 hydrolyzes membrane phosphoinosi-
tide (e.g. PI(4,5)P2, PI(3,4)P2, PI3P and PI4P) via its two phos-
phatase domains (the SAC1-like enzyme and the 5′-phosphatase
enzyme) and binds to endophilin via the proline-rich domain
(Fig. 1A). Recently, three mutations—R258Q (5–7) and R459P (8) in
the SAC1 domain, and R839C (9) in the 5′-phosphatase domain
of SYNJ1—have been identified in families with juvenile atypical
Parkinsonism with epilepsy. These patients typically develop
progressive tremor, dystonia and rigidity with varying degrees
of seizure and cognitive decline. Further neuroimaging studies
revealed severe nigrostriatal dopaminergic (DAergic) defects in
some of these patients (6, 7). Because of this association with
Parkinsonism, SYNJ1 is a member of the PARK gene family and is
also known as PARK20. Knock-in (KI) mice carrying the homozy-
gous R258Q disease allele, which abolishes the SAC1 activity
required for hydrolyzing PI3P and PI4P (5), recapitulated parkin-
sonian symptoms and exhibited defective clathrin uncoating
of SVs and dystrophic changes in the nigrostriatal terminals
(10). A recent study of the R258Q KI flies suggests the impaired
PI3P metabolism as a potential pathogenic mechanism for its
essential role in autophagosome formation (11). These studies
highlighted the roles of the SAC1 enzyme activity in synj1-
mediated motor abnormality. However, the identification of a
new mutation (R839C) in the 5′-phosphatase domain (9), which
leads to similar clinical parkinsonian symptoms in affected sib-
lings, suggests that SYNJ1-mediated Parkinsonism may be more
complex than previously proposed (10, 11).

We previously showed that heterozygous deletion of Synj1
(Synj1+/−) disrupts SV endocytosis selectively in MB neurons (12).
Here, we report that haploinsufficiency of Synj1 in mice leads to
motor function abnormality, impairment of striatal dopamine
(DA) metabolism, loss of DAergic terminals and increase in
alpha-synuclein levels. We also find an increase in PI(4,5)P2, the
primary substrate of synj1 5′-phosphatase domain, in the MB of
Synj1+/− mice, and vulnerability of the Synj1+/− MB neurons
to the accumulation of PI(4,5)P2. These findings expand our
previous understanding of SYNJ1-mediated Parkinsonism and
link the reduced Synj1 expression to the vulnerability of the
nigrostriatal DAergic pathway.

Results
SYNJ1 R839C mutation impairs the dual phosphatase
and reduced SYNJ1 expression in a subset of PD brains

We have previously shown that the SYNJ1 R258Q mutation abol-
ishes the SAC1 activity in hydrolyzing PI3P and PI4P (5). To
determine the biochemical consequences of the newly identified
Parkinsonism mutation, R839C ((9), Fig. 1A), we performed in
vitro phosphatase assays as described earlier (5). We found that
the R839C mutation not only impaired the hydrolysis of PI4P
(Tukey’s post hoc between synj1 WT and synj1 RC: P = 3.38E-6)
but also reduced 50% of the 5′-phosphatase activity (Tukey’s
post hoc between synj1 WT and synj1 RC: P = 0.0012, Fig. 1B),
which represents the major enzymatic activity of synj1 (1, 13).
This new finding suggests that a loss in either synj1 enzymatic
activity (SAC1 or 5′-phosphatase) can cause dysregulation of the
basal ganglia function and the development of parkinsonian
symptoms. In our previous study, we found that the Parkinson’s
disease (PD)-linked LRRK2 G2019S mutation signals at least in

part through reducing synj1 activity and that heterozygous dele-
tion of Synj1 (Synj1+/−) disrupts SV endocytosis selectively in
the mouse midbrain (MB) neurons (12). These findings, taken
together, raise the possibility that reduced expression of Synj1
per se could lead to MB dysfunction and DAergic vulnerability.

We then reviewed genome-wide expression datasets for
post-mortem sporadic PD brains in the public domain (PMID:
20926834) (Material and Methods/human data analysis). Three
of eight datasets (corresponding to 43 out of a total 154 PD cases)
showed significant downregulation of SYNJ1 using multiple
comparison error-corrected Student’s t test (Supplementary
Material, Fig. S1, Supplementary Material, Table S1). A reduction
of SYNJ1 was revealed in various brain regions including the
prefrontal cortex, the striatum and the substantia nigra (SN)
while the synaptic marker, SYP (encoding synaptophysin), was
largely unaltered in the same subjects except for the lateral SN
(Supplementary Material, Fig. S1).

Synj1+/− mice display motor function abnormalities,
impaired striatal dopamine metabolism, and
progressive reduction of DAergic innervation

To investigate the impact of reduced expression of Synj1, we
examined Synj1+/− mice, which have partial loss of both phos-
phatase activities and was originally thought to be function-
ally tolerated (14). Mice with complete deletion of Synj1 are
not viable and die shortly after birth. Synj1+/− mice, however,
appear normal with regard to body size and life span. Unlike the
homozygous R258Q KI mice (RQ KI), some of which display severe
movement impairment and tonic–clonic seizures (10), Synj1+/−
mice do not display seizures or apparent gait difficulties up to
18 months. We evaluated the general locomotor functions of a
cohort of male mice in the open-field assay. The 7-month-old
Synj1+/− mice exhibited hyperactivity (Fig. 2A) compared with
their littermate control (Synj1+/+) (Tukey’s post hoc: P = 0.037).
Both Synj1+/+ and Synj1+/− mice displayed an age-related dete-
rioration in their activity levels at 12 months (two-way ANOVA
for age: P = 1.19E-13) and Synj1+/− mice appeared no different
than the wildtype mice at this age (Tukey’s post hoc: P = 0.91,
Fig. 2A). However, when Synj1+/− mice were challenged on the
accelerated Rota-rod, they exhibited impaired motor coordina-
tion at 12 months (Student’s t test: P = 0.024, Fig. 2B). Such decline
in motor functions following hyperactivity is reminiscent of
the findings in several other PD models (15–18), although the
underlying cause is not fully understood. High-performance liq-
uid chromatography (HPLC) was used to measure striatal DA
content and its two major metabolites—DOPAC and HVA from
flash frozen striatal tissues of Synj1+/− and Synj1+/+ mice at 7
and 12 months. Not surprisingly, DA and the two metabolites
were substantially decreased by age (Fig. 2C). Interestingly, a
significant reduction of the striatal DOPAC level was observed
in the Synj1+/− mice at 7 months (Tukey’s post hoc: P = 0.021
following two-way ANOVA, Fig. 2C, middle); and DA, DOPAC and
HVA levels were all trending to be less abundant in the Synj1+/−
mice at 12 months (Fig. 2C).

We further investigated the integrity of DAergic terminals
by immunohistochemical analysis of the striatal brain slices
from young (3 months) and aged (18 months) mice. Co-
immunolabeling of the synaptic marker, synapsin1/2, and the
DA neuron marker, tyrosine hydroxylase (TH), was used to
define DAergic terminals (white circles indicating colocalized
structures, Fig. 2D). We found an age-related progressive
reduction (from 3 to 18 months) of DAergic terminals in these
mice (two-way ANOVA for age: P = 1.15E-32), while a more
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Figure 1. Synj1 R839C mutation impairs dual phosphatase activities. (A) Domain structure of the brain-enriched isoform of synj1 with their specified functions (on top).

Red arrows point to two known Parkinsonism mutations. (B) Normalized lipid conversion, representing enzymatic activities of synj1 R258Q and R839C in comparison

with WT synj1. Data obtained using malachite green-based phosphatase assay, from three repetitions. One-way ANOVA was performed for each lipid substrate to

compare wildtype (WT) and mutant (RC and RQ) synj1 proteins. P-values are from Turkey’s post-hoc analyses.

profound reduction of DAergic terminals (∼75%) was noted in
Synj1+/− mice when compared with Synj1+/+ mice at 18 months
(Tukey’s post hoc: P = 0.010, Fig. 2E, right). However, stereological
analysis of DAergic cell bodies in the ventral MB revealed no
difference in aged (18 months) Synj1+/− mice (Supplementary
Material, Fig. S2). These results are consistent with the abnormal
motor behavior and DA metabolism we found in Synj1+/− mice,
suggesting a significant impact of Synj1 heterozygous deletion
on disrupting the nigrostriatal pathway.

Aged Synj1+/− mice exhibit accumulation of
alpha-synuclein

Increased levels of alpha-synuclein (alpha-syn) and deposition
of alpha-syn in Lewy bodies are known as the pathological
hallmark of PD. Although it is not fully understood, alpha-syn
increase or pathology is absent in many recessive PD mouse
models, including the Synj1 RQ KI mice (10). It has been shown
that alpha-syn recruited into pathological inclusions undergoes
extensive phosphorylation at Ser129 (19, 20). In 18-month-old
Synj1+/− brains, we found a significant increase in pS129 alpha-
syn immunofluorescence (IF) in the striatum (Student’s t test:
P = 0.022, Fig. 3A and B). To verify the IF analysis and explore the
pathology in other brain regions, we performed DAB enhanced
immunohistochemistry for pS129 alpha-syn. Consistently, the
cortex and substantia nigra (SN) areas of the Synj1+/− brain
exhibited increased DAB staining, and it appeared to be localized
to the cytosol (Fig. 3C). In homogenized brain samples from the
18-month-old brains, we observed a larger fraction of Triton-
insoluble material, including synj1 itself (Fig. 3D), in the Synj1+/−
brains compared with the control, suggesting an increased
amount of protein aggregates due to Synj1 deficiency. The
pSer129 alpha-syn was observed in the soluble fraction and

was increased most significantly in the striatum of the Synj1+/−
brain (Tukey’s post hoc: P = 3.92E-4, Fig. 3D and E). Furthermore,
we detected an increase in total alpha-syn in the cortex (Tukey’s
post hoc: P = 0.0018), MB (Tukey’s post hoc: P = 0.017), and striatum
(Tukey’s post hoc: P = 2.56E-8) of the Synj1+/− brain compared
with control (Fig. 3D and E), suggesting alpha-syn-associated
pathology in multiple brain regions of the Synj1+/− mice.

Impaired autophagy function in Synj1+/− neurons

A recent study reported a role of synj1 in autophagy regula-
tion (11). We, therefore, examined autophagy markers in aged
Synj1+/− brains. Using brain lysates of 18-month-old Synj1+/−
mice, we found that in the soluble fractions of the brain lysate,
neither LC3B lipidation (measured by LC3B-II/LC3B-I) nor p62,
an autophagy substrate, were changed compared with control
mice (Fig. 4A and B). Strikingly, total LC3B and p62 proteins were
both accumulated in the Triton-insoluble fractions from the
cortex, MB and striatum of the Synj1+/− mice (two-way ANOVA
for brain region and genotype, genotype P = 9.99E-4 for LC3B;
P = 2.23E-7 for p62, Fig. 4A and B). We also performed IF analysis
for the fixed and perfused brain slices. We found enhanced p62
levels in the 18-month-old Synj1+/− mice in all brain regions
examined, including the cortex, striatum as well as the DAergic
cell bodies in the MB (Tukey’s post hoc: P = 0.00 for all regions,
Fig. 4C and D). Consistently, in cultured MB neurons (days in
vitro 14), we observed a higher level of p62 in the soma of the
Synj1+/− DA neurons (Supplementary Material, Fig. S3), which
can be reversed by inhibition of mTOR using rapamycin (Supple-
mentary Material, Fig. S3). Our data suggest an impairment of
autophagy in the Synj1+/− neurons, consistent with the previous
study (11). However, the underlying mechanism of autophagy
impairment in the Synj1+/− model awaits further investigation.
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Figure 2. Synj1+/− mice display motor function abnormalities and progressive reduction of DAergic innervation. (A) Total distance measured in the open-field assay

for male Synj1+/+ and Synj1+/− littermate mice at 7 months (7 M) and 12 months (12 M), respectively. 7 M cohort: Synj1+/+ (N = 15) and Synj1+/− (N = 13); 12 M cohort:

Synj1+/+ (N = 22) and Synj1+/− (N = 13). Two-way ANOVA was performed, followed by Tukey’s post-hoc analyses. (B) Accelerated Rota-rod assay summarizing the end

speed before mice fell off the rotating bar. P-values are from two-sample Student’s t tests with Welch’s correction. (C) Dopamine (DA) content and its metabolites levels

in the striatum of 7-month-old (Synj1+/+ N = 5; Synj1+/− N = 5) and 12-month-old male mice (Synj1+/+ N = 7; Synj1+/− N = 5) measured by HPLC. Two-way ANOVA was

performed, followed by Turkey’s post-hoc analyses. (D) Representative 3-month-old (3 M) and 18-month-old (18 M) striatal slices from a Synj1+/+ mouse and a Synj1+/−
mouse immunolabeled with anti-TH and anti-synapsin1/2. Only puncta with dual immunofluorescence for TH (blue) and synapsin1/2 (green) were considered DAergic

terminals (while circles) and were included in the double-blinded analysis. Scale bar, 5 μm. (E) Summary for the number of DAergic terminals analyzed from 3 male

mice. DAergic terminals were sampled from 10–20 images from 2–3 brain slices for each individual mouse. Two-way ANOVA was performed, followed by Turkey’s post-hoc

analyses.

MB displays specific vulnerability to
PI(4,5)P2 metabolism

We next measured various substrates of synj1—PIP2, PIP and PI
in the cortex, striatum and MB of 1-year-old male Synj1+/− and
Synj1+/+ littermate mice using HPLC. In a large cohort of wildtype
mice (N = 17), we found that these phosphoinositide species
were differentially enriched among different brain regions. The
PI and PIP were most abundant in the cortex, while the PIP2

level was significantly higher in the MB compared with the
striatum and cortex (Fig. 5A). In Synj1+/− mice, the PIP2 level in
the MB was further elevated by 20% (Tukey’s post hoc: P = 0.038)
compared with Synj1+/+ littermates (Fig. 5B). In contrast, a less
notable change was observed in the cortex (Tukey’s post hoc:
P = 0.12, Fig. 5B). These results suggest that the MB is more
sensitive than the cortex to reduced synj1 phosphatase activity
in PIP2 metabolism (Tukey’s post hoc for MB and cortex: P = 0.00;
for MB and striatum: P = 0.00 following two-way ANOVA for
brain region: P = 2.58E-15). The amount of PIP2 increase in the
Synj1+/− MB is commensurate to a previous study, which found

approximately 12% elevation in the whole brain samples of
Synj1+/− mice (14).

To determine that the increase in PIP2 in the Synj1+/− MB rep-
resents PI(4,5)P2, we examined cultured neurons using a mono-
clonal antibody against PI(4,5)P2. Despite controversies on using
immunochemistry for analyzing membrane lipids, the mon-
oclonal anti-PI(4,5)P2 antibody (clone 2C11 IgM) from Echelon
Biosciences has been validated in multiple studies (21–23). We
further verified the specificity of the antibody using cultured
Synj1+/+ and Synj1−/− cortical neurons, as well as Synj1+/+ neu-
rons treated with a PI3K inhibitor, LY294002 or A66 (Supple-
mentary Material, Fig. S4). Both inhibitors significantly increased
membrane PI(4,5)P2 in wildtype neurons by 50% (Tukey’s post hoc
following one-way ANOVA for control and LY294002: P = 1.23E-6;
for control and A66: P = 1.92E-3) and a similar increase in mem-
brane PI(4,5)P2 was observed in Synj1−/− neurons (Tukey’s post
hoc for control and Synj1−/− neurons: P = 1.23E-6, Supplementary
Material, Fig. S4). In agreement with the HPLC measurement
for the whole brains samples, cultured Synj1+/− MB neurons
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Figure 3. Increased total and phosphorylated alpha-syn levels in aged Synj1+/− mice. (A) Representative images from the striatum of Synj1+/+ and Synj1+/− mice

immunolabeled with pS129 alpha-syn (green) and DAT (red). Scale bar: 200 μm. (B) Summary for the relative immunofluorescence (IF) intensity in the striatal slices

from 18-month-old Synj1+/+ and Synj1+/− mice. Three images were taken at randomly selected areas of the striatum for each animal and a total of 3 male mice were

analyzed. P-value is from two-sample Student’s t tests. (C) Representative immunohistochemical images of pS129 alpha-syn (DAB enhanced) from the cortex (left) as

well as TH and pS129 alpha-syn (DAB enhanced) from the substantia nigra (right) of 18-months-old Synj1+/+ and Synj1+/− mice. Insets, high magnification images

of the boxed areas in the corresponding Synj1+/− brain slices. Scale bars: 100 μm and 10 μm (inset). (D) Western blot for 18-month-old Synj1+/+ (N = 4) and Synj1+/−
(N = 3) brains regions. Triton-soluble and -insoluble fractions were prepared from the same amount of brain homogenate for each brain region. Substantially larger

pellets, enriched with alpha-syn and beta-actin, were obtained for all Synj1+/− samples compared with Synj1+/+ samples from the same brain region. (E) Quantitative

analysis for total alpha-syn and pS129 alpha-syn in Triton-soluble as well as Triton-insoluble fractions (see Methods/alpha-synuclein analysis). All blots are repeated

two to three times and the average was taken to represent the sample value. Two-way ANOVA was performed for genotype and brain region for all proteins analyzed.

Significant difference was observed between Synj1+/+ and Synj1+/− mice for total alpha-syn (P = 2.56E-9), pS129 alpha-syn (P = 1.06E-4), insoluble synj1 (P = 0.0013)

and insoluble alpha-syn (P = 3.02E-5). P-values shown in the box plots are from Tukey’s post-hoc analyses.

exhibited a significant elevation in membrane PI(4,5)P2 (Stu-
dent’s t test: P = 0.0092, Fig. 5C–E), while the Synj1+/− cortical neu-
rons did not show any changes compared with control (Student’s
t test: P = 0.75, Fig. 5C–E).

Synaptic vesicle recycling in Synj1+/− MB neurons is
vulnerable to upregulation of the membrane PI(4,5)P2

To understand the impact of membrane PI(4,5)P2 elevation in
membrane trafficking, we sought to examine SV recycling, as
recent evidence indicated potential crosstalk between SV recy-
cling and the autophagy pathway (24–27). The optical reporter,
pHluorin, when tagged to SV proteins, provides the ability to
quantitatively measure the kinetics of exocytosis and endocyto-
sis (28–30). Fusion protein vMAT2-pHluorin or vGLUT1-pHluorin
was expressed in cultured MB or cortical neurons, respectively,
and 10-hertz (10 Hz), 10-s (10 s) field stimulations were applied

to trigger SV recycling. We previously showed that cultured
MB, but not cortical neurons, from the Synj+/− mice displayed
slowed endocytosis (12), suggesting that heterozygous deletion
of Synj1 affects SV endocytosis preferentially in the MB neu-
rons. Further analysis indicated that the altered SV recycling
in Synj1+/− MB neurons was irrelevant to TH immunoreactivity
(Tukey’s post hoc following two-way ANOVA for genotype and
TH: TH+ vs. TH− neurons in the Synj1+/− group: P = 0.79 for
endocytosis and P = 0.93 for exocytosis, Supplementary Material,
Fig. S5). To verify MB neuron-selective vulnerability to altered
phosphoinositide levels, we treated cultured WT neurons with
the PI3K inhibitor LY249002 (LY), which blocks the conversion of
PI(4,5)P2 to PI(3,4,5)P3 on the plasma membrane (31), resulting in
accumulation of PI(4,5)P2 (Fig. 6A, Supplementary Material, Fig.
S4). We found that SV endocytosis in MB neurons was substan-
tially slower after a 10–15-min incubation of LY and remained
slow during the 30-min drug treatment (paired Student’s t test:
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Figure 4. Impaired autophagy in aged Synj1+/− brains. (A) Western blots for 18-month-old Synj1+/+ (N = 4) and Synj1+/− (N = 3) brains regions. Blots from the same

protein gel as the ones shown in Figure 3D. (B) Quantitative analysis for LC3B, p62, mTOR and pS2481 mTOR in Triton-soluble as well as Triton-insoluble fractions. Two-

way ANOVA was performed for genotype and brain region for all proteins analyzed. P-values are from Tukey’s post-hoc analyses. (C) Representative confocal images of

the 18-month cortex and striatum immunolabeled with LC3B or p62 (left) and images of the MB immunolabeled with either LC3 and TH or p62 and TH (right). Scale bar,

5 μm. (D) Summary for p62 and LC3B in the cortex and the striatum (measured by optical density) as well as those in the MB (measured by immunofluorescence at the

TH+ cell bodies). Data from 10–20 images for each individual mouse, and three male mice were examined in each group. P-values are from Tukey’s post-hoc analyses

following two-way ANOVA for age and genotype.

P = 0.0013, Fig. 6B and C). In contrast, cortical neurons showed
minimal responsiveness to a 30-min LY incubation (paired Stu-
dent’s t test: P = 0.15, Fig. 6B and C). Exocytosis, however, was not
different after the drug treatment in either type of neurons.
Our data suggest that SV trafficking in MB neurons is more
susceptible to PI(4,5)P2 accumulation than cortical neurons. We
next applied LY in cultured Synj1+/− MB neurons, whose endo-
cytosis is impaired compared with littermate wildtype neurons
((12), Supplementary Material, Fig. S5). The additional increase
in PI(4,5)P2 resulting from the blocking of PI3K in these neu-
rons led to progressive exacerbation of SV recycling defects

(Fig. 6D and E), which was reflected by a further slowing of SV
endocytosis after a 10-min incubation with LY (paired Student’s
t test: P = 0.035) and a significant reduction in exocytosis after
20 min of incubation with LY (paired Student’s t test: P = 0.036).
In three batches of cultures examined, we again did not observe
any difference between TH+ and TH− neurons in their responses
to LY (Fig. 6C and E, TH+ neurons are indicated in green sym-
bols). Thus, our data suggest that reduced Synj1 expression,
which results in an aberrant accumulation of PI(4,5)P2 in specific
brain regions or neuron populations, may contribute to impaired
synaptic function and vulnerability.
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Figure 5. MB neuron-specific elevation of membrane PI(4,5)P2 in the Synj1+/− mice. (A) Comparison of phosphoinositide contents measured by HPLC in different brain

regions (cortex, MB and striatum) of male wildtype mice at 12-months old (N = 17). One-way ANOVA was performed for each lipid across different brain regions. P-values

are from Tukey’s post-hoc tests. (B) Summary of PI, PIP and PIP2 levels from 12-months-old Synj1+/− mice and Synj1+/+ mice. P-values are from Tukey’s post-hoc analyses

following two-way ANOVA for each lipid. (C) Representative images of cultured MB and cortical neurons from Synj1+/+ mice and Synj1+/− mice immunolabeled with

PI(4,5)P2. Red lines are representative selections used for profile plot for each cell. Scale bar, 20 μm. (D) Line profile plots for the four representative neurons in C.

Red crosses are peak signals used for averaging and calculating membrane PI(4,5)P2 for the cell. (E) Summary of the relative membrane PI(4,5)P2 for different neurons

normalized to the average of the Synj1+/+ neurons. Cort +/+ N = 23; Cort +/− N = 25; MB +/+ N = 16; MB +/− N = 10. P-values are calculated by two-sample Student’s

t tests.
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Figure 6. Nerve terminals of MB neurons are more vulnerable to PI(4,5)P2 accumulation. (A) Illustration for the role of synj1 in regulating phosphoinositide metabolism

and the role of LY249002 (LY) in inhibiting the conversion of PI(4,5)P2 to PI(3,4,5)P3. (B) Representative pHluorin traces for cultured wildtype MB and cortical neurons at

10 Hz, 10 s stimulation before (black) and after LY (50 μM) incubation (red). (C) Summary of endocytosis kinetics and exocytosis fraction (the amplitude of the pHluorin

trace at 10 Hz, 10 s stimulation normalized to the pHluorin response of that neuron to pH 7.4 NH4Cl solution perfusion) before and after LY treatment in wildtype

neurons. Green symbols and lines represent DAergic neurons by post-hoc analysis. (D) PHluorin traces from a Synj1+/+ MB neuron (black) and a Synj1+/− MB neuron

(red) before drug treatment and at various times after LY incubation. (E) Summary of endocytosis and exocytosis kinetics before and during LY treatment in Synj1+/−
MB neuron neurons. Green symbols and lines represent DAergic neurons by post-hoc analysis. P-values in C and E are calculated by paired Student’s t tests.

Taken together, our study suggests that down-regulation of
Synj1 expression may lead to PD-like pathological changes and
impairment in DAergic signaling in mice.

Discussion
Our previous study and others have demonstrated a causal
link of rare SYNJ1 (Synj1) mutations to the dysfunctional and

dystrophic nigrostriatal DAergic pathway (5–11). We now show
that haploinsufficiency of the Synj1 dual phosphatase activi-
ties leads to parkinsonian-like pathologies including progressive
loss of DAergic terminals, increased alpha-synuclein and altered
striatal dopamine metabolism associated with motor function
abnormalities in mice. Thus, our study demonstrates that intact
Synj1 expression is required for maintaining the functional DAer-
gic pathway and/or for preventing DAergic degeneration in the
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aged animal. We show accumulation of the synj1 5′-phosphatase
substrate, PI(4,5)P2 in the Synj1+/− MB neurons, which could con-
tribute to dysfunctional SV recycling. We also report an impair-
ment in autophagy in Synj1+/− neurons, which is consistent with
the findings in the disease mutation (R258Q) KI model (11). These
data suggest that lipid deregulation, likely resulting from Synj1
haploinsufficiency, may impair normal function of the MB and
promote the development of PD-like pathologies.

The molecular mechanisms underlying striatal DAergic
degeneration and alpha-synuclein accumulation in Synj1+/−
mice have yet to be fully elucidated. Our current study suggests
that the elevation of PI(4,5)P2 in the MB of Synj1+/− mice
may trigger dysfunctional SV recycling at the nerve terminal,
which could in turn subject these nerve terminals to selective
elimination (32). Considering the lack of difference in the
synaptic phenotype between TH+ and TH− neurons ((12), Fig. 6),
it is likely that additional factors, such as different calcium
burdens, further loss of the SAC1 activity, or neuroinflammatory
responses (10, 30, 33, 34), may contribute to the vulnerable
nigral DAergic axons. It was recently reported that loss of synj1
SAC1 activity leads to impaired autophagosome maturation
in flies due to abnormal accumulation of PI3P (11). In the
Synj1+/− mice, the total PIP concentration (including PI3P),
however, was not altered in the cortex, the MB or the striatum
(Fig. 5B). Our data indicate that the autophagy impairment in
the Synj1+/− brain is likely due to other mechanisms than
previously reported. For example, it is possible that increases in
PI(4,5)P2 due to Synj1-deficiency further activates the Akt/mTOR
pathway (35, 36) and contributes to the autophagy inhibition.
It remains to be clarified in greater detail whether the PIP2 in
the cortex and the striatum is converted to PIP3, and whether
PI3K/mTOR activation contributes to DAergic neurodegeneration
or alpha-syn accumulation.

Despite the lack of human data directly linking SYNJ1
haploinsufficiency to Parkinsonism or sporadic PD, compelling
evidence suggests a common disease mechanism involving
a network of genes with roles in autophagy and synaptic
trafficking (26, 27, 37, 38). Indeed, a number of the PD linked
proteins may be co-regulated in the presynaptic terminal,
as De Camilli and colleagues reported elevated levels of
both PARK2/parkin and DNAJC6/PARK19/auxilin levels in the
endophilin mutant mouse brains (39) and the close binding
partner of synj1, SH3GL2/endophilinA1, is now a known risk
gene for sporadic PD (40). Whether Synj1 deficiency interferes
with the functions of other PD variants has yet to be determined.
We previously reported a potential genetic interaction between
LRRK2 disease mutation G2019S and Synj1 haploinsufficiency
in mice and found LRRK2 mediates phosphorylation of synj1,
which exacerbates SV trafficking defects in MB neurons as
well as motor functions in aged mice (12). Recent studies have
also shown that LRRK2 phosphorylates endophilin A and synj1
(12, 41–43), suggesting the potential involvement of the LRRK2-
endophilinA-synj1 complex in regulating membrane trafficking
in neurotransmission and autophagy, two essential processes
which may go awry in the pathogenesis of PD.

Materials and methods
Animals

Mice were housed in the pathogen-free Center for Comparative
Medicine at The Icahn School of Medicine at Mount Sinai and
The Rutgers Robert Wood Johnson Medical School. Handling
procedures were in accordance with the National Institutes of

Health guidelines and approved by the Mount Sinai Institutional
Animal Care and Use Committee (IACUC).

Behavioral assays

Male Synj1+/− mice and their littermate controls were tested for
general locomotor activity in an open field chamber in a dark
room for 60 min. Motor coordination was assessed by accelerated
Rota-rod assay. All mice were subjected to a 1-h habituation in
the test room with food and water supply prior to testing. Open-
field test—each mouse was placed in the center of a 16 × 16-inch
chamber equipped with a Versamax monitor system (Accuscan)
in a quiet dark room. The horizontal and vertical movements of
the mouse were monitored and recorded for 60 min by a grid of
32 infrared beams at ground level and 16 elevated (3 inch) beams.
Quinpirole test—mice were randomly divided into two groups
for each genotype which were then subjected to peritoneal
injection of a D2R agonist quinpirole (0.05 mg/kg) or 1x PBS
before being placed into the open-field chamber. Movement was
recorded for the following 60 min in the dark room as described
above. Accelerated Rota-rod test—the mouse was placed on a
rotating rod with increasing acceleration from 4 to 40 RPM over
5 min. Each mouse was trained for two trials before the test.
The duration of time a mouse spent on the accelerated Rota-rod
was calculated by averaging consecutive three trials spaced by
15 min.

Cryostat, immunochemistry and antibodies

Mice were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg) and perfused transcardially with 4% fresh
paraformaldehyde, and post-fixed with 4% paraformaldehyde.
Dissected brains were cryoprotected in 30% sucrose prior to
flash-freezing in the OCT-compound media (SAKURA). Coronal
sections were sliced at 40 μm thickness on a Leica CM 3050 S
cryostat. IHC was carried out following a standard protocol as
previously described (44). Briefly, tissue slices were blocked in 5%
goat serum, primary antibodies diluted in 5% goat serum were
applied and incubated overnight at 4◦C, followed by Alexa Fluor®

secondary antibodies (InvitrogenTM). The following primary anti-
bodies were used: anti-TH antibody (Sigma-Aldrich, T2928, EMD
Millipore, AB152), rat anti-DAT (EMD Millipore, MAB369), rabbit
anti-synj1 (Novus Biologicals, NBP1-87842), guinea pig anti-
synapsin 1/2 (Synaptic System, 106 004), rabbit anti-pS129 alpha-
synuclein (clone EP1536Y, Abcam ab51253), mouse anti-alpha-
synuclein (BD bioscience, 610 787), guinea pig anti-p62 (Progene,
GPP62-C; MBL, PM045), rabbit anti-LC3B (Abcam, ab48394), mouse
anti-beta-actin (Cell signaling, 3700), rabbit anti-mTOR (Cell
signaling, 2983) and rabbit anti-pS2481 mTOR (Cell signaling,
2974). For post-hoc analysis of cultured MB neurons, a standard
protocol was used for immunocytochemistry (12). Chicken anti-
GFP (Invitrogen, A10262) and mouse anti-TH were used to label
the pHluorin-expressing neurons. Immunolabeling for PI(4,5)P2

was following the company’s suggested and optimized protocol
(45). Briefly, fixation was performed using 4% paraformaldehyde
and 0.2% glutaraldehyde. Cell membrane was permeabilized
using Saponin. Mouse anti-PI(4,5)P2 (Echelon Biosciences, ZP045)
was used along with rabbit anti-beta III tubulin (Tuj, Abcam,
ab18207) or rabbit anti-TH (Novus Biologicals, NB300-109).
Blocking, permeabilization and staining were performed on
ice. 50 mM NH4Cl solution was used for washing and 2%
paraformaldehyde was used for post fixation before mounting.
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Stereology microscopy

For stereological counting, one in every five slices was selected
and a total of eight brain slices were used from each mouse
for IHC labeling. Zeiss Axioplan2 was used for tissue slice
imaging with a 20X objective, and Stereo Investigator was used
for data analysis using the following parameters: frame sizes:
150 × 150 μm; grid sizes: 250 × 250 μm; top guard zone height:
2 μm and optical dissector height: 8 μm.

alpha-Synuclein analysis

Brains regions from age-matched Synj1+/+ and Synj1+/− mice
were collected using mouse brain matrices (ASI, RBM-2000C) and
homogenized in a sucrose-buffered solution containing 0.32 M
sucrose, 20 mM HEPES, pH 7.4, 1 mM NaHCO3, 2.5 mM CaCl2,
1 mM MgCl2 and protease and phosphatase inhibitor cocktail
(Pierce, A32961). The same amount of brain homogenate (∼1 mg)
from both Synj1+/+ and Synj1+/− brains were lysed on ice for
30 min using Triton-based lysis buffer containing 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1% Triton as well as protease and
phosphatase inhibitors. After centrifugation at 16 000 rcf, 4◦C
for 30 min, supernatant was collected as the ‘Triton-soluble
fraction.’ The pellet (the Triton-insoluble fraction) was washed
three times in a PBST solution containing 1% Triton and solu-
bilized in 1% SDS solution at 60◦C for 60 min. For better alpha-
synuclein detection, the PVDF membrane was incubated with
fresh-made 4% PFA for 30 min at room temperature immediately
after transfer.

HPLC lipid analysis and monoamine analysis

Different brain regions were dissected using rodent brain
matrices (ASI, RBM-2000C). Flash frozen mouse brain samples
were used for lipid extraction, followed by anion-exchange high-
pressure liquid chromatography quantification as described
previously (46–49). Striatal samples were collected from freshly
dissected brains using 2 mm reusable biopsy punch (World
Precision Instrument, 504529) and flash frozen for further
analyzed by the Vanderbilt University Neurochemistry Core.

Cell culture and transfection

MB cultures (30, 45) and cortical cultures (3) were prepared as
described previously. Ventral MBs (containing both VTA and SN)
or cortices were dissected from P0-1 mouse pups and digested
using papain (Worthington, LK003178), or trypsin (Sigma, T1005)
supplemented with DNase (Sigma, D5025), respectively. MB neu-
rons were then prepared according to our previously published
protocol plated at a cell density of 199 000 cells/cm2 and grown
in the Neurobasal-A based medium supplemented with GDNF
(10 ng/ml, EMD Millipore, GF030). Cortical neurons were plated
at 142 000 cells/cm2 and grown in the MEM-based medium sup-
plemented with insulin (24 μg/ml, Sigma, I6634) and transferrin
(0.1 mg/ml, Calbiochem, 616 420). Typically, four P0-P1 mouse
brains are required for a MB culture. Calcium phosphate was
used for transfection to achieve sparse expression and to ensure
analysis of single neurons during the imaging experiments.
Transfection was carried out at DIV 3–5 for MB neurons and
at DIV 5–6 for cortical neurons, after which the medium was
supplemented with an antimitotic agent, ARA-C (Sigma-Aldrich,
C6645).

Optical imaging

For live cell imaging, cells were mounted on a custom-made
laminar-flow stimulation chamber with constant perfusion (at
a rate of ∼0.2–0.3 ml/min) of a Tyrode’s salt solution containing
119 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM
HEPES, 30 mM Glucose, 10 μM 6-cyano-7- nitroquinoxaline-2,3-
dione (CNQX) and 50 μM D, L-2-amino-5-phosphonovaleric acid
(AP5) and buffered to pH 7.40. NH4Cl solution containing 50 mM
NH4Cl, 70 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM
HEPES, 30 mM Glucose, 10 μM CNQX and 50 μM AP5, buffered
to pH 7.40 was used to reveal total pHluorin expression for nor-
malizing exocytosis. All chemicals were purchased from Sigma-
Aldrich. Temperature was clamped at 30.0◦C at the objective
throughout the experiment. Field stimulations were delivered 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. Images were acquired using a highly sensitive,
back-illuminated EM-CCD camera (iXon+ Model # DU-897E-BV,
Andor Corp., CT, USA). Olympus IX73 microscope was modified
for laser illumination. 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 Corp). PHluorin
fluorescence excitation and collection were through an Olympus
PLAPON 60XO 1.42 NA objective using 525/50 m emission filter
and 495LP dichroic filters (Chroma, 49 002). Images were sampled
at 2 Hz with an Andor Imaging Workstation driven by Andor
iQ-CORE-FST (ver 2.x) iQ3.0 software.

Confocal microscopy

An LSM780 upright confocal microscope driven by the Zeiss
Zen Black software was used to examine immunofluorescence
in brain slices. Images were acquired at 1024X1024 pixel res-
olution using single scans by a 10X (for striatal and cortical
synj1 expression analysis) or a 63X lens (for nerve terminal
analysis). Immunofluorescence of these images was analyzed
using ImageJ.

Human data analysis

Sporadic PD brain transcriptome data were downloaded from
PMID: 20926834. Among the 17 genome-wide expression
datasets (GEO accession numbers GSE6613, GSE7621, GSE8397
(two data sets), GSE20141, GSE20146, GSE20153, GSE20159,
GSE20163, GSE20164, GSE20168, GSE20291, GSE20292, GSE20314,
GSE20333 and GSE24378; and GSE28894), we only examined
datasets with a sample size greater than 15 in each group to
ensure the statistical power. Only eight of these datasets met
the selection criterion and three of the eight datasets, GSE28894,
GSE20168, GSE8397, were found to exhibit statistical difference
(P < 0.05, two-sample Student’s t test) in SYNJ1 levels in multiple
brain regions. Clinical information of the post-mortem brain
tissue samples can be found in the following articles: PMID
15 965 975 and 16 344 956.

Experimental design and statistical analysis

All statistical tests were performed in OriginPro 8.2, except the
Kolmogorov–Smirnov test, which uses a built-in function at
http://www.physics.csbsju.edu/stats/KS-test.n.plot_form.html.
Descriptive statistical tests were carried out to determine the
distribution of the data sets. All data sets conforming to the
normal distribution were subjected to two-sample Student’s t
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test or multiple-sample ANOVA test followed by Tukey’s post-
hoc tests. P-values less than 0.05 were considered statistically
significant. For quantification of DAergic terminals in striatal
slices (Fig. 2E), circular regions of interests (ROIs) were manually
placed on all colocalized puncta on the 135 × 135 μm image.
To reduce the error of this relatively arbitrary measurement, the
following strategies were used: (1) Analysis was performed when
the experimenter was blinded to the identity of the sample. (2)
The immunostaining procedure, the confocal imaging settings
and the gain/contrast of the images during analysis were kept
the same for a matching number of Synj1+/+ and Synj1+/−
samples. (3) A matching number of images from Synj1+/+ and
Synj1+/− mice were assigned for analysis at a single time. (4)
Counts were compared between two analysts. For cell body p62
fluorescence qualification (Supplementary Material, Fig. S3), we
circled the cell bodies of cultured midbrain neurons in images of
max intensity projections from Z-stack capturing and performed
background subtraction. For p62 punctate fluorescence qualifi-
cation, ROIs were placed on p62 puncta, defined by structures
<5 × 5 pixels. For PI(4,5)P2 analysis (Fig. 5), two adjacent images
with the most optimum focus for the cell body were selected
from a Z-stack to obtain a Max projection image. All images were
background subtracted and a line profile plot was generated,
providing the measurement for two randomly selected opposite
points on the plasma membrane, which is then averaged and
taken as PI(4,5)P2 membrane immunofluorescence for the cell.
For pHluorin imaging study (Fig. 6), data were collected from
at least three batches of cultures. Each data point represents
an average of 2–3 stable trials spaced by 3 min on a single cell
before and after drug treatment (connected by lines). Typically,
15–50 nerve terminals with consistent responses were selected
for analysis for each cell.

Supplementary Material
Supplementary material is available at HMG online.
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