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Synaptotagmin-11 inhibits clathrin-mediated and

bulk endocytosis
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Abstract

Precise and efficient endocytosis is essential for vesicle recycling
during a sustained neurotransmission. The regulation of endocyto-
sis has been extensively studied, but inhibitors have rarely been
found. Here, we show that synaptotagmin-11 (Syt11), a non-Ca**-
binding Syt implicated in schizophrenia and Parkinson’s disease,
inhibits clathrin-mediated endocytosis (CME) and bulk endocytosis
in dorsal root ganglion neurons. The frequency of both types of
endocytic event increases in Sytll knockdown neurons, while
the sizes of endocytosed vesicles and the kinetics of individual
bulk endocytotic events remain unaffected. Specifically, clathrin-
coated pits and bulk endocytosis-like structures increase on the
plasma membrane in Sytll-knockdown neurons. Structural-
functional analysis reveals distinct domain requirements for Syt11
function in CME and bulk endocytosis. Importantly, Sytll also
inhibits endocytosis in hippocampal neurons, implying a general
role of Sytll in neurons. Taken together, we propose that Sytll
functions to ensure precision in vesicle retrieval, mainly by limiting
the sites of membrane invagination at the early stage of
endocytosis.
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Introduction

During neurotransmission, precise and efficient exocytosis-coupled
endocytosis is critical for neurons to recapture and reuse vesicle
components and to keep the area of plasma membrane constant,
especially during a sustained neuronal activity [1-3]. Several modes

of endocytosis operate to recycle vesicle proteins and replenish vesi-
cle pools [1-5]. Clathrin-mediated endocytosis (CME), the best-
characterized pathway, is the predominant route of vesicle retrieval
after exocytosis. Elevated neuronal activity also elicits bulk endo-
cytosis when large areas of plasma membrane are internalized
[1,2,4]. To understand the high efficiency of exo-endocytotic
coupling in neurons, the regulation of exocytotic and endocytotic
pathways has been extensively studied for the past four decades.
Ca®>* has been shown to trigger endocytosis via voltage-dependent
Ca®>* channels and the activation of calmodulin and calcineurin
[6-10]. Endocytic machinery and major vesicle proteins, such as
synaptotagmin (Syt) 1 [11-13], synaptophysin [14], and the three
SNARE proteins such as synaptobrevin 2, SNAP25, and syntaxin
[10,15-18] have all been shown to promote exo-endocytosis.
However, the mechanisms underlying the precision and fidelity of
vesicle retrieval remain elusive.

Recent studies have identified Syt11 as a candidate gene for
susceptibility to schizophrenia and a risk locus for Parkinson’s
disease [19-21]. However, its function in neurons remains
unknown. Sytll belongs to a family of type I membrane proteins
with evolutionarily conserved cytoplasmic tandem C2 domains, C2A
and C2B [22-24]. Members of the Syt family are well-characterized
Ca®" sensors for SNARE-dependent vesicle fusion during neuro-
transmitter release and hormone secretion [23-26]. Interestingly,
Sytl and Syt4 have also been shown to function in exocytosis-
coupled endocytosis [11-13,27]. Among the 17 mammalian Syt
isoforms, Syt4 and Sytll are classified as anomalies because they
harbor an aspartate-to-serine substitution in a Ca®** coordination
site of the C2A domain and do not bind Ca** biochemically
[22,24,28]. In rat brain, Sytl1 is an abundant isoform at the mRNA
level [29], implying an important function in the nervous system.
Using membrane capacitance (Cy) recording, confocal imaging, and
electron microscopy, we demonstrate here that Sytll specifically
inhibits clathrin-mediated and bulk endocytosis. We propose that
Sytl1 serves as a clamp for endocytosis to ensure precision in vesi-
cle retrieval.
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Results
Syt11 inhibits endocytosis

To investigate the function of Sytll in neurons, especially in exo-
cytosis and endocytosis, we used an shRNA-based knockdown (KD)
approach. Sytll was efficiently and specifically silenced by three
shRNAs (Fig 1A, shSytll-1, 73 £+ 14% reduction; shSytll-2,
85 + 11%; and shSytl11-3, 45 + 14%; n =4, P < 0.01), while its
closest homolog Syt4, the exocytotic proteins Sytl, synaptobrevin 2,
SNAP25, and complexins 1 and 2, as well as the endocytic proteins
clathrin heavy chain and adaptor protein 2, remained unaffected
(Fig 1A, n =4 for each protein, P > 0.05). Real-time C,, recording
was used to monitor exocytosis and endocytosis in the somata of
dorsal root ganglion (DRG) neurons (Appendix Fig S1A and B),
which release ATP and neuropeptides via clear and dense-core vesi-
cles [30-32]. In response to a 200-ms depolarizing pulse from —70
to 0 mV, Sytl1l KD (using shSyt11-2) caused a reduction in the post-
stimulation C,, jump, while the subsequent C,, decay was greatly
accelerated, indicating fast exo-endocytosis (Fig 1B-G). The Ca**
currents (Fig 1H) were not affected by Syt11 KD. Furthermore, the
basal C,,, which reflects the size of the neuronal soma, was similar
in KD and control neurons (control: 36.55 + 3.30 pF, n = 21; KD:
39.29 + 2.1 pF, n =58; P =0.3907). Therefore, the reduced C,
jump may reflect impaired exocytosis or faster endocytosis during
stimulation. C, overshoot, representing excessive membrane
retrieval, was recorded in 45% of KD neurons, but absent from
control neurons (Fig 1D and E; Appendix Fig S1C-E), indicating
unbalanced endocytosis following exocytosis in the absence of
Sytll. Both scrambled shRNA (Sc; Fig 1B and E-H) and untrans-
fected neurons (Ctrl, Fig 1E-H) served as controls in the Sytl1 KD
experiments. These phenomena also occurred in Sytl1 KD neurons
with the other two shRNAs (Fig 1E-H) and were completely
reversed by expressing an RNAi (shSyt11-2)-resistant form of Syt11
(Rescue, Fig 1E-H), indicating that the findings in Syt11 KD neurons
were a direct result of Sytl1 deletion. Since shSyt11-2 showed the
highest knockdown efficiency among the three shRNAs, we used it
in the subsequent experiments. The kinetic analysis of endocytic C,,
decay revealed two exponential components (time constant (1),
Trast = 1.86 & 0.26'S, Tgow = 6.38 £ 0.57 s, n =52) in most KD
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neurons; both components were faster than in control neurons and
were reversed by Sytll rescue (Appendix Fig S2A-D), indicating
that at least two modes of endocytosis were accelerated in Syt11 KD
neurons. Although Syt4 has been reported to regulate both exocyto-
sis and exo-endocytosis [27,33,34], it failed to rescue the endocytic
effects of Sytll KD, while further reducing the C, jump
(Appendix Fig S2E and F).

To determine whether the rapid endocytosis in Syt11 KD neurons
could lead to faster vesicle recycling, we performed paired-pulse
stimulation. The paired-pulse ratios were larger in the KD neurons,
especially with short pulse intervals (Fig 1I and J), supporting a
faster vesicle replenishment process in the absence of Sytll. We
next made Cy, recordings in DRG neurons with a train of 10 pulses
at 1 Hz to investigate whether Syt11 KD also facilitates the sustained
exocytosis during tonic transmission. Strikingly, we found that
control neurons failed to release after three successive 200-ms
pulses, while the KD neurons showed a stable C,, jump with each
pulse and maintained the release probability even at the 10" pulse
(Appendix Fig S2G). Consistently, when the C; jumps in response
to individual pulses were normalized to that induced by the first
pulse, they showed increased values in KD neurons (Appendix
Fig S2H). Thus, Sytl1 KD accelerates exo-endocytosis and vesicle
pool replenishment, which then facilitates the recovery of exocytosis
during the sustained neurotransmission.

Next, we performed FM1-43 uptake assays to confirm the endo-
cytic phenotype of Sytll KD neurons, which took up twice as
much FM1-43 dye as control neurons when stimulated with
100 mM K™ for 30 s (Fig 2A and B). Furthermore, the fluore-
scence increase was greater at shorter stimulation times as the
dye uptake plateaued within 1 min in Syt11 KD neurons (Fig 2C),
consistent with the faster endocytosis recorded by C,. Impor-
tantly, the accelerated FM1-43 uptake due to Sytll KD was not
limited to DRG neurons, but was also found in hippocampal
neurons (Fig 2G). To investigate whether Syt11 also inhibits endo-
cytosis during synaptic transmission, FM4-64 was loaded into
hippocampal neurons and then unloaded with a train of 800
action potentials at 40 Hz. We found that Sytl1 KD increased the
dischargeable FM dye in the presynaptic boutons of hippocampal
neurons (Fig 2H and [; Appendix Fig S3A), indicating an inhibi-
tory effect of Sytll on presynaptic endocytosis as well. When the

Figure 1. Syt11 knockdown accelerates exo-endocytosis and the subsequent vesicle replenishment.

A KD efficiency of three different Syt11 shRNAs in DRG neurons. Cultured DRG neurons were infected with control or shRNA-expressing lentiviruses at DIV 1, and
Western blotting for Syt11, Syt1, Syt4, synaptobrevin 2 (Syb2), SNAP25, complexins 1, 2 (Cpx1, Cpx2), clathrin, adaptor protein 2 (AP-2), and B-actin was performed

at DIV 6-7. n = 4 independent experiments.
B, C

Representative C,, traces induced by 200-ms pulse depolarization (arrows) in DRG neurons. DRG neurons were transfected with plasmids expressing shSyt11-2

(Syt11 KD, KD) or scrambled shRNA (Sc), and Cy, recording was performed 5 days after transfection. Endo-5s represents the C, decay 5 s after stimulation. Insets

show Ca”* currents recorded in the same neurons.

D Representative Cn, overshoot recorded from a Syt11 KD neuron. About 45% of the KD neurons showed an excessive membrane retrieval after a 200-ms depolarizing

pulse.

E Averaged C,, traces recorded from Control (Ctrl), Sc, KD (from all three shRNAs, n = 39 for shSyt11-2, n = 7 for shSyt11-1, and n = 14 for shSyt11-3), and rescued

(with the shSyt11-2-resistant form of Syt11) DRG neurons.

F-H Statistics of C, jumps, Endo-5s, and Ca** current recorded from DRG neurons as in (B—E). Data were collected from 4 (Sc, Rescue), 8 (Ctrl), and 16 (KD) independent
experiments.

| Normalized C,, changes induced by two pulses of 200-ms depolarization (arrows) at a 1-s interval. Data were normalized to the capacitance jump induced by the
first depolarization.

J Paired-pulse ratios of AC, with different interstimulus intervals as in (I). DRG neurons were stimulated with two 200-ms pulses at different intervals as indicated,

and the paired-pulse ratio was calculated by normalizing the AC, in response to the second stimulation to that induced by the first one.

Data information: All data are presented as mean + s.e.m. One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 1.
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Figure 2. Both stimulus-coupled endocytosis and constitutive endocytosis are accelerated by Syt11 knockdown.

A, B FM1-43 uptake into DRG neurons stimulated by 100 mM K* for 30 s. The right-shifted cumulative frequency in (B) indicates the increased uptake level in KD

neurons. Scale bars, 5 pum.

Quantification of KCl-evoked FM1-43 uptake with different stimulation times.

Representative micrographs showing the increased constitutive FM 1-43 uptake (for 5 min) in KD neurons. Scale bars, 5 pm.

Quantification of constitutive FM1-43 uptake with different loading times.

Basal [Ca®*]; in DRG neurons measured with Fura-2.

FM1-43 uptake by Syt11 KD (RFP-positive) and control (RFP-negative) hippocampal neurons stimulated by 100 mM K* for 2 min. Quantitative data are shown in

the lower-right panel. Scale bars, 20 pm.

H Representative images showing the preloaded FM4-64 fluorescence in presynaptic boutons of hippocampal neurons before and after 800 stimuli at 40 Hz. Scale
bars, 5 um.
Time course of FM4-64 unloading from control, Syt11 KD, and rescued nerve terminals within the same field of view (six coverslips from at least three biological
repeats each).

O T mg 0N

Data information: All data are presented as mean =+ s.e.m. of 3-4 independent experiments. Kolmogorov-Smirnov test for (B, G), one-way ANOVA for (), Student’s t-test
for (C, E, F), *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.

dischargeable FM dye was normalized to the amount taken up, terminals. These results indicated a general role of Sytll in
the discharge kinetics was similar in KD and control neurons neuronal endocytosis. Interestingly, FM1-43 uptake was also
(Appendix Fig S3B), indicating no effect on exocytosis in KD enhanced under resting conditions in Sytll KD DRG neurons
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(Fig 2D and E), although the basal intracellular Ca** concentra-
tion ([Ca®*];) was not altered (Fig 2F). These findings suggested
that Sytll is involved in both stimulus-coupled and constitutive
endocytosis.

Sytll-knockdown-induced fast endocytosis is
dynamin dependent

Dynamin plays global and essential roles in endocytosis in mamma-
lian cells [35-37]. We then determined whether the fast endocytosis
in Sytll KD neurons is dynamin dependent. Dynasore, a potent
inhibitor of dynamin [38-40], was included in the intracellular solu-
tion and dialyzed into patched DRG neurons. C,, traces were
recorded 1-3 min and 5-10 min after whole-cell dialysis. The fast
C,, decay in KD neurons was completely blocked after 5-min treat-
ment with 100 pM dynasore (Fig 3A and B). In addition, 10 uM
dynole-34-2™, another specific inhibitor of dynamin [41,42], simi-
larly inhibited the fast endocytosis (Fig 3D and E). As a control,
0.1% DMSO had no effect on the Cy, decay (Fig 3G and H). These
results suggested that the fast endocytosis in Sytll KD neurons is
dynamin dependent. We found that after the fast endocytosis was
blocked by dynasore or dynole, the C,, jumps in Syt11 KD neurons
were similar to those in controls (Fig 3C and F). These data indi-
cated that the reduction in the C, jumps in Sytll KD neurons
(Fig 1E and F) is due to faster endocytosis during stimulation, but
not a defect in exocytosis.

The dynamin dependence of fast endocytosis was also confirmed
by FM1-43 uptake assays. Ten-minute pre-incubation with 100 M
dynasore in the extracellular solution, but not with 0.1% DMSO,
strongly inhibited the accelerated FM1-43 uptake in KD cells
(Fig 31). Taken together, the results showed that Sytll inhibits a
dynamin-dependent endocytosis.

Since Sytl1 functions in the endocytic pathway, we then investi-
gated its subcellular localization in DRG neurons. Available antibod-
ies were tested with various protocols, but no specific
immunocytochemical signals were detectable. We hence expressed
Myec-tagged Sytll and found punctate staining in both the somata
and axons of DRG neurons (Fig 4A, top left panel). Myc-Syt11 partly
co-localized with dynamin, the endocytic coat protein clathrin and
its adaptor AP-2, the trans-Golgi network marker TGN46, the vesicle
marker synaptobrevin 2 (VAMP2), and the recycling endosome
marker transferrin receptor, but rarely with the lysosome marker
LAMP1 (Fig 4). These results support the notion that Sytl1l func-
tions in vesicle recycling pathways.

Syt11 inhibits clathrin-mediated endocytosis

Clathrin-mediated endocytosis and bulk endocytosis are both
dynamin-dependent mechanisms of vesicle retrieval during
neuronal activity [1-4]. To test whether Sytll functions in CME,
Alexa Fluor-conjugated transferrin uptake was measured in DRG
neurons with Syt11 KD or overexpression. We found that transferrin
uptake was enhanced in Sytll KD neurons, but suppressed in
neurons overexpressing Myc-Sytl1 or Sytll (Fig SA and B). These
results indicated that Syt11 inhibits constitutive CME.

We next determined whether stimulus-coupled CME is also
altered in Sytll KD neurons. Monodansylcadaverine (MDC), an
inhibitor of CME [43,44], was included in the intracellular solution

© 2015 The Authors
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and dialyzed into patched cells. C,, traces were obtained 1-3 min
and 5-10 min after whole-cell dialysis. MDC partly inhibited the
accelerated Cy, decay in Sytll KD neurons (Fig 5C). When the Cp,
traces were fit to a double-exponential decay function, two phases
of endocytosis were revealed (Fig 5C). The initial fast phase had a
time constant of 1.44 + 0.48 s and was unaffected by MDC
(Fig 5D). In contrast, the subsequent slow phase in Sytl1l KD cells
was significantly inhibited by MDC (Fig 5D, KD, ©t = 5.78 £+ 1.23 s;
KD + MDC, t = 12.32 &+ 1.69 s), suggesting that CME is involved in
the slow phase of vesicle retrieval under 200-ms depolarization.
Consistently, FM1-43 uptake assays also showed a partial block of
the accelerated endocytosis in Sytll KD neurons after pre-incuba-
tion with 100 pM MDC (Fig 5E). To further confirm the function of
Sytll in CME, Pitstop 1, a specific clathrin inhibitor [45], was
dialyzed into patched cells during C,, recordings. As expected, the
Syt11 KD-induced fast endocytosis was also attenuated by the appli-
cation of Pitstop 1 (Appendix Fig S4). Although the dynamin and
clathrin inhibitors may have off-target effects [46,47], our results
point to the involvement of Syt11 in stimulus-coupled CME.

Syt11 inhibits bulk endocytosis

Since the endocytic C,, decay revealed that two different kinetic
forms of dynamin-dependent endocytosis were accelerated in Sytl1
KD neurons, while the slow mode of endocytosis was reversed by
blocking CME (Figs 1, 3 and 5; Appendix Fig S2), we speculated
that an additional mode of the exocytosis-coupled endocytic path-
way, which is dependent on dynamin and faster than CME, is
modulated by Sytll expression. Bulk endocytosis provides a high-
capacity pathway for vesicle retrieval during elevated neuronal
activity and peaks immediately after stimulation [1,3,4,6]. To
investigate a possible contribution of bulk endocytosis to the accel-
erated endocytic activity, we analyzed the C,, traces recorded in
Sytll KD and control neurons in detail. Bulk endocytosis was
reflected as a brief downward capacitance shift of ~20-500 fF with
a decay rate > 50 fF/100 ms, according to the standard protocols
[6,48] (Fig 6A and B). We found that the frequency of bulk endo-
cytotic events was ~5-fold higher in Syt11 KD neurons with a peak
immediately after a 200-ms stimulus pulse (Fig 6C and D). The size
and duration of the brief C,, shifts in KD cells were similar to those
of controls (Fig 6E and F). Therefore, Sytll only inhibited the
frequency of bulk endocytotic events, leaving the Kkinetics
unchanged. To independently confirm the function of Syt11 in bulk
endocytosis, tetramethylrhodamine dextran, a large (40 kDa) fluo-
rescent dextran that is too large to be taken up by small vesicles
[49], was used to monitor bulk endocytic events during stimula-
tion. Consistently, the total number of large dextran fluorescent
puncta per cell increased dramatically in Sytll KD DRG neurons
(Fig 5G and H), confirming the inhibitory role of Sytll in bulk
endocytosis. Altogether, Sytll KD accelerates both CME and bulk
endocytosis in DRG neurons.

Syt11 limits the formation of clathrin-coated pits and bulk
endocytosis-related structures

We next performed transmission electron microscopy on single

neurons after horseradish peroxide (HRP) uptake to further confirm
the nature of Sytll-accelerated endocytosis and to further examine

EMBO reports Vol 17 | No 1| 2016
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Figure 3. Sytll-knockdown-induced fast endocytosis is dynamin dependent.
A

Averaged AC,, traces induced by 200-ms depolarization in the presence and absence of dynasore. Endocytic inhibition by dynasore (Dyna) was estimated by

comparison of C, traces recorded during 1-3 min (KD) and 5-10 min (KD + Dyna and Ctrl + Dyna) after whole-cell dialysis.

B, C Endo-5s and C,, jumps recorded as in (A).

Averaged AC,, traces induced by 200-ms depolarization in the presence and absence of dynole-34-2™ (Dynole). C., traces and endocytic rate were measured as in
(A) except that 10 pM dynole-34-2™ with 0.1% DMSO was dialyzed into patched cells.

E F
G H

Endo-5s and Cy, jumps as in (D).

Averaged AC,, traces and Endo-5s recorded from KD neurons under control conditions (0.1% DMSO).

| KCl-evoked FM1-43 uptake in DRG neurons after 10-min pre-incubation with 0.1% DMSO (control) or with 100 uM dynasore.

Data information: All data are presented as mean =+ s.e.m. of three independent experiments. One-way ANOVA for (B, E), Student’s t-test for (C, F, H, I), **P < 0.01,

***p < 0.001; NS, not significant.

different stages of CME and bulk endocytosis in Sytl1 KD neurons.
Clear vesicles and dense-core vesicles were observed in the somata
of DRG neurons (Fig 7A). Since the diameter of the clear vesicles
(97.1 £ 22.7 nm) was unaffected in Sytl1 KD neurons (Fig 7), and
>90% of the clear vesicles were < 120 nm in diameter, we used
120 nm to distinguish HRP-labeled small vesicles from bulk endo-
cytosis-derived endosomes [49,50]. Consistently, Sytl1 KD neurons
contained more HRP-labeled small vesicles and endosomes under

EMBO reports Vol 17 | No 1| 2016

both resting and stimulated conditions (Fig 8A-D), while their size
distributions remained similar to those of controls (Fig 8I and J).
The unchanged vesicle/endosome sizes in KD neurons demon-
strated that the endocytic processes remain largely intact although
they occur at higher frequencies.

Upon depolarization, docked vesicles diminished while clathrin-
coated pits and bulk endocytosis-related structures increased on the
plasma membrane of control and KD neurons (Fig 8E-H), representing

© 2015 The Authors
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Figure 4. Sytl1 localizes to vesicle recycling pathways.

A DRG neurons expressing Myc-Syt11 were immunostained for Myc-Syt11, dynamin (Dyn), AP-2, clathrin (CL), TGN46, synaptobrevin 2 (Syb2), and LAMP1. For dynamin,
the box along the plasma membrane was straightened, enlarged, and is shown in the upper right panels with arrows indicating co-localized puncta. An enlarged
inset of the inside of the cell (box) is shown in the lower panel. For the localization of the transferrin receptor, EGFP-transferrin receptor (TfR) was expressed in DRG
neurons. Scale bars, 10 um.

B Analysis of co-localization of Myc-Syt11 with dynamin, AP-2, clathrin, TGN46, synaptobrevin 2, transferrin receptor, and LAMP1. n = 3 independent experiments.

Data information: All data are presented as mean =+ s.e.m. of three independent experiments.
Source data are available online for this figure.
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Figure 5. Sytl1l inhibits clathrin-mediated endocytosis.

A Transferrin (Tf, red) uptake in Syt11 KD (GFP-positive) and control neurons. Quantitative data are on the right. Scale bars, 20 um.
B Tf uptake in Sytl1-overexpressing and control neurons. Quantitative data are on the right. Scale bars, 20 pum.
C Normalized AC, induced by 200-ms depolarization of a Syt11 KD neuron in the presence of 100 uM MDC was fitted to a double-exponential decay function (solid

black and red, fitted curves).

D Fast and slow time constants of endocytosis in Syt11 KD neurons recorded as in (C).

E KCl-evoked FM1-43 uptake in DRG neurons after 1-h pre-incubation with 0.1% DMSO or 100 uM MDC in the bath solution.

Data information: All data are presented as mean =+ s.e.m. of 4-5 independent experiments. One-way ANOVA for (A, B), Student’s t-test for (D, E, G), **P < 0.01,

***p < 0.001; NS, not significant.
Source data are available online for this figure.

exocytosis and coupled endocytosis. There was no significant dif-
ference in the number of docked vesicles before and after stimula-
tion (Fig 8E), confirming that the deletion of Syt11 has no effect on
exocytosis.

Since the sizes of endocytic vesicles and endosomes were
unaffected in KD neurons, while the frequency of both CME and
bulk endocytotic events increased (Figs 5-8), we reasoned that
Sytll may regulate the initial stage of endocytic pathways.
Consistent with this notion, more clathrin-coated pits and bulk
endocytosis-related structures were observed on the plasma
membrane of Sytll KD neurons (Fig 8F-H). The number of

EMBO reports Vol 17 | No 1| 2016

clathrin-coated pits per 100 pm plasma membrane in KD neurons
was double that in control neurons (Ctrl, 3.11 + 0.98; KD,
6.45 + 1.03), while bulk endocytosis-related structures were ~4-fold
higher (Ctrl, 0.67 + 0.45/100 pm; KD, 3.15 + 0.49/100 pm) under
resting conditions (Fig 8G and H). This was consistent with the
enhanced constitutive endocytosis revealed by FM1-43, transferrin,
and HRP uptake. Depolarization with 100 mM K™ further increased
the appearance of both structures on the plasma membrane, but
there was no difference between Sytll KD and control neurons
(Fig 8G and H), probably due to the saturation of internalization
sites.

© 2015 The Authors
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We next investigated the functional domains of Sytll in endo-
cytosis and compared the rescue effects of Syt11 harboring deletions
of the transmembrane domain, C2A, or C2B, or the KKAA mutant
(replacing the two conserved lysine residues with alanine residues
in the AP-2-binding site) with full-length Syt11 (Fig 9A). The accel-
erated uptake of FM4-64 (all endocytic pathways), transferrin
(CME), and large dextran (40 kDa, bulk endocytosis) was comple-
tely restored to normal by full-length Syt11 (Fig 9B-D; Appendix Fig
S5A and B), confirming the inhibitory role of Syt11 in both CME and
bulk endocytosis. Strikingly, the transmembrane domain and AP-2-
binding sites were critical for Sytll to specifically inhibit CME,
while C2A was specific for bulk endocytosis (Fig 9B-D;
Appendix Fig S5). On the other hand, C2B was required for both
pathways. Altogether, these results suggested that Sytl1 serves as a
clamp for both CME and bulk endocytosis by limiting the sites of

© 2015 The Authors

membrane invagination. We propose that Sytll, working with
many positive regulators, functions to ensure precision during vesi-
cle retrieval.

Discussion

Endocytosis is an essential and well-regulated process in higher
eukaryotes [35,51,52]. Sustained neurotransmission imposes a
greater demand on the precision and efficiency of endocytic path-
ways as vesicles are recycled locally to balance continued exocytosis
[1-3]. While numerous players and regulators of endocytosis have
been characterized in neurons [3,13-15], inhibitors are rare. This
work reveals the cellular function of Sytll as a novel inhibitor in
the vesicle retrieval pathways.

EMBO reports Vol 17 | No 1| 2016
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Source data are available online for this figure.

Using an RNAI approach, we revealed the function of Sytll in
neuronal endocytosis. Membrane capacitance recording to monitor
the somatic exocytosis and endocytosis in DRG neurons showed
that Sytll KD greatly accelerated exo-endocytosis, and this was
often accompanied by an excessive membrane retrieval as
evidenced by C,, overshoot, indicating an unbalanced coupling of
endocytosis to exocytosis (Figs 1B-G and 3A-F). Furthermore,
FM1-43, dextran, and HRP uptake assays demonstrated an enhanced
endocytic activity upon membrane depolarization in the absence of
Syt11. Interestingly, constitutive endocytosis was accelerated as well
(Figs 3D and E, 5A, and 8A-D), suggesting that the Sytl1-mediated
inhibition of endocytosis is activity independent. Syt11 did not seem
to regulate exocytosis as there was no difference in C, jumps
between KD and control neurons when dynamin-dependent endo-
cytosis was inhibited (Fig 3C and F). Electron microscopic studies
also failed to reveal the defects in docked vesicles (Fig 8E).
Collectively, Syt11 mainly inhibits endocytosis.

Clathrin-mediated endocytosis and bulk endocytosis are distinct
modes of vesicle retrieval [1-4]. Clathrin-coated pits are formed by
the concerted action of BAR domain-containing proteins, adaptors,
and the clathrin coat to internalize cargos [S1-53]. On the other
hand, bulk endocytosis takes up large areas of the plasma

EMBO reports Vol 17| No 1]2016

membrane by an unknown mechanism. We surprisingly discovered
that Sytll inhibited both CME and bulk endocytosis (Figs 5-9),
which contributed to the accelerated endocytosis in Sytll KD
neurons. Specifically, clathrin-coated pits and bulk endocytosis-
related structures increased on the plasma membrane of Sytl1 KD
neurons as revealed by electron microscopy (Fig 8F-H). The
processes of both pathways seemed to be normal as the sizes of
vesicles and endosomes remained unchanged (Fig 8I and J). In addi-
tion, Cy, recordings demonstrated that the kinetics of individual bulk
endocytic events was similar in Sytll KD and control neurons,
while their frequency increased in the absence of Sytll (Fig 6).
These findings support the hypothesis that Syt11 limits the internal-
ization sites of both CME and bulk endocytosis during vesicle recy-
cling. Importantly, Syt11 function was not limited to DRG neurons,
but also occurred in hippocampal neurons (Fig 2G-I; Appendix
Fig S3, soma and synapses). A new study has also revealed that
Sytll negatively regulates particle ingestion by macrophages [54],
suggesting that it is a general regulator in several modes of
endocytosis.

Synaptotagmins are known to be Ca®* sensors for SNARE-
dependent vesicle fusion [23-26]. Among them, Syt4 and Sytl1 are
highly homologous and do not bind Ca?*" biochemically

© 2015 The Authors
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A Representative electron micrographs of HRP uptake from standard (SE) or 100 mM K* (100 K) bath solution. Scale bar, 2 um.

B-D HRP-labeled small vesicles (arrows) and endosomes (arrowheads) in DRG neurons. Quantitative data are shown in (C, D). Scale bar, 200 nm.

E Representative docked vesicles (arrows) in a DRG neuron. Quantitative data are on the right. Scale bar, 200 nm.

F-H Clathrin-coated pits (CCPs, hatched arrows) and bulk endocytosis-related structures of invaginating membrane (open arrowhead) in DRG neurons. Quantitative
data are shown in (G, H). Scale bars, 200 nm.

I,]  Cumulative frequencies of diameter distributions of small vesicles and endosomes (statistics from six control cells and nine KD cells). Kolmogorov—Smirnov test,
P = 0304 for (1) and P = 0.553 for (J).

Data information: Data are presented as mean + s.e.m. of three independent experiments. One-way ANOVA, P < 0.0001 for (C-E) and (H); P = 0.003 for (G). Least
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Source data are available online for this figure.
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[22,24,28]. However, the expression of Syt4 failed to reverse the
endocytic defect of Syt11 KD (Appendix Fig S2E and F), suggesting
that Sytll is functionally distinct from Syt4. In Syt4-knockout
mice, exo-endocytosis in posterior pituitary neurons is enhanced
since the kiss-and-run mode of exocytosis is favored [27].
Conversely, the Ca®* sensor Sytl has been proposed as a positive
regulator of CME by serving as a nucleation site for clathrin-coated
pits through its high-affinity interactions with AP-2 and stonin 2
[11,13,55-59]. Both the transmembrane domain and the AP-2-
binding site are critical for Sytl to promote CME [13,56]. Interest-
ingly, they are also required for Sytl1 to inhibit CME, but are not
necessary for bulk endocytosis. In contrast, either the C2A or the
C2B domain of Sytl facilitates CME [13], but the C2A domain of
Sytll is dispensable for its function in CME. Both C2A and C2B
are required for Sytll to inhibit bulk endocytosis. Our current
finding of Sytll as an inhibitor of both CME and bulk endocytosis
suggests that members of the Syt family regulate endocytosis in a
highly coordinated and complementary manner to achieve the
precision in vesicle retrieval, with Ca®*-binding Syts functioning

58 EMBO reports Vol 17 | No 1]2016

as positive regulators, while non-Ca**-binding Syts function as
negative regulators. Taken together, we propose that Sytll, work-
ing with many positive regulators, functions as a clamp for both
CME and bulk endocytosis to ensure the precision during vesicle
retrieval. Disruption of this Sytll-mediated inhibitory mechanism
may contribute to certain brain diseases such as Parkinson’s
disease and schizophrenia.

Materials and Methods

Plasmids

Full-length rat synaptotagmin-11 (rSyt11, AF000423) was subcloned
into pIRES2-EGFP (Clontech), pCMV5 (Clontech), pCMV5-Myc
(Clontech), or p3XFLAG-CMV (Sigma). Full-length rSyt4
(NM_031693) was subcloned into pIRES2-EGFP or pCMVS. The
nucleotide target sequences GG AAC ATT CAG AAG TGC ATT A
(shSyt11-1), G GCT GAG ATC ACA AAT ATA CG (shSyt11-2), and G

© 2015 The Authors
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GAC AAA GAT GGT TCT CAT AG (shSytl11-3) were chosen to
silence the expression of Syt11. A random sequence (TTC TCC GAA
CGT GTC ACG T) that was predicted to target no genes in human,
rat, and mouse cells was chosen as a negative control (Guangzhou
RiboBio Co., Ltd). Annealed double-stranded oligonucleotides
encoding the target sequences were inserted into the vector
PRNAT-H1.1-RFP/GFP or the lentiviral vector pMAGic 4.1 to
generate plasmids expressing shRNAs against Sytll. An RNAI
(shSyt11-2)-resistant form of rSyt11 for the rescue experiments was
generated by introducing the following silent mutations: G GCG
GAA ATT ACC AAT ATA CG. The K345,346A mutant (KKAA) was
generated from the RNAi-resistant form of Syt11. Both mutants were
produced by PCR using the QuikChange site-directed mutagenesis
kit (Stratagene). For truncated forms of Sytll, oligonucleotides
encoding the transmembrane domain (residues 3-45), C2A domain
(154-281), or C2B domain (288-430) were deleted from the
RNAi-resistant form of Sytl1l by PCR using standard procedures to
generate ATMD-, AC2A-, and AC2B-expressing plasmids. All
constructs were verified by DNA sequencing.

Antibodies

The primary antibodies used for Western blotting and immunofluo-
rescence (IF) studies were anti-actin (A5316, Sigma), anti-Sytll
(270003, Synaptic Systems), anti-Sytl (105221, Synaptic Systems),
anti-Syt4 (sc-30095, Santa Cruz), anti-c-Myc (sc-789 and sc-40,
Santa Cruz), anti-SNAP25 (111011, Synaptic Systems), anti-
complexins 1, 2 (122002, Synaptic Systems), anti-clathrin heavy
chain (610499, BD Transduction Laboratories for Western blot;
MA1-065 (X22), Thermo Scientific for IF), anti-AP-2a-adaptin
(610501, BD Transduction Laboratories for Western blot; MA1-064
(AP6), Thermo Scientific for IF), anti-synaptobrevin 2 (104211,
Synaptic Systems), anti-LAMP1 (ab25744, Abcam), anti-dynamin
(hudy 1, 28907, Upstate Biotechnology), and anti-TGN46 (ab2809,
Abcam). The highly cross-adsorbed secondary antibodies for IF
staining were all from Invitrogen. They were Alexa Fluor® 488 goat
anti-mouse IgG (H+L) (A11029), Alexa Fluor® 594 goat anti-mouse
IgG (H+L) (A11032), Alexa Fluor® 488 goat anti-rabbit IgG (H+L)
(A11034), and Alexa Fluor® 594 goat anti-rabbit IgG (H+L)
(A11037). The secondary antibodies for Western blotting were
IRDye 800CW goat anti-rabbit IgG (LIC-926-32211, LI-COR Bio-
sciences) and IRDye 680CW goat anti-mouse IgG (LIC-926-32220,
LI-COR Biosciences).

Cell culture and transfection

The use and care of animals was approved and directed by the
Animal Care and Use Committee of Peking University. All chemicals
were from Sigma unless otherwise stated. Isolation of dorsal root
ganglion (DRG) neurons was performed as previously described
[31]. Briefly, adult Wistar rats (male, ~60 g) were used and DRGs
were isolated in ice-cold L15 medium (Gibco). The ganglia were
treated with trypsin (0.3 mg/ml) and collagenase (1 mg/ml) for
40 min at 37°C. Cells were dissociated, collected, and transfected
with the Neon™ 100 pl transfection system MPK10096 (Invitrogen).
Cells were then plated on poly-L-lysine-coated coverslips and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)-F12
(Gibco) supplemented with 10% FBS (Gibco). For gene silencing

© 2015 The Authors
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experiments, 24 h after transfection, the culture medium was
replaced by Neurobasal-A (Gibco) supplemented with 2% B27
(Gibco), 0.5 mM r-glutamine (Gibco), 10 ng/ml nerve growth
factor, and 5 pM cytosine arabinoside. Experiments were performed
at 1-2 days in vitro (DIV) for overexpressing neurons and DIV 5-6
for KD neurons. For KD efficiency, shRNA-carrying and control
lentiviruses (Shanghai Sunbio Medical Biotech Co., Ltd.) were used
to infect DRG neurons at DIV 1, and Western blotting was
performed on DIV 6-7.

For hippocampal cultures [60], hippocampi were dissected
from Wistar rats at postnatal day 1 and treated with 0.25%
trypsin at 37°C for 12 min. Cells were plated on polyethylene-
imine-coated glass coverslips in 35-mm dishes and maintained in
DMEM (Gibco) supplemented with 10% FBS. After 3 h, the
medium was replaced by Neurobasal (Gibco) supplemented with
2% B27, 0.5 mM L-glutamine, and 5 puM cytosine arabinoside.
Cultures at 5 DIV were transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Trans-
fected neurons were cultured until 13-15 DIV for FM uptake
assays.

HEK293A cells were cultured in DMEM supplemented with 10%
FBS. For gene silencing experiments, shRNAs and target gene-
expressing plasmids were delivered using VigoFect (Vigorous
Biotechnology Beijing Co.). Western blotting analysis was
performed 3 days after transfection.

Gel electrophoresis and Western blotting

Cells were washed with phosphate-buffered saline (PBS) and
homogenized on ice with lysate buffer [20 mM Hepes at pH 7.4,
100 mM KCI, 2 mM EDTA, 1% NP-40, 1 mM PMSF, and 2% protei-
nase inhibitor (539134, Calbiochem)]. The homogenates were
centrifuged at 16,000 g for 15 min at 4°C, and the supernatants
were collected and boiled in SDS-PAGE buffer. Proteins were elec-
trophoresed and transferred to nitrocellulose filter membranes.
Each membrane was blocked by incubation for 1 h with PBS
containing 0.1% Tween-20 (v/v) and 5% non-fat dried milk (w/v).
After washing 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 (BSA). Secondary anti-
bodies were then applied at room temperature for 1 h. Blots were
scanned with an Odyssey infrared imaging system (LI-COR
Biosciences) and quantified with ImageJ (National Institutes of
Health, USA).

Immunofluorescence

Cells were washed three times with PBS, fixed in 4% paraformalde-
hyde for 20 min, and permeabilized with 0.3% Triton X-100 in PBS
containing 2% BSA for 5 min at room temperature. After blocking
for 1 h with 2% BSA in PBS, cells were incubated for 1 h with
primary antibodies, washed three times with blocking solution, and
then incubated for 1 h with secondary antibodies. After three
washes in blocking solution and one wash in PBS, cells were
mounted on slides with 50% glycerol. A z-series of 1-um optical
sections was scanned through the 63x oil-immersion lens of a Zeiss
710 inverted confocal microscope. Images were processed with the
Zeiss LSM Image Browser (version 3.0) and Adobe Photoshop

EMBO reports Vol 17 | No 1| 2016
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(Adobe Systems Inc.). Co-localization analysis was performed with
default M1 and M2 coefficients in ImageJ.

Membrane capacitance recording

Membrane capacitance (C,) was measured under the whole-cell
configuration using an EPC10/2 amplifier controlled by Pulse soft-
ware (HEKA Elektronik) as described previously [30,31]. The
membrane potential was clamped at —70 mV, and pipette resistance
was between 3 and 4 MQ. The external solution contained (in mM)
150 NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10 H-HEPES, and 10 D-glucose,
pH 7.4. In 100 mM K™ external solutions, the NaCl concentration
was reduced to maintain the same ionic strength. The intracellular
pipette solution contained (in mM) 153 CsCl, 1 MgCl,, 10 H-HEPES,
and 4 Mg-ATP, pH 7.2. Dynasore at 100 uM or dynole-34-2™ at
10 M with 0.1% DMSO was included in the intracellular pipette
solution to block dynamin-dependent endocytosis, while 100 uM
MDC with 0.1% DMSO or 30 uM Pitstop 1 was used to block
clathrin-mediated endocytosis. DMSO (0.1%) served as the control
for dynasore, dynole-34-2™, and MDC. Endocytic inhibition was
estimated by comparison of C,, traces recorded during 1-3 min and
5-10 min after whole-cell dialysis, except that C,, traces from the
same batches of DRG neurons with or without Pitstop 1 were used
for comparison due to the faster inhibitory effect of this drug. All
recordings were performed at room temperature (22-25°C). Igor
software (Wavemetrics) was used for all offline data analysis, and
series conductance (Gs) and membrane conductance (G,,) were used
to monitor the seal condition in patch-clamp recordings. In cultured
DRG neurons, depolarization-induced C,, jumps were all Ca**
dependent. Bulk endocytosis, which was reflected as a brief down-
ward capacitance shift, was measured as previously described [48].
Capacitance traces were low-pass-filtered at 30 Hz, and a downward
capacitance shift was identified when the size of the capacitance
decay was > 20 fF and the decay rate was > 50 fF/100 ms, with
unchanged G, and Gy,.

FM uptake

FM1-43 uptake was assessed as described previously [61]. Cells
were washed 3 times with standard extracellular bath solution
and then incubated with 10 uM FM1-43 or 20 pM FM4-64 in stan-
dard or 100 mM K™ -containing external solution at room temper-
ature. Unbound dye was washed out with standard bath solution
immediately after incubation. A z-series of 1-um optical sections
was scanned through the 42x oil-immersion lens of a Zeiss 710
inverted confocal microscope. Identical settings were applied to
all samples in each experiment. The total FM1-43 signal in the
cell body was measured, and FM fluorescence intensity (total
signal divided by the area of the cell body) was calculated with
ImageJ. For the loading and unloading of FM4-64 in the terminals
of hippocampal neurons, 20 uM FM4-64 was loaded with 800
action potentials at 40 Hz and then washed out immediately.
AP-5 (50 uM) and CNQX (10 uM) were included in the external
solutions to block glutamate signaling during stimulation. Dye
unloading was achieved using the same stimuli, and fluorescence
changes at individual boutons were visualized at 543-nm excita-
tion and > 560-nm emission. Images were acquired for 20 s
before the stimulation to establish a stable baseline. Data were
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collected and analyzed offline using ImageJ and Adobe Photo-
shop. To analyze image stacks, boutons that showed fluorescence
changes (AF) > 5 arbitrary units (A.U.) during field stimulation
were initially selected and marked with 2-pm-diameter circular
selection areas. Among the marked boutons, those that showed
AF > 5 A.U. during the 10 s before stimulation were discarded.
Then, the fluorescence intensity values during the first 5 s were
averaged and used for normalization. The normalized fluores-
cence traces were averaged from 107 control, 78 KD, and 62
rescued boutons imaged from 6 coverslips each in at least three
biological repeats.

Ca”* imaging

Cytosolic Ca** was measured with the Ca?* indicator Fura-2 AM
(Invitrogen) as previously described [31]. Briefly, DRG neurons
were loaded with 1 pM Fura-2 AM for 5 min at 37°C and then
washed 3 times with normal external solution at room temperature.
[Ca*"]; was measured by epifluorescence imaging using an Olym-
pus IX-70 inverted microscope equipped with a monochromator-
based system (TILL Photonics). X-chart software (HEKA Elektronik)
was used to collect imaging data at 1 Hz. [Ca®"]; was calculated
from the ratio (R) of the fluorescent signals excited at 340 nm and
380 nm with the following equation: [Ca**]; = Kgq * (R — Ruin)/
(Rmax — R), where Ky, Ryin, and R, are constants obtained from
in vitro calibration.

Transferrin uptake

The transferrin (Tf) uptake assay was modified from that previ-
ously described [62]. Cells were washed with serum-free DMEM
containing 20 mM Hepes, pH 7.4, and 1 mg/ml BSA, before being
serum-starved in the same medium for 45 min at 37°C. They were
then incubated for 30 min at 37°C with serum-free medium
containing 25 pg/ml human Tf conjugated to Alexa Fluor 594
(Invitrogen). The unbound Tf was washed out with ice-cold PBS
containing 0.3 mM CaCl, and 0.3 mM MgCL,. The cells were then
fixed in ice-cold 4% formaldehyde and processed for confocal
microscopy. For Tf uptake into neurons expressing Sytll or Myc-
Sytl1l, immunofluorescence staining with antibody against c-Myc
was performed after fixation. A z-series of 1-um optical sections
was scanned through the 42x oil-immersion lens of a Zeiss 710
inverted confocal microscope. Identical settings were applied to all
samples in each experiment. The total Tf signal in the cell body
was measured, and Tf fluorescence intensity was calculated with
Image].

Dextran uptake

Tetramethylrhodamine dextran (40 kDa) uptake was assessed using
a previously described method [49] with minor modifications. Cells
were washed three times with standard extracellular bath solution
and then incubated for 2 min at 37°C with 50 uM dextran in
100 mM K" -containing external solution. Unbound dye was washed
out with standard bath solution immediately after incubation. Z-
series of 1-um optical sections was scanned through the 42x oil-
immersion lens of a Zeiss 710 inverted confocal microscope. The
consecutive optical sections were z-projected, and the total numbers
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of dextran fluorescent puncta per cell were counted. Images were
processed with ImageJ and Adobe Photoshop.

HRP uptake and electron microscopy of single DRG neurons

Horseradish peroxidase (HRP) uptake and electron microscopy of
single DRG neurons were performed according to the previously
described methods [49,50,63] with small modifications. Neurons
were transfected with Sytl11 shRNA-expressing plasmids and plated
on gridded dishes (Corning Inc.). Cells were observed under a fluo-
rescence microscope 5-6 days after transfection, and transfected
and control cells were identified. For HRP uptake, cells were washed
three times with standard external solution and then incubated with
standard or 100 mM K* external solution supplemented with
10 mg/ml HRP for 2 min. They were then fixed in 2.5% glutaralde-
hyde and 2% paraformaldehyde in PBS for at least 30 min at room
temperature. After washing with 100 mM Tris (pH 7.4), the cells
were exposed to 0.1% diaminobenzidine and 0.2% H,0, in 100 mM
Tris for 4-5 min and then washed with 100 mM Tris (pH 7.4). The
cells were then post-fixed for 30 min with 1% osmium tetroxide,
washed, dehydrated through an ethanol series, and embedded in
Epon and polymerized at 60°C for 36 h. The embedded samples
were separated from the dishes by dipping in liquid nitrogen and
hot water. Cells of interest were isolated and mounted on pre-
polymerized Epon blocks. Ultra-thin sections (~80 nm) were cut
parallel to the cell monolayer, collected on single-slot formvar-
coated copper grids, and stained with 2% uranyl acetate for 30 min
and 0.5% lead citrate for 15 min. Samples were imaged at 120 KV
in a Tecnai G2 20 200KV transmission electron microscope. Docked
vesicles were identified as those without any measurable distance
from the plasma membrane. Vesicle diameters and numbers of
HRP-labeled vesicles and endosomes were measured manually with
Zeiss LSM Image Browser (version 3.0).

Statistical analysis

All experiments were replicated biologically for at least three times.
Data are shown as mean + s.e.m. Statistical comparisons were
made with the two-tailed unpaired Student’s t-test, Kolmogorov—
Smirnov test, or one-way ANOVA as indicated. No statistical
method was used to predetermine sample sizes, but our sample
sizes are similar to those generally used in the field. No randomiza-
tion or exclusion of samples was used. Normality of the data was
tested with the Shapiro-Wilk test, and the equality of variance was
determined with Levene’s test. All tests were conducted using the
Statistical Package for the Social Sciences, version 13.0. Significant
differences were accepted at P < 0.05. Numbers of cells analyzed
are indicated in the figures unless otherwise indicated in the figure
legends.

Expanded View for this article is available online.
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