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Abstract
Recent work has revealed that spontaneous release plays critical roles in the central 
nervous system, but how it is regulated remains elusive. Here, we report that synap-
totagmin-11 (Syt11), a Ca2+-independent Syt isoform associated with schizophrenia 
and Parkinson's disease, suppressed spontaneous release. Syt11-knockout hippocam-
pal neurons showed an increased frequency of miniature excitatory post-synaptic 
currents while over-expression of Syt11 inversely decreased the frequency. Neither 
knockout nor over-expression of Syt11 affected the average amplitude, suggesting the 
pre-synaptic regulation of spontaneous neurotransmission by Syt11. Glutathione S-
transferase pull-down, co-immunoprecipitation, and affinity-purification experiments 
demonstrated a direct interaction of Syt11 with vps10p-tail-interactor-1a (vti1a), a 
non-canonical SNARE protein that maintains spontaneous release. Importantly, 
knockdown of vti1a reversed the phenotype of Syt11 knockout, identifying vti1a as 
the main target of Syt11 inhibition. Domain analysis revealed that the C2A domain 
of Syt11 bound vti1a with high affinity. Consistently, expression of the C2A domain 
alone rescued the phenotype of elevated spontaneous release in Syt11-knockout 
neurons similar to the full-length protein. Altogether, our results suggest that Syt11 
inhibits vti1a-containing vesicles during spontaneous release.
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1  |  INTRODUC TION

Spontaneous neurotransmission at the frog neuromuscular junction 
was initially discovered by Fatt and Katz about 70 years ago (Fatt 
& Katz, 1950, 1952). Since then, it has been found in every type of 
synapse under physiological conditions in which neurotransmitter is 
released at a low frequency. Accumulating evidence points to im-
portant functions of spontaneous release, including post-synaptic 
signal transduction, guiding the maturation of primeval synapses, 
and mediating synaptic plasticity (Kavalali, 2015).

The molecular mechanisms underlying spontaneous release 
are less well understood than action potential-evoked release and 
it has been a long-standing question as to whether and how they 
are related (Kaeser & Regehr, 2014; Truckenbrodt & Rizzoli, 2014). 
Considerable evidence supports the idea that they are driven by 
either the same vesicle pool or separate pools (Cornelisse et al., 
2012; Fredj & Burrone, 2009; Groemer & Klingauf, 2007; Hua et al., 
2011; Ikeda & Bekkers, 2009; Mathew et al., 2008; Sara et al., 2005). 
Recent studies have revealed some molecular distinctions between 
these two types of neurotransmission (Andreae & Burrone, 2018; 
Gonzalez-Islas et al., 2018; Kavalali, 2018; Williams & Smith, 2018). 
While evoked and spontaneous neurotransmission are predomi-
nantly mediated by the canonical SNARE complex comprising syn-
aptobrevin2 (syb2, also named VAMP2), syntaxin1, and SNAP-25 
(Sudhof & Rothman, 2009), some of the spontaneous neurotrans-
mitter release is mediated by alternative vesicular SNARE proteins, 
such as VAMP7, vps10p-tail-interactor-1a (vti1a), and to some de-
gree VAMP4 (Bal et al., 2013; Crawford et al., 2017; Hua et al., 2011; 
Kononenko & Haucke, 2012; Raingo et al., 2012; Ramirez et al., 
2012). Among them, vti1a is trafficked most robustly at rest and pro-
motes high-frequency spontaneous release (Ramirez et al., 2012). 
Loss of both syb2 and vti1a markedly diminishes high-frequency 
spontaneous neurotransmission, suggesting that syb2- and vti1a-
containing vesicles are mainly responsible for spontaneous re-
lease. Vti1a belongs to a family of SNARE proteins that regulate 
endolysosomal trafficking and are conserved from yeast to human 
(Emperador-Melero et al., 2019). Vti1a and vti1b, mammalian genes 
universally expressed in all tissues (Advani et al., 1998), play largely 
redundant roles in regulating protein sorting at the Golgi, and they 
are also required for synaptic transmission and dense-core vesicle 
secretion (Emperador-Melero et al., 2018, 2019; Walter et al., 2014). 
Vti1a, but not vti1b, is localized at synapses and in synaptic vesicle 
fractions (Antonin et al., 2002; Takamori et al., 2006), supporting 
its unique role in spontaneous neurotransmission (Crawford et al., 
2017; Kononenko & Haucke, 2012; Ramirez et al., 2012).

Besides the molecular distinction in the SNARE complex, 
spontaneous neurotransmission is also differentially regulated by 
SNARE-binding proteins (such as synaptotagmins, complexin, double 
C2-domain containing protein, and copine6), neuromodulators, and 
other signaling pathways compared to evoked neurotransmitter release 
(Fawley et al., 2014; Glitsch, 2006; Groffen et al., 2010; Huntwork & 
Littleton, 2007; Maximov & Sudhof, 2005; Pang et al., 2011; Pratt et al., 
2011; Schupp et al., 2016; Xu et al., 2009; Yang et al., 2013).

In this study, we investigated the function of synaptotagmin-11 
(Syt11), a Ca2+-independent syt isoform essential for mouse develop-
ment (von Poser et al., 1997; Shimojo et al., 2019), in spontaneous 
neurotransmission. Syt11 is a risk locus for Parkinson's disease and 
a candidate gene for susceptibility to schizophrenia (Huynh et al., 
2003; Inoue et al., 2007; International Parkinson Disease Genomics 
Consortium et al., 2011; Pihlstrom et al., 2013; Sesar et al., 2016). It 
belongs to the syt family, which is known for its roles in evoked and/
or spontaneous neurotransmission (Pang & Sudhof, 2010). Syt1, Syt2, 
and Syt9 all act as Ca2+ sensors to promote evoked neurotransmis-
sion but clamp spontaneous release (Bacaj et al., 2013; Geppert et al., 
1994; Liu et al., 2009; Maximov & Sudhof, 2005; Nishiki & Augustine, 
2004; Pang et al., 2006; Sun et al., 2007; Wierda & Sorensen, 2014; 
Xu et al., 2007, 2009). Syt4, which is most homologous with Syt11 
and does not bind Ca2+ biochemically either, suppresses spontaneous 
release without affecting evoked exocytosis (Dean et al., 2009). In 
contrast, Syt12, also a non-Ca2+ binding Syt, selectively promotes 
spontaneous release, leaving evoked neurotransmission unaltered 
(Maximov et al., 2007). Therefore, different Syt family members play 
distinct roles in spontaneous release, most likely because of unique 
protein–protein and/or protein–lipid interactions. Syt11 plays multi-
ple roles in membrane trafficking in neurons and glia (Bento et al., 
2016; Du et al., 2017; Shimojo et al., 2019; Sreetama et al., 2016; Wang 
et al., 2016, 2018; Yan et al., 2020). It regulates neuronal endocytosis, 
the autophagy–lysosome pathway, and synaptic plasticity; functions 
in lysosome exocytosis for membrane repair, caveolae-mediated en-
docytosis, and mechanoprotection in astrocytes; and inhibits phago-
cytosis and cytokine release in microglia. We previously reported 
that Syt11 inhibits clathrin-mediated and bulk endocytosis without 
affecting evoked exocytosis (Wang et al., 2016). Recently, Shimojo 
et al. reported that Syt11 does not regulate evoked neurotransmis-
sion, and does not bind the canonical SNARE complex (Shimojo et al., 
2019). Interestingly, a study of Syt11-interacting partners in β cells 
showed that vti1a can be pulled down by glutathione S-transferase 
(GST)-Syt11 (Milochau et al., 2014). Therefore, we hypothesized that 
Syt11 may regulate spontaneous release via vti1a-containing vesicles.

2  |  MATERIAL S AND METHODS

2.1  |  Reagents

The primary antibodies for western blots, immunofluorescence, 
and co-immunoprecipitation assays were anti-Syt11 (Synaptic 
Systems, Cat# 270003, RRID:AB_2619994, working dilu-
tion: 1:500–1000), anti-Syb2 (Synaptic Systems, Cat# 104211, 
RRID:AB_887811, 1:1000), anti-Vti1a (BD Biosciences, Cat# 
611220, RRID:AB_398752, 1:1000), anti-c-Myc (Santa Cruz 
Biotechnology, Cat# sc-42, RRID:AB_2282408, 1:5000), mouse 
normal IgG (Millipore, Cat# 12–371, RRID:AB_145840, 1:250), rab-
bit normal IgG (Millipore, Cat# 12–370, RRID:B_145841, 1:250), 
anti-GAPDH (Sigma-Aldrich, Cat# G8795, RRID:AB_1078991, 
1:10000), and anti-His (Absin Bioscience Inc., Cat# 830002 (2019), 
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1:1000). All cell culture media were from Hyclone. Chemicals were 
from Sigma unless stated otherwise.

2.2  |  Animals

The floxed Syt11  knock-in mice were from The Jackson Laboratory 
(stock number 008294, strain B6.129-Syt11tm1Sud/J, purchased 
in 2011). This strain was genotyped using the specific forward 
primer 5'-AATCTCAGCACTCAGGAGTCAG-3' and reverse primer 
5'-CTCTTGCTTACTGATTGGCAGC-3'. PCR was performed at an an-
nealing temperature of 57°C (1 min) and extension at 72°C (1 min) for 
35 cycles. The Syt11 knock-in homozygote showed a 500-bp band and 
wild-type mice and a 361-bp band. The Syt11 gene was silenced using 
cre recombinase. The animals were housed with free access to food and 
water ad libitum. The care and use of animals were approved and directed 
by the Animal Care and Use Committee of Capital Medical University 
(protocol# AEEI-2015–124). The study was not pre-registered. Neither 
randomization nor blinding was performed in this study.

2.3  |  Cell culture

Hippocampi were dissected from 1- to 2-day-old floxed Syt11 knock-
in mice or C57BL/6 mice under hypothermia. Neurons were dissoci-
ated with trypsin (0.25 mg/ml for 15 min at 37°C), then triturated 
with a 2-ml Pasteur pipette, and plated on 2.5-cm coverslips coated 
with poly-d-lysine (Sigma-Aldrich, Cat# 0899 (2017)). One mouse 
was used for every three coverslips. The culture medium consisted 
of 96% Neurobasal-a, 2% B-27  supplement, and 2% Glutamax. 
Cultures were maintained at 37°C in a humidified incubator gassed 
with 95% air and 5% CO2. All cultured neuron experiments were per-
formed at 14–16 days in vitro (DIV).

2.4  |  Lentiviral preparation

Lentivirus was prepared by transfecting the pFUGW plasmid 
with genes of interest and three helper plasmids pRev, pRRE, 
and pVSVG (expressing viral packaging and coating proteins) into 
human embryonic kidney (HEK) 293-T cells (ATCC®, Cat# CRL-
3216™, RRID:CVCL_0063) (this cell line is not listed as a commonly 
misidentified cell line by the International Cell Line Authentication 
Committee). No further authentication was performed in the lab-
oratory. A maximum of five cell passages was used. The virus was 
harvested from the culture medium 48 h after transfection. Primary 
cultured hippocampal neurons were infected with lentivirus at DIV4 
or twice at DIV4 and DIV5. The infection efficiency was ~90%.

The cre- and Δcre-expressing lentivirus plasmids were a kind gift 
from Dr. Chen Zhang (Capital Medical University). They contained 
enhanced green fluorescent protein (EGFP) followed by a nuclear 
localization signal (NLS) and the cre or Δcre recombinase sequence 
(EGFP-NLS-CRE/ΔCRE).

The hairpin shRNA sequences used to knock down vti1a 
in primary cultured hippocampal neurons were as follows: 
sense 5'-GGGCACATCTGCTGGATAA-3' (vti1a KD-1) and sense 
5'-GCAGTGGAGACTGAGCAAA-3' (vti1a KD-2). A random se-
quence (sense 5'-TTCTCCGAACGTGTCACGT-3') that was predicted 
not to target any genes in mouse cells served as a negative control 
(Shanghai Obio Technology Corp., Ltd.).

For over-expression and rescue experiments, lentivirus express-
ing myc-Syt11-IRES2-BFP or myc-C2A-IRES2-BFP was used. Three 
copies of c-myc tag (GAGCAGAAGCTGATCAGTGAAGAGGACTTG 
in the DNA sequence) and a linker region (GGCAGCGGTAGT) were 
tagged to the N-terminal of the mouse Syt11 gene.

2.5  |  Electrophysiology

All data were acquired by a HEKA USB10 amplifier and PatchMaster 
software (Lambrecht/Pfalz, HEKA USB10, RRID:SCR_000034). 
For mEPSC recording, the external bath solution contained (in 
mM) 150 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES 
(pH 7.4, adjusted with NaOH). For isolation of miniature EPSCs 
(mEPSCs), tetrodotoxin (TTX, 1 µM) (Apexbio, Cat# N1671 (2017)) 
and the GABAA receptor blocker bicuculline (20 µM) (Selleck, Cat# 
s7071 (2017)) were added. The pipette solution contained (in mM) 
135 CsCl, 10 HEPES, 1 EGTA, 1 Na-GTP, 4 Mg-ATP, and 10 QX-314 
(Alomone Labs, Cat# Q100Q16500 (2017)) (pH 7.4, adjusted with 
CsOH). All the mEPSC events were recorded at a holding potential of 
−70 mV. Pipettes (Sutter Instrument, Cat# BF-150–110-10HP (2017)) 
used in recording had a resistance of 3–5 MΩ. Neurons with a leak 
current >200 pA were discarded. mEPSC frequencies were analyzed 
by Mini Analysis Software (RRID:SCR_002184) (search parameters: 
gain: 20; blocks: 3940; threshold (pA): 20; period to search for a local 
maximum (μs): 20000; time before a peak for baseline (μs): 5000; 
period to search a decay time: 5000; fraction of peak to find a decay 
time: 0.5; period to average a baseline (μs): 2000; area threshold: 10; 
number of points to average for peak: 3; direction of peak: negative).

For evoked EPSC recording, pipettes were filled with a solution 
containing (in mM): 120 CsMeSO4, 10 HEPES, 10 EGTA, 4 Na2-ATP, 
1 Na3-GTP, 2 MgCl2, 4 QX-314 (pH 7.32–7.36; osmolarity 294–298). 
AMPAR-EPSCs were recorded in whole-cell voltage-clamp mode 
at a holding potential of –70 mV using artificial cerebrospinal fluid 
containing 0.1  mM picrotoxin (Tocris, Cat# 1128 (2018)). Evoked 
synaptic currents were elicited by afferent fiber stimulation with a 
concentric bipolar electrode (FHC, Cat# 211386 (2018)) and con-
trolled by a Model 2100 Isolated Pulse Stimulator (A-M Systems, 
Inc., RRID:SCR_016677). We gradually adjusted the stimulus inten-
sity to ensure the maximum EPSC amplitude and to avoid the extra 
disturbance from eliciting multiple action potentials. Paired-pulse 
eEPSC ratios were recorded from the same hippocampal neurons at 
interpulse intervals of 50 ms (20 Hz), 100 ms (10 Hz), 200 ms (5 Hz), 
and 500  ms (2  Hz) (Hu et al., 2021; Regehr, 2012). Spontaneous 
EPSCs (sEPSCs) were recorded from the same hippocampal neurons 
1 min after the paired-pulse stimulation.
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2.6  |  GST pull-down assay

The GST-Syt11 plasmid was constructed by inserting the cytosolic 
region (amino acids 37–428) of Syt11cDNA (AF000423) into the 
pGEX4T2 vector with a linker sequence of LVPRGSPGIP at its N-
terminal. Proteins were induced by 0.2 μM IPTG at room temperature 
for 5 h and purified with GST Glutathione SepharoseTM 4B beads (GE 
Healthcare, Cat# 17–0756–01 (2018)). Briefly, bacterial pellets from 
200 ml LB culture medium were suspended in 10-ml lysis buffer (50 mM 
NaH2PO4, 300 mM NaCl, pH 8.0) containing 1 mg/ml lysozyme, 1×PI 
(protease inhibitor cocktail; Roche, Cat# 04693132001 (2018)), and 
1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were lysed for 
30 min on ice and sonicated. Then, after centrifugation at 20 000 g 
for 15 min, the supernatant was incubated with 200-µl Glutathione 
SepharoseTM 4B beads at 4°C for 5 h. After three washes in phosphate-
buffered saline (PBS), the concentration of GST-tagged proteins im-
mobilized on beads was quantified by Coomassie staining of SDS PAGE 
gels and the beads were stored at 4°C for further experiments.

Mice were anesthetized using isoflurane and rapidly decapitated. 
The brains were homogenized in lysis buffer (20 mM Tris (pH 7.5), 
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1×PI, and 1 mM PMSF) 
and rotated at 4°C for 2 h. After centrifugation for 15 min at 20 000 g 
at 4°C, 2 mg of total proteins was collected in the supernatant and 
pre-cleared for 1 h at 4°C with 20-μg Glutathione SepharoseTM 4B 
beads. After a quick spin, the supernatant was incubated with 20 µg 
of immobilized GST fusion protein on Glutathione SepharoseTM 4B 
beads at 4°C for 4 h. The resin was collected after a quick spin and 
underwent five washes with lysis buffer, followed by treatment with 
SDS sample buffer at 65°C for 10 min for western blotting.

2.7  |  Co-immunoprecipitation

Co-IP was performed with 4-μg anti-vti1a antibody and its corre-
sponding isotype IgG antibody. The mouse brain lysate (prepared in 
20 mM Tris (pH 7.5), 500 mM NaCl, 1% Triton X-100, 1 mM EDTA, 
1×PI, and 1 mM PMSF) was incubated with anti-vti1a antibody at 
4°C overnight followed by 40-μl protein G Sepharose beads. After 
three washes with lysis buffer, the beads were treated with SDS 
sample buffer at 65°C for 10 min before western blotting.

2.8  |  Purified protein-binding assays in vitro

The GST-Syt11  mutants contained the following amino-acid se-
quences: linker (37–156), Δlinker (157–428), C2A (157–290), ΔC2A 
(37–156 and 291–428), C2B (291–428), and ΔC2B (37–290). They 
were inserted into the pGEX4T2 vector the same as GST-Syt11.

The His-vti1a plasmid was constructed by inserting the cDNA of 
vti1a (NM_001293685.1) into the bacterial protein expression vec-
tor pET with a 6xHis tag at its N-terminal (pET-6xHis/mVti1a).

The bacterial pellets from 200-ml culture medium were sus-
pended with 10 ml-lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 

pH 8.0) containing 1 mg/ml lysozyme, PI, and 1 mM PMSF. The cells 
were lysed for 30 min on ice and sonicated. To purify His-tag pro-
teins, the centrifuged supernatant was incubated with 1-ml His-tag 
purification resin (Beyotime, Cat# P2218 [2019]) at 4°C for 1 h. The 
lysate was transferred to an Ni column, and washed three times with 
washing buffer (in mM: 50  NaH2PO4, 300  NaCl, 2 imidazole, pH 
8.0). The bound proteins were eluted with elution buffer (in mM: 
50 NaH2PO4, 300 NaCl, 50 imidazole, pH 8.0).

The binding essay was performed according to Yan et al., (2020) 
with modifications. Briefly, purified GST-Syt11 and mutants (immobi-
lized on Glutathione SepharoseTM 4B beads) were incubated with His-
vti1a protein (2.5 μM) in 500 µl of reaction buffer (50 mM Tris-HCl, 
100 mM NaCl, 0.5% Triton X-100, pH 8.0) at 4°C for 1 h. The bound 
fraction was washed five times with washing buffer (50 mM Tris-HCl, 
150 mM NaCl, 0.5% Triton X-100, pH 8.0) and western blotting was 
performed.

2.9  |  Immunofluorescence

Immunofluorescence experiments were performed as in Du et al., 
(2017). Briefly, neurons were fixed in 4% paraformaldehyde and 
quenched in 1 mg/ml NaBH4 in TBS (in mM: 20 Tris pH 7.5, 154 NaCl, 
2 EGTA, 2 MgCl2). The cells were then blocked in TBS containing 2% 
bovine serum albumin and 0.02% saponin and treated sequentially 
with primary and secondary antibodies. The mounted cells were im-
aged under a Leica TCS SP8 confocal microscope with a 63× objec-
tive and 2.5× digital zoom. Co-localization was analyzed using the 
Pearson's coefficient plug-in in NIH ImageJ (RRID:SCR_003070).

2.10  |  Western blotting

Western blotting experiments were performed as in Wang et al., 
(2016). In brief, cells were washed with PBS and suspended on ice 
in lysis buffer (20 mM Hepes, 100 mM KCl, 2 mM EDTA, 1% NP-40, 
1 mM PMSF, and 1×PI, pH 7.4). After centrifugation at 15000 g for 
15 min at 4°C, the supernatants were collected and boiled in SDS-
PAGE buffer. Proteins were separated on 10% SDS-polyacrylamide 
gels and transferred to nitrocellulose filter membranes. Each mem-
brane was blocked for 1  h in PBS containing 0.1% Tween 20 (v/v) 
and 5% non-fat dry milk (w/v). After washing three times with 0.1% 
Tween 20 containing PBS (PBST), the blots were incubated with 
primary antibodies at 4°C overnight in PBST containing 2% bovine 
serum albumin and secondary antibodies at room temperature for 
1 h. Blots were scanned with an Odyssey infrared imaging system (LI-
COR Biosciences, RRID:SCR_014579) and quantified with ImageJ.

2.11  |  Statistical analysis

All experiments were independently replicated at least three times. 
Data are shown as the mean ± SEM. Results were analyzed using 
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GraphPad Prism 7.0 software (RRID: SCR_002798). The coefficient 
of variation was calculated as SDeEPSC/MeaneEPSC (Kullmann, 1994). 
Statistical comparisons were made with the two-tailed unpaired 
t-test, one-way ANOVA, two-way ANOVA, or the Kolmogorov–
Smirnov test as indicated. Differences with p < 0.05 were accepted 
as significant. No statistical method was used to predetermine 
sample sizes, but our sample sizes are similar to those generally 
used in the field. The normal distribution of the data was assessed 
by the Kolmogorov–Smirnov test. No test for outliers was applied. 
No data were excluded.

3  |  RESULTS

3.1  |  Synaptotagmin-11 inhibits spontaneous 
neurotransmission

To investigate the function of Syt11 in spontaneous release, we used 
Syt11  knockout (KO) hippocampal neurons. Primary cultured hip-
pocampal neurons from floxed Syt11 knock-in mice were infected 
with cre-expressing lentivirus to generate Syt11-KO neurons, while 
catalytically inactive Δcre served as a negative control. This applies 

F I G U R E  1  Knockout of Syt11 enhances spontaneous neurotransmission. (a and b) Representative western blots (a) and quantification 
(b) of Syt11 protein expression levels in primary cultured hippocampal control neurons (Δcre) and Syt11-KO neurons (cre) (n = 3 
independent cell culture preparations; error bars represent mean ± SEM; ****p < 0.0001, Student's t-test). (c and d) Representative traces 
of mEPSCs (c) and average frequency (d) of control (0.55 ± 0.07 Hz, n = 28 cells/6 independent cell culture preparations) and Syt11-KO 
neurons (1.94 ± 0.09 Hz, n = 24 cells/7 independent cell culture preparations) (mean ± SEM; ****p < 0.0001). (e–g) Average amplitude 
(e) (50.19 ± 3.73 vs. 45.89 ± 3.60 pA), resting membrane potential (f) (70.12 ± 3.42 vs. 70.35 ± 3.65 mV), and membrane resistance 
(g) (116.20 ± 2.10 vs. 119.10 ± 3.42 MΩ) of control and Syt11-KO neurons (mean ± SEM; n.s., not significant). (h) Average cumulative 
probability plot of mEPSC inter-event intervals of control and Syt11-KO neurons as in (d). Syt11 KO increased the high-frequency events 
(p < 0.0001, Kolmogorov–Smirnov test). (i and j) Representative traces of eEPSCs (i) and average amplitude (j) of control (533.88 ± 133.03 
pA, n = 11 cells/8 independent cell culture preparations) and Syt11-KO neurons (443.19 ± 87.07 pA, n = 12 cells/6 independent cell culture 
preparations) (mean ± SEM; n.s., not significant). The coefficient of variation for eEPSC amplitudes of control neurons is 0.28 ± 0.05, and 
that of Syt11-KO neurons is 0.22 ± 0.03. Both the eEPSC amplitudes and coefficients of variation show no significant difference in control 
and Syt11-KO neurons
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to all the KO experiments described here. The KO efficiency of Syt11 
was >98%, while SNARE proteins involved in spontaneous release—
syb2, vti1a, and syntaxin1—remained unaffected (Figure 1a,b). Next, 
we monitored the mEPSCs in the presence of TTX and the GABAA 
receptor blocker bicuculline in control and Syt11-KO neurons. The 
Syt11-KO neurons showed an increased average frequency of spon-
taneous release by ~4-fold (Figure 1c,d). On the other hand, the 
mEPSC amplitudes did not change significantly (Figure 1e), consist-
ent with a previous report (Shimojo et al., 2019). The membrane 
properties of Syt11-KO neurons did not differ from controls, since 
the resting membrane potential and membrane resistance did not 
significantly differ (Figure 1f,g). Interestingly, Syt11-KO greatly en-
hanced the high-frequency spontaneous neurotransmission that 
occurred at lower inter-event intervals (Figure 1h). The amplitudes 
of evoked EPSCs (eEPSCs) and coefficient of variation in Syt-11 KO 
neurons did not significantly differ from controls (Figure 1i,j), which 
supports a selective action of Syt11 in regulating spontaneous 
release.

When we over-expressed Syt11 by infecting hippocampal neu-
rons with lentivirus expressing Syt11 (Figure 2a,b), we found a 

significant decrease of mEPSC frequency (Figure 2c,d). The over-
expression (OE) level of Syt11 protein was ~1.7-fold that of endog-
enous expression. Under this condition, the mEPSC amplitudes and 
membrane properties were not affected (Figure 2e–g). All together, 
these results showed that Syt11  suppresses spontaneous release 
under physiological conditions.

3.2  |  Syt11 directly interacts with vti1a

To understand the molecular mechanism of Syt11 inhibition in 
spontaneous transmission, we searched for its interacting proteins 
using GST-Syt11 in pull-down experiments in mouse brain extracts 
(Figure 3a). We found that vti1a was specifically pulled down by 
Syt11, while syb2 and syntaxin1 failed to bind Syt11. Furthermore, 
co-immunoprecipitation experiments with vti1a antibody showed 
that Syt11 was in the same complex with vti1a (Figure 3b). To test 
whether Syt11 binds vti1a directly, we purified His-tagged vti1a and 
incubated it with purified GST-Syt11 (Figure 3c). The result showed 
that Syt11 directly interacted with vti1a (Figure 3d).

F I G U R E  2  Over-expression of Syt11 decreases spontaneous neurotransmission. (a and b) Representative western blots (a) and 
quantification (b) of Syt11 protein expression levels in primary cultured hippocampal control neurons (GFP) and Syt11-OE neurons (n = 3 
independent cell culture preparations; error bars represent mean ± SEM; **p < 0.01, Student's t-test). (c and d) Representative mEPSC 
traces (c) and average frequency (d) of control (0.54 ± 0.04 Hz, n = 18 cells/3 independent cell culture preparations) and Syt11-OE 
neurons (0.21 ± 0.03 Hz, n = 19 cells/3 independent cell culture preparations) (mean ± SEM; ****p < 0.0001). (e–g) Average amplitude 
(e) (47.10 ± 3.08 vs. 46.39 ± 3.62 pA), resting membrane potential (f) (71.12 ± 1.74 vs. 73.75 ± 2.93 mV), and membrane resistance (g) 
(115.10 ± 3.64 vs. 111.10 ± 3.70 MΩ) of control and Syt11-OE neurons (mean ± SEM; n.s., not significant). (h) Average cumulative probability 
of mEPSC inter-event intervals of control and Syt11-OE neurons as in (d). Syt11 OE decreased the high-frequency events (p < 0.0001, 
Kolmogorov–Smirnov test)
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To explore whether the Syt11-vti1a interaction occurs at syn-
apses, we performed immunofluorescence experiments in hip-
pocampal neurons expressing myc-Syt11 (Figure 3e). Syt11 was 
partially co-localized with endogenous vti1a in boutons, supporting 
its diverse functions in synaptic exocytosis and endocytosis (Wang 
et al., 2016).

3.3  |  Syt11 inhibits spontaneous neurotransmission 
via vti1a

Since Syt11  specifically bound vti1a, which selectively functions 
in spontaneous release (Ramirez et al., 2012), we reasoned that 
Syt11  may regulate spontaneous neurotransmission by inhibiting 
vti1a. To test this hypothesis, we knocked down vti1a in Syt11-KO 
hippocampal neurons (Figure 4a,b). If vti1a is the main target of Syt11 
regulation, knocking down vti1a should eliminate the increased fre-
quency in Syt11-KO cells. Two different lentivirus-expressing shR-
NAs against vti1a both reduced its protein expression to ~50%, 
while a non-targeting shRNA served as the negative control. Indeed, 

vti1a knockdown (KD) by both shRNAs reversed the Syt11-KO phe-
notype by decreasing the frequency of mEPSCs, in particular the 
high-frequency events (Figure 4c–e). We also confirmed that vti1a-
KD itself reduced the spontaneous release frequency, especially 
high-frequency events (Ramirez et al., 2012). Syt11-KO and vti1a-
KD showed an average frequency and cumulative probability similar 
to vti1a-KD alone, indicating that vti1a is the main target of Syt11 
regulation.

To validate that Syt11-vti1a selectively functions in spontaneous 
release, we monitored eEPSCs and sEPSCs (without TTX) from the 
same neurons (Figure 5). Paired-pulse stimulation at 50 ms (20 Hz), 
100 ms (10 Hz), 200 ms (5 Hz), and 500 ms (2 Hz) intervals showed 
that paired-pulse ratios were unaffected in the absence of Syt11 
and/or vti1a (Figure 5a,b), suggesting that Syt11 and vti1a do not 
function in evoked release. On the other hand, sEPSCs recorded 
from the same cells after paired-pulse stimulation showed similar 
phenotypes as the mEPSCs (Figure 5c, d vs. Figure 4c,d). Syt11-KO 
significantly increased sEPSC frequency while vti1a-KD reversed 
the Syt11-KO phenotype. These results support the hypothesis that 
Syt11-vti1a specifically modulates spontaneous release.

F I G U R E  3  Syt11 directly interacts with vti1a. (a) Western blots of GST pull-down experiments. Purified recombinant GST-Syt11 protein 
was incubated with mouse brain extract and bound proteins were detected with anti-vti1a, anti-Syb2, and anti-syntaxin1 antibodies (n = 3 
independent cell culture preparations). (b) Western blots of co-immunoprecipitation of mouse anti-vti1a antibody with Syt11, while Syb2 
and syntaxin1 were absent. Two percent of the mouse brain extract was loaded as input (n = 3 independent cell culture preparations). (c) 
SDS gels showing purified GST-Syt11 and GST visualized by Coomassie brilliant blue staining (n = 3 independent cell culture preparations). 
(d) GST pull-down with purified GST-Syt11 and His-vti1a (n = 3 independent cell culture preparations). (e) Confocal images showing 
hippocampal neurons expressing Myc-Syt11 stained with antibodies against Myc (green) and vti1a (red). Arrows indicate co-localized puncta 
at synapses (n = 3 independent cell culture preparations). Scale bar, 10 µm
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3.4  |  Syt11 interacts with vti1a through 
multiple domains

To identify the domains required for Syt11 binding to vti1a, we con-
structed a series of Syt11 truncation mutants that included its cyto-
solic domain (GST-Syt11), the cytosolic domain without the linker, 
C2A, or C2B domain (GST-ΔLinker, GST-ΔC2A, GST-ΔC2B), and the 
linker, C2A, and C2B domains alone (GST-Linker, GST-C2A, GST-
C2B, Figure 6a). Coomassie staining revealed the purity of these 
mutants and those that included the linker region were more vul-
nerable to degradation (Figure 6b). All these mutants bound vti1a 
to different extents. Among them, ΔC2A displayed weaker binding 
than ΔC2B or ΔLinker, while the C2A domain showed stronger in-
teraction than the C2B or Linker domain (Figure 6c). These results 
revealed an important role of the C2A domain in the Syt11–vti1a 
interaction, consistent with a previous report in which the C2A 
domain of Syt11 was shown to bind vti1a more strongly than C2B 
(Milochau et al., 2014).

3.5  |  C2A domain rescues Syt11-KO phenotype

Since the C2A domain of Syt11 had a high binding affinity for vti1a 
and vti1a was the main target of the Syt11 regulation of spontane-
ous release, we tested whether the C2A domain by itself rescued 
the Syt11-KO phenotype similar to the full-length (FL) protein. 
Lentivirus expressing Syt11 FL or Syt11 C2A was used in KO neu-
rons while GFP was used as the negative control (Figure 7a,b). As 
expected, Syt11-KO increased the frequency of mEPSCs and both 
Syt11 FL and Syt11 C2A expressions largely rescued the phenotype 
both in average frequency and cumulative probability (Figure 7a–c). 
Therefore, the C2A domain of Syt11 was sufficient to reverse the 
KO phenotype. As no other binding proteins have been reported 
for the C2A domain of Syt11 (Milochau et al., 2014), these results 
further supported our hypothesis that Syt11 inhibits spontaneous 
neurotransmission mainly through its interaction with vti1a.

4  |  DISCUSSION

In this study, we identified Syt11 as a novel inhibitor of spontaneous 
neurotransmission through its direct binding with vti1a. Knockout of 
endogenous Syt11 in hippocampal neurons increased the frequency 
of spontaneous release events while over-expression suppressed 
it (Figures 1 and 2). The specific interaction of Syt11 with vti1a 
was revealed by GST pull-down, co-immunoprecipitation, purified 
protein binding assays, and co-localization experiments (Figure 3). 
Importantly, the increased spontaneous release in Syt11-KO neu-
rons was reversed by vti1a KD, identifying vti1a as the main tar-
get of Syt11 inhibition (Figure 4). Furthermore, we showed that 
Syt11 directly bound to vti1a through its C2A domain (Figure 6). 
Expression of the full-length Syt11 protein or the C2A domain alone 
both rescued the Syt11-KO phenotype, further supporting the 

F I G U R E  4  Syt11 inhibits spontaneous neurotransmission via 
vti1a. (a and b) Representative western blots (a) and quantification 
(b) of vti1a protein expression levels in primary cultured hippocampal 
neurons infected with control (non-targeting shRNA, NT), vti1a KD-1, 
and vti1a KD-2 lentivirus (n = 3 independent cell culture preparations; 
error bars represent mean ± SEM; ***p < 0.001, one-way ANOVA. (c 
and d) Representative traces of mEPSCs (c) and average frequency 
(d) in control (Δcre + NT) (0.49 ± 0.04 Hz, n = 25 cells/4 independent 
cell culture preparations), Syt11-KO (cre +NT) (1.44 ± 0.05 Hz, 
n = 21 cells/5 independent cell culture preparations), vti1a-KD 
(Δcre + KD1 or KD2) (0.37 ± 0.04 Hz, n = 21 cells/5 independent cell 
culture preparations), and Syt11-KO/vti1a-KD (cre +KD1 or KD2) 
(0.38 ± 0.04 Hz, n = 21 cells/5 independent cell culture preparations) 
neurons (mean ± SEM; ****p < 0.0001, *p < 0.05, two-way ANOVA). 
(e) Average cumulative probability of mEPSC inter-event intervals 
of control, Syt11-KO, vti1a-KD, and Syt11-KO/vti1a-KD neurons 
as in (d). Both vti1a-KD and Syt11-KO/vti1a-KD have fewer high-
frequency events than controls (vti1a KD p = 0.0001, Syt11-KO/
vti1a-KD p < 0.0001, Kolmogorov–Smirnov test)
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hypothesis that Syt11 inhibits spontaneous neurotransmission via 
vti1a (Figure 7).

Vti1a-containing vesicles are actively trafficked at rest and sup-
port spontaneous neurotransmission (Ramirez et al., 2012). We 
showed here that Syt11 selectively regulated vti1a-mediated spon-
taneous release since vti1a KD abolished the Syt11-KO phenotype 
and Syt11 interacted with vti1a, but not syb2. In Syt11-KO termi-
nals, the frequency of mEPSCs increased ~4-fold. As both syb2- 
and vti1a-vesicles contributed to spontaneous neurotransmission, 
this result suggested that the majority of vti1a-containing vesicles 

(>75%) are “clamped” under physiological conditions. Strikingly, 
Syt11-OE (at ~1.7-fold of the endogenous level) reduced mEPSC fre-
quency to ~1/3 of control. If we assume that all vti1a-vesicles are 
clamped under this condition, these data suggest that vti1a-vesicles 
contribute to ~2/3 of spontaneous release. It is possible that a com-
pensation mechanism occurred in cultured hippocampal neurons 
during the time of Syt11-KO or the over-expression process, which 
lasted for 10–11 days. It remains to be determined whether acute 
manipulation of Syt11 protein levels leads to even more severe phe-
notypes. Altogether, our results point to a crucial role of vti1a in 

F I G U R E  5  Syt11 does not affect evoked neurotransmission. (a and c) Representative eEPSC and sEPSC traces from the same cells (a). 
(b) Paired-pulse ratios in control (1.34 ± 0.13, n = 19 cells/9 independent cell culture preparations; 1.06 ± 0.08, n = 23 cells/9 independent 
cell culture preparations; 0.97 ± 0.05, n = 26 cells/9 independent cell culture preparations; 0.92 ± 0.07, n = 21 cells/9 independent cell 
culture preparations), Syt11-KO (1.07 ± 0.13, n = 19 cells/9 independent cell culture preparations; 0.92 ± 0.07, n = 20 cells/9 independent 
cell culture preparations; 1.04 ± 0.07, n = 24 cells/9 independent cell culture preparations; 0.95 ± 0.07, n= 19 cells/9 independent cell 
culture preparations), vti1a-KD (1.06 ± 0.13, n = 19 cells/9 independent cell culture preparations; 1.05 ± 0.07, n = 18 cells/9 independent 
cell culture preparations, 1.02 ± 0.07, n=24 cells/9 independent cell culture preparations; 0.89 ± 0.07, n = 18 cells/9 independent cell 
culture preparations), and Syt11-KO/vti1a-KD (1.10 ± 0.11, n = 26 cells/9 independent cell culture preparations; 0.93 ± 0.08, n = 22 
cells/9 independent cell culture preparations; 0.93 ± 0.05, n = 30 cells/9 independent cell culture preparations; 0.78 ± 0.05, n = 20 cells/9 
independent cell culture preparations) neurons at 50 ms, 100 ms, 200 ms, and 500 ms paired-stimulation, respectively (mean ± SEM; 
two-way ANOVA). (d) Average sEPSC frequency in control (0.56 ± 0.10 Hz, n = 19 cells/9 independent cell culture preparations), Syt11-KO 
(1.70 ± 0.38 Hz, n = 20 cells/9 independent cell culture preparations), vti1a-KD (0.41 ± 0.13 Hz, n = 19 cells/9 independent cell culture 
preparations), and Syt11-KO/vti1a-KD (0.92 ± 0.21 Hz, n = 20 cells/9 independent cell culture preparations) neurons (mean ± SEM; 
**p < 0.01, *p < 0.05, two-way ANOVA). (e) Average sEPSC amplitude in control (23.00 ± 1.80 pA, n = 19 cells/9 independent cell culture 
preparations), Syt11-KO (25.65 ± 1.21 pA, n = 20 cells/9 independent cell culture preparations), vti1a-KD (23.11 ± 1.16 pA, n = 19 cells/9 
independent cell culture preparations), and Syt11-KO/vti1a-KD (22.80 ± 0.81 pA, n = 20 cells/9 independent cell culture preparations) 
neurons (mean ± SEM; two-way ANOVA). Paired-pulse ratios are unaffected in the absence of Syt11 and/or vti1a while sEPSCs are affected 
similar to mEPSCs
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spontaneous neurotransmission and its precise regulation by Syt11 
under physiological conditions. It would be interesting to investigate 
whether abnormal regulation of vti1a by Syt11 participates in brain 
diseases, such as schizophrenia and Parkinson's disease, in which 
over-expression of Syt11 has been suggested (Huynh et al., 2003; 
Inoue et al., 2007; Wang et al., 2018). Given the diverse functions 

of vti1a in both spontaneous and evoked neurotransmission, as well 
as dense-core vesicle secretion (Crawford et al., 2017; Emperador-
Melero et al., 2018, 2019; Kononenko & Haucke, 2012; Ramirez 
et al., 2012; Walter et al., 2014), a pathological expression level of 
Syt11 may lead to wide-ranging defects in cell-to-cell communica-
tion in the brain through the Syt11–vti1a interaction.

To date, vti1a is the only interactor identified for the C2A domain 
of Syt11 (Milochau et al., 2014). Its C2A domain also fails to bind 
phospholipids biochemically (von Poser et al., 1997). On the con-
trary, the C2A domain of Syt1 binds the SNARE complex and phos-
pholipids in a Ca2+-dependent manner (Pallanck, 2003). The C2A 
domain of Syt4 shows 73% identity and 87% similarity with Syt11, 
while that of Syt1 shows 49% identity and 66% similarity. Syt4 reg-
ulates evoked and spontaneous neurotransmission similar to Syt11 

F I G U R E  6  Syt11 interacts with vti1a through multiple domains. 
(a) Schematic of GST-Syt11 and GST-Syt11 truncations (solid 
lines, amino acids included; dashed lines, deletions). (b) Purified 
GST-Syt11 and its mutants visualized by Coomassie brilliant blue 
staining of SDS gels (n = 4 independent cell culture preparations). 
(c) Western blots of GST pull-down with purified GST-Syt11, 
its mutations, and His-vti1a (n = 4 independent cell culture 
preparations)
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F I G U R E  7  The C2A domain rescues the Syt11-KO phenotype. (a 
and b) Representative mEPSC traces (a) and average frequency (b) 
of control (Δcre + GFP) (0.53 ± 0.04 Hz, n = 25 cells/5 independent 
cell culture preparations), Syt11-KO (cre + GFP) (2.02 ± 0.12 Hz, 
n = 26 cells/5 independent cell culture preparations), and Syt11-
KO neurons infected with Syt11 FL (0.81 ± 0.05 Hz, n = 26 
cells/6 independent cell culture preparations) or Syt11 C2A 
lentivirus (0.77 ± 0.05 Hz, n = 21 cells/5 independent cell culture 
preparations) (mean ± SEM; ****p < 0.0001, one-way ANOVA). (c) 
Average cumulative probability of mEPSC inter-event intervals in 
control, Syt11-KO, and Syt11-KO neurons infected with Syt11 FL 
or Syt11 C2A as in (b). Both Syt11 FL and Syt11 C2A significantly 
reverse the Syt11 KO phenotype (Syt11 FL p < 0.0001, Syt11 C2A 
p < 0.0001, Kolmogorov–Smirnov test)
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(Dean et al., 2009). It is possible that Syt4, and perhaps other Syt 
members, also inhibits vti1a under resting conditions. Further stud-
ies are needed to map the binding site on the C2A domain of Syt11 
and to understand whether vti1a is regulated by other Syt members 
and/or proteins. As the important roles of spontaneous neurotrans-
mission are increasingly being revealed, it would be interesting to 
explore the regulation of molecularly distinct vesicles responsible 
for spontaneous release.
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