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Neuroscience

Key points

e Paired-pulse facilitation (PPF) is a widely observed form of presynaptically originated
short-term plasticity.

e Here, we report that, in rat cerebellar cortex, paired-pulse activation of glutamatergic granule
cell axon fibres causes not only a facilitation in the peak amplitude (PPF,,,) but also a
prolongation in the decay-time constant (PPPgec,y) of the EPSCs recorded from molecular-layer
interneurones (INs).

® PPF,,,iselicited, in part, by anincrease in the number of released vesicles (that is, multivesicular
release), whereas PPP e,y results from extrasynaptic spillover of the transmitter glutamate and
its intersynaptic pooling among active synapses, as well as from delayed release as has been
explained.

® PPF,, and PPPy.,, play unique roles in determining excitability of the INs.

e These findings help us understand the mechanisms underlying encoding and processing of the
neuronal information in the cerebellar cortex.

Abstract A simple form of presynaptic plasticity, paired-pulse facilitation (PPF), has been
explained as a transient increase in the probability of vesicular release. Using the whole-cell
patch-clamp technique to record synaptic activity in rat cerebellar slices, we found different
forms of presynaptically originated short-term plasticity during glutamatergic excitatory neuro-
transmission from granule cells (GCs) to molecular-layer interneurones (INs). Paired-pulse
activation of GC axons at short intervals (30-100 ms) elicited not only a facilitation in the
peak amplitude (PPF,y,), but also a prolongation in the decay-time constant (PPPgecy) of the
EPSCs recorded from INs. The results of pharmacological tests and kinetics analyses suggest that
the mechanisms underlying the respective types of short-term plasticity were different. PPF,,,
was elicited by a transient increase in the number of released vesicles. On the other hand, PPP gec,y
was caused not only by delayed release as has been reported but also by extrasynaptic spillover of
the GC transmitter and the subsequent intersynaptic pooling. Both PPE,,,, and PPPgc.., closely
rely on repetitive-activation-induced multivesicular release. Using a dynamic clamp technique, we
further examined the physiological significance of different presynaptic plasticity, and found that
PPF,,, and PPPg..,, can differentially encode and process neuronal information by influencing
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the total synaptic charge transferred to postsynaptic INs to reflect activation frequency of the
presynaptic GCs.
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DL-threo-B-benzyloxyaspartic acid.

Introduction

Dynamic properties of synaptic transmission have been
assessed in detail with a paired-pulse protocol, in which
two repetitive stimulations are applied at a short interval
of tens of milliseconds. A simple form of presynaptically
originated short-term plasticity, paired-pulse facilitation
(PPF), is generally explained as a transient increase in
the probability of vesicular release resulting from a prior
accumulation of residual Ca’** at the synaptic terminal
and a lingering effect of Ca*" on the exocytotic Ca**
sensor of releasable vesicles during the second stimulus
(as reviewed in Thomson, 2000; Zucker & Regehr, 2002;
Neher & Sakaba, 2008).

In addition, the number of synaptic vesicles available for
fast release also plays a role in determining the strength
of postsynaptic response (Zucker & Regehr, 2002). For
example, if the releasable vesicles are depleted during a
train of high-frequency presynaptic stimulation, synaptic
responses will be depressed. On the other hand, if an
abundant fraction of releasable vesicles is left after a single
stimulation, synaptic responses to subsequent stimulation
will be facilitated due to accumulation of residual Ca**
at the release site. The evoked quantal output of a single
terminal is usually restricted to one vesicle per presynaptic
action potential, whereas concomitant release of multiple
vesicles per action potential is observed in some excitatory
and inhibitory synapses (Stevens & Wang, 1995; Auger
et al. 1998; Wall & Usowicz, 1998; Wadiche & Jahr, 2001).
It remains, however, uncertain whether changes in the
number of vesicles released at a single synapse or the timing
of the vesicular release influence the aspect of PPE.

Here, using the whole-cell recording technique on rat
cerebellar slices, we examined excitatory synaptic trans-
mission from the ascending fibres of granule cells (GCs)
to the molecular-layer interneurones (INs). We found
that paired-pulse activation of the GC fibres at short
intervals (30-100 ms) elicits not only a facilitation of
the peak amplitude (PPF,y,), but also a prolongation
of the decay-time (PPPgyc.,) of the EPSCs. The results
of pharmacological tests, and kinetics and simulation
analyses suggest that: (1) PPF,,, was caused by a trans-

ient increase in the number of released vesicles at the peak
phase of the EPSC; and that (2) PPPycc, was elicited by
extrasynaptic spillover of the GC transmitter glutamate
and the subsequent intersynaptic pooling of glutamate
among adjacent active GC-IN synapses, as well as by
delayed release of the GC transmitter as has been described
(Atluri & Regehr, 1998; Chen & Regehr, 1999). In addition,
using a dynamic clamp technique (Sharp et al. 1993),
we evaluated the physiological significance of PPPec.y by
monitoring the effects of EPSC decay prolongation on the
excitability of INs. Our results indicate that presynaptically
originated PPF,n, and PPPy..,, differently encode and
process neuronal information by influencing the total
synaptic charge transferred to postsynaptic neurones;
especially, PPPyecy plays a significant role when GC-IN
synapses transmit burst-like signals.

Methods

All experiments were carried out in accordance with
institutional guidelines for animal experiments, and were
approved by The Institutional Animal Care and Use
Committee of the National Institutes of Natural Sciences.

Preparation of cerebellar slices

Parasagittal cerebellar slices (250 um thick) were pre-
pared from Wistar rats (12-21 days old, total of 84 rats),
which were decapitated after deep anaesthetization with
halothane, with a vibratome (VT1000S; Leica Micro-
systems, Wetzlar, Germany) in iced Na™-deficient saline
that contained (in mMm): sucrose, 300; KCl, 3.4; CaCl,,
0.3; MgCl,, 3.0; Hepes, 10; NaH,PQOy, 0.6; glucose, 10.0
(the saline was equilibrated with 100% O,, pH adjusted to
7.4 with NaOH at room temperature). After incubation
at room temperature for at least 1 h with an artificial
cerebrospinal fluid (ACSF) that contained (in mm): NaCl,
138.6; KCI, 3.35; CaCl,, 2.5; MgCl,, 1.0; NaHCOs, 21.0;
NaH,PO,, 0.6; glucose, 10.0 (the ACSF was equilibrated
with 95% O, and 5% CO, to maintain a pH of 7.4 at room
temperature), the slices were transferred to a recording
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chamber mounted on a microscope stage (BX51WI;
Olympus, Tokyo, Japan), where they were continuously
superfused with ACSF. The flow rate was 0.8—1.5 ml min™!
and experiments were carried out at room temperature
(24-27°C) unless otherwise stated.

Recording of postsynaptic currents

We used the whole-cell voltage-clamp technique (Satake
et al. 2000) to record synaptic responses from visually
identified INs or Purkinje cells (PCs) under Normarski
optics with a water-immersion objective (63x, NA 0.90;
Olympus). Patch-clamp electrodes (resistance: 3—6 M)
were filled with an internal solution that contained
(in mMm): caesium methanesulphonate, 150.0; KCl, 5.0;
EGTA, 0.1; Hepes, 5.0; Mg-ATP, 3.0; Na;-GTP, 0.4; the
pH was adjusted to 7.4. Membrane potential was held
at —80 and —30mV to record EPSCs and inhibitory
postsynaptic currents (IPSCs), respectively, through a
voltage-clamp amplifier (EPC-10; HEKA Elektronik,
Lambrecht, Germany), using ‘PULSE’ software (HEKA
Elektronik). The current signals were filtered at 3 kHz
and digitized at 10-50 kHz (mostly, 20 kHz). The series
resistance and leak currents were monitored continuously
and, when these parameters increased significantly during
recording, such cells were discarded from further analysis.

Cerebellar GC (ascending fibre)-mediated EPSCs were
evoked by focal stimulation through ACSF-filled glass
electrodes (10-20 M€2) that were placed at the PC layer
between the recorded IN and the GC layer. A single
pulse of 5V for 100 us was applied by a programmable
multichannel stimulator (Master-8; A.M.P.I., Jerusalem,
Israel) and stimulus isolators (ISO-Flex; A.M.P.I.). The
stimulus artefacts have been truncated for the illustration.
We prepared horizontal slices (250 pem thick) of cerebellar
cortex to examine the properties of parallel fibre (PF)
beam-to-IN synapses. The stimulation electrode was
placed in the outer molecular layer at a distance of at least
100 um from the recorded IN (Sims & Hartell, 2005).
We stimulated, by different electrodes (S1 and S2), two
independent sets of ascending GC axon fibres converging
onasingle IN, and then checked cross-activation of the GC
fibres by observing whether PPF,,, was evoked with an
alternate PP stimulation between the different electrodes
(S1 — S2 and S2 — S1). IN-mediated IPSCs were evoked
in a similar fashion as GC-EPSCs, but the stimulation
electrode was placed on the outer molecular layer.
In some experiments, we added bicuculline (5uM) or
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 uM) to
the ACSF in order to distinguish EPSCs and IPSCs,
respectively.

To record GC-mediated asynchronously occurring
EPSCs from the IN, we replaced 2.5 mMm CaCl, in the
external ACSF with 4 mm SrCl, and 0.5 mMm CaCl, (for
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the paired-stimulation experiment), or 5 mm SrCl, (for all
other experiments; nominally Ca’" free). Asynchronized
EPSCs were analysed by the ‘Mini Analysis’ program
(Synaptosoft, Decatur, GA, USA) in a 300 ms window,
as described by Oliet et al. (1997) and Matsushita et al.
(2002). All drugs used in this study were bath applied,
unless otherwise stated. Drugs were purchased from
Tocris Bioscience (Bristol, UK), and Wako Pure Chemical
Industries (Osaka, Japan). Some stock solutions were pre-
pared in dimethyl sulphoxide. During electrophysiological
experiments, the final dimethyl sulphoxide concentration
never exceeded 0.1% (vol/vol). Dextran (40kDa) was
diluted in the ACSF at a concentration of 5% (w/v), and
this solution was rendered isoosmotic with distilled water,
as described by Savtchenko and Rusakov (2005). Rose
Bengal and bafilomycin Al were applied by incubation
of cerebellar slices on an interface chamber for at least
1h at room temperature, during which the drug was
continuously superfused during patch-clamp recording.

Calculation of paired-pulse ratio (PPR) and statistical
analysis

EPSC and IPSC amplitudes were measured from the
peak of the postsynaptic current to the basal current
level immediately preceding the artefact of the electrical
stimulation. The decay-time constant of the postsynaptic
currents was mostly calculated with a single-exponential
fitting procedure in the ‘PULSEFIT’ program (HEKA
Elektronik). The PPR of the amplitude and the decay-time
constant (7), the latter obtained by a single-exponential
function, was calculated in individual traces from the ratio
of the second to the first currents evoked by PP stimulation
with interstimulus intervals (ISIs) of 30-1000ms, as
previously described (Satake er al. 2010). Differences
between treatments were evaluated using ANOVA and
post hoc multiple comparison tests, both of which were
performed in the ‘KyPlot’ program (KyensLab, Tokyo,
Japan). Differences giving P values < 0.05 were judged
as significant.

Simulation of postsynaptic conductance

A multi-step model was constructed to simulate
Ca** transients, vesicular releases and postsynaptic
conductance changes. Ten nerve terminals, each with
five independent release sites, were activated by paired
stimulation with an interval of 30 ms. Bell-shaped
presynaptic Ca’" transients were created using a
simple quartic function, y(t) = peak x ((d x t—1)*—1)?,
d=2 x (1-(0.5)%)172/hw, 0 < t < 1/d, where t is time
after onset of the Ca®* transient, peak is the maximum
Ca?* concentration, and hw is the width of the
half-maximum concentration. The Monte Carlo method
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Table 1. Parameters of decay-time constants of GC-IN EPSC applied for dynamic clamp analysis

First EPSC Second EPSC (ISI, ms)
15 30 100 300
Measurement' 1.36 +0.15 2.89 + 0.62 2.00 +0.34 1.68 +0.22 1.47 +0.20
Simulation 1.4 2.9 2.0 1.7 1.5

Synaptic responses were recorded by the whole-cell voltage-clamp mode at a high temperature (31-35°C). Each measurement

represents the mean 4+ SEM (n = 11-12). ISI, interstimulus interval.

was used to simulate vesicular glutamate release
according to the Ca®'-dependent kinetic model. For
the Ca’"-dependent kinetic model, we tested the
models by Schneggenburger & Neher (2000) and Lou
et al. (2005), and we used the former model because
it causes delayed release more frequently (data not
shown).

Glutamate released from the release sites within a single
terminal activated a single population of opposing post-
synaptic receptors. Some of the simulation assumed an
additional common glutamate pool, in which a small
proportion of released glutamate is accumulated. The
time course of the glutamate concentration and the
postsynaptic conductance were calculated according to
Wadiche & Jahr (2001). The peak glutamate concentration
was 1 mM (Hausser & Roth, 1997). For each condition, we
calculated an average trace from 200 EPSC simulations.
We used the fourth-order Runge—Kutta method with a
fixed time step of 10 us to obtain numeric integration for
calculating the postsynaptic conductance. The simulation
program was written in C++ and executed on a personal
computer.

Dynamic clamp analysis

A dynamic clamp technique (Sharp et al. 1993) was used
to generate GC-IN EPSCs with various conductances and
decay-times. To make the EPSCs realistic, parameters of
EPSC kinetics (rise times, decay-time constants and PPRs)
were first obtained using voltage-clamp recordings, as
described in Measurement in Tables 1 and 2. Computer
simulations were then run to generate equations that could
reproduce EPSCs satisfying these experimental parameters
(Simulation in Tables 1 and 2).

The equation for the dynamic clamp EPSCs was as
follows: Iy, = Gmay X s X [O] X (Vi — Erey), where Iy, is
the synaptic current, V,, is the membrane potential, G,y
is the maximal synaptic conductance (set to 4nS) and
E.., is the reversal potential (set to 0 mV). [O] is the
fraction of open channels, calculated from the equation:
d[O]/dt=a x [T] x (1-[0O]) =B x [O], wherea (=1.2)
and B (=0.75) are the rate constants for rise-times and
decay-times of EPSCs, respectively. [T] represents a trans-
mitter pulse: [T] =H(to + tmax— 1) X H(t—1t;), where

Table 2. PPRamp parameters applied for dynamic clamp analysis

ISI (ms)
15 30 100 300
Measurement' 1.65 + 0.06 1.75 + 0.09 1.54 +£ 0.11 1.05 + 0.11
Simulation 1.65 1.75 1.54 1.05

TSynaptic responses were recorded by the whole-cell voltage-
clamp mode at a high temperature (31-35°C). Each measurement
represents the mean +SEM (n=11-12). ISI, interstimulus
interval.

H(x) is the Heaviside function (unit step function) and
to is the time instant of receptor activation. f,,, is the
duration of the receptor activation (set to 0.6 ms). The
rate constants for decay-times () varied from 0.75 to 0.34,
0.51, 0.60 and 0.7, which reproduced experimentally fitted
decay-times (1.4 to 2.9, 2.0, 1.7 and 1.5 ms, respectively;
Table 1). Because changes in $ also slightly changed the
peak conductance, values were multiplied by a scaling
factor (s=1.000t0 0.903,0.943, 0.964, 0.988, respectively)
to adjust the peak conductance constant (1.70 nS by
Gmax of 4nS). In the dynamic clamp for paired-pulse
EPSCs, first EPSCs were Iy, with 8 =0.75 (and s = 1.000),
whereas second EPSCs were Iy, with various B (and
s) multiplied by the corresponding PPR of EPSC
amplitude.

Finally, these equations were implemented on a personal
computer in a custom-made dynamic clamp system
that consisted of conventional analog-to-digital and
digital-to-analog converters (Micro Science, Matsudo,
Japan). The dynamic clamp program was written in
C/C++ and executed under the MS-DOS (single-task)
operating system. Every 50 us (i.e. 20 kHz), the dynamic
clamp system received membrane potentials of neuro-
nes from an Axoclamp-2B amplifier (Molecular Devices
Inc., Sunnyvale, CA, USA), and sent the EPSCs
back to the amplifiers. The internal solution for
recording the membrane potential of the IN was as
follows (in mMm): K-methanesulphonate, 130.0; NaCl,
6.0; EGTA, 0.2; Hepes, 10.0; Mg-ATP, 0.3; Na;-GTP,
0.4; phosphocreatine-Tris, 10.0; the pH was adjusted
to 7.3.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Results

In the cerebellar cortex, GC axon fibres innervate the
axon hillock region of the molecular-layer IN, as well
as dendritic trees as PFs (Hamori, 1981; Castejon et al.
2001). The majority of GC synaptic contacts on the axon
hillock originate from ascending GC fibres. Himori (1981)
calculated that, in adult rats, one IN (basket cell) receives
a focal beam of approximately eight—10 ascending axons
from neighbouring GCs, whereas it receives approximately
2500 PF-endings on the dendritic tree. In the present study,
we recorded synaptic currents from visually identified IN's
located in the inner quarter of the molecular layer (thus,
they were mostly basket cells), and placed stimulation
electrodes in the exterior region of the PC layer between
the recorded IN and the GC layer to activate GC axons.
Stimulation in this configuration will activate only a
small number of ascending GC fibres to evoke excitatory
synaptic transmission to the axon hillock region of the
IN, and the amplitude of the EPSCs showed a profound
diversity among the cells (66.0-1279.5 pA, the average was
342.7 £26.5pA, n=62).

The PP-activation-evoked EPSCs showed obvious
PPF.mp (F340 =21.7, P<0.001; Fig. 1A and B): the PPR
of the peak amplitude (PPR,y,p, the ratio of the second
to the first peak amplitude) examined at an ISI of 30 ms
was 2.00£0.23 (n=11), and was very similar to that
of the previous report examined at an ISI of 20 ms in
the mouse PF-basket cell synapse (Bao et al. 2010). The
relationship between the ISTand PPR,,,, was also similar to
those recorded at GC-PC synapses (F, ¢s = 0.55, P = 0.46;
Fig.2C and D).

PPPgccay: a short-term plasticity in the decay kinetics
of the GC-IN EPSC

The PP activation of the GC-IN synapse caused a
significant increase in the decay-time constants (7), which
were calculated by a single-exponential fitting procedure,
of the EPSC (the 7-values of the first and second EPSC,
and the PPRgecy, both of which were examined at an
ISI of 30 ms, were 2.00 £0.18 and 3.27 £ 0.35 ms, and
1.63 £ 0.06, respectively, n=11; Fig. 1A). The increase in
the r-value of the second EPSC was closely dependent on
ISIs (F5.40 = 32.1, P < 0.001; Fig. 1B). The decay kinetics
of the second EPSC was well fitted by a double-exponential
procedure. The decay-time constant of the fast (tg) and
slow (Tgow) components did not differ between the first
and second EPSCs (Fig. 1Cand D), but the ratio of the 7o,
component (the ratio of the amplitude of slow component
to the total amplitude, %y, ) was profoundly higher in the
second EPSC (Fig. 1E). Therefore, it appears that PPP gecy
resulted from a PP-stimulation-induced increase in the
Tyow component in the ratio. When the Ca®* concentration
of ACSF (2.5 mM) was reduced to 1.2 mM, the amplitude
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of the EPSC became smaller (51.4-392.4 pA, the average
was 149.8 £ 31.6 pA, n=11) with a higher PPR,,, (the
value examined at an IST of 30 ms was 2.51 +0.21, n=11;
Fig. 1F). In contrast, neither the decay-time constants of
the EPSC nor the PPPg..,, showed any significant change
(the t-value of the first EPSC was 2.27 & 0.20 ms, and
the PPRyecay €xamined at an ISI of 30 ms was 1.76 £ 0.15,
n=11; Fig. 1 F), which shows that PPPy..,, occurs at the
physiological Ca®* concentration.

Using two stimulation electrodes (S1 and S2), we
activated two independent (where heterosynaptic PPF,,,,
was absent; Fig. 1G), but closely located sets of ascending
GC axons converging on a single IN. When each
independent pathway was activated repetitively at an
IST of 30 ms (homosynaptic stimulation, S1 — S1 and
§2 — §2), significant PPF,,,, and PPPg..,, were observed,
as mentioned above (Fig.1G and H). However, when
the independent pathways were activated alternately at
an ISI of 30 ms (heterosynaptic stimulation, S1 — S2 and
§2 — S1), PPPyccay was completely absent (Fig. 1H). This
finding suggests that PPPy,, is an activity-dependent
short-term plastic change evoked at a single or a
closely-located GC-IN pathway. When the number of
GC stimulations was increased (up to five stimulations
at an ISI of 30 ms), no further facilitation of the EPSC
amplitude was observed (Fig. 1I). Thus, PPR,y, value,
which was calculated by dividing the amplitude of the
n-th EPSC by that of the first, reached the highest limit at
the second stimulation and then decreased as a function
of stimulation number (Fig. 1]; see also Bao et al. 2010).
By contrast, PPRycc,y Value progressively increased as the
stimulation was repeated (Fig. 1T and J; see also Carter &
Regehr, 2000). The latter result suggests that PPPcc,, plays
a role in processing neuronal information by specifically
enhancing burst-like signals.

In horizontal cerebellar slices, when PP stimulation was
applied to the outer molecular-layer PF inputs onto the IN,
we observed a marked increase in both the amplitude and
decay-time constant of the second EPSC. There were no
significant differences in the properties of either PPF,,,
or PPPy.,, between ascending fibre and PF pathways
(F1,80 = 0.066, P=0.80 for PPF,p,; F; g0 =0.88, P=0.35
for PPPycy; Fig.2A and B). This suggests that both
PPR;mp and PPRyeq,y values were common characteristics
among GC-IN synapses, irrespective of differences in their
contacting sites. In contrast with GC-IN synapses, only
a very weak PPPy..,, was observed at GC-PC excitatory
synapses (F;,3 =8.24, P<0.001; Fig.2C and D). No
significant PPPg..,, was detected at IN-IN inhibitory
synapses (F5 3 = 0.35, P=0.79; Fig. 2E and F).

We then examined pharmacological properties of
the GC (ascending fibre)-IN EPSC. The AMPA
receptor (AMPAR)-selective antagonist SYM2206 (50 uM)
strongly suppressed EPSC. By contrast, treatment
with a mixture of the NMDA receptor antagonist
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Figure 1. PPFamp and PPPgecay at GC-IN synapses in rat cerebellar cortex

A, effects of PP stimulation on GC-IN excitatory transmission. Left, traces represent superimpositions of five
successive EPSCs recorded from a single IN. GC axons were repetitively stimulated with ISIs of 30, 100, 300
or 1000 ms. Right, averaged traces of the first (#1, light grey trace) and second (#2, ISI of 30 ms, black
trace; ISI of 15, dark grey trace) postsynaptic currents evoked at GC—IN synapses. Each trace was scaled to
the same peak amplitude. B, relationship between ISI and the PPRamp (open circles) and the PPRyecay (filled
circles). Each point represents the mean 4+ SEM (n = 11). C-E, summary of kinetics of the second EPSC (ISI
of 30 ms), as fitted by a double-exponential procedure. Each column represents the mean 4 SEM (n = 9-11).
*P < 0.05. F, GC-IN EPSCs examined in 1.2 mm Ca?t-containing ACSF. Left, traces represent superimpositions
of five successive EPSCs recorded from a single IN. GC axons were repetitively stimulated with an ISI of 30 ms.
Right, averaged traces of the first (grey trace) and second EPSCs (black trace) were scaled to the same peak
amplitude. G and H, PPRmp (G) and PPRyecay (H) of the GC-IN EPSCs evoked by repetitive (Homo, open
columns) or alternative (Hetero, filled columns) stimulation of the independent GC fibres converging onto the
single IN (ISI of 30 ms). Two independent ascending GC axons were repetitively (homo) or alternately (hetero)

© 2012 The Authors. The Journal of Physiology © 2012 The P
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D-AP5 (D-(—)-2-amino-5-phosphonopentanoic acid,
50 um), the group I metabotropic glutamate receptor
antagonist AIDA ((RS)-1-aminoindan-1,5-dicarboxylic
acid, 300 um) and the GABA, receptor antagonist
bicuculline (5 um) did not affect PPF,y,, (F; 45 =0.013,
P=0.72) or PPPgcc.y (F) 45 =0.64, P=0.43; Fig. 2G-I).
Thus, EPSC appears to be mediated by AMPARs, and
other receptor types do not have any impact on the
PP-stimulation-induced plastic changes (see also Clark &
Cull-Candy, 2002).

Cerebellar INs mainly express GluA2/GluA3-
containing AMPARs (Satake et al. 2006), which show
rapid desensitization (~5ms) and slow recovery
(~26 ms; as reviewed in Dingledine ef al. 1999), resulting
in increasing desensitization in response to repetitive
activation. The AMPAR desensitization blocker cyclo-
thiazide (50 um) markedly augmented the magnitude
of PPRyecay (Fi63=26.5, P<0.001; Supplementary
Fig. 1), which suggests that postsynaptic AMPARs were
strongly desensitized during the repetitive activation,
causing the PPRycc,, value to be underestimated when
measured without cyclothiazide. However, cyclothiazide
has non-specific presynaptic effects (Diamond &
Jahr, 1995; Ishikawa & Takahashi, 2001), rendering it
unsuitable for studies of presynaptic mechanisms (see
below). In fact, cyclothiazide (50 M) increased the EPSC
amplitude (183.9 +22.9% of control; n=9, P=0.007)
and caused a marked reduction of the magnitude of
PPRyyp (Fy 63 =10.4, P=0.002; Supplementary Fig.1).
Therefore, we decided not to use cyclothiazide in
subsequent experiments.

Presynaptic origin of PPPgecay

GC stimulation often elicits a long-lived quantal release
(lasting several tens to hundreds of milliseconds after
the macroscopic EPSC) called ‘delayed’ or ‘transient’
release (Atluri & Regehr, 1998; Chen & Regehr, 1999). To
examine the possible contribution of the delayed release to
PPPecay, We made a multi-step simulation of postsynaptic
conductance using a simple bell-shaped Ca?* transient
(control). Its shape was modified in three ways to evoke
different patterns of release (Fig.3A): (1) an increase in
peak Ca’" concentration; (2) a broadening of Ca’* trans-
ients; and (3) an addition of a tail component of the
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Ca*t (with a time constant of 2.5 ms). Modification of
the Ca*" transient altered release rate and postsynaptic
conductance in different ways (Fig.3A). Increases in
both the peak and width of presynaptic Ca*" trans-
ients profoundly enhanced the peak amplitude of the
postsynaptic conductance, but these modifications did
not elicit any prolongation of the decay-time constant
(Fig. 3B). By contrast, a moderate prolongation of the
release was simulated by the addition of the tail component
of the Ca’t transients, but this modification failed to
generate the slow decaying component (ty) of the
conductance (Fig. 3A and B). Cumulatively, these results
suggest that delayed release is not enough to explain the
mechanisms underlying PPPg.,, and that another process
is involved in eliciting PPPcc,y -

Asking whether PPPg.,, involves a presynaptic or post-
synaptic site of action, we first observed the effect of GC
activation on properties of postsynaptic neurones. GC
fibre stimulation did not influence the input resistance
(Rinput) of INs (800.9 £ 148.0 and 843.9£179.6 MQ
with and without single GC stimulation, respectively;
n=12, P=0.32; Fig. 4A and B). If PPP,, resulted from
poor voltage-clamping, reduction of the EPSC amplitude
should reduce the magnitude of PPRgec,y. Moderate
concentration (0.5 uM) of the high-affinity competitive
AMPAR-antagonist CNQX reduced the peak amplitude of
the GC-IN EPSC to 59.7 & 5.7% (n = 6) of the control, but
did not affect PPR,m, or PPRyeqyy (Fig. 5A, Cand D). Thus,
properties of the postsynaptic INs do not appear to have
been artificially changed by repetitive GC stimulation.

To evaluate the effects of differing postsynaptic
AMPARs on PPPyc.y, we observed asynchronized EPSCs
evoked in Sr*"-containing ACSF (Oliet et al. 1997;
Xu-Friedman & Regehr, 1999; Matsushita et al. 2002).
When substituted for Ca®*, Sr** triggers synaptic vesicular
release but leads to asynchronized release (Abdul-Ghani
et al. 1996). Because the asynchronous release only
occurs at a subset of the electrically stimulated synapses,
it permits a detailed analysis of miniature events
originating at the actual GC axons contributing to
PPE. In an Sr’"-containing solution, PP stimulation
of GC axons (ISI of 30 ms) markedly augmented the
frequency of asynchronized EPSCs without affecting the
mean amplitude (Fig. 6A—C); this confirms that synaptic
vesicular release at the GC terminal is likely facilitated

activated by two different stimulation electrodes with an ISI of 30 ms. If a significant PPFamp occurred in the
alternative stimulation experiment, the sample was discarded from further analysis. Each column represents
the mean £ SEM (n =5). **P < 0.01. /, effects of repetitive stimulation on GC-IN EPSCs. Left, traces represent
superimpositions of five successive EPSCs recorded from a single IN. GC axons were repetitively stimulated with
an ISl of 30 ms. Right, averaged traces of the first (#1, light grey trace), second (#2, dark grey trace) and fifth (#5,
black trace) postsynaptic currents evoked at GC—IN synapses. Each trace was scaled to the same peak amplitude.
J, relationship between the number of repetitive stimulations (ISl of 30 ms) and the PPRamp (open circles) and the
PPRgecay (filled circles). Each point represents the mean + SEM (n = 9).
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Figure 2. Further characterization of postsynaptic currents recorded from the IN and PC

A, C and E, effects of PP stimulation on EPSCs at PF-IN (A) and PF-PC (C) excitatory synapses, and the IPSCs
at IN-IN inhibitory synapses (E). Left, traces represent superimpositions of five successive EPSCs/IPSCs recorded
from a single IN and PC. GC and IN axons were repetitively stimulated with ISIs of 30, 100 or 300 ms. Right,
averaged traces of the first (#1, light grey trace) and second (#2, ISl of 30 ms, black trace; and ISI of 1 s, dark grey
trace) postsynaptic currents were scaled to the same peak amplitude. B, D and F, relationship between ISI and
the PPRamp (open circles) and the PPRdecay (filled circles) examined at PF=IN (B), PF=PC (D) and IN-IN (F) synapses.
Each point represents the mean & SEM (n = 8-11). G, effects of receptor blockers (p-AP5 (50 wum), AIDA (300 pm)
and bicuculline (5 um)) on GC—IN synaptic transmission. Top, GC axons were repetitively stimulated with an ISI
of 30 ms. Traces represent superimpositions of five successive EPSCs recorded from a single IN before (left) and
during (right) treatment with the blocker. Bottom, averaged traces of the first (grey traces) and second (black
traces) EPSCs were scaled to the same peak amplitude. H and /, relationship between ISI and the PPRzmp (H)
and the PPRyecay (/) before (control, open circles) and during (filled circles) treatment with the mixture of receptor
blocker. Each point represents the mean & SEM (n = 7).
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Figure 3. A multi-step simulation of postsynaptic conductance

A, effects of modifying the presynaptic Ca?* transient on vesicular release and postsynaptic conductance. Panels
in the top, middle and bottom rows show the Ca2* transient, release rate per terminal and postsynaptic
conductance normalized to the maximum conductance, respectively. The leftmost column shows the control
(the first stimulation). The second, third and fourth columns show peak, width and tail modifications, respectively.
Six traces are superimposed in each panel. The ordinate is common in each row; the abscissas are common in
the top and middle rows. B-D, summary of the simulation. Decay-time constant (B), latency (C) and time-to-peak
(D) of the postsynaptic conductance are plotted against change of peak (triangles), width (diamonds) and tail
(inverted triangles) of the presynaptic Ca* transient (% of control). The decay-time constant was obtained by
a single-exponential fitting. E, effects of glutamate pooling on conductance. It is assumed that each vesicular
release contributed to pooling, with a peak concentration of 0-50 um (pooling concentration). The glutamate
concentration was assumed to be additive and to decay exponentially (z was fixed to 8 ms). Conductance traces
normalized to the peak are shown for the pooling concentrations of 0, 20 and 40 uM. The trace without pooling
was best fitted with a single-exponential function, whereas traces with pooling concentrations >20 um were better
fitted with a double-exponential function. F and G, the time constants (F) and percent areas (G) plotted against
the pooling concentration for the fast (open circles) and slow (filled circles) components. The simple assumption
of a single common pool failed to reproduce the increase in area, but not in time constant, when there was more
pooling.
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by repetitive activation. The decay-time constant of
Sr**-asynchronized EPSCs, however, did not increase
in response to PP activation (n=28, P=0.19; Fig. 6D).
The mean decay-time constant of the asynchronized
EPSC (1.49£0.16 ms, n=38) seemed to be slightly
smaller than the g, value of the first EPSCs evoked by
electrical stimulation in normal ACSF (1.92 £ 0.14 ms,
n=11, P=0.055), possibly reflecting the contribution of
less synchronous vesicular release and/or multivesicular
release (MVR) to the evoked EPSC (Diamond & Jahr, 1995;
Isaacson & Walmsley, 1995). Overall, the results of these
experiments clearly rule out the possibility that repetitive
GC stimulation changed the properties of postsynaptic
AMPARSs. Rather, it appears that PPP..,, originates in the
presynaptic mechanism.

S. Satake and others
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Relationship between MVR and PPPyecay

To examine the mechanisms underlying presynaptic
PPPyccay in greater detail, we first investigated the
effect of the low-affinity competitive AMPAR-antagonist
y-D-glutamylglycine (y-DGG), which can less effectively
inhibit actions produced by a higher concentration of
glutamate (Wadiche & Jahr, 2001; Kodama et al. 2006;
Satake et al. 2006). y-DGG (200 um) reduced the peak
amplitude of the first EPSC to 62.4 £ 3.6% (n=10). It
had significantly less pronounced effects on the second
EPSC (71.2+3.2%, n=10, P=0.006), resulting in a
marked increase in the magnitude of PPR,, (F g5 = 7.24,
P=0.001; Fig. 5B and E). This suggests that glutamate
concentration in the synaptic cleft ([Glu]ger) at GC-IN
synapses is significantly higher during the second EPSC
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Figure 4. Relationship between PPF at GC-IN synapses and changes in the properties of postsynaptic

AMPARs

A, stimulation-evoked EPSCs did not change input resistance of the IN. Holding potentials of the IN changed
from —70 to —100 mV (left bottom); traces were averaged both before (grey trace) and after (black trace) GC
stimulation (left middle). Rinput Was calculated 30 ms after the GC stimulation (as indicated by the horizontal bar,
a timing of the second EPSC, refer to traces showing at the left top). Superimpositions of averaged traces, scaled
to the same peak amplitude, of the first (#1, grey trace) and second (#2, black trace) EPSCs (right). B, summary
of the Rinput calculated before (open columns) and after (filled columns) GC stimulation. Each column represents
the mean &+ SEM (n = 12). C, GC-IN synaptic transmission at a high temperature. GC axons were repetitively
stimulated with an ISI of 30 ms. Superimpositions of averaged traces of the first (grey traces) and second (black
traces) EPSCs recorded at 24°C (left) or 32°C (right). Each trace was scaled to the same peak amplitude. D and £,
relationship between ISl and the PPRamp (D) and the PPRyecay (E) recorded at 24-27°C (open circles) or 31-34°C
(filled circles). Each point represents the mean + SEM (n = 7).
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than the first. In other words, PP activation of GC axon
fibres increases the number of vesicles released from the
single presynaptic terminal (namely, facilitation of MVR).
Furthermore, y-DGG clearly reduced the decay-time
constant of the second EPSC more than that of the first, and
therefore the PPRycc., value became smaller (F, g3 = 10.1,
P <0.001; Fig.5D and F). In addition, the result of
double-exponential fitting analysis indicated that there
was a significant reduction in %y, of the second EPSC
(Fig. 5G-I). The suppressive action of the low-affinity
antagonist y-DGG on PPPyc,, suggests that AMPARSs were
still activated by low concentrations of glutamate during
the tgow phase of the second EPSC.

To further evaluate the PP-activation-induced MVR,
we monitored kinetics of the rising phase of the GC-IN
EPSC. Paired stimulation of GC axons (ISI of 30 ms)
reduced the latency between the stimulation artefact and
the onset of the second EPSC (the latency was measured
from the centre of the stimulation artefact, and the onset
was defined as the time point corresponding to 1% of the
maximum amplitude) without changing the 20-80% rise
time (Fig. 7A, Band E). This reduced latency was explained
by a simple model with multiple phases of Ca** binding
to the exocytotic Ca>" sensor, and following vesicle fusion
(Schneggenburger & Neher, 2000). The result of the
simulation clearly showed that the increased peak in Ca**
transients reduced latency (Fig.3C). The onset of the
second EPSC became uniform at an earlier time point than
during the first EPSC (Fig. 7A); therefore, the coefficient
of variation (CV) of the latency was significantly smaller
for the second EPSC (Fig.7F). These findings suggest
that: (1) the first EPSC originated from summation of
less-uniformly occurring phasic vesicular release; and that
(2) repetitive activation of GC axon fibres accelerated the
release, possibly relying on accumulation of residual Ca**
at the release site.

Additionally, PP activation of GC axons significantly
increased the appearance of ‘EPSC doublets’ during the
peak phase (Fig.7C). Unfortunately, the second event
in the doublets could not be unambiguously resolved,
possibly due to high occupancy of the postsynaptic
receptors during the doublet, as has been reported for
inhibitory synapses (Auger et al. 1998). There was a
significant prolongation of the time-to-peak from the
onset of the EPSC after PP activation (Fig. 7D and E);
this appeared to reflect an increase in the appearance
of EPSC doublets. The results of simulation showed that
broadening of the Ca*" transients also contributed to the
prolongation of the time-to-peak (Fig.3D). Therefore,
it is likely that multiple synaptic vesicles were released
within sub-milliseconds of each other during the second
EPSC. Together with the significant suppressing effect of
Y-DGG on PPPgc.y, the PP-activation-induced increase
in the time-to-peak value (Fig. 7C and D) indicates that
PPPc,y is elicited by a prolonged AMPAR activation in

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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response to the glutamate transient caused by an MVR
during the peak phase of second EPSC.

PPPy.cay Originates in extrasynaptic spillover and
intersynaptic pooling of the GC transmitter

The decay-time constant of EPSCs closely depends on
clearance of glutamate from the synaptic cleft and the
neighbouring perisynaptic region. Thus, it is possible
that glutamate spilled out of the GC-IN synapse
activated remote AMPARs in the extrasynaptic region
or neighbouring synapses, thereby prolonging the EPSC
decay. Synaptically released glutamate is cleared not only
by passive diffusion but also by the transporter-mediated
uptake machinery distributed at perisynaptic glial cells
and postsynaptic neurones. Because glutamate uptake is
usually enhanced at higher temperatures (Asztely et al.
1997), we monitored decay kinetics of the GC-IN EPSC
at different temperatures. The decay-time constant of the
first EPSC recorded at a high temperature (1.67 £ 0.13 ms,
31-34°C) was significantly smaller than that examined
at room temperature (2.17 +0.21 ms, 24-27°C; n=7,
P=0.024; Fig.4C). However, the relationships between
ISI and PPR,,, and between IST and PPR ., were similar
at high (31-34°C) and room temperatures (F; 43 = 0.60,
P=0.44 and F, 45 = 0.001, P=0.97, respectively; Fig. 4D
and E). At GC-IN synapses (PFs), glial processes are
sparse and the density of glial glutamate transporter is
low (Chaudhry et al. 1995); both factors will allow the
glutamate transient caused by an MVR to overwhelm
uptake capacity of the transporters even at the higher
temperature.

We next monitored the effect of DL-threo-
B-benzyloxyaspartic acid (TBOA), a potent competitive
blocker of glutamate transporters (Shimamoto et al.
1998; Satake et al. 2010), on kinetics of the EPSC;
assuming that blocking glutamate uptake would mimic
decay-time prolongation. Application of TBOA (100 uM)
did not affect the amplitude of the EPSCs (Fig. 8A and
B), and therefore the PPR,,, value did not change
significantly (P=0.65; Fig.8D). TBOA (100 uM) often
disclosed a tail current of the first EPSC but never
prolonged its decay (Fig.8A and C); t-values were
1.69 £ 0.31 and 1.45 £ 0.23 ms (n=6, P=0.044) before
and during TBOA treatment, respectively (see also Clark
& Cull-Candy, 2002). By contrast, the effect of TBOA on
the second EPSC (ISI of 30 ms) was profoundly different
(Fig. 8A—C); it reversibly increased the decay-time
constant (Fig. 8C), therefore the PPRyecsy value during
treatment with TBOA was profoundly higher than that of
the control examined before TBOA application (Fig. 8E).
Specifically, TBOA (100 uM) increased the 7y, (Fig. 8G)
and %go, values (Fig.8H) without altering the tgy
(Fig. 8F). This result prompted to us to hypothesize that
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Figure 5. Effects of different competitive antagonists for glutamate receptors on PPF at GC-IN synapses
A and B, top, effects of CNQX (0.5 um, A) and y-DGG (200 um, B) on GC-IN synaptic transmission. GC axons were
repetitively stimulated with an ISl of 30 ms. Traces represent superimpositions of five successive EPSCs recorded
from the IN before (left) and during (middle) drug treatment. After averaging, the depressed first EPSC (black
traces) was scaled to the control EPSC (grey traces) and superimposed (right). Bottom, averaged traces of the first
(grey traces) and second (black traces) EPSCs were
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Figure 6. Effect of PP stimulation on asynchronized EPSCs recorded at GC-IN synapses

A, asynchronously occurring EPSCs evoked by a single (left) or paired-pulse (ISl of 30 ms, right) GC axon stimulation
were recorded from a single IN at least 15 min after perfusion of Sr2*-containing ACSF; three successive sweeps
are indicated. B-D, comparison of the frequency (B), mean amplitude (C) and mean decay-time constant (D)
of asynchronized EPSCs evoked by first (#1, open columns) or second (#2, filled columns) stimulation. The
asynchronized EPSCs were collected during a 300 ms window starting from the GC stimulation. Each column

represents the mean + SEM (n = 5, ***P < 0.001).

PPPgcqyy is induced by an increase of MVR at GC-IN
synapses and the subsequent extrasynaptic spillover of
MVR glutamate.

It has been reported that the substantial viscosity
increased by application of the inert macromolecule
dextran into perfusion solution retards the diffusion
coefficient of neurotransmitters in the extracellular space
(Nielsen et al. 2004; Savtchenko & Rusakov, 2005).
To evaluate involvements of extrasynaptic spillover in
PPPyccay, we examined the effects of dextran on the
property of GC-IN EPSCs assuming that: (1) retardation
of transmitter diffusion increases the dwell time of
glutamate molecules in the proximity of glutamate trans-
porters; and that (2) the retardation will increase efficiency
of the uptake and prevent further extrasynaptic diffusion
of the GC-glutamate without affecting the delayed
release-mediated process (see also Satake et al. 2006).

Application of dextran (40 kDa, 5% w/v) into perfusion
solution caused an irreversible decrease in the amplitude
of EPSCs (Fig. 9A and B), but it did not change the PPR,,,
significantly (P=0.12; Fig.9D). Dextran clearly and
reversibly reduced the decay-time constant of the second
EPSC without changing that of the first EPSC (Fig. 9A
and C); therefore, the PPRy..,, decreased significantly
(P =0.043; Fig. 9E). When the double-exponential fitting
was applied on the decay kinetics of the second EPSC, we
found a marked reduction in the %y, value (P = 0.006),
but did not detect significant changes in the gy
and g,y values (P=0.42 and P=0.61, respectively;
Fig. 9F-H). The result agrees well with the hypothesis
that PPP e, is originated in extrasynaptic spillover of the
GC transmitter.

It is also possible that PPPy.,, may originate in a
saturation of postsynaptic AMPARs with high [Glu]geq

scaled to the same peak amplitude. C and D, the PPRamp (C) and PPRyecay (D) before (control, open columns) and
during treatment with CNQX (0.5 M, black columns) or -DGG (200 uM, grey columns). Each column represents
the mean £ SEM (n = 6-7). ***P < 0.001, *P < 0.05. The inhibitory effects of 0.5 uMm CNQX and 200 um y-DGG
on the peak amplitude of the first EPSC were not different significantly (P = 0.69). £ and F, time course of changes
in the amplitude (E) and decay-time constant (F) of the first (open circles) and second (filled circles) EPSCs during
application of y-DGG (200 um). EPSCs were evoked every 15 s by test stimulation. The amplitude is expressed
as a percentage of the first EPSC, which was determined prior to application of y-DGG. y-DGG was applied for
10 min by perfusion (as indicated by the horizontal bar). Each point represents the mean &+ SEM (n = 8-11). G-/,
summary of the effects of CNQX (black columns) and y-DGG (grey columns) on the kinetics of the second EPSC,
as fitted by a double-exponential procedure. Each column represents the mean & SEM (n = 6-12).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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during the peak phase of the second EPSC (Foster
et al. 2005). To test this, we examined the effect
of Rose Bengal, a blocker of vesicular-type glutamate
transporters (Ogita et al. 2001; Shigeri et al. 2004;
Wilson et al. 2005). We predicted that, because Rose
Bengal reduces glutamate contents in the presynaptic
vesicle, reduction in quantal size should prevent post-
synaptic AMPARs from becoming saturated. After
incubation of cerebellar slices with Rose Bengal (0.1 uM,
>1h), the cumulative amplitude distribution of the
GC activation-evoked asynchronously occurring EPSCs
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recorded from INs in Sr**-containing ACSF markedly
shifted to the left (P <0.001, Kolmogorov—Smirnov
test; Fig. 10A). As a result, the mean amplitude of the
asynchronized EPSCs was approximately half that of
the control (F,,; =6.16, P=0.008; Fig. 10B). The Rose
Bengal treatment, however, did not cause significant
change in the PPR,,, value (Fig.10C and E). The
PPRyccay examined after incubation with Rose Bengal
was not significantly different from that of the control
examined without the Rose Bengal treatment (Fig. 10C
and F).
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Figure 7. PP stimulation-induced changes in the kinetics of GC-IN EPSCs

A, 100 consecutive sweeps of the first (#1) and second (#2, ISI of 30 ms) EPSCs were recorded from a single IN. The
sampling rate was 50 kHz. The averaged trace is indicated by the grey line. B, superimposition of the rising phases
of averaged traces from the first (grey trace) and second (black trace) EPSCs (same data as in A). Horizontal arrows
show the latency from the stimulation artefact to the onset of the first and second EPSC. C, representative EPSC
doublets from the first and second EPSC pairs (same data as in A). Some EPSCs display a secondary event or an
inflection point in their rising phase. Individual events are indicated by arrowheads. D, averaged traces of the first
(grey trace) and second (black trace) EPSCs were scaled to the same peak amplitude and aligned at the rising phase
of the EPSCs (same data as in A). Horizontal arrows show the time-to-peak from the onset of the first and second
EPSCs. E, summary of the kinetics of the first (open columns) and second (filled columns; ISI of 30 ms) EPSCs.
Each column represents the mean 4 SEM (n = 12). ***P < 0.001, *P < 0.05. F, the trial-to-trial fluctuation of the
latency of the first (open columns) and second (filled columns; ISI of 30 ms) EPSCs. CV, coefficient of variation.
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Bafilomycin Al (1 uMm, >1h), a specific inhibitor of  vesicular storage of neurotransmitters, but did not affect
vacuolar-type H"-ATPase (Zhou et al. 2000; Harrison the PPRyccqy value (Fig. 10D-F). The absence of significant
& Jahr, 2003), also reduced the mean amplitude  inhibitory effects of Rose Bengal and bafilomycin Al
of the Sr’*-asynchronized EPSCs (Fig.10A and B), treatment on PPR,,p, (F 25 = 2.11, P=0.14) and PPRyecay
presumably by collapsing the proton gradient necessaryfor ~ values (F 53 = 0.92, P=0.41) suggested that PPPyc ., does
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Figure 8. Contribution of extrasynaptic glutamate spillover in eliciting PPPgecay

A, effects of the glutamate transporter blocker TBOA (30 M) on GC—IN synaptic transmission. Top, GC axons were
repetitively stimulated with an ISI of 30 ms. Traces represent superimpositions of five successive EPSCs recorded
from a single IN before (left) and after (right) treatment with TBOA. Bottom, averaged traces of the first (#1)
and second (#2) EPSCs before (grey traces) and during (black traces) treatment with TBOA were scaled to the
same peak amplitude. B and C, time course of changes in the amplitude (B) and decay-time constant (C) of the
first (open circles) and second (filled circles) EPSCs during application of TBOA (30 uMm). EPSCs were evoked every
15 s by test stimulation. Amplitude is expressed as a percentage of the first EPSC, which was determined before
application of TBOA. TBOA was applied for 10 min by perfusion (as indicated by the horizontal bar). Each point
represents the mean £ SEM (n = 10). D and E, the PPRamp (D) and PPRyecay (E) before (control, open columns)
and during treatment with TBOA (30 uM, black columns). Each column represents the mean + SEM (n = 9-10).
*P < 0.05. F-H, summary of the effects of TBOA (black columns) on the kinetics of the second EPSC, as fitted by
a double-exponential procedure. Each column represents the mean 4 SEM (n = 10, **P < 0.01).
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not involve a saturation of the postsynaptic AMPARs
during MVR at the second EPSC. Neither Rose Bengal
nor bafilomycin Al changed the PP-stimulation-induced
increase of %y, (Fig. 10G-I). By contrast, the decay-time
constant of the slow component of the second EPSC
(ISI of 30ms) after treatment with Rose Bengal and
bafilomycin Al (10.5 & 1.1 ms, n = 19; Fig. 10H) was far
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smaller than that of the control (18.4 +1.5ms, n=41,
P < 0.001, from data pooled from Figs 1D, 5H, 8G and
9G), possibly reflecting a reduction of the quantal size.
Yet again, this finding suggests that extrasynaptic spillover
of GC transmitter plays an important part in PPPyecy
and, furthermore, that [Glu] et during the peak EPSC is
a pivotal factor determining aspects of the spillover.
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Figure 9. Effects of a retardation of extracellular glutamate diffusion on PPPgcay

A, effects of the macromolecule dextran (40 kDa, 5% w/v) on GC—IN synaptic transmission. Left and middle,
GC axons were repetitively stimulated with an ISI of 30 ms. Traces represent superimpositions of five successive
EPSCs recorded from a single IN before (left) and after (middle) treatment with dextran. Right, averaged traces
of the second EPSCs before (grey traces) and after (black traces) treatment with dextran were scaled to the
same peak amplitude. B and C, time course of changes in the amplitude (B) and decay-time constant (C) of
the first (open circles) and second (filled circles) EPSCs during application of dextran (5%). EPSCs were evoked
every 15 s by test stimulation. Amplitude is expressed as a percentage of the first EPSC, which was determined
before application of dextran. Dextran was applied for 10 min by perfusion (as indicated by the horizontal bar).
Each point represents the mean 4 SEM (n = 12). D and E, the PPRamp (D) and PPRyecay (E) before (control, open
columns) and during treatment with dextran (5%, black columns). Each column represents the mean =+ SEM
(n=12, *P < 0.05). F—-H, summary of the effects of dextran (black columns) on the kinetics of the second EPSC,
as fitted by a double-exponential procedure. Each column represents the mean + SEM (n = 12, **P < 0.01).
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When the intensity of the second stimulation (ISI of
30 ms) was reduced by half to quarter that of the first
stimulation (while the intensity of the first stimulation was
constant), the amplitude of the second EPSC decreased
gradually relying on the intensity (Fig. 11A and B). The
decrease in amplitude presumably reflects a decrease in
the number of GC axon fibres activated in response
to the reduced stimulation intensity. Interestingly, the
decay-time constant of the second EPSC also decreased
closely depending on the reduced stimulation intensity
(Fig. 11A). Therefore, PPPy..,, disappeared when the
intensity of the second stimulation was reduced to a
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quarter of that of the first stimulation (Fig. 11C). This
suggests that a huge amount of GC transmitter spills out
during the second EPSC, leading to intersynaptic pooling
of the transmitter among adjacent active GC synapses.

To simulate intersynaptic pooling in the simplest way,
we modelled an additional glutamate pool to influence
postsynaptic conductance. This pool was common for
the entire population of postsynaptic AMPARs, and a
small amount of glutamate from each vesicular release
accumulated in the pool. As the degree of pooling
increased, a slow decay component (ty,,) became evident,
and the decay phase of the conductance was better fitted
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Figure 10. Effects of a reduction of vesicular glutamate on PPF at GC-IN synapses

A, cumulative probability plot of the amplitude of asynchronized EPSC recorded from IN in the cerebellar slice
incubated with Rose Bengal (0.1 uM, black line) or bafilomycin A1 (1 um, dotted line), or without pharmacological
treatment (control, grey line). B, summary of the effects of Rose Bengal (RB) and bafilomycin A1 (Baf) on the
mean amplitude of the asynchronized EPSCs. Rose Bengal and bafilomycin A1 were applied in different sets of
slices. Each column represents the mean + SEM (n = 8). *P < 0.05. C and D, effects of Rose Bengal (0.1 um, C)
and bafilomycin A1 (1 um, D) on GC—IN synaptic transmission. GC axons were repetitively stimulated with an ISI
of 30 ms. Traces represent superimpositions of five successive EPSCs recorded from a single IN at least 1 h after
incubation with the test drug (top). Averaged traces of the first (grey traces) and second EPSCs (black traces) were
scaled to the same peak amplitude (bottom). £ and £, summary of PPRamp (E) and PPRecay (F) recorded from IN
(ISI'of 30 ms) incubated with Rose Bengal (black columns) or bafilomycin A1 (grey columns), or without treatment
(control, open columns). Each column represents the mean + SEM (n = 9-11). G-/, summary of the effects of Rose
Bengal (black columns) or bafilomycin A1 (grey columns) on the kinetics of the first (#1) and second (#2) EPSCs,
as fitted by a double-exponential procedure. Each column represents the mean & SEM (n = 8-11, **P < 0.01).
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with a double-exponential function (Fig.3E-G). This
supports the notion that intersynaptic pooling of the
GC-glutamate plays a dominant role in the induction of
PPPdecay-

Threshold stimulation of the GC fibres leads to
evoking smaller EPSCs (~100 pA; Fig. 11D), in which the
amplitude of the first EPSCs appeared to be similar to
that of Sr’*-asynchronized quantal EPSCs (see also Fig. 6).
The threshold stimulation caused not only an increase
of synaptic failures but also a disappearance of PPF,,
(in this examination, stimulation intensity was constant
for paired-pulse stimulation, ISI of 30 ms). When PPF,,,
did not occur, PPPg.,, was also ambiguous (Fig. 11D).
By contrast, in the case when PPF,,, occurred, clear
PPPgccay was observed (Fig. 11D). The finding confirms
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again that an increase in the number of released vesicles
(namely, MVR) during the second EPSC is necessary to
elicit PPPyecay-

Physiological significance of PPPyecqy: @ dynamic
clamp analysis

Finally, we evaluated the physiological significance of
PPP4cc,y by monitoring the effects of EPSC decay
prolongation on the excitability of INs. For this purpose,
we used a dynamic clamp technique (Sharp ef al. 1993),
in which we can manipulate parameters of PPPgecy
separately from those of PPF,,,. First, we applied EPSCs
with experimentally fitted decay-time constants into INs
(Table 1), and observed EPSPs from the IN in response
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Figure 11. Contribution of intersynaptic
glutamate pooling in eliciting PPPgecay

A, effects of reducing the number of activated GC
axons on GC-IN synaptic transmission. GC axons
were repetitively stimulated with an ISI of 30 ms
(top). The intensity of the first stimulation was
constant, but the intensity of the second stimulation
was reduced as indicated (to half and quarter that of
the first stimulation). Traces represent
superimpositions of five successive EPSCs recorded
from a single IN. Averaged traces of the first (grey
traces) and second (black traces) EPSCs were scaled
to the same peak amplitude (bottom). B and C, the
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evoked by repetitive stimulation, where the second
stimulation intensity was less than that of the first.
Each column represents the mean + SEM (n = 11,
4P < 0.001, **P < 0.01). D, effects of low-intensity
stimulation on GC—IN synaptic transmission. GC
axons were repetitively stimulated with an ISI of

30 ms. In some cases, synaptic failure and
disappearance of PPF;mp was observed (No-PPFayp,
left). When clear PPFamp occurred, PPPyecay Was also
observed (PPFamp, middle). Traces represent
superimpositions of EPSCs. For successful PPFzmp,
averaged traces of the first (grey traces) and second
(black traces) EPSCs were scaled to the same peak
amplitude (Averaged, right).
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to the dynamic clamp EPSCs with different t-values at
high temperatures (31-35°C). Slowing of the EPSC decay
increased EPSP half-width and time to the EPSP peak
(Fig. 12A and B). Furthermore, it also clearly augmented
the EPSP amplitude (Fig.12A and C). Thus, changes
in EPSC decay influenced not only the EPSP kinetics
(half-width and time-to-peak), but also EPSP amplitude.
Thus, it is highly likely that PPP e,y plays a significant role
in influencing the excitability of INs.

Second, we concomitantly adjusted decay-time and
amplitude of EPSCs to reproduce PPPycc.y and PPF,,,, and
monitored EPSP facilitation in the IN to evaluate physio-
logical significance of these PP-induced plastic changes
(Fig. 12D and E; Table 2). The relationship between ISI
and the PPR of EPSP amplitude was significantly different
depending on whether the decay-time component was
present or absent (F;ss =251.9, P<0.001; Fig. 12E).
At ISI values of 300 and 100ms, the presence of
prolonged decay caused only a very small increase in
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the PPR,,, of EPSP (Fig. 12E), suggesting that, at these
lower frequencies, the amplitude of EPSC is the main
determinant of IN excitability. By contrast, when ISI was
reduced to 30 and 15 ms, the PPPy,,-mediated increase in
the PPR,,, of EPSP climbed dramatically (Fig. 12E). This
suggests that PPPycc,, and PPF,,,, play differential roles in
positively controlling the excitability of INs depending on
the frequency of GC firing. Given that PPPgc,, increased
in response to increasing stimulation numbers (Fig. 11
and J; and see also Carter & Regehr, 2000), it seems
likely that PPPyc,y has a physiological impact on synaptic
information processing, especially when GC-IN synapses
transmit burst-like signals.

Discussion

There are three major findings of the current study. First,
repetitive activation of glutamatergic GC axon fibres not
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Figure 12. Impact of EPSC decay on the excitability of INs: a dynamic clamp analysis

A, representative voltage responses recorded from a single IN (V,, = —65 mV), showing EPSPs (top) in response to
EPSCs (bottom) applied with various decay-time constants. Dotted lines indicate EPSCs with decay-time constants
of 1.4 ms, and the EPSC-evoked EPSP. Continuous lines indicate EPSCs with decay-time constants of 2.9, 2.0, 1.7
and 1.5 ms, and the EPSC-evoked EPSPs (darker traces correspond to slower EPSC decays). B and C, summary
of the EPSP half-width (B) and amplitude (C). Each column represents the mean + SEM (n = 8). Open columns
indicate EPSP responses to EPSCs with decay-time constants of 1.4 ms, which correspond to the first (control)
EPSC. Filled columns indicate EPSP responses to EPSCs with decay constants of 2.9, 2.0, 1.7 and 1.5 ms, which
correspond to second EPSCs (ISIs of 15, 30, 100 and 300 ms, respectively). D, representative voltage changes
recorded from a single IN (Vi = —65 mV), showing EPSPs in response to paired-pulse EPSCs (ISI = 15-300 ms).
EPSPs were repetitively evoked with facilitation of EPSC amplitudes (PPFamp only, top), or with facilitation of EPSC
amplitudes and slowing of EPSC decays (PPFamp + PPPgecay, bottom). E, relationship between ISI and the PPR of
EPSP amplitude examined with (open circles) or without (filled circles) a decay component. Each point represents
the mean & SEM (n = 8), but SEM is not shown because it is less than the size of the symbols.
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only causes PPF,,, (Atluri & Regehr, 1998), but also
a significant presynaptic short-term plasticity PPPgecyy
of EPSCs recorded at the molecular-layer IN. Second,
different mechanisms appear to underlie PPF,,, and
PPPyecay. PPF.p, is elicited in part by an increase in the
number of vesicles released during a single action potential
(i.e. MVR). On the other hand, PPPyc.,, results not only
from: (1) a long-lived delayed release as described pre-
viously by other groups (Atluri & Regehr, 1998; Chen &
Regehr, 1999); but also from (2) an extrasynaptic spillover
of glutamate and the intersynaptic pooling that follows
(present finding). The latter mechanism is closely reliant
on PP-stimulation-induced facilitation of MVR. In this
context, two presynaptic action potentials at short inter-
vals are enough to elicit spillover-dependent processing of
neuronal information (see also Carter & Regehr, 2000).
Third, depending on the frequency of synaptic outputs
from the GC axons, PPF,,,, and PPPy,, play unique roles
in determining the excitability of the IN.

Different mechanisms underlie PPF,,, and PPPgecay

PP activation of GC axon fibres caused a facilitation of
the peak amplitude (PPF,,,) and a prolongation of the
decay-time (PPPgecay) of EPSCs recorded from INs (Fig. 1).
The relationship between facilitation magnitude and ISI
appeared to be similar for both PPF,,, and PPPgcy,
despite significant differences in the mechanisms under-
lying these processes. PPF,,, consists of at least two
components: (1) transient increase in the probability of
synaptic vesicular release and/or in the release sites, as
demonstrated by observations of increased frequency of
Sr’*-asynchronized EPSCs in response to PP activation
(Fig. 6); and (2) an increase in MVR, as demonstrated by
pharmacological tests relating AMPAR-antagonist binding
affinity and EPSC amplitude (Fig.5; see also Sims &
Hartell, 2005) and kinetics analysis showing that the
PP stimulation increased both the appearance of EPSC
doublets and the time-to-peak value of the EPSC (Fig. 7).

In the GC-IN synapse, repetitive-activation-induced
prolongation of the EPSC decay has been explained by
delayed release (Atluri & Regehr, 1998; Chen & Regehr,
1999). On the other hand, our present results indicate that
delayed release is not enough to convincingly describe the
mechanism of PPP ...y, and that extrasynaptic spillover of
the GC transmitter and subsequent intersynaptic pooling
of the transmitter also play a role to elicit PPPgec,y.
It is likely that contribution of delayed release and
spillover to prolongation of the EPSC decay is different
depending on the experimental condition, which includes,
for example, frequency, number and intensity of the GC
stimulation, and Ca*t concentration of the extracellular
solution.

Involvements of spillover and pooling in the induction
of PPPg..,, were demonstrated by five observations. (1)
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The decay-time constant of the second EPSC consists
of two components (Tgy and Tyew). PPPgecay resulted
from an increase in the 7y, component in the ratio
(namely, %ygo,) of the macroscopic EPSC (Fig.1). (2)
The low-affinity AMPAR-antagonist y-DGG decreased the
decay-time constant of the second EPSC by reducing the
%g1ow Value without significantly affecting that of the first
EPSC (Fig. 5). Thus, the decay kinetics of the second EPSC
does not appear to be determined solely by the closing
kinetics of AMPARs. Furthermore, AMPAR activation
appears to continue through the decay phase. (3) The
glutamate transporter blocker TBOA increased both the
Tgow and %y, values, but did not have any significant
effects on the first EPSC (Fig.8). (4) Furthermore,
retardation of extracellular diffusion of the GC transmitter
decreased %o Of the second EPSC (Fig.9). Because
the transporter-mediated glutamate uptake machinery is
distributed at perisynaptic sites, these findings strongly
indicate that PPPg,y is caused by a spillover of glutamate
into extrasynaptic space from the GC-IN synapse. (5) A
decrease in the number of GC axons activated during
the second EPSC significantly reduced the decay-time
constant (Fig. 11). This indicates that transmitter pooling
among active GC synapses is necessary to elicit PPPgec,y.
In summary, these findings indicate that peak amplitude
and decay kinetics of the macroscopic EPSC at GC-IN
synapses are composed by different, complex presynaptic
mechanisms.

The time interval required for exocytosis of two synaptic
vesicles from a single release site is markedly different
among synapses. In the cerebellar GC-stellate cell synapse,
for example, 15-20 ms intervals are required to mobilize
one vesicle from the releasable pool to translocate, dock
and prime (Crowley et al. 2007). In fact, the PPR,,, value
of GC-IN EPSC was similar at ISIs of both 15 and 30 ms
(P=0.91; Table 2), possibly due to depletion of the primed
vesicles during such short ISIs. Intervals between the first
and second events in the EPSC doublets at the PP-activated
GC-IN synapse were too short (~1 ms; Fig. 7) to release
the next vesicle at the single release site. Thus, it is likely
that the doublets and, possibly, the MVR originated in
vesicles released at different sites that are near the release
site that elicited the first event at the single terminal; both
of these could target the same population of postsynaptic
AMPARSs, rather than sequentially released vesicles at a
single release site.

In the cerebellar climbing fibre-PC glutamatergic
synapse, the transmitter glutamate is released not only
at the active zones but also at the ectopic sites (Matsui
& Jahr, 2003). Similar ectopic release of glutamate may
also play a role to elicit PPPyc,y at the GC-IN synapse;
however, the ectopic release at the climbing fibre is
mainly mediated by Ca,2.2 channel activation (Matsui
& Jahr, 2004), whereas PPP,, in the GC-IN synapse was
insensitive to Ca,2.2 channel blockade (Satake S and Imoto
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K, unpublished observation). Anyhow, in situations where
GC-IN synapses should transmit burst-like synaptic
information (for example, as in air-puff stimulation of
the rat vibrissae, which evoked approximately 75 Hz burst
of action potentials in cerebellar GCs; Chadderton ef al.
2004), PPPge,y likely plays a role in compensating for
inefficient PPF,,, due to the shorter time interval required
for vesicle priming processes (see also Fig. 1).

Physiological significance of PPPyecsy in information
processing in the cerebellar cortex

The cerebellum plays a pivotal role in the timing and
coordination of active movements iz vivo, and is thought
to be capable of processing timing information on the scale
of milliseconds to seconds. The sole output neurone PCs
are directly excited by GCs (ascending fibres and PFs), after
which they are inhibited by GABAergic activity through
molecular-layer INs activated by the same set of GC inputs.
Therefore, the efficacy of the asynchronously occurring
EPSPs in PCs is reduced by feedforward disynaptic
inhibition (Mittmann et al. 2005).

The results of our dynamic clamp test (Fig. 12) suggest
that PPF,,, and PPPy..,, play unique roles in determining
the excitability of INs. The mechanism described here
predicts that bursts of activity in GCs will activate post-
synaptic INs with significant PPF,,, and PPPyc,y. The
different types of PP-induced short-term plasticity should
play complementary and synergistic roles in augmenting
the efficacy of the burst signal, as PPPyc.,, seems to be
able to compensate the inefficient PPF,,,, (Fig. 1; Tables 1
and 2). However, because small numbers of coincident
excitatory quanta could reliably trigger action potentials
in cerebellar stellate cells (Carter & Regehr, 2002), further
study is necessary to evaluate physiological impacts of
PPF,n, and PPPy.,, on the IN firing. More recently,
Savtchouk and Liu (2011) reported that a fear-inducing
stimulus in vivo switches subtype of postsynaptic AMPARs
in mouse cerebellar stellate cells and thereby causes a
decay prolongation of the PF-mediated EPSCs, and this
prolongation leads to increases in EPSP amplitude and
probability of the action potential firing at the stellate cells.
Thus, both presynaptically and postsynaptically originated
plastic changes in the EPSC decay play a unique part in
controlling activity of cerebellar INs.

It is also likely that the large number of released
quantal vesicles underlying the PP-stimulation-evoked
macroscopic EPSC provides a means for minimizing the
contribution of stochastic variability in the time course
of release of individual quanta (DiGregorio et al. 2002).
Thus, not only the amplitude of the peak phase but also
the duration of the decay phase of the postsynaptic current
will play a role in encoding information between neurones.
In addition, GC inputs are the major determinants for the

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

Different forms of paired-pulse plasticity

5673

recruitment of INs in the feedforward inhibition circuit
to PCs (Bao et al. 2010). Because the inhibitory trans-
mission is thought to be involved in cerebellar learning
and memory (Santamaria et al. 2007), further scrutiny
will shed light on the physiological significance of the
different types of PP-induced plasticity (namely, PPF,,,
and PPPgcc,y) at the GC-IN synapse and their contribution
to neuronal information processing in the cerebellar cortex
in vivo.
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