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Protein Kinase C and Calmodulin Serve As Calcium Sensors
for Calcium-Stimulated Endocytosis at Synapses
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Calcium influx triggers and facilitates endocytosis, which recycles vesicles and thus sustains synaptic transmission. Despite decades of
studies, the underlying calcium sensor remained not well understood. Here, we examined two calcium binding proteins, protein kinase
C (PKC) and calmodulin. Whether PKC is involved in endocytosis was unclear; whether calmodulin acts as a calcium sensor for endocy-
tosis was neither clear, although calmodulin involvement in endocytosis had been suggested. We generated PKC (« or B-isoform) and
calmodulin (calmodulin 2 gene) knock-out mice of either sex and measured endocytosis with capacitance measurements, pHluorin
imaging and electron microscopy. We found that these knock-outs inhibited slow (~10-30 s) and rapid (<~3 s) endocytosis at large
calyx-type calyces, and inhibited slow endocytosis and bulk endocytosis (forming large endosome-like structures) at small conventional
hippocampal synapses, suggesting the involvement of PKC and calmodulin in three most common forms of endocytosis-the slow, rapid
and bulk endocytosis. Inhibition of slow endocytosis in PKC or calmodulin 2 knock-out hippocampal synapses was rescued by overex-
pressing wild-type PKC or calmodulin, but not calcium-binding-deficient PKC or calmodulin mutant, respectively, suggesting that
calcium stimulates endocytosis by binding with its calcium sensor PKC and calmodulin. PKC and calmodulin 2 knock-out inhibited
calcium-dependent vesicle mobilization to the readily releasable pool, suggesting that PKC and calmodulin may mediate calcium-
dependent facilitation of vesicle mobilization. These findings shed light on the molecular signaling link among calcium, endocytosis and
vesicle mobilization that are crucial in maintaining synaptic transmission and neuronal network activity.
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(s )

Vesicle fusion releases neurotransmitters to mediate synaptic transmission. To sustain synaptic transmission, fused vesicles must
be retrieved via endocytosis. Accumulating evidence suggests that calcium influx triggers synaptic vesicle endocytosis. However,
how calcium triggers endocytosis is not well understood. Using genetic tools together with capacitance measurements, optical imaging
and electron microscopy, we identified two calcium sensors, including protein kinase C (cvand B isoforms) and calmodulin, for the most
commonly observed forms of endocytosis: slow, rapid, and bulk. We also found that these two proteins are involved in calcium-
dependent vesicle mobilization to the readily releasable pool. These results provide the molecular signaling link among calcium, endo-
cytosis, and vesicle mobilization that are essential in sustaining synaptic transmission and neuronal network activity. j
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at calyx of Held synapses suggest that calcium triggers slow endo-
cytosis (>10 s), rapid endocytosis (<~3 s), bulk endocytosis
(retrieving endosome-like structures larger than regular vesicles),
and endocytosis overshoot (more endocytosis than exocytosis)
(Hosoi et al., 2009; Wu et al., 2009; Yamashita et al., 2010; for
review, see L.G. Wu et al., 2014). First, lowering extracellular
calcium or buffering calcium with BAPTA reduces the rate of
rapid and slow endocytosis by ~50 to 1500 fold and abolishes
endocytosis overshoot, whereas increasing calcium current
charges increases endocytosis rate by hundreds of folds and pro-
motes endocytosis overshoot. Second, calcium chelator EGTA
inhibits bulk endocytosis and reduces the fission pore closure
rate. Consistent with these results, calcium influx triggers rapid
endocytosis at chromaffin cells (Artalejo et al., 1995; Chiang et al.,
2014) and slow endocytosis at hippocampal synapses (Sun et al.,
2010); calcium influx upregulates rapid, slow, bulk, and/or over-
shoot endocytosis at hippocampal synapses, retinal nerve termi-
nals, hair cells, chromaffin cells and pituitary neurons (Thomas et
al., 1994; Smith and Neher, 1997; Moser and Beutner, 2000;
Neves etal., 2001; Sankaranarayanan and Ryan, 2001; Balaji et al.,
2008; Clayton et al., 2009).

Like calcium-induced exocytosis, the first step in the study of
calcium-stimulated endocytosis is to identify calcium sensor. The
candidate being considered for the last two decades is calcium/
calmodulin-activated calcineurin (CaN), which dephosphorylates
endocytic proteins (Cousin and Robinson, 2001). Pharmacological
block or knock-down of calmodulin (CaM) and knock-out of
CaN led to slower endocytosis at synapses, raising the possibility
that CaM and CaN serve as the calcium sensors for endocytosis
(Sun etal., 2010; X.S. Wu et al., 2014; Cottrell et al., 2016). How-
ever, whether CaM or CaN involvement in endocytosis depends
on their calcium binding, the condition required for establishing
CaM/CaN as the calcium sensor, has not been tested.

In the present work, we attempted to identify the calcium
sensor by generating mice with deletion of calcium-activated
protein kinase C (PKC) a or 8 isoform (PKC, or PKCg), and
calcium-activated CaM isoform 2 (CaM,). We determined
whether these knock-outs inhibit rapid, slow and bulk endocyto-
sis at large calyceal nerve terminals and small conventional hip-
pocampal synapses and if the inhibition can be rescued by the
wild-type (WT) or the calcium-binding-deficient proteins. We
found that PKC (PKC, or PKCg) and CaM serve as calcium
sensors for calcium-stimulated slow, rapid, and bulk endocytosis
at calyceal and hippocampal synapses. These findings provide the
molecular link between the calcium trigger and endocytosis me-
diation at synapses: PKC-mediated phosphorylation and CaM/
CaN-mediated dephosphorylation.

Materials and Methods

Animals. Animal care and use were performed according to National
Institutes of Health (NIH) guidelines and were approved by the NIH
Animal Care and Use Committee. PKC,, "/~ mice were purchased from
The Jackson Laboratory; PKCg ~/~ and CaM, '~ mice were generated
by us, as described in detail in the legends to Figures 14 and 6A. Knock-
out mice of either sex were obtained by heterozygous and homozygous
breeding using standard mouse husbandry procedures. Mouse genotypes
were determined by PCR. WT littermates and WT nonlittermates of
either sex were used as controls.

Slice preparation, capacitance recordings, and solutions. Parasagittal
brainstem slices (200 um thick) containing the medial nucleus of the
trapezoid body were prepared from 7- to 14-d-old male or female mice
using a vibratome (Wu et al., 2009). Whole-cell capacitance measure-
ments were made with the EPC-9 amplifier with a software lock-in am-
plifier (1000 Hz sine wave, peak-to-peak voltage = 60 mV; HEKA). We
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pharmacologically isolated presynaptic Ca" currents with a bath solu-
tion (~22-24°C or 34-37°C when mentioned) containing the following
(in mm): 105 NaCl, 20 TEA-CI, 2.5 KCl, 1 MgCl,, 2 CaCl,, 25 NaHCO;,
1.25 NaH,PO,, 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium
pyruvate, 0.001 tetrodotoxin (TTX), 0.1 3,4-diaminopyridine, pH 7.4
when bubbled with 95% O, and 5% CO,. The presynaptic pipette con-
tained the following (in mm): 125 Cs-gluconate, 20 CsCl, 4 MgATP, 10
Na,-phosphocreatine, 0.3 GTP, 10 HEPES, 0.05 BAPTA, pH 7.2, ad-
justed with CsOH. If not mentioned otherwise, all reagents were from
Sigma-Aldrich. Bisindolylmaleimide I (BIS) was from Calbiochem.

In experiments with temperature changes, the continuously flowing
solution reached the slice chamber via a tube, which was heated to ~40—
42°C right (at ~10-15 cm) before the solution reached the chamber.
With a flow rate of ~2.5 ml/min, the chamber temperature was main-
tained at 34-37°C, as confirmed with a thermometer. Slices were at
34-37°C for ~15-20 min before patching.

Hippocampal culture. Mouse hippocampal culture was prepared as
described previously (Sankaranarayanan and Ryan, 2000; Sun et al.,
2010). Hippocampal CA1-CA3 regions from PO mice were dissected,
dissociated, and plated on Poly-p-lysine-treated coverslips. Cells were
maintained at 37°C in a 5% CO, humidified incubator with a culture
medium consisting of Neurobasal A (Invitrogen), 10% fetal bovine se-
rum (Invitrogen), 2% B-27 (Invitrogen), 1% Glutamax-1 (Invitrogen).
On 5-7 d after plating, neurons were transfected with plasmids using
Lipofectamine LTX (Invitrogen).

Hippocampal cultures were transfected with a plasmid containing syn-
aptophysin tagged with the pH-sensitive pHluorin2X (SypH, provided by Dr.
Yong-Ling Zhu) (Zhu et al., 2009) for imaging of endocytosis. cDNA
encoding human PKC, WT was amplified from pHACE-PKC, (Add-
gene, 21232) and subcloned into PmCherry-N1 (Clontech) (mCherry
used for recognition of transfection). Mutant PKC_ ®* was generated by
replacing the five aspartates in the calcium binding C2 domain (Nalefski
and Falke, 1996) with alanines through site-directed mutagenesis
(QuikChange Lightning; Agilent Technologies). Similar to WT PKC,,
PKC, """ was subcloned into PmCherry-N1.

The cDNA encoding CaM or CaM, ,5,, provided by the late Dr. David
Yue, was subcloned into PmCherry-N1. For PKC or CaM rescue exper-
iments (see Figs. 4; 7), we transfected PKC or CaM plasmid along with
SypH. PKC or CaM plasmid contained mCherry, which was used for us
to recognize transfected cells. After transfection, neurons were main-
tained at 37°C in a 5% CO,-humidified incubator for another 8-12 d
before experiments.

Action potential was evoked by a 1 ms pulse (20 mA) through a plat-
inum electrode. The bath solution contained the following (in mm): 119
NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, 25 HEPES, 30 glucose, 0.01 6-cyano-7-
nitroquinoxaline-2, 3-dione (CNQX), and 0.05 D,L-2-amino-5-
phosphonovaleric acid (AP-5), pH 7.4 , adjusted with NaOH. In
temperature experiments, we heated the culture chamber using a tem-
perature controller (TC344B; Warner Instruments, Hamden, CT). Im-
aging was performed after the culture was at 34—37°C for 15-30 min. The
temperature was verified with another small thermometer (BAT-7001H;
Physitemp Instruments) in the chamber. SypH images were acquired at 1
Hz using Nikon A1l confocal microscope (60X, 1.4 numerical aperture
[NA]), and analyzed with Nikon software.

Immunohistochemistry and Western blot. For immunohistochemistry,
P7-P10 mice were anesthetized using Nembutal and transcardially per-
fused with 4% paraformaldehyde (Electron Microscopy Sciences). The
brain was postfixed in 4% paraformaldehyde overnight and infiltrated
with 30% sucrose for another 48 h. Optimal cutting temperature me-
dium (Electron Microscopy Sciences)-embedded brain was sectioned
using cryostat (Leica, CM3050S) at 30 wm thickness. Slices were treated
with cold methanol at —20°C for 10 min, and target proteins at calyces
were identified using a guinea pig antibody against vGluT, (1:5000; Mil-
lipore) and a rat antibody against PKC,, (1:200; Sigma-Aldrich), a rat
antibody against PKCp (Sigma-Aldrich, 1:200) (Perrin et al., 2010), or a
rat antibody against CaM (1:200; Millipore) (Perrin et al., 2010). Alexa
Fluor-488-conjugated donkey anti-rat antibody (1:500; Jackson Immu-
noResearch Laboratories) or Alexa Fluor 568-conjugated donkey anti-
guinea pig antibody (1:500; Jackson ImmunoResearch Laboratories)
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were used as secondary antibodies. Images were collected by Nikon Al
confocal microscope (objective: 60X, 1.4 NA).

For Western blot, neurons were washed three times with ice-cold PBS.
Cell lysates were prepared in the modified RIPA buffer containing
protease inhibitors (Thermo Scientific). Equal amounts of proteins, de-
termined by BCA protein assay (Thermo Scientific), were loaded onto
SDS-PAGE gel and immunoblotted using antibodies against PKC,, (1:
250; Sigma-Aldrich), PKCg (1:250; o), CaM (1:200, Millinpore), clathrin
heavy chain (1:1000; BD Bioscience), dynamin (1:1000; BD Biosciences;
recognizing all dynamin isoforms, including 1, 2, and 3) and B-actin
(1:2000; Abcam).

Data collection and measurements of T and Ratee.,,. Calyx capacitance
was measured within 10 min after break-in to avoid rundown (Wu et al.,
2009). The time constant (7) of the capacitance or fluorescence decay was
measured from exponential fit of the decay. The initial rate of decay
(Rateg,,,) of capacitance at calyces was measured between 0.5 and 4 s
after a 20 ms depolarization from —80 mV to +10 mV (depol,,,, ) or 20
action potential-equivalent stimuli (APe, 1 ms from —80 to +7 mV) at
100 Hz that induced slow endocytosis (Xu and Wu, 2005; Wu et al., 2009,
2016). Rate,,, was measured between 0.5 and 1.5 s after 10 depol,,, at
10 Hz (depol,y,sx10) 0o 200 APe at 100 Hz that induced rapid endocy-
tosis. The first 0.5 s trace was not used to avoid capacitance artifact
contamination (Wu et al., 2005; Yamashita et al., 2005). We used
depol,gex 10 to induce rapid endocytosis, because the Rateg,.,, after
depol,g,ex10 reflected mostly (~80%) the rapid component of endocy-
tosis (Wu et al., 2009; Sun et al., 2010). For SypH signal in hippocampal
cultures, the Rateg,,, was measured from boutons’ SyPH fluorescence
trace in the first 4-10 s after stimulation.

Electron microscopy. Hippocampal cultures were fixed with 4% glutar-
aldehyde (freshly prepared, Electron microscopy sciences, Hatfield, PA)
in 0.1 M Na-cacodylate buffer solution containing for at least 1 h at
22-24°C, and stored in 4°C refrigerator overnight. The next day, cultures
were washed with 0.1 M cacodylate buffer, and treated with 1% OsO, in
cacodylate buffer for 1 h onice, and 0.25% uranyl acetate in acetate buffer
at pH 5.0 overnight at 4°C, dehydrated with ethanol, and embedded in
epoxy resin. Thin sections were counterstained with uranyl acetate and
lead citrate then examined in a JEOL200CX TEM. Images were collected
with a CCD digital camera system (XR-100; AMT) at a primary magni-
fication of 10,000—-20,000X. Synapses were selected based on the struc-
tural specialization including synaptic vesicle clustering, synaptic cleft
and the postsynaptic density.

Experimental design and statistical analyses. Data are presented as
means = SEM. The statistical test used was ¢ test with equal variance,
although 7 test with unequal variance gave the same result. The variance
was not different, because the p-value was much larger than 0.05 when we
performed the variance test (F test) for data shown in Figures 2C, 3C, and
4C, which show the basic findings of the present work.

For capacitance measurements at calyces, each group of data were
from 4-14 calyces, which were from 4-14 mice of either sex (see figure
legends for the number of calyces and mice for each group of data). For
pHluorin imaging, each experiment included 20—30 boutons showing
fluorescence increase (region of interest: 2 um X 2 wm). Approximately
one to three experiments were taken from each culture. Each culture was
from 3-5 mice. Each group of data was obtained from at least four
batches of cultures (4—12 cultures). For electron microscopy, synapses
were selected based on the structural specialization, including synaptic
vesicle clustering, synaptic cleft, and the postsynaptic density. Each
group of data was taken from 100—132 synaptic profiles from 4—12 mice.

Results

PKC involvement in slow and rapid endocytosis at calyces

We studied PKC-deficient mice because in preliminary studies, we
noticed that a PKC inhibitor inhibited endocytosis at calyces. We
generated PKC, /™ mice by breeding PKC, "/~ mice from The
Jackson Laboratory and generated PKCg ~/~ mice by ourselves (Fig.
1A). Targeted embryonic stem cells (Prkch ™! 2(FVCOMMWE Jine
EPDO0233_5_F09) obtained from The International Mouse Phe-
notyping Consortium were injected into C57BL/6] blastocysts to
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generate chimeras (Fig. 1A). Chimeric mice were then bred with
C57BL/6] mice to generate PKCg targeted germline mice
(PKCg HlloxPy PKCB“ 1oxP mice were bred with CMV-Cre mice
(The Jackson Laboratory, 006054) to delete exon 4 of PKCg gene,
which resulted in the generation of PKC; /" mice (Fig. 1A).
PKCg ~/* mice were used to establish the PKCg ~/~ mouse line
(Fig. 1A).

In WT mice, immunostaining showed that PKC, and PKCg
were colocalized with vesicular glutamate transporter 1 (vGluT,)
that labeled vesicles in P7-P10 calyces (Fig. 1 B,C). These results
revealed the presence of PKC,, and PKCg at calyces. In PKC, =
or PKCg '~ mice, PKC, or PKCg was nearly absent at P7-P10
calyces, respectively (Fig. 1B-D). The remaining immunostain-
ing was close to background staining (Fig. 1B—D). These results
confirm successful deletion of PKC, or PKCy in PKC, '~ or
PKCg ™/~ mice calyces, respectively.

To determine whether PKC,, or PKCg knock-out affects en-
docytosis, we performed whole-cell voltage-clamp recordings at
P7-P10 mouse calyces at 22-24°C, if not mentioned otherwise. In
WT calyces, a 20 ms depolarization from —80 mV to +10 mV
(depol,y,,s) induced a calcium current (I,) of 1.65 * 0.13 nA,
and a capacitance (C,,) jump (AC,,) of 370 * 43 fF (n = 9; Fig.
2A-C). After the jump, C,, decayed monoexponentially with a
time constant (7) of 18.5 £ 2.0 s, and an initial decay rate
(Rategec,y) 0f 24 £ 3 {F/s (n = 9; Fig. 2A-C). We used Rateg,,, for
statistics, because the decay time constant was often too slow to
estimate within the recording time window when endocytosis is
inhibited (Wu et al., 2009, 2016).

The Rateg,.,, after depol,,,,, in PKC,, ~/~ or PKCz '~ calyces
was reduced to ~32-46% of WT, whereas AC,, and I, charge
(QI,) were not different (Fig. 2A—C). Similar reduction was ob-
served in three conditions: 1) after 20 action potential-equivalent
stimuli (APe, 1 ms from —80 to +7 mV) at 100 Hz (Fig. 2D, E),
which also induced slow endocytosis in WT mice (Wu et al.,
2009), 2) at 34-37°C (Fig. 2F), and 3) at P13—P14 calyces (Fig.
2G) that are more matured (Borst and Soria van Hoeve, 2012).
These results suggest PKC, and PKCg involvement in slow endo-
cytosis in various stimuli, temperatures and immature or mature
synapses. Further supporting this suggestion, PKC inhibitor bis-
indolylmaleimide I (BIS, 5 uM, in the pipette solution) inhibited
Ratege,, after depolyy,,, whereas PKC enhancer phorbol-12-
myristate-13-acetate (PMA, 1 uM, in the pipette solution) in-
creased Ratege,, at P7-P10 mouse calyces (Fig. 2H).

We applied 10 depol,,,,, at 10 Hz (depol,g,,x10) to induce
rapid endocytosis (Wu et al., 2009). In WT calyces, depol,gmexio
induced a AC,, of 1136 * 126 fF, followed by a biexponential
decay with T0f1.9 = 0.25 (25 = 3%) and 24.7 = 1.6 s (n = 9; Fig.
3 A, B), respectively. The Rategy,, was 157 = 22 fF/s (n = 9; Fig.
3A-C), which reflected mostly (~80%) the rapid component of
endocytosis (Wu et al., 2009; Sun et al., 2010). The Rate,, in
PKC, '~ and PKC; ™'~ calyces decreased to ~22-25% of that in
WT, whereas QI -, did not change significantly (Fig. 3B, C). Sim-
ilar Rateg,,, reduction was observed in three conditions: (1) after
200 APe at 100 Hz (Fig. 3D, E), which also induced rapid endo-
cytosis in WT (Wu et al., 2009), (2) at 34—37°C (Fig. 3F), and (3)
in more matured P13-P14 calyces (Fig. 3G). These results suggest
PKC,, and PKCg involvement in rapid endocytosis. Further sup-
porting this suggestion, PKC inhibitor BIS inhibited Ratege,, after
depol,ynexio at P7-P10 mouse calyces (Fig. 3H). PKC enhancer
PMA did not increase Rateg,.,, (Fig. 3H), likely because Rate o,y
after depol,nex10 Was close to saturation (Wu et al., 2009).

Rate e,y after depol, o, or depolygm,exio at 34-37°C or P13—
P14 calyces was larger than that at 22-24°C or P7-P10 calyces,
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Figure1. PKCknock-out mouse generation and immunostaining. 4, Schematicillustration of the generation of PKC 5 /" mice. PKCg gene hasfive exons, three of which (3, 4, and 5) are shown.
Targeted embryonicstem (ES) cells (Prkch ™2/ OMMIWesi[jna EPD0233_5_F09) were obtained from The International Mouse Phenotyping Consortium and were injected into C57BL/6) blastocysts
to generate chimeras. Chimeric mice were then bred with C57BL/6J to generate PKC ; targeted germline mice (PKC B” oxP)_PKC B”"’X” mice were bred with CMV-Cre mice (The Jackson Laboratory,
006054) to delete exon 4, generating PKC g ~/* mice, which were used to establish the PKC 8 ~/~ mouse line. Mouse genotypes were determined by PCR. B, Antibody staining of PKC,, and vGluT,
in P9 WT and PKC,, = calyces (“overlay”). €, Antibody staining of PKCB and vGluT, in P9 WT and PKCB = calyces (“overlay”). D, Left, PKC,, immunostaining staining intensity (Fpyc,; a.U.,
arbitrary units; mean + SEM) in P7—P10 WT (14 calyces, 4 mice) and PKC,, ~/~ calyces (15 calyces, 4 mice). **p << 0.01 (ttest). Right, PKCz immunostaining staining intensity (Fpy) in P7-P10

WT (24 calyces, 3 mice) and PKC g '~ calyces (16 calyces, 3 mice). **p < 0.01 (ttest).

respectively (Figs. 2B, C,F, G, 3B,C,F,G). These results are con-
sistent with previous studies showing that endocytosis is faster at
higher temperature and more mature calyces (Renden and von
Gersdorff, 2007; Chanaday and Kavalali, 2018).

PKC involvement in vesicle mobilization to the readily
releasable pool

In PKC, /" and PKCBf/f calyces, AC,, was reduced after
depol,gmsxio Or 200 APe at 100 Hz (Fig. 3B-E), but not after
depol, s Or 20 APe at 100 Hz (Fig. 2B-E) that selectively de-
pleted the readily releasable vesicle pool (RRP) (Wu et al., 2009).
Consistently, the accumulated AC,, from the second to the 10™
depol,g,, during depol, o x10in PKC,, ~'~ and PKC; ™/~ calyces
was smaller than WT (Fig. 31), suggesting that PKC facilitates
RRP replenishment. This might reflect PKC in facilitating active
zone clearance, because endocytosis may facilitate RRP replen-
ishment via active zone clearance (Hosoi et al., 2009; Wu et al.,
2009; L.G. Wu et al., 2014).

PKC calcium-binding domain is needed for endocytosis at
hippocampal synapses

Western blot at PKC, /™ or PKCBﬂ ~ hippocampal cultures
showed that PKC,, or PKCg were not expressed, whereas other

endocytic proteins, including clathrin, dynamin and AP2 were
not affected (Fig. 4A,B). In cultures transfected with pH-
sensitive synaptophysin-pHluorin2X (SypH), a 10 s train of stim-
uli (1 ms/20 mA) at 40 Hz (Train,q,), which generated an action
potential train, induced a SypH fluorescence (Fsy,;) increase
(AF) and then decrease (Fig. 4C), reflecting exocytosis and endo-
cytosis, respectively. In WT at 22-24°C (applies if not mentioned
otherwise), Fg,,,;; decayed mono-exponentially with a 70f20.0 =
1.4 s, reflecting slow endocytosis; the initial decay rate (Rategec,y)
was 4.6 = 0.4%/s (n = 14 experiments, 7 cultures, each culture
from 3-5 mice; Fig. 4C). In PKC,, /" cultures, Fg o decay was
slower with a Ratege,, ~41% of WT (Fig. 4C).

Is the slower Fg;; decay due to slower reacidification or en-
docytosis? In PKC,, '~ cultures, MES solution with a pH of 5.5
applied before Train,,, quenched Fg,;; to the background level
and decreased Fy,,;; by AS (Fig. 4D), which reflected the preex-
isting SypH molecules at the plasma membrane. Washing out
MES solution led to recovery of Fg,j; to baseline (Fig. 4D). We
then applied a 10 s train of stimuli and applied MES solution at
10 s after the stimulation train, at which Fg,;; remained well
above the baseline. Fg,;; was quenched to a level similar to that in
MES solution before the stimulation train (lower dotted line; Fig.
4D), but much lower than that predicted, if Fg iy decay is due to
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PKC,, or PKC 5 knock-out inhibits slow endocytosis at calyces. 4, Sampled /, (left) and C, (right) induced by depol, . (arrow) in a WT calyx. The red curve is a mono-exponential it of
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PKCg ~/~ (6c/6m, green) calyces. Data from P7—P10 mice at 22-24°C; SEM plotted every 2 ms for I, and 1sfor C,, (applies to all similar graphs). €, Rate jecy,, the capacitance jump (AC;, ) and the
I, charge (Ql,) induced by depol, ., in WT (9¢/9m), PKC,, /= (14¢/14m) and PKCB /= (6¢/6m) calyces (P7-P10, 22-24°). Bar graphs are plotted as mean + SEM (applies to all bar graphs)
*p < 0.05; **p < 0.01; t test compared with WT (applies to all bar graphs). D, E, Similar to B and €, respectively, except that the stimulus was 20 APe at 100 Hz (WT, 8¢/8m; PKC,, ~/~, 10¢/10m;
PKCg =/, 8¢/8m; P7-P10,22-24°C).F, G, C,,and Rate e.,, (Mean -+ SEM) induced by depol,,,; (arrow) in WT (black, 7¢/7m) and PKC '~ calycesat34-37°C(F; WT, 7¢/7m; PKC,, ~/~, 4c/4m;
P7-P10 mice) or at P13—P14 mice (G: WT, 7¢/7m; PKC,, /=, 9¢/9m; 22-24°C). (H) (,, and Ratedecay (mean + SEM) induced by depol, in control (Ctrl, 11c/11m) or in the presence of BIS

(11¢/11m) or PMA (8¢/8m) at 22—24°Cin P7-P10 mice.

reacidification (upper dotted line; Fig. 4D, n = 6). Quenched
Fgyp1y recovered above baseline after MES washout, confirming
the prolonged presence of SypH at the plasma membrane (Fig.
4D). Thus, slower Fg,;; decay in PKC, ™'~ cultures primarily
reflected slower endocytosis.

Prolonged Fj,;; decay and reduced Rate,,,, were also ob-
served at 34—37°C (Fig. 4E, PKC, /7 culture), at PKCg = cul-
ture (Fig. 4F), and after a 10 s action potential train at 20 Hz (Fig.
4G,PKC,, /" culture). Ratey.,, in PKC, ~'~ culture was rescued
to the WT level by transfection of WT PKC,, but not a mutant
PKC,, (Fig. 4H), in which 5 aspartates in its calcium binding C2
domain were mutated to alanines (PKC,""*; Fig. 4I') (Nalefski
and Falke, 1996).

PKC,"™* neither binds calcium nor is translocated to the
plasma membrane by calcium as WT PKC (Newton, 2010) (D.

Fiorovante and W. Regehr, personal communication. see also
Fig. 4]). The fluorescence of mCherry was similar in PKC,, ~/~
neurons overexpressed with PKC, and mCherry or with
PKC, """ and mCherry (Fig. 4K, t test, p = 0.84), consistent with
similar expression level of PKC,, and PKC, ™. Together, these
results suggest that PKC calcium binding domain is needed for
endocytosis. PKC may thus serve as an endocytosis calcium
Sensor.

EM suggests PKC involvement in endocytosis of regular
vesicles and bulk endosomes

We performed EM to examine ultrastructural changes in
PKC, ™'~ hippocampal cultures. Horseradish peroxidase (HRP,
5 mg/ml, bath) was added for assay of vesicular uptake. At rest,
HRP-positive [HRP(+)] vesicles were minimal; most vesicles
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PKC,, or PKC knock-out inhibits rapid endocytosis and vesicle mobilization to the readily releasable pool at calyces. A~H, Similar arrangements as Figure 24—H, respectively, except

that the stimulus was depol, .o (A—C, F-H) or 200 APe at 100 Hz (D, E) for inducing rapid endocytosis. A, Red curve is a biexponential it of the C,, decay with a 7of 1.4 sand 14.3 s, respectively
(I, not shown). B, €, WT, 9¢/9m; PKC,, /™, 14c/14m; PKC, ~/~, 6c/6m. D, E, WT, 8¢/8m; PKC, /™, 11/11m; PKC, ~/~, 8¢/8m. F, WT, 6c/6m; PKC,, /™, 4c/4m. 6, WT, 7¢/7m; PKC,, ',
8¢/8m. H, Ctrl, 11¢/11m; BIS, 11¢/11m; PMA, 8¢/8m. I, Left, Sampled C,, induced by depol,mexro (€ach arrow: T depolyg,q) from WT, PKC,, ~/~ and PKCg ~/~ calyces. AC,, induced by the first
depol,g,,, was normalized. Middle andright, AC,,, (middle) and accumulated AC,,, (S AC,,, right) induced by each of the 10 depol,q,,, during depol, .0 in WT (9¢/9m), PKC,, ~'~ (14¢/14m) and
PKCg ~/~ (6c/6m) calyces. Data (mean = SEM) are normalized to AC,, induced by the first depol,q,,,. S:AC,, was significantly higher for the WT group (*p < 0.05; **p < 0.01).

were HRP-negative [HRP(—)] (Fig. 5A,B); the number of
HRP(+) and HRP(—) vesicles and their sum in boutons were
similar in WT and PKC,, /™ cultures (data not shown). To ex-
amine endocytosis, we applied 90 mm KCl with HRP for 1.5 min,
and fixed samples at 0, 3 and 10 min after KCI/HRP application.
In WT boutons, compared with the resting condition, HRP(+)
vesicles increased from time 0 to 10 min after KCl, reflecting vesicle
endocytosis (Fig. 5A, B) as previously shown (Y. Wuetal., 2014; Wu
et al,, 2016). Compared with WT boutons, HRP(+) vesicles were
significantly reduced at each time point after KCl in PKC,_, '~ bou-
tons (Fig. 54, B), suggesting inhibition of endocytosis.

In WT boutons, we observed HRP(+ ) bulk endosomes (Fig. 5A),
defined as vesicles with a diameter > 80 nm or with a cross section
area more than that of a 80 nm vesicle (~0.005 um?). Bulk endo-
some area increased at time 0, then decreased at 3 and 10 min (Fig.
5A4,C), suggesting generation of bulk endosomes and subsequent
conversion to vesicles as previously shown (Y. Wu et al., 2014; Wu et
al,, 2016). Similar trends were observed in PKC,, ~/~, but at a lower
level, which was significant at 10 min time point (Fig. 5C), suggesting
inhibition of bulk endocytosis. These EM data confirmed the in-
volvement of PKC in endocytosis. Results shown in Figure 5, A-C,
were obtained at room temperature (22-24°C). Results similar to
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Figure 4.  PKCand its calcium-binding domain are required for endocytosis at hippocampal synapses. 4, B, Western blot of PKC,, , PKC, adaptor protein 2 (AP2), clathrin heavy chain (CHO),
dynamin (Dyn), and B-actinin WT,PKC,, '~ (4),and PKCg =/~ (B) hippocampal culture. Resultsin A and B were repeated by 2— 4times. C, Fsythra(es(normallzedto baseline, left) and Ratee.,,
(right) induced by Train g, (bar) in WT (n =14 expenments) or PKC,, ™/~ (n = 28 experiments) hippocampal culture at 22-24°C. Data plotted as mean + SEM; *p << 0.05; **p << 0.01, t test
(applies toall similar graphs). Throughout the study, each experiment contained 20-30boutons; 1-3 experiments were taken from 1 culture; each culture was from 3—5 mice; each group was from
4-12 cultures. D, Applying MES solution (pH:5.5, bars) quenched FSypH (mean + SEM) to a similar level (lowest dash line) before and after a 10 s train of stimuli in PKC,, '~ boutons (n = 6
experiments, 22-24°C). AS, SypH at resting plasma membrane quenched by MES. E~G, Similar to €, but at 34 -37°C (E), in PKCy =/~ culture (F), or after a 10's train at 20 Hz (G). £, WT,n = 6
experiments; PKC,, =/, n = 6.F, WT,n = 14;PKC, ~'~,n = 5.6,WT,n = 16;PKC, ~'~,n = 22. H, F, traces and Ratedecaylnduced by Train ., (bar) in WT boutons (n = 14), PKC,, ~/~
boutons (PKC,, /- ,n = 28),PKC,, '~ boutons rescued with WT PKC,, (containing m(herry for recognition, PKC,, ~/~ -+PKC_,,n = 7), and in PKC,, ~'~ boutons rescued with PKC,, D/ and
mCherry (PKC,, ~/~ +PKC,, ™, n = 8). 1, Protein sequence of PKC,, and PKC,, ™ (2 domain. The Ca“-coordinatmg aspartates ofPK(a (bold) were mutated to alanines (red) in PKC,, Bin .J,We
expressed PKC,, ¢ (left two panels) or PKC,, >-GFP (right two panels) in HEK293T cells and monitored the subcellular distribution of the kinase. The Ca™ ionophore, ionomycin (10 v, 15 min),
induced translocation of PKC,, ¢, toward the plasma membrane, but did not alter the intracellular distribution of PKC,, ™*-GFP. Such results were observed in 3 experiments (each experiment had
2-3 cells). K, Left, PKC,, ~/~ neurons rescued with WT PKC, (containing mCherry for recognition, PKC,, ~/~ ++PKC_,), or with PKC_, °/* and mCherry (PKC,, ~/~ +PKC,, ™). Right, Fluorescence

intensity of mCherry (Fy,cperry) in PKC,, /™ +PKC,, neurons (n = 10) and PKC,, '~ -+PKC,, " neurons (n = 13). F; ¢,y Was measured from both soma and branches.
Figure 5, A-C, were also observed at physiological temperature While we examined bulk endocytosis with EM at a time scale of
(37°C; Fig. 5D, E), at which bulk endocytosis was more severely in- ~ minutes, this does not mean that bulk endocytosis is completely

hibited, suggesting more involvement of PKC in bulk endocytosisin ~ independent of rapid and slow endocytosis measured at live syn-
physiological temperature. apses. Bulk endocytosis detected with capacitance measurements
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PKC,, knock-out affects endocytosis examined with EM at hippocampal synapses. 4, EM images of WT and PKC,, ~/~ hippocampal boutons at rest (Rest) and at 0 min (K *), 3 minand

10 min after 1.5 min 90 mm KCl application. For Rest, HRP was included for 1.5 min; for KCl application, HRP was included only during KCl application (see labels). B, C, Number of HRP(+) vesicles
(B) and the bulk endosome area (€) per square micrometer of synaptic cross-section are plotted versus the time before (Rest) and at 0 min (K ), 3 min, and 10 min after the end of KCl application

inWTand PKC,,

'~ hippocampal cultures (mean + SEM, each group was from 100 —132 synaptic profiles from 4—12 mice). The temperature before fixation was 22—24°C. ***p << 0.001; **p <

0.01; *p << 0.05 (t test). D, E, Similar to B and C, respectively, except that the temperature was 37°C before fixation.

can be rapid or slow, within ~1-20 s after stimuli, and contributed
to mediating rapid and slow endocytosis (Wu and Wu, 2007). Bulk
endocytosis detected with EM after rapid freezing can be ultrafast,
within hundreds of milliseconds after an action potential like stim-
ulation in physiological temperature (Watanabe et al., 2013). Thus,
rapid and slow endocytosis may be due to formation of bulk
endosome-like structures as well as regular-size vesicles.

Calmodulin involvement in slow and rapid endocytosis at calyces

Pharmacology and knock-down experiments suggest CaM in-
volvement in endocytosis (Wu et al., 2009; Sun et al., 2010; Ya-
mashita et al., 2010; Yao and Sakaba, 2012). Here we verified this
suggestion by gene knock-out, and more importantly, deter-
mined whether calcium binding with CaM is needed, the basic
criteria for being a calcium sensor. Among 3 CaM genes (CaM1,
CaM2, and CaM3) encoding the same CaM, we generated
CaM, " mice by CRISPR technique as illustrated in Figure 6A.
sgRNAs were designed by using CRISPR Design (https://zlab.bio/
guide-design-resources) to identify unique target sites through-
out the mouse genome (Fig. 6A). sgRNAs were transcribed in
vitro using the MEGAshortscript T7 Transcription Kit from syn-
thetic double-strand DNAs and purified using MEGAclear kit
(Fig. 6A). A mixture of Cas9 mRNA, sgRNAs and ssDNA tem-
plates was injected into the cytoplasm of one cell-stage fertilized
embryos harvested from C57BL/6] mice (Fig. 6A). Viable two-
cell stage embryos were transferred into the oviducts of female sur-
rogates to generate founder mice (Fig. 6A). Founders with loxP

inserts were identified by PCR and sequencing, and were subse-
quently bred with C57BL/6] mice to generate heterozygous mice
(Fig. 6A). CaM, 1P mouse was crossed with CMV-Cre mouse to
generate CaM, /~ mouse.

InCaM, '~ calyces, immunostaining showed significant reduc-
tion of CaM (Fig. 6B); Ratege.,, after depol,y,,,; and depol,o,y,ex 10 Was
significantly reduced at 22-24°C at P7-P10 calyces (Fig. 6C,D). Sim-
ilar reduction of Rate..,, was observed at 34—37°C (Fig. 6F, F; P7—
P10 calyces) or P13—P14 calyces (Fig. 6G,H, 22-24°C). These results
suggest CaM involvement in slow and rapid endocytosis, consistent
with previous pharmacology studies at calyces (Wu et al., 2009; Yao
and Sakaba, 2012).

CaM involvement in vesicle mobilization to the readily
releasable pool

The AC,, after depol,,,,.x1o Was reduced (Fig. 6 D, F,H ). This result
provided the genetic evidence supporting the previous suggestion
that CaM mediates calcium-dependent RRP replenishment, likely
via active zone clearance (Hosoi et al., 2009; Wu et al., 2009; L.G. Wu
etal., 2014).

Calmodulin calcium binding domain is needed for
endocytosis at hippocampal synapses

In CaM, ~’~ hippocampal synapses, Western blot showed signif-
icant reduction of CaM, but not other major endocytic proteins
(Fig. 7 A, B); Ratege,, Was significantly reduced after a 40 or 20 Hz
train, particularly the 40 Hz train at either 22-24°C or 34-37°C
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Figure6.  CaM 2 knock-out inhibits slow endocytosis, rapid endocytosis, and vesicle mobilization to the readily releasable pool at calyces. A, Generation of Calm2'®” mice (Calm2: Calmodulin 2
gene). sgRNAs were designed by using CRISPR Design (https://zlab.bio/guide-design-resources) to identify unique target sites throughout the mouse genome. sgRNAs were transcribed in vitro using
the MEGAshortscript T7 Transcription Kit (Life Technologies) from synthetic double-strand DNAs purchased from IDT (Integrated DNA Technologies) and purified using MEGAclear kit (Life
Technologies). A mixture of Cas9 mRNA (TriLink Biotechnologies, 100 ng/pl), sgRNAs (50 ng/l), and ssDNA templates (100 ng/l, synthesized by IDT) was injected into the cytoplasm of one
cell-stage fertilized embryos harvested from (57BL/6J mice (The Jackson Laboratory, 000664). Viable two-cell stage embryos were transferred into the oviducts of female surrogates to generate
founder mice. Founders with loxP inserts were identified by PCR and sequencing, and were subsequently bred with C57BL/6) mice to generate heterozygous mice. The primers used to identify the
5"and3’ loxP insertions were Calm2 mtF: 5'-CCATGAACCTTGAACCTGTAGGATCCA-3" and Calm2 mtR: 5" -ATGCTACATTCAACTTGTCACCATTCGAATTCA-3". B, Top, Antibody staining of CaM and vGluT,
(labeling calyx) in a P9 WT (upper) and a CaM, '~ (lower) calyx (images superimposed in the right). Bottom, CaM staining intensity (mean + SEM, a.u., arbitrary unit) in P7—P10 WT (47 calyces,
4 mice) and CaM, = calyces (53 calyces, 4 mice). **p << 0.01 (t test). €, /,, C,, and Ra‘fede(ay (mean + SEM) induced by depol,, (arrow) in WT (8c/8m, black) and CaM, /= (9¢/9m) calyces
(P7-P10, 22-24°C). D, Similar to €, but with depol, g,,,x;o (WT, 8¢/8m; CaM, 7 ,9¢/9m). E, F, Similar to Cand D, respectively, but at 34-37°C. E, WT, 6¢/6m; CaM, ~/~, 6¢/6m. F, WT, 6¢/6m;
(aM, ~/~, 6¢/6m. G, H, Similar to Cand D, respectively, but from P13-P14 calyces. 6, WT, 7¢/7m; CaM, ~'~, 8¢/8m. H, WT, 7¢/7m; CaM, —/~, 8c/8m.

(Fig. 7C-E). Consistently, the time course of Fg,;; decay at  knock-out inhibits endocytosis, consistent with previous knock-
CaM, '~ synapses was slower (Fig. 7C—E). The slower Fgpiide-  down experiments (Sun et al., 2010).

cay was not due to slower reacidification, as revealed with acid- The RatedCcay was rescued to the WT level by transfecting
quenching of surface SypH (data not shown). Thus, CaM, CaM, '~ culture with SypH and WT CaM cDNA, but not with
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Figure7.  Calmodulin and its calcium binding domain are required for endocytosis at hippocampal synapses. A, Western blot of CaM, AP2, clathrin heavy chain (CHC), dynamin (Dyn), and B-actin
inWTand CaM, ~/~ brain. B, CaM Western blot intensity (CaM Int, a.u.) from WT or CaM, /" culture. €, Fyon traces (normalized to baseline) and Rate, ., induced by Train gy, (bar) in WT (n =
14 experiments) or aM, ~/~ (n = 8) hippocampal culture at 22-24°C (mean -+ SEM). D, Similar to €, but at 34 -37°C(WT, n = 6; GaM, ~/~, n = 4).E, Similar to C, but after a 10 s train at 20
Hz (WT,n = 16;CaM, ' ~,n =7).F, Fsypi traces and Rate,,,, induced by Train,y,, in WT hippocampal boutons (n = 14 experiments, with SypH transfection), CaM, ~/~ boutons (n = 8, with
SypH transfection), CaM, ~/~ boutons transfected with a plasmid containing CaM and mCherry (mCherry for recognition, SypH was cotransfected, n = 4, CaM, ~/~ +(aM), and
(aM, ™'~ boutons transfected with a plasmid containing CaM 5, and mCherry (n = 4, CaM, ~/~ +M). Temperature was 22-24°C. G, EM images of WT and CaM, '~ hippocampal
boutons at rest (Rest) and at 0 min (K ), 3 min and 10 min after 1.5 min application of KCl and HRP (same arrangements as in Fig. 54). H, I, The number of HRP(+) vesicles (H) and the
bulk endosome area (1) per square micrometer of synaptic cross-section are plotted versus the time before (Rest) and at 0 min (K ™), 3 min, and 10 min after KCI/HRP application in WT
and CaMZ”’ hippocampal cultures (22-24°C). Data are expressed as mean + SEM; each group was from 100—132 synaptic profiles from 412 mice. J, K, Similar to H and I,
respectively, except that the temperature was 37°C.

EM suggests CaM involvement in endocytosis of regular
vesicles and bulk endosome

We examined CaM, '~ hippocampal cultures with the same EM
approach used for PKC knock-out. HRP(+) vesicles were mini-
mal at rest, but increased at 0—-10 min after KCI application in

SypH and CaM,,;, mutant cDNA (Fig. 7F) where mutation in
four calcium binding sites prevents calcium binding with CaM, 5,
(Xia et al., 1998). Thus, the calcium binding domain of CaM is
needed to rescue endocytosis, suggesting that CaM serves as a cal-
cium sensor.
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WT, which reflected vesicle endocytosis (Fig. 7G,H). The in-
crease of the HRP(+) vesicle number was substantially inhibited
in CaM, '~ boutons (Fig. 7G,H), confirming inhibition of en-
docytosis in CaM, '~ boutons. HRP(+) bulk endosome was
significantly reduced to near 0 at each time point (0—10 min)
after KCl application in CaM, '~ boutons (Fig. 7I), suggesting
involvement of CaM in bulk endocytosis. While results in Figure
7, G-I, were observed at room temperature, similar results were
observed at physiological temperature (37°C; Fig. 7 ],K), suggest-
ing calmodulin involvement in endocytosis at both room and
physiological temperature.

Discussion

We showed that PKC,, and PKCg knock-out, generated by The
Jackson Laboratory and by us (Fig. 1), inhibited slow and rapid
endocytosis after various stimulation protocols in P7—P14 calyces
at22-37°C (Figs. 2, 3). PKC, and PKCg knock-out inhibited slow
endocytosis measured with SypH imaging after action potential
trains at 20— 40 Hz at cultured hippocampal synapses at 22-37°C.
This inhibitory effect (by PKC, knock-out) was rescued by over-
expressing WT PKC,, but not PKC,,”"* that could not bind cal-
cium (Fig. 4). We generated CaM, '~ mice and found that CaM,
knock-out inhibited slow and rapid endocytosis at calyces (Fig.
6), and inhibited slow endocytosis at hippocampal synapses,
which could be rescued by overexpressing WT CaM, but not
CaM,,3, that could not bind calcium (Figs. 6, 7). EM showed that
PKC, and CaM, knock-out reduced HRP(+) vesicles and
HRP(+) bulk endosomes generated via bulk endocytosis (Figs. 5,
7). Together, these results suggest that calcium binding with the
calcium sensor PKC,, PKCz; and CaM mediate calcium-
dependent trigger and speed up of slow, rapid and bulk endocy-
tosis at synapses.

Early studies showed that PKC phosphorylates dynamin 1 and
prevents dynamin 1 interaction with membrane phospholipids in
vitro (Robinson et al., 1993; Powell et al., 2000). However, a sub-
sequent study from the same lab shows that cyclin-dependent
kinase 5, but not PKC phosphorylates dynamin 1 in vivo (Tan et
al., 2003). The role of PKC in endocytosis has since not been
considered. The present work suggests that calcium binding with
PKC mediates calcium-stimulated slow and rapid endocytosis.
PKC might stimulate endocytosis via phosphorylating serine/
threonine of its substrates (Cousin and Robinson, 2001).

Studies with pharmacology and knock-down suggest CaM in-
volvement in endocytosis (Wu et al., 2009; Sun et al., 2010; Ya-
mashita et al., 2010; Yao and Sakaba, 2012). By knocking out
CaM, gene, we provided the first genetic evidence suggesting
CaM involvement in rapid and bulk endocytosis (Figs. 6, 7), and
the first knock-out evidence suggesting CaM involvement in slow
endocytosis. Furthermore, by performing rescue experiments, we
provided the missing evidence showing that CaM serves as a cal-
cium sensor for endocytosis (Fig. 7). Potential downstream tar-
gets of CaM may include CaN and/or myosin light chain kinase
(MLCK) for three reasons. First, both CaN and MLCK are acti-
vated by CaM; second, CaN dephosphorylates many endocytic
proteins, and CaN knock-out inhibits endocytosis at calyceal,
hippocampal and cerebellar synapses; and third, MLCK, which is
involved in controlling the readily releasable pool size (Srinivasan
et al., 2008), facilitates endocytosis via actomyosin interaction,
and actin is essential for synaptic vesicle endocytosis (Cousin and
Robinson, 2001; Sun etal., 2010; X.S. Wu et al., 2014; Yue and Xu,
2014; Delvendahl et al., 2016; Li et al., 2016; Wu et al., 2016;
Soykan et al., 2017).
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Calcium influx triggers endocytosis within a microdomain
(hundreds of nanometers) at immature P7—P9 calyces, but within
a nanodomain (tens of nanometers) at more mature P13—P14 or
older calyces (Yamashita et al., 2010). Pharmacological blockers
of CaM and calcineurin inhibited endocytosis at P7-P9 calyces,
butnotat P13-P14 calyces (Yamashita et al., 2010), leading to the
proposal that endocytosis is independent of CaM and calcineurin
at more matured calyces. However, calcineurin (X.S. Wu et al,,
2014) and CaM, (Fig. 6) gene knock-out inhibit endocytosis at
both P7-P10 and P13-P14 calyces. In contrast, calcineurin and
calmodulin blockers slowed down endocytosis at a relatively
small calcium influx, but did not inhibit endocytosis at a large
calcium influx (X.S. Wu et al., 2014). These results might explain
the difficulty of CaM and calcineurin blockers in inhibiting en-
docytosis at P13-P14 calyces, where much higher calcium con-
centration at the nanodomain of the calcium influx triggers
endocytosis (Yamashita et al., 2010).

We do not know why endocytosis involves two calcium sen-
sors, PKC and CaM. Given that PKC mediates phosphorylation,
and CaM may activate CaN or MLCK to mediate dephosphory-
lation or phosphorylation (Cousin and Robinson, 2001; Yue and
Xu, 2014), we suggest that calcium triggers and facilitates endo-
cytosis by phosphorylation and dephosphorylation of the endo-
cytosis machinery. Since endocytosis may be composed of
multiple steps, such as formation of a membrane pit, formation
of a narrow pore, hemi-fission, and fission (Kononenko and
Haucke, 2015; Zhao et al., 2016; Mettlen et al., 2018; Shin et al.,
2018), it might be possible that PKC and CaM are involved in
these different transitions.

Knock-out or knock-down of synaptotagmin 1 led to slow-
down of endocytosis, raising the possibility that synaptotagmin 1
may be another calcium sensor for endocytosis (Nicholson-
Tomishima and Ryan, 2004; Poskanzer et al., 2006; Yao et al.,
2011;Yao etal., 2012). However, a recent study shows that slower
endocytosis in synaptotagmin 1 knock-out synapses is due to
asynchronous vesicle fusion caused by synaptotagmin 1 knock-
out (Li et al., 2017). Endocytosis after asynchronous fusion is
slower than that after synchronous fusion, suggesting that synap-
totagmin 1 is not an endocytosis calcium sensor (Li et al., 2017).

While the evidence for transient calcium influx in stimulating
endocytosis is overwhelming in a variety of stimulation condi-
tions (see introduction), it has been suggested that prolonged
calcium dialysis or calcium after a single action potential may not
facilitate endocytosis, but inhibit endocytosis (von Gersdorffand
Matthews, 1994; Leitz and Kavalali, 2011; Wu and Wu, 2014; Li et
al., 2017). Caution is therefore needed when considering our
findings in these conditions. It should be noted that a 1 ms APe
induces rapid endocytosis with a T of ~2 s, whereas depol, s
induces slow endocytosis with a 7 of ~15-20 at calyces (Wu etal.,
2005). Similar results were observed at goldfish bipolar synapses
and cerebellar mossy fiber boutons (von Gersdorff and Mat-
thews, 1994; Delvendahl et al., 2016). These observations may be
explained by the prolonged global calcium increase caused by
increased depolarization, which has been shown to inhibit endo-
cytosis (von Gersdorff and Matthews, 1994; Wu and Wu, 2014).
Saturation of the endocytosis capacity, as previously proposed
(Sankaranarayanan and Ryan, 2000; Sun et al., 2002; Wu et al.,
2005) might also contribute to this observation.

Calcium triggers many forms of endocytosis, including rapid,
slow, bulk, and overshoot endocytosis in nerve terminals (L.G.
Wu et al,, 2014), endocrine cells (Artalejo et al., 1995; Chiang et
al., 2014; L.G. Wu et al.,, 2014) and dendrites (Kennedy and
Ehlers, 2006). Our finding that calcium binding with the calcium
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sensor PKC and CaM mediates calcium-stimulated endocytosis
may apply to these calcium-dependent forms of endocytosis in
neurons and endocrine cells. It might also apply to the calcium-
triggered fusion pore (Chiang et al., 2014; Shin et al., 2018) and
fission pore closure (Wu et al., 2009) that control exo- and endo-
cytosis efficiency, and to calcium- and endocytosis-dependent
RRP replenishment that sustains synaptic transmission.

Endocytosis has been suggested to help sustain synaptic trans-
mission during repetitive activity by facilitating the RRP replen-
ishment via clearance of the fusing vesicle membrane and
proteins at the active zone (Hosoi et al., 2009; Wu et al., 2009;
Neher, 2010; Hua et al., 2013; L.G. Wu et al., 2014). CaM,, knock-
out slowed down the RRP replenishment at calyces (Fig. 6),
which provides the missing genetic evidence supporting previous
pharmacological studies that suggest CaM involvement in
calcium-dependent vesicle mobilization to the RRP (Sakaba and
Neher, 2001; Wu et al., 2009). PKC,, and PKCg knock-out also
slowed down the RRP replenishment at calyces (Fig. 3), suggest-
ing that PKC is also involved in calcium-dependent RRP replen-
ishment. Calcium binding with PKC and CaM may thus mediate
calcium-facilitated (and endocytosis-dependent) replenish-
ment of releasable vesicles to sustain exocytosis in nerve ter-
minals and non-neuronal secretory cells.
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