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Abstract

At nerve terminals, endocytosis efficiently recycles vesicle membrane to maintain synaptic
transmission under different levels of neuronal activity. Ca2* and its downstream signal pathways
are critical for the activity-dependent regulation of endocytosis. An activity- and CaZ*-dependent
kinase, myosin light chain kinase (MLCK) has been reported to regulate vesicle mobilization,
vesicle cycling and matility in different synapses, but whether it has a general contribution to
regulation of endocytosis at nerve terminals remains unknown. We investigated this issue at rat
hippocampal boutons by imaging vesicle endocytosis as the real-time retrieval of vesicular
synaptophysin tagged with a pH-sensitive green fluorescence protein. We found that endocytosis
induced by 200 action potentials (5 — 40 Hz) was slowed by acute inhibition of MLCK and
downregulation of MLCK with RNA interference, while the total amount of vesicle exocytosis and
somatic Ca2* channel current did not change with MLCK downregulation. Acute inhibition of
myosin 11 similarly impaired endocytosis. Furthermore, downregulation of MLCK prevented
depolarization-induced phosphorylation of myosin light chain, an effect shared by blockers of
Ca?* channels and calmodulin. These results suggest that MLCK facilitates vesicle endocytosis
through activity-dependent phosphorylation of myosin downstream of CaZ*/calmodulin, probably
as a widely existing mechanism among synapses. Our study suggests that MLCK is an important
activity-dependent regulator of vesicle recycling in hippocampal neurons, which are critical for
learning and memory.
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In thisissue: The kinetics of vesicle membrane endocytosis at nerve terminals has long been
known to depend on activity and Ca%*. The present study provides evidence suggesting that
myosin light chain kinase increases endocytosis efficiency at hippocampal neurons by mediating
Ca%*/calmodulin-dependent phosphorylation of myosin. The authors propose that this signal
cascade may serve as a common pathway contributing to the activity-dependent regulation of
vesicle endocytosis at synapses.
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Introduction

Neurons communicate primarily by synaptic transmission at nerve terminals, where
neuronal activity triggers vesicle exocytosis to release neurotransmitter molecules, followed
by endocytosis to recycle vesicle membrane for future exocytosis. Efficiency of endocytosis
depends on activity and Ca?*, which select different molecular machineries of endocytosis
by activating Ca?*-dependent pathways. An activity- and Ca2*-dependent kinase, MLCK
has been reported to regulate various cellular processes such as muscle contraction of
smooth muscle cells, axonal growth in neurons, and membrane internalization after osmotic
swelling in liver cells (Barfod et al., 2011). In synapses, MLCK and its typical downstream
substrate myosin have long been known to regulate different aspects of neurotransmitter
release (Mochida et al., 1994), including supply of fast releasing vesicles (Srinivasan et al.,
2008, Lee et al., 2010, Gonzalez-Forero et al., 2012, Garcia-Morales et al., 2015), refilling
of readily releasable pool after tetanus stimulation (Lee et al., 2008), vesicle mobility
(Jordan et al., 2005, Seabrooke et al., 2010, Peng et al., 2012) and vesicle mobilization
(Ryan, 1999, Polo-Parada et al., 2005, Seabrooke and Stewart, 2011). We recently suggested
that MLCK accelerates vesicle endocytosis at the calyx of Held terminals (Yue and Xu,
2014). However, whether MLCK has a general contribution to the activity-dependent
regulation of endocytosis in nerve terminals remains obscure. As one of the largest nerve
terminals in the mammalian central nervous system, the calyx of Held can maintain synaptic
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transmission under neuronal firing activity up to 1000 Hz, which serves its role in sound
localization along the auditory pathway (Schneggenburger and Forsythe, 2006). In contrast,
many synapses such as hippocampal boutons function under neuronal activity below 100 Hz,
and are probably subject to very different activity-dependent regulation of endocytosis and
vesicle supply. For example, increase of stimulation intensity saturates the endocytosis
machinery and prolongs endocytosis kinetics at hippocampal boutons (Balaji et al., 2008),
but accelerates endocytosis at the calyx of Held to form an additional pathway with rapid
kinetics (Wu et al., 2005). Effects of MLCK inhibitors on the release probability, vesicle
priming, and endocytosis at the calyx (Lee et al., 2008, Srinivasan et al., 2008, Lee et al.,
2010, Yue and Xu, 2014) are not consistently observed at conventional synapses (Ryan,
1999, Tokuoka and Goda, 2006). Therefore, whether regulation of vesicle endocytosis by
MLCK represents a common mechanism is an open question in synaptic physiology.

Furthermore, the possible signalling pathway for MLCK to regulate synaptic endocytosis
has not been defined. Many of the cellular effects of MLCK result from its phosphorylation
of myosin light chain (MLC) (Somlyo and Somlyo, 2003), but alternative downstream
targets have also been reported. For example, MLCK negatively controls cell migration and
protrusion in smooth muscular cells, which does not involve phosphorylation of myosin light
chain (Chen et al., 2014). MLCK is also subject to regulation by different pathways,
including Ca2*/calmodulin, membrane-derived bioactive phospholipids (Garcia-Morales et
al., 2015), the neural cell adhesion molecule (Polo-Parada et al., 2005), protein kinase C
(Maeno-Hikichi et al., 2011), Rho kinase (Gonzalez-Forero et al., 2012), and p21-activated
kinases (Sanders et al., 1999). Inhibitors of calmodulin and MLCK both impair endocytosis
at the calyx (Wu et al., 2009, Yao and Sakaba, 2012, Yue and Xu, 2014), implicating that
MLCK could function downstream of calmodulin. However, calmodulin can also activate
calcineurin, a Ca2*-dependent serine/threonine protein phosphatase indicated in synaptic
endocytosis (Liu et al., 1994, Chan and Smith, 2001, Cheung and Cousin, 2013). Inhibition
and genetic deletion of calcineurin subunits both result in endocytosis defects at the calyx
and hippocampal boutons, leading to the suggestion that calcineurin is the downstream
signal of endocytosis regulation by Ca?*/calmodulin (Wu et al., 2009, Sun et al., 2010). On
the other hand, MLCK may be activated by a signal cascade other than calmodulin, for
example, the lysophosphatidic acid/Gjo-protein/phospholipase C to regulate the number of
docked vesicles at synaptic boutons (Garcia-Morales et al., 2015). Given the complexity of
Ca?*-dependent regulation of endocytosis, further evidence is needed to establish a possible
link between calmodulin and MLCK in regulating synaptic vesicle endocytosis.

To address the above issues, we investigated the involvement of MLCK in vesicle
endocytosis at rat hippocampal boutons by imaging pHIuorin-tagged synaptophysin
expressed into these boutons. We found that both chemical inhibition of MLCK and
downregulation of MLCK with short hairpin RNAs (ShRNASs) impaired endocytosis
following action potentials delivered at 5 — 40 Hz, while MLCK downregulation did not
change Ca2* channel current in the soma or vesicle exocytosis at boutons. Acute inhibition
of myosin Il similarly impaired endocytosis. Furthermore, MLCK downregulation
selectively reduced the depolarization-evoked increase of MLC phosphorylation, an effect
shared by block of Ca2* channels or calmodulin. These results collectively suggest that
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MLCK at hippocampal boutons functions downstream of Ca2*/calmodulin to facilitate
endocytosis through phosphorylation of MLC.

Methods

Primary culture of rat hippocampal neurons

Dissociated culture of rat hippocampal neurons was prepared in accordance with guidelines
of The Institutional Animal Care and Use Committee, Augusta University. Briefly,
hippocampi were dissected from acutely decapitated postnatal day 0 Sprague-Dawley rats,
which were purchased from Harlan Laboratories and bred in house. Hippocampi were cut
into pieces of ~1 mm?3 and transferred into trypsin XI from bovine pancreas (2 mg/ml,
Sigma-Aldrich, MO, USA) to digest under 37 °C. After trypsin digestion for 7 min, tissues
were triturated and digested further in a mixture of trypsin and deoxyribonuclease | (from
bovine pancreas, 60 U/ml, Sigma-Aldrich) for 7 min. The dispersed cells were plated with
an estimated density of 53,000 cells/cm? on 12 mm, round glass coverslips coated with poly-
D-lysine, and maintained in Neurobasal medium (Life Technologies, NY, USA) containing
2% B-27 (Life Technologies) and 0.5 mM GlutaMAX™ -] (Life Technologies).

Optical imaging of vesicle exocytosis, endocytosis and reacidification

On 9 -10d /n vitro (DIV), cultures were transfected with cDNA construct of
synaptophysin-pHIuroin2X (SypHy, kind gift from Dr. Yongling Zhu in Northwestern
University, Illinois, USA), which was premixed with calcium phosphate or Lipofectamine®
3000 (Life Technologies) and diluted into MEM (1.8 ug SypHy/ml). After transfection for
40 min at 37 °C, cells on coverslips were moved back into the culture medium and
maintained in culture for 2 — 3 d before imaging in a stimulation chamber (RC-21BRFS
chamber, Warner Instruments, CT, USA) at room temperature (22 — 24 °C). The bath
solution during imaging contained (in mM): 150 NaCl, 4 KCI, 1 MgCl», 2 CaCl,, 10
glucose, 10 HEPES, 0.01 6-cyano-7-nitroqunioxaline-2,3-dione (CNQX), and 0.05
aminophosphonopentanoic acid (AP-5); pH 7.4. CNQX and AP-5 (Tocris Bioscience, MN,
USA) were added to block postsynaptic ionotropic glutamate receptors and thus prevent
network activity. Vesicle exocytosis and endocytosis were evoked by electrical stimulation
with a train of 200 brief current pulses (1 ms, 50 mA; 5 — 40 Hz) passing two parallel
platinum electrodes, which were separated by about 7 mm. The current pulses were
generated from a pulse stimulator (SIU-102, Warner Instruments) controlled by an EPC10/2
patch-clamp amplifier to set the number and frequency of pulses through the software
Patchmaster (HEKA, Germany). Images of SypHy were acquired at 1 or 2 Hz using an
EMCCD camera (Orca Flash2.8) through a 40X, 0.80 numerical aperture water-immersion
objective (Olympus, PA, USA). To avoid interference from potential lateral diffusion of
pHIluorin (Granseth et al., 2006), we measured the average fluorescence intensity within a
square of 1.6 um x 1.6 um at each functional bouton. Fluorescence traces from all boutons in
an experiment (Npouton) Were averaged to yield one trace. Data presented for each treatment
are further averaged from such traces from 4 — 9 imaging experiments (Neyp). SypHy carries
an intraluminal domain with pH-sensitive green fluorescence, which is quenched by the
acidic lumen (pH 5.5) of vesicles, induced by exposure to the extracellular neutral pH after
vesicle fusion, and quenched again by vesicle reacidification following endocytosis
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(Granseth et al., 2006, Zhu et al., 2009). Thus we evaluated effects on endocytosis by
comparing the fluorescence decay after stimulation, on the basis that treatments did not
affect vesicle reacidification. To measure the kinetics of vesicle reacidification, the chamber
containing ~350 pl solution was perfused at a velocity of 150 /s by an acidic bath solution
during ~30 — 60 s after stimulation with 20 Hz action potentials. The acidic solution was
similar to the standard bath except that HEPES was substituted with 2-(N-
Morpholino)ethanesulfonic acid hydrate (10 mM) and titrated with NaOH to pH 5.5. The
fluorescence decay during the quench was analyzed to estimate the rate of vesicle
reacidification (Atluri and Ryan, 2006, Granseth et al., 2006). For measurements of
exocytosis (Fig.4A), boutons were stimulated in the presence of 100 nM folimycin, which
eliminated interference of endocytosis by blocking reacidification of endocytosed vesicles,
and exposed to 50 mM NH4CI at the end of tests. The fraction of exocytosed vesicles was
calculated by normalizing the amplitude of fluorescence increase evoked by action potentials
to that evoked by NH4CI, which collapses the pH gradient across vesicle membrane and
activates fluorescence from all copies of SypHy. Chemicals were from Sigma-Aldrich unless
otherwise mentioned.

Knockdown of endogenous MLCK and immunoblotting

For experiments on MLCK downregulation, we used two shRNA sequences (ShMLCK 1: 5'-
GCTAGATTTGACTGCAAGATT-3; and sShMLCK 2: 5/-
ACTGTCCTCTATGGCAATGAT-3') previously reported against rat MLCK (Leitman et al.,
2011) and a scrambled shRNA sequence (scrambled: 5-GCGAAAGATGATAAGCTAA-3)
as the control (Pasque et al., 2011). Oligos with these sequences were synthesized, annealed
and ligated to pSuper (Oligoengine, Seattle, Washington, USA) at Bglll/Hindl1 restriction
sites. Sequencing of the plasmids and their efficacy to ablate MLCK had been verified by
Western blot. Specifically, we transfected neurons with shRNAs by electroporation with
Neuron Nucleofector kit (Lonza, Basel, Switzerland), extracted proteins 4 d later and
separated them on a 10% PAGE gel. We transferred the proteins onto a PVDF membrane
(EMD Millipore, MA, USA), which was blocked with 5% non-fat milk for 1 h at room
temperature and then incubated overnight with antibody against MLCK (Cat# ab76092 from
Abcam, MA, USA) at 4 °C. The membrane was washed with Tris-buffered saline containing
Tween 20, incubated with a horseradish peroxidase-conjugated secondary antibody for 2 h,
and detected by Enhanced Chemiluminscent Kit (Thermo Scientific, USA) after washing
with the Tris-buffered saline. The intensity of immunoblotting was normalized to that of
tubulin. To examine effects of MLCK downregulation on endocytosis, hippocampal neurons
were transfected on DIV 10 with 2 ml MEM solution that included 1.8 pg SypHy plasmid
along with 2 ug of either a MLCK shRNA or the scrambled shRNA. Neurons were imaged 3
— 4 d after transfection.

Immunoblotting was similarly executed to quantify MLC and pMLC in hippocampal
neurons, using antibodies against MLC Il (Cat. ab48003 from Abcam) and MLC
phosphorylated at Ser19 (Cat. #3671 from Cell Signaling, USA), respectively.
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Patch-clamp recordings of hippocampal neurons

To evaluate possible changes in Ca2* currents after MLCK knockdown, we measured the
voltage-gated Ca?* current (ICa) from soma of cultured hippocampal neurons by the
standard whole-cell patch-clamp technique using an EPC-10/2 amplifier controlled by the
Patchmaster program. Neurons were transfected with shMLCK 1 or the scrambled ShRNA
on DIV 10, and tested 3 — 4 d later. The bath solution contained (in mM): 120 NaCl, 4 KClI,
1 MgCly, 2 CaCly, 10 glucose, 10 HEPES, 20 tetraethylammonium, 0.001 tetrodotoxin, 0.1
3,4-diaminopyridine, 0.01 CNQX, and 0.05 AP-5, pH 7.4. The pipette solution contained (in
mM): 125 Cs-gluconate, 20 CsCl, 4 MgATP, 10 Nay-phosphocreatine, 0.3 GTP, 10 HEPES,
0.05 BAPTA, pH adjusted to 7.2 with CsOH. The series resistance (10 — 15 M) was
compensated by 65% with a lag of 10 us. Recordings were made at room temperature
(22-24 °C).

Data analysis

Results

All the quantified results are presented as Mean + SEM. The statistical test is Student's
unpaired t-test for those in Fig.1 — 6, and two-way ANOVA followed by Newman—Keuls
post hoc test in Fig.7, with the probability value p < 0.05 indicating a significant difference.

Inhibition or downregulation of MLCK impairs endocytosis induced by action potentials

of 20 Hz

In this study endocytosis at hippocampal boutons was measured with SypHy, the exogenous
synaptophysin tagged with a pH-sensitive green fluorescence protein at its intraluminal
domain (Zhu et al., 2009). To test the possible involvement of MLCK in endocytosis, we
first examined effects of two widely used and structurally unrelated inhibitors, wortmannin
and ML-7 (Saitoh et al., 1987, Nakanishi et al., 1992). The fluorescence of axonal boutons
was low at rest. When boutons were depolarized to fire action potentials by 200 current
pulses delivered at 20 Hz, exocytosis inserted vesicular SypHy into plasma membrane,
leading to >6 times of fluorescence increase in control boutons exposed to 0.05% DMSO
(Fig.1A-C). After stimulation, the fluorescence started to decline, owing to intraluminal
reacidification of vesicles regenerated from endocytosis (Sankaranarayanan and Ryan, 2000,
Zhu et al., 2009). This fluorescence decay followed monoexponential kinetics with a time
constant (t) of 46.6 + 7.5 s (Nexp = 6, Npouton = 313; Fig.1C, D). In comparison, stimulation
induced significantly slower fluorescence decay (v =83.9 £ 7.9's, Nexp = 7, Npouton = 266, p
< 0.01) at boutons pre-incubated with 5 uM wortmannin (Fig.1B — D). At boutons pre-
incubated with 3.5 pM ML-7, action potentials induced a small fluorescence increase (not
shown), which made it difficult to accurately measure the decay kinetics. When the bath
Ca?* was elevated to 5.5 mM, stimulation increased the fluorescence by ~5 times at boutons
pre-treated with ML-7 (Nexp = 5, Npouton = 179, Fig.1), followed by slower recovery (v =
83.4+11.1s, p=0.02). Because the fluorescence decay depends on both endocytosis and
reacidification of endocytosed vesicles, we tested whether inhibition of MLCK affects
vesicle reacidification using a previously reported method (Atluri and Ryan, 2006, Granseth
et al., 2006). Specifically, when surface SypHy fluorescence was quenched by perfusion of a
pH 5.5 solution during 30 — 60 s after stimulation, the decay kinetics of the remaining
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fluorescence reflected the kinetics of vesicle reacidification. Reacidification at boutons pre-
treated with wortmannin had a time constant of 7.1 + 2.0 s (Nexp = 6, Npouton = 135; Fig.2),
similar to that at DMSO-treated boutons (t = 7.3 £ 0.8 s, Nexp = 5, Npouton = 141). Our
measured reacidification is >6 times as fast as the fluorescence decay, although a little
slower than the reported 4 — 5 s in previous studies (Atluri and Ryan, 2006, Granseth et al.,
2006), where solution exchange is more efficient with the acidic solution applied to boutons
locally. This difference, however, should not affect our evaluation of MLCK inhibitors. To
summarize, the slowing effect of wortmannin and ML-7 on the action potential-evoked
fluorescence decay implicates that MLCK facilitates vesicle endocytosis at hippocampal
boutons.

Considering that inhibitors of MLCK may cause off-target effects on action potential firings
and voltage-gated Ca2* channels (Tokimasa et al., 1995, Richards et al., 2004, Tokuoka and
Goda, 2006), we next studied effects of genetic downregulation of endogenous MLCK. Two
shRNAs targeting different regions of rat MLCK cDNA (Leitman et al., 2011), shMLCK 1
and shMLCK 2, were selected to transfect hippocampal neurons in culture. As confirmed by
immunoblotting, transfection with either shMLCK led to significant decrease of endogenous
MLCK of 230 kDa in hippocampal neurons, but not that of 130 kDa corresponding to the
muscular MLCK isoform (Fig.3D). Transfection with the scrambled shRNA did not affect
the level of MLCK, and was used as the control for sShMLCKs.

At boutons transfected with the scrambled shRNA, stimulation with action potentials at 20
Hz led to ~6-fold fluorescence increase over the basal level (Fig.3A), followed by a
monoexponential decay with t of 37.8 £ 3.9's (Neyp = 9, Npouton = 290). Transfection with
ShMLCK 1 or shMLCK 2 prolonged t of the fluorescence decay t0 99.6 + 10.2 s (p < 0.01,
Nexp = 8, Npouton = 351) or 120.5 + 21.4 s (p < 0.01, Nexp = 8, Npouton = 266), respectively.
The slowing of fluorescence decay was caused by inhibition of endocytosis, because vesicle
reacidification was similar between boutons transfected with scrambled shRNA (v = 6.4
+1.1s, Nexp = 6, Npouton = 155, Fig.3E, F) and those transfected with either sSh(MLCK 1 (t =
6.1+0.9's, Neyp = 6, Npouton = 228) or SAMLCK 2 (v = 6.6 + 0.6 S, Nexp = 6, Npoyton = 109).
Collectively, our data indicate that downregulation of endogenous MLCK led to impairment
of endocytosis. Thus, effects of MLCK inhibitors and MLCK knockdown consistently
suggest that MLCK positively regulates vesicle endocytosis at hippocampal boutons. Except
for ML-7, other treatments did not drastically affect the fluorescence increase evoked by
action potentials. Because the amplitude of fluorescence increase also depends on the
expression levels of SypHy at boutons, we next examined more closely whether
downregulation of MLCK affects exocytosis.

Downregulation of MLCK does not affect somatic Ca?* current or exocytosis

Voltage-dependent Ca?* influx and exocytosis are known to influence the kinetics of
endocytosis at hippocampal boutons (Sankaranarayanan and Ryan, 2000, Balaji et al., 2008).
ML-7 has been found to decrease exocytosis in hippocampal neurons by inhibiting voltage-
dependent Ca2* influx (Tokuoka and Goda, 2006). Therefore, we examined whether
downregulation of MLCK with shRNAs affects exocytosis and Ca?* influx.
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First, we stimulated exocytosis and endocytosis with action potentials of 20 Hz from
boutons bathed in 100 nM folimycin, a blocker of vesicular pH pumps, and applied 50 mM
NH4CI at the end of experiments. Endocytosis would uptake folimycin into the lumen of
regenerated vesicles, which prevented lumen reacidification and quenching of SypHy
fluorescence. The fluorescence increase measured in folimycin was thus not affected by
concomitant endocytosis, and reflected the cumulative exocytosis. As shown in Fig. 4A — B,
stimulation led to a steady state fluorescence rise at boutons transfected with the scrambled
shRNA, which reached 0.28 + 0.03 (Nexp = 8, Npoyton = 188) of the NH,4Cl evoked
fluorescence increase. This suggests that 28% of vesicles had undergone exocytosis. A
similar amount of fluorescence increase was detected at boutons transfected with either
shMLCK 1 (0.32 £ 0.05, p = 0.29, Nexp = 8, Npouton = 203) or shMLCK 2 (0.23 £ 0.03, p =
0.2, Nexp = 7, Nexp = 177). Thus, downregulation of MLCK did not affect exocytosis evoked
by the 20 Hz action potentials. In addition, transfection with shMLCKSs did not change the
rising course of fluorescence during or after the stimulation, ruling out the possibility that
the fluorescence decay after stimulation was slowed down because of enhancement of
asynchronous exocytosis.

Next, we measured somatic Ca2* channel current from neurons co-transfected with
shMLCK 1, or the scrambled shRNA, and a plasmid of green fluorescence protein (GFP) to
indicate successful transfection. In neurons transfected with the scrambled shRNA (n = 7),
depolarization from -80 mV to 0 mV for 20 ms induced an inward Ca2* current (ICa) of 1.6
+ 0.4 nA in amplitude (Fig.4C, D) and 31.8 £ 8.1 pC in total charge (Fig.4E). The same
depolarization evoked similar CaZ* current in neurons transfected with sShMLCK 1, which
was 1.7 £ 0.3nA (n =8, p=0.94) and 28.6 + 5.6 pC (p = 0.77). Downregulation of MLCK
did not affect activation or inactivation of Ca2* channels either, because transfection with
shMLCKZ1 had no effect on current-voltage curve of 1Ca (Fig.4E). Therefore, MLCK
regulates endocytosis independent of exocytosis or Ca2* channel current.

Downregulation of MLCK impairs endocytosis induced by action potentials of both 5 Hz

and 40 Hz

At hippocampal synapses, stimulation of 10 — 20 Hz action potentials has been a widely
used paradigm to induce endocytosis (Sankaranarayanan et al., 2003, Granseth et al., 2006,
Sun et al., 2010, Zhang et al., 2013). A new study discovers that stimulation at 5 Hz mainly
induces clathrin-mediated endocytosis at hippocampal boutons while stimulation at 40 Hz
induces clathrin-independent endocytosis (Kononenko et al., 2014). To determine whether
MLCK selectively targets clathrin-mediated or clathrin-independent endocytosis, we next
studied effects of MLCK knockdown on endocytosis following stimulation of either 5 Hz or
40 Hz.

In response to 200 action potentials delivered at 5 Hz, SypHy fluorescence increased to ~3-
fold over the baseline at boutons transfected with the scrambled shRNA, and then decayed
by monoexponential kinetics (v = 34.1 + 4.1's, Nexp = 6, Npouton = 217; Fig.5A-C). The
fluorescence decay was slower at boutons transfected with sShMLCK 1 (v =77.2 + 9.3 s,
Nexp = 5, Npouton = 179, p < 0.01), suggestive of impaired endocytosis after downregulation
of MLCK. Similar effect occurred for stimulation with 200 action potentials at 40 Hz (Fig.
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5D-F). Specifically, the fluorescence decayed at v of 39.9 + 5 s at boutons transfected with
the scrambled ShRNA (Nexp = 6, Npoyton = 337) and 89.7 + 12.3 s (p = 0.02) at boutons
transfected with SIMLCK 1 (Nexp = 4, Npoyton = 167). Taken together, downregulation of
MLCK consistently slowed endocytosis induced by stimulation of 5 — 40 Hz, suggesting that
endogenous MLCK modulates both clathrin-mediated endocytosis and clathrin-independent
endocytosis. Action potentials of 5 Hz appeared to evoke larger fluorescence increase at
boutons transfected with sShMLCK 1, because impairment of endocytosis led to more
retention of SypHy at surface. Transfection with shMLCK 1 did not change the fluorescence
peak following stimulation of 40 Hz, because endocytosis has little impact on fluorescence
accumulation during high frequency stimulation. Our observations are consistent with
literature (Kononenko et al., 2014).

MLCK regulates endocytosis by functioning between Ca2*/calmodulin and myosin

Both calmodulin and myosin have been shown to regulate vesicle endocytosis at
hippocampal boutons, but without referring to a role of MLCK (Sun et al., 2010,
Chandrasekar et al., 2013). In many cellular functions, MLCK acts downstream of Ca2*/
calmodulin and activates the functions of myosin by phosphorylation of its regulatory light
chain. But alternative signal cascades have been reported (Polo-Parada et al., 2005,
Gonzalez-Forero et al., 2012, Garcia-Morales et al., 2015). For example, the
lysophosphatidic acid/Gai/o-protein/phospholipase C activates MLCK to reduce vesicle
docking at synaptic terminals of motoneurons (Garcia-Morales et al., 2015), and MLCK
regulates membrane tension of smooth muscle cells without involving phosphorylation of
myosin (Chen et al., 2014). To test whether MLCK regulates endocytosis via interaction
with Ca2*/calmodulin and myosin, we executed the following two sets of experiments.

First, we investigated whether myosin regulates clathrin-mediated endocytosis and clathrin-
independent endocytosis like MLCK (Fig.5). At boutons pre-treated with DMSO, action
potentials of 5 Hz induced >4 times increase of SypHy fluorescence, which was followed by
monoexponential decay at t of 38.6 £ 2.2's (Nexp = 9, Npouton = 274). Pre-treatment of
boutons with blebbistatin (2.5 uM, 20 min) significantly prolonged the fluorescence decay
following the 5 Hz stimulation (v = 121.8 £ 8.7 s, Neyp = 5, Npouton = 208, p < 0.01; Fig.6A-
C). Similar effects occurred for stimulation with action potentials at 40 Hz, which induced a
monoexponential fluorescence decay with © of 47.9 £ 5.1 s at boutons pre-treated with
DMSO (Nexp = 8, Npouton = 463) and with t of 113.8 + 21.6 s at boutons pre-treated with
blebbistatin (Nexp = 5, Npouton = 187, Fig.6D-F). Since blebbistatin did not change the
kinetics of vesicle reacidification (v = 7.6 £ 0.6 s, Nexp = 6, Npoyton = 197; Fig.6G, H) when
compared to DMSO (t = 7.3 £ 0.8 s, Fig.2), the slower fluorescence decay after blebbistatin
treatment should result from impairment of endocytosis. Pre-treatment with 50 uM
blebbistatin inhibited endocytosis more potently, resulting in continuous accumulation of
surface fluorescence during the observation. Previously photo toxicity has been reported for
20 min incubation with blebbistatin at 50 UM but not 2.5 pM (Kolega, 2004). Therefore, we
only presented results from boutons pre-treated with 2.5 pM blebbistatin. Our data suggest
that like MLCK, myosin regulates both the clathrin-mediated endocytosis and the clathrin-
independent endocytosis.
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Second, we performed immunoblotting to determine whether Ca?*, calmodulin and MLCK
regulate phosphorylation of MLC (Somlyo and Somlyo, 2003). The level of phosphorylated
MLC (pMLC), measured by the antibody against MLC phosphorylated at serine residue 19,
was low at rest. It increased by ~2-fold after exposure to 55 mM KCI for 90 s (Fig.7).
Transfection by the scrambled shRNA had similar results. Interestingly, transfection with
shMLCK 1 or shMLCK 2 did not affect the basal level of pMLC, but prevented the increase
of pMLC induced by KCI exposure. These data suggest that MLCK mediates the activity-
dependent phosphorylation of MLC, which is consistent with most of the literature. The
KCl-evoked increase of pMLC was also reduced by block of Ca2* channel current with 100
UM CdCl, and by inhibition of calmodulin with 100 puM calmidazolium (Fig.7C, D). These
results suggest that Ca2*/calmodulin regulates the MLCK-mediated phosphorylation of
MLC in hippocampal neurons.

Discussion

Our main conclusion of this study is that MLCK facilitates vesicle endocytosis at the small
hippocampal boutons by functioning between Ca2*/calmodulin and myosin. We have shown
that both acute inhibition and downregulation of endogenous MLCK at cultured
hippocampal boutons impaired endocytosis following the action potential-induced
exocytosis (Fig.1, 3, 5). Downregulation of MLCK did not decrease the amount of
exocytosis measured as SypHy fluorescence increase (Fig.4A, B) or the somatic Ca2*
currents (Fig.4C — E). Consistent with previous measurements of FM1-43 destaining and
excitatory postsynaptic potentials (Tokuoka and Goda, 2006), ML-7 was found to reduce
exocytosis at boutons bathed in 2 mM Ca2*, probably through off-target inhibition of Ca2*
current previously reported for hippocampal neurons (Tokuoka and Goda, 2006) (but see
(Peng et al., 2012)). Our observation that downregulation of MLCK did not significantly
affect the cumulated exocytosis induced by 200 action potential at 20 Hz agrees with a
previous pharmacological study (Tokuoka and Goda, 2006). However, we cannot exclude a
regulatory role of MLCK in exocytosis. As inferred from postsynaptic current recordings at
different synapses, MLCK inhibits initial vesicle release (Srinivasan et al., 2008, Lee et al.,
2010, Gonzalez-Forero et al., 2012, Garcia-Morales et al., 2015) and promotes
replenishment of fast vesicles (Lee et al., 2008). If these dual functions occur at
hippocampal boutons, reduction of MLCK activity is expected to first facilitate and then
inhibit the increase of SypHy fluorescence triggered by 200 action potentials, which may
deplete the recycling pool. As our SypHy imaging is limited in temporal and quantitative
resolution, we could not accurately dissect such effects. Similarly, our recent capacitance
measurements failed to reveal effects of MLCK inhibitors on the cumulative exocytosis at
the calyx ('Yue and Xu, 2014), where the inhibitors have been reported to enhance the initial
release (Srinivasan et al., 2008) and reduce vesicle replenishment (Lee et al., 2008). With
SypHy imaging, current results more convincingly indicated involvement of MLCK in
endocytosis, which has much slower kinetics than exocytosis.

Knockdown of MLCK impaired endocytosis following 200 action potentials delivered at 5 —
40 Hz (Fig.5), suggesting that MLCK regulates endocytosis across a wide range of activity
levels. As reported, stimulation with 200 action potentials at 5 Hz induces AP-2 dependent,
clathrin-mediated endocytosis at hippocampal boutons while stimulation at 40 Hz induces
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clathrin-independent endocytosis, that depends on dynamin1/3 and endophilin and probably
generates endosome-like vacuoles (Kononenko et al., 2014). Therefore, we suggest that
MLCK modulates both clathrin-mediated endocytosis and clathrin-independent endocytosis.
Consistent with this suggestion, blockers of MLCK inhibit the slow clathrin-mediated
endocytosis and the rapid, putatively clathrin-independent endocytosis evoked by different
stimulation paradigms from the calyx of Held (Yue and Xu, 2014). In non-neuronal cells,
MLCK has also been reported to regulate endocytosis of very different mechanisms, such as
caveolar endocytosis in intestinal epithelial (Schwarz et al., 2007, Marchiando et al., 2010),
phagocytosis in polymorphonuclear leukocytes (Mansfield et al., 2000), and receptor-
mediated phagocytosis and macropinocytosis in macrophages (Araki et al., 2003). It is likely
that MLCK targets a universal mechanism in these different pathways of endocytosis.

In smooth muscle cells, MLCK regulates membrane tension to control cell migration and
protrusion, which does not involve MLC phosphorylation (Chen et al., 2014). Our
observations suggest that MLCK regulates synaptic vesicle endocytosis by phosphorylation
of MLC. First, downregulation of endogenous MLCK did not affect the basal
phosphorylation of MLC in cultured neurons, but selectively prevented the depolarization
induced increase of pMLC (Fig.7). Because myosin phosphorylation leads to its activation,
this result suggests that MLCK is important for activity-dependent functions of myosin in
hippocampal neurons. Second, like downregulation of MLCK, acute inhibition of nonmuscle
myosin Il impaired endocytosis induced by action potentials at both 5 Hz and 40 Hz (Fig.6),
indicating that myosin 1l and MLCK regulate endocytosis regardless of its clathrin-
dependence. A recent study concludes that myosin Il mainly regulates clathrin-mediated
compensatory endocytosis at hippocampal boutons, based on inhibitory effects of
blebbistatin and genetic knockout of myosin Il on uptake of FM1-43 and horseradish
peroxidase following prolonged potassium depolarization (Chandrasekar et al., 2013). This
work thus extends the previous conclusion by suggesting that myosin plays a role in both
clathrin-mediated endocytosis and clathrin-independent bulk endocytosis. Consistently, a
number of studies have suggested that myosin Il participates in a variety of endocytosis
pathways, such as clathrin-mediated endocytosis in neurons (Chandrasekar et al., 2013, Yue
and Xu, 2014), bulk endocytosis at endocrine cells and immune cells (Idrissi et al., 2012,
Chandrasekar et al., 2014, Flores et al., 2014, Gormal et al., 2015, Kokotos and Low, 2015),
and phagocytosis as well as caveolar endocytosis at other non-neuronal cells (Mansfield et
al., 2000, Araki et al., 2003, Schwarz et al., 2007, Marchiando et al., 2010). The motor
protein myosin 11 can function along with cortical actin to generate membrane tension
needed for membrane bending (ldrissi et al., 2012) and/or fission (Flores et al., 2014,
Gormal et al., 2015, Kokotos and Low, 2015). As an early step of bulk endocytosis, the acto-
myosin Il interaction constricts the neck of budding endosomes in chromaffin cells (Gormal
et al., 2015). Capacitance measurements have revealed that both myosin Il and actin regulate
the fission pore kinetics of secretory cells (Yao et al., 2013, Flores et al., 2014). However, it
should be noted that inhibition of actin polymerization, for example by latrunculin,
generates relatively weak defects in endocytosis at mammalian central synapses. At the
calyx terminals, latrunculin inhibits endocytosis less efficaciously (Yue and Xu, 2015) than
blebbistatin (Yue and Xu, 2014). At hippocampal boutons, we observed strong inhibition of
blebbistatin on endocytosis induced by 5 Hz and 40 Hz action potentials (Fig. 6), while
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latrunculin impairs the clathrin-independent endocytosis following the 40 Hz stimulation
(Kononenko et al., 2014) and the ultrafast clathrin-independent endocytosis in physiological
temperature (Watanabe et al., 2014), but not endocytosis induced by action potentials of
lower frequency (Sankaranarayanan et al., 2003). In light of these studies, we speculate that
MLCK/myosin may regulate clathrin-independent endocytosis through acto-myosin
interaction. How MLCK/myosin modulates clathrin-mediated endocytosis remains an open
question.

We found that the depolarization-induced phosphorylation of MLC was prevented by
knockdown of MLCK (Fig.7A, B), block of Ca2* channel current and inhibition of
calmodulin (Fig.7C, D), respectively. These observations suggest that MLCK functions
downstream of Ca2*/calmodulin to mediate the phosphorylation of MLC. Calmodulin has
been indicated in regulating different forms of endocytosis at synapses (Wu et al., 2009, Sun
et al., 2010, Yamashita et al., 2010) and adrenal medullary chromaffin cells (Artalejo et al.,
1996). At hippocampal boutons, downregulation or inhibition of calmodulin results in
slower retrieval of vesicular synaptobrevin following action potentials of 10 Hz (Sun et al.,
2010). Inhibitors of calmodulin impair both clathrin-mediated endocytosis and clathrin-
independent endocytosis at the calyx (Wu et al., 2009). Taken together, we conclude that
MLCK contributes to the regulation of endocytosis by Ca2*/calmodulin. Since
downregulation of MLCK did not affect the basal amount of pMLC (Fig.7), we cannot
exclude the possibility that activity of MLCK and/or myosin is simultaneously regulated by
other factors, for example, membrane-derived bioactive phospholipids (Garcia-Morales et
al., 2015), the neural cell adhesion molecule (Polo-Parada et al., 2005), protein kinase C
(Maeno-Hikichi et al., 2011), Rho/Rho-kinase (Garcia et al., 1999, Gonzalez-Forero et al.,
2012) and p21-activated kinases (Sanders et al., 1999). Whether modulation of MLCK/
myosin through alternative mechanisms contributes to synaptic endocytosis remains
interesting to explore.

In addition to calmodulin, synaptotagmin and calcineurin are indicated as Ca?* binding
proteins to regulate synaptic endocytosis (Liu et al., 1994, Yao et al., 2012a, Cheung and
Cousin, 2013, Wu et al., 2014)(Fig.8). Synaptotagmin can directly interact with the
pleckstrin homology of dynamin 1 and regulate the fission pore kinetics in adrenal
chromaffin cells (Yao et al., 2012b, McAdam et al., 2015). Synaptotagmin can also bind
with the accessory proteins of endocytosis, such as AP2 and Stone 2 (Fergestad and Broadie,
2001). Calcineurin is a Ca%*-dependent protein serine/threonine phosphatase that may
dephosphorylate dynamin to activate its function in detaching the membrane invagination
from the plasma membrane (Liu et al., 1994, Clayton et al., 2007, Xue et al., 2011). While
calmodulin may activate calcineurin, the current study suggests that MLCK mediated Ca2*/
calmodulin dependent regulation of endocytosis by phosphorylation of myosin (Fig.8). It is
possible that synaptotagmin, calcineurin, and calmodulin all regulate membrane scission by
interacting with dynamin and myosin, respectively. The co-existence of multiple Ca2*
sensors and/or effectors reflects the complexity of activity-dependent regulation of
endocytosis, a process of multiple steps that involve many different lipid and protein
molecules (Saheki and De Camilli, 2012). Indeed, endocytosis is slower under prolonged
mild Ca2* elevation (von Gersdorff and Matthews, 1994, Wu and Wu, 2014) or following
Ca?* influx generated by a single action potential (Leitz and Kavalali, 2011, Armbruster et
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al., 2013), but significantly accelerates in response to strong Ca%* signal following bursts of
action potentials or a train of prolonged depolarization pulses (Wu et al., 2005, Hosoi et al.,
2009, Wu and Wu, 2009, Yamashita et al., 2010, Armbruster et al., 2013). Such a complex
regulation of vesicle endocytosis by different Ca%* signals may be achieved through multiple
distinct Ca2*-dependent pathways, including the previously suggested calmodulin/
calcineurin pathway (Sun et al., 2010) and the currently proposed calmodulin/MLCK/
myosin pathway (Fig.8). To summarize, we suggest that MLCK links Ca?*/calmodulin and
myosin to facilitate clathrin-mediated and clathrin-independent endocytosis at conventional
synapses, serving as a less-recognized mechanism of activity-dependent regulation of
synaptic vesicle endocytosis. Our study will also contribute to better understanding of
synaptic physiology of hippocampal neurons, which play a critical role in learning and
memory.
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Abbreviations

MLCK myosin light chain kinase

pMLC phosphorylated myosin light chain
shRNA short hairpin RNA

shMLCK  short hairpin RNA for MLCK

SypHy synaptophysin with intraluminal domain tagged with pH-sensitive green
fluorescence protein
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Figure 1. Chemical inhibition of ML CK slows down endocytosis
A, Representative images showing SypHy fluorescence changes in response to stimulation

with 200 action potentials of 20 Hz. Boutons had been incubated with 0.05% DMSO for 20
min at 37 °C before imaging. B, Averaged traces of SypHy fluorescence from boutons
pretreated for 20 min with DMSO (Neyp = 7), wortmannin (Wort, 5 pM, Neyp = 7), or ML-7
(3.5 UM, Neyp = 5). The fluorescence change (AF) was normalized to the basal fluorescence
level before stimulation (Fg). Boutons were bathed in 2 mM Ca2* for DMSO and
wortmannin, and 5.5 mM Ca2* for ML-7 which otherwise resulted in too small fluorescence
increase in 2 mM Ca?*. C, The superimposed data are averaged from fluorescence traces
that have been normalized to the peak AF induced by action potentials in each experiment.
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D, Comparison of endocytosis kinetics. Error bars in this and other figures are SEM. The
symbols ** and * denote p < 0.01 and p < 0.05, respectively.
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Figure 2. Chemical inhibition of ML CK does not affect vesicle reacidification
A, Sample experiments on vesicle reacidification at boutons incubated with 0.05% DMSO

(Nbouton = 34) or 5 pM wortmannin (Npguton = 24) for 20 min at 37 °C before imaging.
SypHy fluorescence, which was imaged every 500 ms, has been normalized to the amplitude
of increase evoked by the 20 Hz stimulation (AFygH,). Boutons were perfused constantly
with either the standard solution of pH 7.4 or the solution of pH 5.5 before and after
stimulation (started at 30 s, ~110 s). By fitting the fluorescence decay during the quench
(green line) between ~35 — 60 s after the cessation of stimulation, we measured the time
constant of vesicle reacidification as 7.5 s for DMSO and 6.4 s for wortmannin, respectively.
B, Averaged changes of SypHy fluorescence to pH 5.5 in the time window indicated by gray
frames in A. Boutons were pre-incubated with DMSO (Neyp = 5) or wortmannin (Neyp = 7).
The similar fluorescence decay after rapid quenching of surface fluorescence suggests that
wortmannin does not alter vesicle reacidification. C, Averaged time constants of vesicle
reacidification from boutons incubated with DMSO and wortmannin.
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Figure 3. Genetic downregulation of endogenous ML CK impairs endocytosisinduced by action

potentialsat 20 Hz

A, Averaged changes of SypHy fluorescence induced by 200 action potentials delivered at
20 Hz from hippocampal boutons transfected with the scrambled shRNA (Scrambled, Neyp =
9), SAMLCK 1 (Nexp = 6) and shMLCK 2 (Neyp = 8), respectively. B, Averaged fluorescence
traces after normalization to the peak AF induced by action potentials. C, Comparison of
endocytosis kinetics. D, Immunoblotting results showing that transfection with shMLCK 1
or shMLCK 2, but not the scrambled shRNA, decreased the level of endogenous MLCK in
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hippocampal neurons. E, Averaged changes of SypHy fluorescence in tests to measure
vesicle reacidification, same as in Fig.2B. Boutons had been transfected with the scrambled
ShRNA (Nexp = 5), SAMLCK 1 (Nexp = 6) and SA(MLCK 2 (Nexp = 8), respectively. The
similar decay kinetics of the stimulated fluorescence in pH 5.5 suggests that down-
regulation of MLCK does not affect vesicle reacidification. F, Time constants of vesicle
reacidification from boutons transfected with either the scrambled shRNA or a shMLCK to
down-regulate the endogenous MLCK.
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Figure 4. Downregulation of MLCK does not affect exocytosis or somatic Ca?* channdl current
A, Averaged changes of SypHy fluorescence induced by 200 action potentials delivered at

20 Hz in the presence of 100 nM folimycin. The changes have been normalized to the peak
increase of fluorescence in 50 mM NH,4CI in each experiment. Boutons had been transfected
with scrambled shRNA (Ngyp = 8), SIMLCK 1 (Ngxp = 8), or SAMLCK 2 (Ngxp = 7). The
traces are superimposed in B for comparison. C, Sampled traces of somatic calcium channel
current (1Ca) induced by a 20 ms depolarization pulse from - 80 mV to 0 mV. D, Amplitude
and total charge of ICa in hippocampal neurons transfected with either the scrambled
ShRNA (n = 7) or shMLCK 1 (n = 8). E, Current-voltage relationship of 1Ca from neurons
transfected with either the scrambled shRNA (n = 7) or shMLCK 1 (n = 8).
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Figure 5. Downregulation of endogenous ML CK inhibits endocytosis evoked by action potentials
at both5Hz and 40 Hz

A, Averaged traces of SypHy fluorescence changes induced by 200 action potentials
delivered at 5 Hz from boutons transfected with the scrambled ShRNA (Ngyp = 6) or
ShMLCK 1 (Nexp = 5). B, The superimposed data are averaged from fluorescence traces that
have been normalized to the peak AF induced by action potentials in each experiment. C,
Comparison of endocytosis induced by action potentials of 5 Hz at boutons transfected with
shRNA and shMLCK 1. D — F, Same as A — C except that the boutons transfected with the
scrambled ShRNA (Nexp = 6) or SIMLCK 1 (Ngyp = 4) were stimulated by 200 action
potentials delivered at 40 Hz.
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Figure 6. Acute inhibition of myosin |1 inhibits endocytosisinduced by action potentialsat 5 Hz
and 40 Hz

A, Averaged responses of SypHy fluorescence stimulated by 200 action potentials delivered
at 5 Hz from boutons pre-treated with DMSO (0.01 - 0.05%, Neyp = 9) or blebbistatin (2.5
UM, Neyp = 5) for 20 min at 37 °C. B, The superimposed data are averaged from
fluorescence traces that have been normalized to the peak AF induced by action potentials in
each experiment. C, Comparison of endocytosis kinetics induced by action potentials of 5
Hz at boutons treated with DMSO and blebbistatin. D — F, Same as A — C except that
boutons treated with DMSO (Nexp = 8) or blebbistatin (Nex, = 5) were stimulated by action
potentials of 40 Hz. G, Averaged changes of SypHy fluorescence in tests to measure vesicle
reacidification, same as in Fig.2B. Boutons had been treated with DMSO (Neyp = 5, from
Fig.2B) or 2.5 UM blebbistatin (Nexp = 6). H, Time constants of vesicle reacidification from
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boutons treated with either DMSO or blebbistatin. Results in G and H suggest that
blebbistatin does not affect vesicle reacidification.
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Figure 7. Activity-dependent phosphorylation of ML C is mediated by ML CK and Ca?*/

calmodulin

A, Immunoblots of MLC and pMLC from neuronal cultures with or without incubation with
55 mM KCI for 90 s. Neurons had been transfected for 3 d with the scrambled shRNA,
shMLCK 1 and shMLCK 2, respectively. B, Downregulation of MLCK selectively reduced
the KCl-evoked phosphorylation of MLC I1 (n = 4), but did not affect the total MLC (n = 3).
For each treatment, the levels of pMLC and MLC in relative to tubulin are normalized to
those acquired without KCI stimulation from neurons transfected with the scrambled
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shRNA. C, Immunoblots of MLC and pMLC from unstimulated neurons, neurons exposed
for 90 s to 55 mM KClI, neurons exposed to 55 mM in the presence of CdCl, (100 uM) or
calmidazolium (100 puM). D, Inhibitors of CaZ* current and calmodulin reduced
phosphorylation of MLC (n = 4), without affecting the total MLC (n = 3). For each
treatment, the levels of pMLC and MLC in relative to that of tubulin are normalized to the
simultaneous measurements from neurons without KCI treatment.
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Figure 8.
Synaptotagmin, calmodulin and calcineurin are the Ca2* sensors indicated in synaptic

vesicle endocytosis of different test systems. Synaptotagmin can control endocytosis through
interaction with two clathrin adaptors, stoning and AP-2. Calcineurin may function directly
or downstream of calmodulin to regulate membrane fission through dephosphorylation of
dynamin. The current study presents evidence that MLCK can be an alternate pathway for
Ca?*/calmodulin to regulate endocytosis through its phosphorylation of myosin, a motor
molecule involved in vesicle endocytosis likely through actomyosin interaction.
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