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Ca,2.1 Channels Control Multivesicular Release by Relying
on Their Distance from Exocytotic Ca*" Sensors at Rat
Cerebellar Granule Cells

Shin’Ichiro Satake and Keiji Imoto

Department of Information Physiology, National Institute for Physiological Sciences, and School of Life Science, The Graduate University for Advanced
Studies, Okazaki 444-8787, Japan

The concomitant release of multiple numbers of synaptic vesicles [multivesicular release (MVR)] in response to a single presynaptic
action potential enhances the flexibility of synaptic transmission. However, the molecular mechanisms underlying MVR at a single CNS
synapse remain unclear. Here, we show that the Ca, 2.1 subtype (P/Q-type) of the voltage-gated calcium channel is specifically responsible
for the induction of MVR. In the rat cerebellar cortex, paired-pulse activation of granule cell (GC) ascending fibers leads not only to a
facilitation of the peak amplitude (PPF,,,,) butalso to a prolongation of the decay time (PPP ., ) of the EPSCs recorded from molecular
layer interneurons. PPF, ., is elicited by a transient increase in the number of released vesicles. PPy, is highly dependent on MVR and
is caused by dual mechanisms: (1) a delayed release and (2) an extrasynaptic spillover of the GC transmitter glutamate and subsequent
pooling of the glutamate among active synapses. PPP.,, was specifically suppressed by the Ca,2.1 channel blocker w-agatoxin IVA,
while PPF,,, responded to Ca,2.2/Ca,2.3 (N-type/R-type) channel blockers. The membrane-permeable slow Ca’" chelator EGTA-AM
profoundly reduced the decay time constant (74, ) of the second EPSC; however, it only had a negligible impact on that of the first,
thereby eliminating PPP ., These results suggest that the distance between presynaptic Ca,2.1 channels and exocytotic Ca >* sensors s
a key determinant of MVR. By transducing presynaptic action potential firings into unique Ca>* signals and vesicle release profiles,
Ca,2.1 channels contribute to the encoding and processing of neural information.
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Introduction
The number of vesicles released for fast neurotransmission
plays a major role in determining the strength of the postsyn-
aptic response (Zucker and Regehr, 2002). The quantal output
of a single axon terminal is generally restricted to one vesicle
per presynaptic action potential (AP), while the concomitant
release of multiple vesicles per AP [multivesicular release
(MVR)] has been reported in some CNS synapses (Auger et al.,
1998; Wall and Usowicz, 1998; Wadiche and Jahr, 2001).
However, the mechanism by which a single AP causes the
release of a number of vesicles remains unclear.

Paired-pulse facilitation (PPF) is a ubiquitous form of presyn-
aptic short-term plasticity (Zucker and Regehr, 2002; Neher and
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Sakaba, 2008). We previously reported that paired-pulse activa-
tion of rat cerebellar granule cell (GC) axons at short intervals
(30-100 ms) caused both facilitation of the peak amplitude
(PPF,,,,) of the second EPSC (EPSC2) recorded from molecular
layer interneurons (MLIs) and prolongation of the EPSC2 decay
time (PPPg,.,,) relative to those of the first EPSC (EPSC1) (Sat-
ake et al., 2012). The mechanisms underlying PPF,,,,, and PPP -
cay are different. PPF, is the result of transient increases in
release probability and MVR; however, PPP,,, is elicited by an
increase in MVR and the subsequent pooling of MVR glutamate
among adjacent active synapses (Satake et al., 2012), as well as by
a delayed release (Atluri and Regehr, 1998; Chen and Regehr,
1999). In the present study, we probed the molecular mecha-
nisms of MVR by examining PPF,,,,, and PPP,,, at the GC-MLI
synapse.

Synaptic vesicle release is triggered by Ca*" influx through
several subtypes of voltage-gated calcium channels (VGCCs) lo-
cated on the presynaptic membrane adjacent to vesicle release
sites. The different subtypes of VGCCs are defined by their dis-
tinct o, subunit (Catterall et al., 2013). In the mammalian CNS,
there is considerable evidence that Ca,2.1 (P/Q-type) and Ca,2.2
(N-type) channels are the dominant VGCC subtypes triggering
vesicular neurotransmitter release (Catterall et al., 2013). The
activation of a mixed population of Ca,2.1 and Ca, 2.2 channels is
generally thought to be responsible for transmitter release (Taka-
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Figure 1.  Presynaptic Ca,2.1 (P/Q-type) and Ca,2.2 (N-type) channels regulate different forms of short-term plasticity at GC-MLI synapses. 4, B, Effects of the Ca, 2.1 channel-selective blocker
AgTX (0.1 um; A) and the Ca,2.2 channel-selective blocker CgTX (1 wum; B) on GC-MLI synaptic transmission. Top, GCaxons were stimulated with paired pulses (ISI of 30 ms). Five EPSC pairs recorded
fromasingle MLI before (left) and after (right) treatment with the indicated blocker are superimposed. Bottom, Averaged traces of EPSCT (gray traces) and EPSC2 (black traces) are scaled to the same
peak amplitude. €, D, Time course of changes in the amplitude of the EPSCT (white circles) and EPSC2 (closed circles) after the application of AgTX (0.1 rum; €) or CgTX (1 um; D). EPSCs were evoked
every 15 s by test stimulation. The amplitude is expressed as a percentage of EPSC1 amplitude determined before drug application. AgTX or CgTX was applied for 10 min by perfusion (as indicated
by a horizontal bar). Each point represents the mean == SEM of 10 cells. E, H, Summary of PR, (E) and PPRy,,, (H) examined with an ISl of 30 ms before (control, white columns) and
after treatment with AgTX (0.1 wm, black columns) or CgTX (1 wum, gray columns). Each column represents the mean == SEM (n = 820 cells). **p << 0.01. F, G, Time course of changes
in the Tye,y of EPSCT (white circles) and EPSC2 (black circles) after the application of AgTX (0.1 wm; F) or CgTX (1 um; G). Each point represents the mean = SEM (n = 8-11). I-K,
Summary of the effects of AgTX (black columns) or CgTX (gray columns) on EPSC2 decay kinetics as fitted by a double-exponential function. Each column represents the mean == SEM (n =
8-18). *p < 0.05.

hashi and Momiyama, 1993; Mintz et al., 1995). Differences in
transmitter release have been reported when mediated by distinct
VGCC subtypes (Catterall et al., 2013). In the calyx of Held,
which is a large glutamatergic synapse located in the auditory
brainstem, Ca,2.1 channels trigger vesicle release more efficiently
than Ca,2.2 channels, and Ca 2.2 channels are located farther
away from release sites (Wu et al., 1999). However, whether
VGCC subtypes differentially contribute to vesicle release at CNS
synapses of a typical size remains unclear.

Several mechanisms for PPF have been proposed. The widely
discussed residual calcium hypothesis suggests that facilitated re-
lease results from a higher Ca** peak at release sites due to the
summation of phasic influx with residual Ca** remaining from a
previous release event (Augustine, 2001; Zucker and Regehr,
2002). Activity-dependent modification of presynaptic Ca** in-
flux (Borst and Sakmann, 1998; Cuttle et al., 1998), local satura-
tion of endogenous Ca** buffers (Rozov et al., 2001; Felmy et al.,
2003), and long-lived Ca** binding to exocytotic sensors (Born-
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schein et al., 2013) have also been sug- A
gested to be involved in PPF at some
synapses. Our present electrophysiological
studies of paired EPSCs during the applica-
tion of subtype-specific VGCC modifiers
and intracellular Ca®" buffers suggest
that (1) Ca,2.1 and Ca,2.2 channels dif-
ferentially regulate PPPg.,, and PPF,,,
and (2) the topographical distance be-

EPSC2
Control

tween Ca,2.1 channels and exocytotic B AgTX
Ca’" sensors plays a critical role in elicit-

ing MVR.

Materials and Methods

All the experiments were performed according ~ Control ———>{
to institutional guidelines for animal experi- AgTX >
ments and were approved by the Institutional |200 oA
Animal Care and Use Committee of the Na-

tional Institutes of Natural Sciences. 500 ps

Preparation of cerebellar slices. Parasagittal D
cerebellar slices (250 wm thick) were prepared
from juvenile Wistar rats (postnatal 12-21-d-
old of either sex). The rats were decapitated
after deep anesthetization with halothane, and
slices were prepared on a vibratome (VT1000S,
Leica Microsystems) in iced Na " -deficient sa-
line containing the following (in mm): 300 su-
crose, 3.4 KCl, 0.3 CaCl,, 3.0 MgCl,, 10
HEPES, 0.6 NaH,PO,, and 10.0 glucose (the
saline was equilibrated with 100% O,; pH was
adjusted to 7.4 with NaOH at room tempera-
ture). The slices were incubated at room tem-
perature for at least 1 h in artificial CSF (ACSF)
containing the following (in mm): 138.6 NaCl,
3.35 KCl, 2.5 CaCl,, 1.0 MgCl,, 21.0 NaHCO,,
0.6 NaH,PO,, and 10.0 glucose (ACSF was
equilibrated with 95% O, and 5% CO,, pH 7 .4,
at room temperature). After incubation, the
slices were transferred to a recording chamber
mounted on a microscope stage (BX51WI,
Olympus) and continuously superfused with ACSF at 1.0—1.5 ml/min.

Recording of postsynaptic currents. Synaptic responses were recorded
from visually identified MLIs by whole-cell voltage clamping (Satake et
al.,2000,2010) under Nomarski optics with a water-immersion objective
(63X; numerical aperture, 0.90; Olympus). Patch-clamp electrodes (re-
sistance, 3—6 M()) were filled with an internal solution containing the
following (in mm): 150.0 Cs-methanesulfonate, 5.0 KCl, 0.1 EGTA, 5.0
HEPES, 3.0 Mg-ATP, and 0.4 Na,-GTP, pH 7.4 (Satake et al., 2000,
2010). Membrane potential was mostly held at —80 mV with a voltage-
clamp amplifier (EPC-10, HEKA Elektronik) controlled by PULSE soft-
ware (HEKA Elektronik). Currents were filtered at 3 kHz and digitized at
20 kHz. All the recordings were performed at room temperature because
the relationships between interstimulus intervals (ISIs) and paired-pulse
ratio of the amplitude (PPR,,,,,) and between ISIs and paired-pulse ratio
Of Tyecay (PPRy.,y) Were similar at high (31-34°C) and room tempera-
tures (24-27°C) (Satake et al., 2012). The series resistance and leak cur-
rents were continuously monitored and, if these parameters changed
significantly (>20% and >200 pA, respectively) during recording, the
cells were not included in the analysis.

GC ascending fiber-mediated EPSCs were evoked by focal stimulation
(a single pulse of 5V for 100 us) through an ACSF-filled glass electrode
(10-20 MQ) placed in the exterior region of the Purkinje cell (PC) layer
between the recorded MLI and GC layer. Stimulation in this configura-
tion will activate only a few ascending GC fibers to evoke EPSCs at the
axon hillock region of MLI (Satake et al., 2012). The GC-MLI EPSC
amplitude was measured from the peak to the basal current level imme-
diately preceding the stimulus artifact. Unless otherwise stated, the 7.,
of EPSCs was calculated by a single-exponential fitting procedure in the
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Effects of subtype-selective Ca,2 channel blockers on the rising phase of GC-MLI EPSC. 4, E, Thirty consecutive EPSC2
sweeps acquired before (control) and after a 10 min application of AgTX (0.1 pum; A) or CgTX (0.1 wm; E). The superimposed
averaged EPSCisindicated by a gray line. B, C, Superimposed average traces of the early period from stimulation to EPSC onset (B)
and the period from onset to peak (€) of EPSC2 before (control, gray trace) and after (black trace) treatment with AgTX. Horizontal
arrows indicate the latency from the stimulus artifact to EPSC onset (B) and from EPSC onset to peak (€). F, G, Averaged traces as
those in Band Cbut in the presence of CgTX. Traces were aligned at the center of stimulation artifact (B, F) or scaled to the same
peak amplitude (C, G). D, H, Summary of EPSC2 kinetics (#2, 15I of 30 ms) before (black columns) and after (gray columns) AgTX
(n=11; D) or (gTX (n = 8; H) treatment. For comparison, latency and time-to-peak values of EPSCT are also shown (#1, white
columns). Each column represents the mean = SEM. *p << 0.05.

PULSEFIT program (HEKA Elektronik). To record asynchronous EPSCs
from MLI, we replaced the extracellular CaCl, in ACSF with 5 mm SrCl,.
Asynchronous EPSCs were analyzed by the Mini Analysis program (Syn-
aptosoft) in a 300 ms window following the stimulus, as described pre-
viously (Satake et al., 2012).

Drug application. All the drugs used in the present study were applied
in the bath, unless otherwise stated. The drugs were purchased from the
Peptide Institute, Wako Pure Chemical Industries, Tocris Bioscience,
and Merck. Some stock solutions were prepared in dimethyl sulfoxide.
The final dimethyl sulfoxide concentration in ACSF never exceeded 0.1%
(v/v). In some experiments, bicuculline (5 um) was included in ACSF to
distinguish EPSCs from spontaneous IPSCs.

Data analyses. PPR,,, and PPR ., were calculated in averaged traces
from the ratio of the second to the first currents evoked by paired pulses
with ISI of 30 ms (Satake et al., 2012), which can avoid practical errors
originating in random fluctuations (Kim and Alger, 2001). ANOVA and
post hoc multiple-comparison tests were used to investigate statistical
differences between treatments. All analyses were performed with the
KyPlot program (KyensLab). Differences with p values <0.05 were
judged as significant.

Results

In rat cerebellar MLIs, paired-pulse activation of GC ascending
fibers at an ISI of 30 ms caused both the facilitation of EPSC2
amplitude (PPF,,,,) and a longer 74.,, (PPP4.,,) relative to
those of EPSC1, as recorded by whole-cell voltage clamping (Fig.
1A). In a previous study, we presented evidence that PPP,,,, is
mediated, at least in part, by MVR (Satake et al., 2012). To ad-
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EPSC1 at 10 min after the termination of
blocker treatment was 72.2 + 5.7% of the
baseline in AgTX (n = 10 cells, p = 0.009)
and 72.2 * 3.6% in CgTX (n = 10, p =
0.003). The magnitude of inhibition was not
significantly different (p = 0.99) at these
blocker concentrations. Treatment with a
higher concentration of AgTX (0.5 uM) sup-
pressed GC-MLI EPSC1 more strongly
(19.1 * 4.6% of baseline control, n = 8)
than treatment with 0.1 uM AgTX (p <
0.001). In contrast, CgTX-mediated
EPSC1 inhibition was not enhanced fur-
ther by increasing the concentration to 5
UM (76.8 = 5.4% of control,n = 5,p =
0.49 compared with 1 um CgTX). These
results indicate that 0.1 um AgTX only
partially inhibited Ca,2.1 channel-

BAPTA

s

The effects of AgTX and CgTX on
EPSC2 evoked after 30 ms of ISI were
markedly different. AgTX (0.1 um) re-
duced the 74, of EPSC2 without affect-
ing that of EPSC1 (Fig. 1A, F), resulting in
a significant reduction in the PPR.,,
(Fiasa) = 7.4, p = 0.002; Fig. 1H). The
decay kinetics of EPSC2 were modeled
more precisely by a double-exponential
function with terms 7, and 7, (Satake
et al., 2012), revealing that the reduced
Tdecay Of EPSC2 in the presence of AgTX
was caused by a reduction in the ratio of
the amplitude of the slow component (de-
fined by 7y, to the peak amplitude
(%gows Fig. 1I-K). In addition, AgTX in-

extracellular thapsigargin (1 wm; B), and postsynaptic BAPTA injection (20 mm; €) on GC-MLI EPSC. Paired EPSCs were
evoked at an ISI of 30 ms. Top, Five successive EPSC pairs recorded from a single MLI are shown. Bottom, Averaged traces
of EPSCT (gray traces) and EPSC2 (black traces) are scaled to the same peak amplitude. D, E, Time course of changes in the
amplitude (D) and 7y, (E) of EPSCT (white circles) and EPSC2 (black circles) during the application of SNX-482 (0.1 pum).
EPSCs were evoked every 15 s. Amplitude is expressed as a percentage of EPSCT amplitude determined before the appli-
cation of SNX-482. SNX-482 was applied by perfusion (as indicated by a horizontal bar). Each point represents the mean =+
SEM (n = 6-9). F, 6, Summary of PPR, .., (F) and PRy, (6) before (control, white columns) and during treatment with
SNX-482 (black columns), thapsigargin (gray columns), or BAPTA (hatched gray columns). Each column represents the

creased the latency from the stimulus ar-
tifact to the onset of EPSC2 (p = 0.038;
Fig. 2A,B,D) and decreased the time-to-
peak from the onset (p = 0.013; Fig.
2C,D) such that mean EPSC2 was nearly
superimposable on the mean EPSC1
when scaled to peak (Figs. 14, 2D). How-

mean = SEM (n = 7-9). *p < 0.05.

dress the mechanisms underlying PPPg,,, and MVR, we first
examined the effect of subtype-selective Ca,2 channel blockers
(McDonough, 2007) because the channel subtype can markedly
influence presynaptic Ca** dynamics and the quantal release
pattern (Augustine, 2001; Bollmann and Sakmann, 2005; Catter-
all et al., 2013). Although PPP,,,, occurred at 1.2 mm external
Ca?" (Satake et al., 2012), we used 2.5 mM external Ca*" in the
present study to evoke larger and less variable EPSCs for kinetic
analysis.

Different Ca,2 channel subtypes contribute to PPF,,,,,

and PPP,,,

As shown in Figure 1A-D, both the selective Ca,2.1 (P/Q-type)
channel blocker w-agatoxin IVA (AgTX, 0.1 uM) and the Ca,2.2
(N-type) channel blocker w-conotoxin GVIA (CgTX, 1 uMm) irre-
versibly reduced the amplitude of EPSC1. The amplitude of

ever, AgTX did not change PPR,,,, (Fig.

1E). In contrast, CgTX (1 um) markedly
augmented PPR,,,., (F; 35 = 5.15, p = 0.011; Fig. 1E) without
affecting EPSC2 kinetics (7yec,y» latency, time-to-peak; Figs.
1B,G,2E-H) or PPR,,, (Fig. 1H). The Ca,2.3 (R-type) channel
also mediates transmission at some synapses; however, the phys-
iological significance of this channel type has been examined less
extensively. Therefore, we examined the effects of the Ca,2.3
channel blocker SNX-482 on GC-MLI EPSC. SNX-482 (0.1 uMm)
also reduced the EPSC amplitude and significantly augmented
PPR,.,, (p = 0.012); however, it did not affect PPRyeq,y (p =
0.56; Fig. 3A,D-G).

These results suggest that PPF, ., is dependent on Ca,2.2 and
Ca,2.3 channels, whereas PPR ., is dependent on Ca,2.1 chan-
nels. However, the contribution of Ca,2.1 channels to PPR,,,,,,
cannot be excluded. In general, the inhibition of presynaptic
Ca** influx reduces release probability and increases PPR,.,\
(Zucker and Regehr, 2002; Neher and Sakaba, 2008). AgTX se-
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lectively decreased the time-to-peak of A oy F
EPSCZ 'but not that of EPSC1 (Fig. ZA_D ), Control Roscovitine Scaled
indicating that Ca,2.1 channel inhibition 4
decreased the number of vesicles released ’g 3
in response to the second stimulus (Satake <2
etal.,2012). Therefore, by reducing MVR, Roscoviine 2 ]
AgTX may negate the PPR,,,,, enhance- @A
ment caused by the suppression of Ca*" 10 ms 5 ms 0 EPSC2
influx. In «;, subunit knock-out mice,
Ca,2.1 channels were predominantly re- B Roscovitne <~ EPSC1 D * % G
placed by Ca,2.2 channels at the calyx of — - EPSC2 . | s |
Held presynaptic terminal, and this com- s Zgg 2'0 i 30 }
pensation similarly resulted in reduced o 200 g 1 g 25
PPF .\, when examined under conditions S 150 95“ e _ e fg +
of low release probability (0.6 mm g 100 a 0rle S w0 b
[Ca®™"],; Inchauspe et al., 2004). < 5 05 § 5
Neither the endoplasmic reticulum 0 0 0
Ca** pump inhibitor thapsigargin (1 M) 0 5101520253035404550 EPSC2
nor postsynaptic injection of the Ca** Time (min)
chelator BAPTA (20 mM) changed C Roscovitine E k* H *
PPRdecay (F(3,29) = 0.28, p = 0.84; Flg D 7 25 50
3B,C,F,G), ruling out contributions of E 6 20 | 40
Ca*" release from presynaptic stores and o) i g 15 3 a0
Ca’" influx through postsynaptic AgTX- % 3 & 10 < a0
sensitive VGCCs to PPPg.,,. Together, § 2 & 05 10
these results suggest that (1) MVR (and ] ; 0 0
PPP,.., that follows) is controlled by pre- 0 5 10 1520 25 30 35 40 45 50 EPSC2
synaptic Ca,2.1 channels and (2) MVR is Time (min)
regulated independently of PPF,,,,,,. In ad-
dition, AgTX may reduce the size of the  Figure4. Roscovitine enhances PRy,.,, at GC-MLIsynapses. A, Effects of roscovitine (30 pun) on GC-MLIsynaptic transmission.

readily releasable pool (RRP). The effec-
tive RRP size is closely dependent on the
Ca** influx through Ca,2.1 channels at
the calyx terminal (Sheng et al., 2012;
Thanawala and Regehr, 2013). Such a de-
crease in the RRP size likely reduced the
amplitude of GC-MLI EPSCs without af-
fecting PPR,,,- The decrease in the effec-
tive RRP size will also suppress MVR and
PPPdecay‘

Roscovitine elicits MVR through a Ca 2.1 channel-

dependent mechanism

If presynaptic Ca,2.1 channels mediate MVR, the exogenous ac-
tivation of Ca,2.1 channels should induce or enhance PPP 4,
To test this idea, we examined the effects of roscovitine on GC-
MLI EPSCs because roscovitine can prolong the open time of
Ca,2.1 and Ca,2.2 channels (DeStefino et al., 2010), thereby po-
tentiating transmitter release in cultured neurons (Tomizawa et
al., 2002; Yan et al., 2002; Kim and Ryan, 2010). Roscovitine (30
uM for 10 min) caused a marked potentiation of the EPSC1 am-
plitude for at least 30 min (142.8 * 16.9% of control, n = 8; Fig.
4A, B). The magnitude of PPR,,,,, (ISI of 30 ms) at 10 min after
the termination of roscovitine treatment was significantly lower
than that before roscovitine application (p = 0.009; Fig. 4D),
indicating that roscovitine potentiates the EPSC amplitude by
increasing transmitter release. Roscovitine-induced potentiation
of EPSC was completely blocked by pretreatment with 0.1 um
AgTX for 10 min (77.4 = 12.3% of AgTX alone, n = 8; p = 0.005
compared with roscovitine alone; Fig. 5A—C) but was still ob-
served in the presence of CgTX (1 uM; 142.7 = 8.7% of control
CgTX, n = 10; p > 0.99 compared with roscovitine alone; Fig.
5D,E). Therefore, roscovitine-mediated potentiation of the

Paired EPSCs were evoked at 30 ms of SI. Five EPSCs recorded from a single MLI before (left) and after (middle) the application of
roscovitine are superimposed. The traces are averaged and scaled to peak on the right. B, C, Time course of changes in the
amplitude (B) and the Thecay (€) of EPSCT (white circles) and EPSC2 (black circles) during the application of roscovitine (30 ).
Pairs of EPSCs (ISI of 30 ms) were evoked every 15 s by test stimulation. Amplitude is expressed as a percentage of EPSC1 amplitude
determined before drug application. Roscovitine was applied for 10 min by perfusion (as indicated by a horizontal bar). Each point
represents the mean == SEM (n = 8-10). D, E, Summary of PPR,,,, (D) and PRy, (E) before (control, white columns) and after
(black columns) treatment with roscovitine. Each column represents the mean == SEM (n = 8). **p << 0.01. F—H, Summary of the
effects of roscovitine (black columns) on EPSC2 kinetics as fitted by a double-exponential function. Each column represents the
mean = SEM (n = 8). *p < 0.05.

EPSC amplitude is Ca,2.1 channel-dependent at cerebellar GC-MLI
synapses.

Roscovitine (30 M) markedly increased 74,,, of both EPSC1
and EPSC2 (Fig. 4 A, C). Roscovitine also enhanced PPR ., (p =
0.008; Fig. 4E) but had no effect on either 7, or 7y,,; rather,
there was a significant increase in the %y, value after roscovitine
treatment (Fig. 4F—H). Thus, the Ca,2.1 channel blocker AgTX
decreased the slowly decaying component of EPSC2 (%g,; Fig.
1K), while the Ca,2.1 channel agonist roscovitine enhanced
%40w- Furthermore, the effects of roscovitine on EPSC decay
were completely eliminated by AgTX but not by CgTX (Fig. 5).
Roscovitine (30 uM) decreased the latency between the stimulus
artifact and the onset of EPSC1 and increased the time-to-peak
(Fig. 6). These changes in the 7, ratio, onset delay, and time-
to-peak induced by roscovitine mimicked the effect of EPSC1 on
EPSC2 at a short ISI (Satake et al., 2012) and were reciprocal to
the changes in EPSC2 caused by AgTX treatment (Fig. 2B-D).

Theoretically, these effects on EPSCkinetics could reflect changes
in the kinetics of the postsynaptic AMPA receptors (AMPARs) that
mediate glutamatergic EPSCs in MLIs. However, in our previous
study, we found no changes in AMPAR kinetics during PPPy.,,
(Satake et al., 2012). Moreover, Tye,, of miniature EPSCs is mainly
determined by AMPAR kinetics, and roscovitine (30 uM) had no



Satake and Imoto e Ca,2.1 Channel and Multivesicular Release

A EPSC1

Control Roscovitine

=as

10 ms

AgTX C
mmmm  Roscovitine
|

-~ EPSC1
~s- EPSC2

(vy)

250 }
200 | &
150 F 18
100 }
50 }

Amplitude (%)

Decay time (ms)

Scaled

J. Neurosci., January 22, 2014 - 34(4):1462-1474 « 1467

Role of accumulated free Ca** from
distal VGCCs in MVR

The peak [Ca®"]; at a given release site
closely depends on its distance from open
VGCCs (Nadkarni et al., 2012) as well as
on the concentrations, kinetic properties,
and diffusion characteristics of endoge-
nous intracellular Ca*" buffers (Egger-
mann et al., 2012). Synchronous vesicular
release has been explained by short-lived
“nanodomains” and “microdomains” of
elevated [Ca’"]; at the terminal. The
nanodomain spans the area within a few
tens of nanometers of VGCC pores, a re-
gion where Ca’" is not in equilibrium
with fast Ca®" buffers. In contrast, a mi-
crodomain spans 0.1-1 wm across and
consists of a considerable number of
nanodomains (Oheim et al., 2006; Neher
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and Sakaba, 2008; Eggermann et al,
2012). The sum of the suppressive effects
of AgTX (0.5 uMm) and CgTX (1 uM) on
GC-MLI EPSCs was larger than 100%
(Fig. 1), suggesting an overlap of Ca,2.1
and Ca,2.2 channel-mediated Ca®"
nanodomains (Mintz et al., 1995) and the
presence of microdomain signaling at the
single GC terminal.

At some excitatory synapses, PPF, ‘mp
thought to be caused by free residual Ca**
remaining from the first AP (Augustine,
2001; Zucker and Regehr, 2002). In syn-

0 5 1015202530 35404550

Time (min)

Figure 5.

mean = SEM(n =9).

effect on the mean 74, of asynchronous small EPSCs evoked in
Sr?*-containing ACSF (Fig. 7) (Satake et al., 2012).

The low-affinity competitive AMPAR antagonist y-D-
glutamlyglycine (y-DGG; 200 um) was less effective in reducing
the EPSC amplitude following roscovitine-mediated EPSC po-
tentiation (p = 0.025 compared with y-DGG alone; Fig.
8A,B,D), indicating that roscovitine increased the glutamate
concentration in the synaptic cleft. Furthermore, y-DGG signif-
icantly reduced the roscovitine-induced increase in 74, of both
EPSC1 and EPSC2 (p = 0.018; Fig. 8A,C,E). Together, these
results suggest that (AgTX-sensitive and roscovitine-sensitive)
Ca,2.1 channels play a critical role in triggering MVR. In addi-
tion, the depletion of the RRP after the first release causes selec-
tive depletion of docked vesicles near functionary active channels
(namely roscovitine-induced reduction of PPR,,,,,); however, this
process will leave other docked vesicles ready to be released by the
second AP (Wadel et al., 2007).

0 5 1015202530 35404550

Time (min)

Effects of subtype-selective Ca, 2 channel blockers on roscovitine action. 4, Left three traces, Five first EPSCs recorded
from a single MLI during successive application of AgTX (0.1 ) and roscovitine (30 wum). Right, Averaged traces are scaled to the
same peak amplitude. B, , Time course of changes in the amplitude (B) and 7, (C) of EPSCT (white circles) and EPSC2 (black
circles) during the application of AgTX (0.1 wum) and roscovitine (30 rum). Pairs of EPSCs (ISI of 30 ms) were evoked every 15's.
Amplitude is expressed as a percentage of EPSC1 amplitude determined before the application of AGTX. AgTX and roscovitine were
applied for 10 min by perfusion (asindicated by a horizontal bar). Each point represents the mean == SEM (n = 8). D, E, Time course
of changes in the amplitude (D) and 7., (E) of EPSCT (white circles) and EPSC2 (black circles) during successive application of
CgTX (1 m) and roscovitine (30 wm). Amplitude is expressed as a percentage of EPSC1 amplitude determined before CgTX
application. Roscovitine and CgTX were applied for 10 min by perfusion (indicated by the horizontal bar). Each point represents the

apses with fast presynaptic Ca** buffers,
local Ca** buffer saturation has also been
proposed as a mechanism for PPF,,
(Blatow et al., 2003; Felmy et al., 2003).

Competition between the Ca’" buffer
and the Ca*" sensor for Ca’" entering
through open VGCCs is the critical factor
determining buffer saturation and thus
the amount of free Ca™ at the release site
(Rozov et al., 2001). Cerebellar GCs ex-
press the fast Ca®" buffer calretinin but
not the other fast buffers calbindin-D28k
or parvalbumin (Bastianelli, 2003; Egger-
mann and Jonas, 2012; Schmidt et al.,
2013). Compared to Ca>* buffers with
near diffusion-limited forward-rate constants (fast buffers),
slower Ca*" chelators would be more effective in buffering Ca*"
entering through VGCCs more distant from the release site (and
suppressing vesicle release mediated by this remote Ca*™ influx).
Indeed, EGTA can bind residual Ca**, thereby preventing vesic-
ular release caused by the accumulation of free Ca** (Blatow et
al., 2003), whereas it cannot affect Ca>" dynamics in the presence
of a large quantity of a faster Ca”™ buffer. Therefore, we specu-
lated that a moderate concentration of EGTA would selectively
block the accumulation of free Ca** throughout the GC terminal
without affecting the local saturation of endogenous fast Ca**
buffers near open channels. In addition, because of the slow rate
of Ca*™ binding to EGTA, Ca*" can diffuse from the entry site
before being bound by EGTA (Eggermann et al., 2012). We can
thus evaluate the topographical relationship between presynaptic
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Figure6. Effects of roscovitine on the rising phase of GC-MLI EPSC. 4, Fifty consecutive EPSCs

recorded from a single MLI before (left) and after (right) roscovitine (30 wm) treatment are
shown. An averaged trace is indicated by a gray line. B, Superimposed averaged traces of the
stimulus artifact and EPSCT onset before (control, gray trace) and after (black trace) treatment
with roscovitine (same data as in A). Horizontal arrows show latency to EPSC1 onset (C, control;
R, roscovitine). €, Superimposed averaged traces showing EPSC1 onset and peak before (con-
trol, gray trace) and after (black trace) roscovitine treatment are scaled to the same peak
amplitude and aligned at the rising phase (same data as in A). Horizontal arrows show the
time-to-peak from EPSConset. D, Summary of EPSC1 kinetics recorded before (white columns)
and after (black columns) roscovitine treatment. Each column represents the mean = SEM
(n=10).%p < 0.05.

VGCCs and exocytotic Ca** sensors by monitoring the effect of
EGTA on PPF,,,,, and PPPg.,,.

Using a membrane-permeable form of EGTA (EGTA-AM;
Atluri and Regehr, 1996; Kamiya et al., 2002; Blatow et al., 2003),
we introduced EGTA into presynaptic terminals; the concentra-
tion of free EGTA in the terminals will be higher than that of
extracellular EGTA-AM (Atluri and Regehr, 1996). The ampli-
tude of GC-MLI EPSCs irreversibly decreased after the applica-
tion of EGTA-AM at 100 um (Fig. 9 A, B). This suppression was
stronger for EPSC2, thereby significantly reducing PPR,,,,, (p =
0.007; Fig. 9D). In addition, EGTA-AM treatment significantly
reduced Ty.q,, of EPSC2 but had little effect on 74.,, of EPSCI
(Fig. 9C), resulting in the suppression of PPR ., (p = 0.016; Fig.
9E). The suppression of PPR,,, was due to a reduction in the
%40 component of EPSC2 (Fig. 9F-H). These results suggest
that (1) Ca** sensors that mediate MVR are located more distally
from Ca,2.1 channels and (2) Ca®" accumulates even at release
sites distant from the open channel.

Satake and Imoto e Ca,2.1 Channel and Multivesicular Release

Finally, we compared the effect of subtype-selective Ca,2
channel blockers on GC-MLI EPSCs after treatment with
EGTA-AM (100 um). AgTX (0.1 um) and CgTX (1 uM) reduced
the amplitude of EPSCI to 68.6 * 5.8% (n = 9, p = 0.016; Fig.
10A,C)and 74.8 = 6.0% (n =9, p = 0.018; Fig. 10 B, E) of control
EGTA-AM, respectively, with a clear increase in PPR,,,,, (p =
0.004 in AgTX; Fig. 10G; p = 0.004 in CgTX; Fig. 10I). These Ca,2
blockers did not cause any significant changes in EPSC decay
(Fig. 10D, F) or in PPR e, (p = 0.52in AgTX; Fig. 10H; p = 0.16
in CgTX; Fig. 10]) after EGTA-AM treatment. Thus, Ca,2.1 and
Ca,2.2 channels appeared to have similar effects on exocytotic
transmitter release at the GC axon terminal when the accumula-
tion of free Ca** and the following activation of distally located
Ca** sensors (namely microdomain signaling) were suppressed.

Discussion

In the present study, we demonstrated that presynaptic Ca,2.1
(P/Q-type) channels, located farther away from release sites than
channels triggering fast release in response to isolated APs, play a
major role in triggering MVR at GC ascending axon fibers. In
turn, these changes in EPSC kinetics greatly influence the tempo-
ral excitability of postsynaptic MLIs (Satake et al., 2012). There-
fore, Ca,2.1 channel-mediated MVR adds additional complexity
to neural encoding and transduction at rat cerebellar GC-MLI
glutamatergic synapses (Fig. 11).

Ca,2.1 channels mediate MVR at the GC-MLI synapse
Presynaptic Ca*™ entry is necessary for phasic vesicle release in
response to APs. The accumulation of residual Ca** and modu-
lation of VGCCs are important for presynaptic short-term plas-
ticity during high-frequency nerve firing (Zucker and Regehr,
2002; Neher and Sakaba, 2008; Catterall et al., 2013). We demon-
strate that the magnitude of PPP.,, is sensitive to Ca,2.1 chan-
nel modifiers, decreasing in the presence of the channel
antagonist AgTX (Fig. 1) and increasing in the presence of the
channel agonist roscovitine (Fig. 4). In addition, these Ca,2.1
channel modifiers reciprocally affected the onset and time-to-
peak value of EPSC (Figs. 2, 6). In the olivocerebellar climbing
fibers, the transmitter glutamate is released not only at the active
zones but also at the ectopic sites (Matsui and Jahr, 2003). This
ectopic release was specifically suppressed by the Ca,2.2 channel
blocker CgTX (Matsui and Jahr, 2004). Although PPP,,,, at the
GC-MLI synapse was insensitive to CgTX (Fig. 1), ectopic release
may also be implicated in PPP 4,

The selective coupling between the Ca,2.1 channel opening
and MVR may result from the use-dependent facilitation of
Ca,2.1 channel activity. At the calyx of Held, Ca,2.1 channel-
mediated Ca** currents undergo activity-dependent facilitation
during repetitive activation (Borst and Sakmann, 1998; Cuttle et
al., 1998; Inchauspe et al., 2004; Ishikawa et al., 2005; Catterall et
al., 2013), and this facilitation accounts for ~40% of PPF,,,
under low release probability conditions (0.6 mm [Ca>*]; Miil-
ler et al., 2008). This AP frequency-dependent Ca,2.1 channel
modulation results from the accumulation of intracellular Ca**
and subsequent binding of Ca®* sensor proteins to the
calmodulin-binding domain and/or the IQ-like domain of the
a,2.1 subunit (Tsujimoto et al., 2002; Lee et al., 2003; Lauter-
milch et al., 2005; Mochida et al., 2008; Catterall et al., 2013).
The relationship between PPR,,,, of Ca,2.1 channel-mediated
currents and ISI at the calyx synapse (Cuttle et al., 1998) is
similar to that between PPR,, and ISI at cerebellar GC-MLI
synapses (Satake et al., 2012). Although the actual current
mediated by Ca,2.1 channels cannot be directly measured at
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Ca?* sensors that mediate MVR are
located at a distance from

Ca,2.1 channels

The distance between presynaptic VGCCs
and exocytotic Ca®" sensors is a major
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GC-MLI synapses, Adams et al. (2010) reported that a gain-
of-function missense mutation (R192Q) of the Ca,2.1 channel
impaired the Ca®"-dependent facilitation of Ca,2.1 channel-
mediated currents in culture and reduced PPF,, , at cerebellar
GC-PC synapses in the mutant mice. However, a similar use-
dependent facilitation has not been shown for Ca,2.2/Ca,2.3
subtypes.

In addition to the frequency-dependent facilitation of the
Ca,2.1 channel current, the accumulation of intracellular Ca*™"
may contribute to ensuing MVR. This mechanism would depend
on the number of activated Ca,2.1 channels and endogenous
Ca** buffers, and their spatial relationship with exocytotic Ca*"
sensors at the presynaptic membrane. Local saturation of Ca*"
buffers will also play a role in determining the amount of free
Ca** at the release site (Blatow et al., 2003; Felmy et al., 2003;
Eggermann and Jonas, 2012). AgTX inhibits Ca,2.1 channel ac-
tivity in an all-or-none fashion (McDonough, 2007); therefore,
the application of low concentrations should reduce the density
of functional Ca,2.1 channels on the plasma membrane. Phasic
increases in [Ca"]; produced by the facilitation of Ca,2.1 chan-
nels during successive APs and the accumulation of free Ca*"
could synergistically act to increase the number of vesicles re-
leased given that the release—[Ca** ], relation follows a power law
function (due to the cooperativity of Ca*" binding; Catterall et
al., 2013). Furthermore, specific types of presynaptic VGCCs in-
duce relatively asynchronous or synchronous transmitter release
at hippocampal and cortical GABAergic neurons (Hefft and Jo-
nas, 2005; Williams et al., 2012). The opening of presynaptic
VGCCs is mainly driven by AP, the waveform of which can
broaden during repetitive firing due to the inactivation of pre-
synaptic K* channels (Geiger and Jonas, 2000). Broader APs are
frequently coincident with greater presynaptic Ca®" influx and
postsynaptic currents (Sabatini and Regehr, 1997; Geiger and
Jonas, 2000); therefore, this process may also enhance Ca,2.1
channel-mediated Ca** influx and elicit MVR.

Effects of roscovitine on asynchronously occurring EPSCs at GC-MLI synapses. 4, Effects of roscovitine (30 wum) on
asynchronous EPSCs recorded from a single MLI. Asynchronous EPSCs were evoked by single pulses to GCaxons at least 15 min after
the perfusion of Sr> " -containing ACSF; three successive sweeps before (left) and during (right) roscovitine treatment are shown.
B-D, Summary of the frequency (B), mean amplitude (€), and mean 7., (D) of asynchronized EPSCs recorded before (white
columns) and after (black columns) the application of roscovitine. All asynchronous EPSCs analyzed were collected during a 300 ms
window starting from the stimulus. Each column represents the mean == SEM (n = 9). ***p < 0.001.

determinant of the latency from the peak
Ca*" current to the maximal vesicular re-
lease (Wadel et al., 2007; Bucurenciu et al.,
2008; Eggermann et al., 2012; Nadkarni et
al., 2012; Schneggenburger et al., 2012).
PPR,,,, was markedly suppressed by mod-
erate concentrations of the slow Ca** che-
lator EGTA (Fig. 9), suggesting that
within the single Ca*" microdomain, the
facilitation of Ca,2.1 channel currents or
an increase in the number of activated
Ca,2.1 channelsleads to a higher peak free
[Ca®"]; and greater activation of exocy-
totic Ca®" sensors. The end result would
be higher MVR.

Differential localization of VGCC sub-
types at the presynaptic terminal may be
involved in the induction of different
types of PPF. Kulik et al. (2004) showed
that Ca,2.1 immunoreactivity is densely
clustered at the active zone of GC axonal
varicosities. At the calyx synapses, immu-
noreactivity for Ca,2.2 and Ca,2.3 sub-
units is more distant from release sites and does not colocalize
with Ca,2.1 subunit immunoreactivity (Wu et al., 1999). Differ-
ences in VGCC localization in relation to synaptic vesicles, Ca*"
sensors, and Ca*™ buffers/pumps potentially influence the rela-
tionship between I, and the vesicle release rate, delay between
I, onset and release onset, time to peak release, decay of elevated
release probability, and the effects of secretagogues, exogenous
buffers, and pump inhibitors (Spafford and Zamponi, 2003; Ne-
her and Sakaba, 2008).

More recently, Schmidt et al. (2013) reported that the cou-
pling distance between Ca®" influx and exocytotic Ca*" sen-
sor is shorter than 30 nm (namely nanodomain coupling) at
the cerebellar parallel fiber (PF)-PC synapse. They quantified
the coupling distance by applying multiprobability fluctua-
tion analysis to PF-PC EPSC1 and showed a less suppressive
action of EGTA-AM on EPSCI. In contrast, we found that the
amplitude of GC-MLI EPSCs irreversibly decreased after the
application of EGTA-AM and this decrease was stronger for
EPSC2 (Fig. 9). Furthermore, EGTA-AM reduced 74..,, of
EPSC2 but had little effect on 74, of EPSCI (Fig. 9). These
results clearly showed the involvements of distally located
Ca’" sensors from Ca,2.1 channels in MVR (Fig. 10). A sig-
nificant difference has been reported in the property of PPF,,,,
at the GC synapse converging onto the different type of neu-
rons (Bao et al., 2010). In response to repetitive activation (50
Hz train), GC-MLI synapses exhibited transient and small fa-
cilitation and subsequent depression of the EPSC amplitude.
In contrast, GC-PC synapses only showed a strong facilitation.
This difference is mainly mediated by the target-specific
short-term plasticity at the GC terminal; in particular, presyn-
aptic Munc13-3 plays a major role in the synaptic depression at
the GC-MLI synapse (Bao et al., 2010). Together, EPSC2 (MVR)
at the GC-MLI ascending synapse will be elicited differently from
EPSCI (fast phasic release) at the PF-PC dendritic synapse.

L1004
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nels in the vicinity of release sites and
exocytotic vesicular release. Therefore,
differences in pre-mRNA splicing, RNA
editing, and post-translational modifica-
tions of Ca,2 channel isoforms, auxiliary
subunits, and other interacting proteins
likely contribute to synapse type-specific
differences in Ca,2 channel-mediated ex-
ocytosis (Catterall et al., 2013; Lipscombe

M) and y-DGG (200 pum) on GC-MLI EPSC. Paired EPSCs were evoked with an ISI of 30 ms. The low-affinity competitive
glutamate receptor antagonist y-DGG was applied after roscovitine-induced potentiation. Left three traces, Five succes-
sive EPSC1s recorded from a single MLI before (left) and after the application of roscovitine (middle) and y-DGG (right) are
superimposed. Right, Averaged traces of EPSC1 before and after roscovitine treatment are scaled to the same peak
amplitude. B, , Time course of changes in the amplitude (B) and 7, () of EPSCT (white circles) and EPSC2 (black circles)
during the application of roscovitine (30 ) and y-DGG (200 pm). EPSCs were evoked every 15 s by test stimulation.
Amplitude is expressed as a percentage of EPSC1 amplitude determined before the application of roscovitine. Roscovitine
and y-DGG were applied for 10 min by perfusion (as indicated by horizontal bars). Each point represents the mean = SEM
(n = 8-10). D, E, Summary of the inhibitory effects of y-DGG on the amplitude (D) and Tdecay (E) of EPSC1 and EPSC2 (ISI
of 30 ms). Each column represents the mean = SEM (n = 11-13). *p < 0.05.

etal., 2013).
The Ca>" sensors that initiate vesicle

release in response to Ca, 2.1 or Ca,2.2/Ca,2.3 channel activation
may have different Ca>" affinities. Sun et al. (2007) reported that
at the calyx synapse, different Ca>* sensors with distinct Ca®"-
cooperativities triggered synchronous or asynchronous vesicular
release, depending on the local Ca** dynamics. Calcium-binding
sites with higher affinity should be able to track [Ca**]; more
efficiently and maintain vesicular release for alonger period. Slow
Ca** unbinding from the sensor (Bornschein et al., 2013) may
also play a role in release facilitation (Fig. 11). The mechanisms
underlying the Ca,2 channel-dependent control of MVR and
PPRec,y at GC-MLI synapses await further scrutiny. Nonethe-
less, we present compelling evidence that Ca,2 subtypes trans-
duce presynaptic APs at common terminals of a regular size into
transmitter release patterns differing in the probability, multi-
plicity, variability, duration, timing, and synchronism.
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