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The mossy fiber (MF)-granule cell (GC) pathway conveys multiple modalities of information to the cerebellar cortex, converging on
Purkinje cells (PC), the sole output of the cerebellar cortex. Recent in vivo experiments have shown that activity in GCs varies from tonic
firing at a few hertz to phasic bursts >500 Hz. However, the responses of parallel fiber (PF)-PC synapses to this wide range of input
frequencies are unknown, and there is controversy regarding several frequency-related parameters of transmission at this synapse. We
performed recordings of unitary synapses and combined variance-mean analysis with a carefully adapted extracellular stimulation
method in young and adult rats. We show that, although the probability of release at individual sites is low at physiological calcium
concentration, PF-PC synapses release one or more vesicles with a probability of 0.44 at 1.5 mwm [Ca, , ].. Paired-pulse facilitation was
observed over a wide range of frequencies; it renders burst inputs particularly effective and reproducible. These properties are primarily
independent of synaptic weight and age. Furthermore, we show that the PF-PC synapse is able to sustain transmission at very high
frequencies for tens of stimuli, as a result of accelerated vesicle replenishment and an apparent recruitment of release site vesicles, which
appears to be a central mechanism of paired-pulse facilitation at this synapse. These properties ensure that PF-PC synapses possess a

dynamic range enabling the temporal code of MF inputs to be transmitted reliably to the PC.

Introduction
The very abundant granule cell (GC)-Purkinje cell (PC) synapses
are believed to be the storage site for much of the information
that is acquired during motor learning and then used during the
execution of coordinated movements. Synaptic plasticity at this
connection, in part controlled by the activity of climbing fibers,
has been studied extensively: the synapse exhibits at least post-
synaptic LTD and LTP (Hansel et al., 2001; Lev-Ram et al., 2002;
Coesmans et al., 2004; Ito, 2006), as well as a form of presynaptic
LTP (Salin et al., 1996). These plasticities are thought to result in
the broad range of synaptic weights observed in paired recordings
from the adult and also to generate the large majority of synapses
that have been deduced to be silent (Ekerot and Jorntell, 2001;
Isope and Barbour, 2002; Brunel et al., 2004).

Recent studies have highlighted the ability of GCs to discharge
action potentials over an extraordinarily wide range of frequen-
cies, up to 1 kHz (Chadderton et al., 2004; Jorntell and Ekerot,
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2006; Rancz et al., 2007; Arenz et al., 2008). Moreover, burst
firing appears to play a critical role in the rules governing the
induction of synaptic plasticity (Jorntell and Ekerot, 2002; Brown
etal., 2003; Bidoret et al., 2009). At a synaptic level, however, the
corresponding properties of GC-PC synaptic transmission are
unclear. It is unknown, for instance, whether the synapse can
sustain such high rates of transmission. There is also some uncer-
tainty in the literature regarding the release probability and the
paired-pulse ratio (PPR), with apparently different results being
obtained depending on the precise stimulation and recording
conditions (Perkel et al., 1990; Atluri and Regehr, 1996; Isope and
Barbour, 2002).

We therefore set out to investigate several interrelated prop-
erties of this key cerebellar synapse, focusing particularly on
frequency-related parameters, such as the release probability and
the PPR. We used recordings of unitary synapses and compared
them with responses to a carefully designed extracellular stimu-
lation method, enabling us to obtain equivalent results with both
techniques. We find that, despite a release probability greater
than reported previously, the parallel fiber (PF)-PC synapse is
able to facilitate over short bursts and sustain transmission at very
high frequencies.

Materials and Methods

Slice preparation. All experimental procedures conform to national and
National Institutes of Health guidelines on animal experimentation.
Slices were prepared from young and adult male Wistar rats (young,
P17-P21; adult, 2-3 months, 250—450 g). The short time window for
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young animals was chosen to minimize the impact of developmental
variation on the studied parameters. Methods for adult slices preparation
and paired recordings have been described previously (Isope and Bar-
bour, 2002). The (similar) methods detailed below are those used for the
young animals. Rats were anesthetized by inhalation of isoflurane. Ani-
mals were killed by decapitation, and the cerebellum was dissected out
and placed in a cold ACSF (4°C) bubbled with carbogen (95% O,, 5% CO,)
containing the following (in mm): 120 NaCl, 3 KCl, 26 NaHCO;, 1.25
NaH,PO,, 2.5 CaCl,, 2 MgCl,, 10 glucose, 0.00005 minocyclin (Sigma-
Aldrich). Transverse slices (330-um-thick) were prepared (Microm HM
650V; Microm) in potassium-based medium containing the following (in
mM): 130 K-gluconate, 14.6 KCl, 2 EGTA, 20 HEPES, 25 glucose, 0.00005
minocyclin, and 0.05 p-AP-5 (Dugué et al., 2005). After cutting, slices were
soaked a few seconds in a sucrose-based medium at 34°C containing the
following (in mm): 230 sucrose, 2.5 KCl, 26 NaHCO;, 1.25 NaH,PO,, 25
glucose, 0.8 CaCl,, 8 MgCl,, 0.00005 minocyclin, and 0.05 p-APV. Slices
were maintained in a water bath at 34°C in bubbled ACSF. Experiments were
doneat 34°C (in young and at 32°C in adult animals) using the same bubbled
ACSF containing 100 uM picrotoxin to block all inhibitory transmission. In
experiments using extracellular stimulations, NMDA, adenosine, CB,, and
GABA, receptors were blocked to limit modulation of EPSC amplitude
by stimulation-dependent activation of these receptors; respectively, the
following antagonists were added (in mm): 0.001 AM251 (N-(Piperidin-1-
yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-
3-carboxamide), 0.05 D-AP5 (D-(—)-2-Amino-5-phosphonopentanoic
acid), 0.0005 DPCPX (8-cyclopentyl-1,3-dipropylxanthine), and 0.001
CGP52432 (3-[[(3,4-dichlorophenyl)-methylJamino]propyl] (diethoxym-
ethyl)phosphinic acid). JNJ16259685 (3,4-dihydro-2 H-pyrano[2,3]3-
quinolin-7-yl)(cis-4-methoxycyclohexyl) methanone) (mGluR1 receptor
antagonist) was also added at 0.002 mm for 100 Hz trains. Drugs were obtained
from Tocris Bioscience or Ascent Scientific.

Recordings. In young rats (P17-P21), whole-cell patch-clamp record-
ings in voltage-clamp mode were obtained using 3—4 M() pipettes with a
Multiclamp 700 amplifier (Molecular Devices), and optimal series resis-
tance (R,) compensation (80% of 5-10 M(, typically) was applied. R,
was monitored in all experiments, and cells were held at —60 mV. The
pipette internal solution contained the following (in mm): 135 KMeSO,,
6 NaCl, 10 HEPES, 4 MgATP, and 0.4 Na,GTP, with pH adjusted to 7.3
with KOH (osmolarity to 300 mOsm). Voltages were not corrected for
the liquid junction potential, which was calculated to be 9 mV (i.e., the
real membrane potential was 9 mV more hyperpolarized than reported).
We accepted recordings for which the inward current at —60 mV did not
exceed 1 nA. No correlation between PPR and leak current (Spearman’s
rank order test for PPR at 50 Hz, p > 0.05, n = 55) was observed. Synaptic
currents in PCs were low-pass filtered at 2 kHz and then sampled at
20-50 kHz.

For paired recordings, loose cell-attached stimulation and recording
of GCs was performed using a purpose-built amplifier as described pre-
viously (Barbour and Isope, 2000). Only GCs in which an action poten-
tial could be distinguished clearly and elicited reliably were analyzed.
Only connections in which postsynaptic responses and presynaptic ac-
tion potentials had the same threshold were retained. Stimulation was
adjusted to be just suprathreshold so as to minimize the probability of
stimulating other nearby GCs or axons. To calculate the mean EPSCs, we
averaged together all sweeps in which GC excitation was successful.

Repetitive extracellular GC stimulation was effected by stimulating in
the GC layer with a 16-site iridium microelectrode array (type “A” probe;
NeuroNexus Technologies) combined with an ISO-STIM 01D (NPI
Electronic), allowing us to make bipolar stimulations between arbitrary
pairs of sites. Stimulation intensity was adjusted to evoke an initial cur-
rent of ~100 pA (110 £ 61 pA; n = 60). The low intensity and short
duration of the stimulation (6 = 3 V for 70 us, n = 60) minimized the
duration of the artifact. No correlation was observed between stimula-
tion intensity and PPR (PPR at 50 Hz, Spearman’s rank order test, p =
0.16, p = 0.31, n = 41) or between EPSC1 (A1) and PPR (PPR at 50 Hz,
Spearman’s rank order test, p = —0.13, p = 0.42, n = 41). By stimulating
in the deeper regions of the GC layer, we minimized PF recruitment that
might occur when stimulating near the molecular layer. The extracellular
stimulating electrodes were systematically placed laterally to the PC (in
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the direction of the PFs) and at a sufficient distance to ensure that only
parallel and not ascending axon synapses were activated. This placement
also facilitated avoidance of antidromic activation of the PC and stimu-
lation of the climbing fiber.

Definitions. It will be important below to distinguish clearly three dif-
ferent definitions of release probability and related parameters. We first
consider the quantal definition of a release site, which is a associated with
the release of zero or one quantum or vesicle. We term the probability of
this event Prg;,. and the complementary failure probability Pf;... A con-
nection between a GC and a PC is likely to comprise several such sites,
whose number we denote n. The combined probability of at least one
vesicle being released at a connection is defined as Pr,,,, whereas the
complementary failure probability (release of no vesicles at a connection)
is termed Pf,,.:

Pfsyn = (Pfsite)n = (1 - Prsite)n

Finally, N, P, Q are reserved for the mean—variance analysis of compound
synaptic responses evoked by extracellular stimulation described below.

Analysis of recordings from pairs of neurons. Data acquisition was per-
formed using pClamp10 (Molecular Devices). Analysis was performed in
the Igor graphing and analysis environment (Wavemetrics), using Syn-
aptix (B.B.), SpAcAn (Guillaume Dugué, Instituto Gulbenkian de Cien-
cia, Lisbon, Portugal), and macros developed in house (A.M.V.and P.I.).
Response amplitudes of individual EPSCs were measured automatically
as follows: (1) after smoothing of the raw trace, the procedure found the
minimum of the trace in a 5 ms time window after the stimulus onset;
and (2) the peak was estimated by averaging 20 points centered on the
minimum and subtracting the baseline value. Noise measurements were
obtained by applying exactly the same procedure to portions of traces
that contained no evoked responses. We define Al, A2, and A3 as the
evoked EPSC amplitude resulting from the first, second, and third
stimuli:

PPRA? mean A2 PPRAS — mean A3
A1 mean Al’ 2 mean A2

For frequencies >50 Hz, A2 and A3 were corrected for the residual cur-
rent of the preceding EPSC by fitting the preceding EPSC decay phase
with a single exponential and subtracting its value at the time point of the
EPSC peak being measured. Above 200 Hz, only the peak of the burst
response was measured (see Results). In a few pairs, the amplitude his-
tograms of evoked EPSCs and the noise histogram did not overlap, and
failures could then be identified unequivocally (n = 7 pairs). However, in
all other paired recordings, the low signal-to-noise ratio (SNR) pre-
cluded direct identification of failures and obliged us to use more indirect
methods for estimating this parameter. Our overall approach was to
compare amplitude histograms with measurements of noise to estimate
the proportion of failures (Pf,,,) in a given paired recording (Isope and
Barbour, 2002). Once the EPSC amplitude and noise histograms had
been obtained, Pf,,, was estimated by scaling part of the noise distribu-
tion to fit the corresponding range of the EPSC amplitude distribution.
We chose to scale the noise histogram to the EPSC amplitude histogram
for values greater than zero (EPSCs having negative amplitudes by con-
vention; for additional illustration, see Isope and Barbour, 2002, their
Figs. 4, 5). This analysis was performed for all pairs recorded (n = 18).
This procedure overestimates the proportion of failures when the SNR is
low. Therefore, although it is not accurate under all conditions, the esti-
mate does represent a reliable lower bound on the failure proportion.
This is useful in the present context because we shall seek below to estab-
lish that the Pr, ,, is higher than previously estimated.

Extracellular stimulation protocols and analysis. Acquisition of data was
performed using the WinWCP 4.2.x freeware (John Dempster, Strath-
clyde Institute of Pharmacy and Biomedical Sciences, University of
Strathclyde, UK). For PPR analysis, three stimuli were systematically
applied at various frequencies distributed randomly throughout the pro-
tocol and repeated at a rate of 0.1-0.14 Hz. All measurements were made
on averages of 20 traces. Because high-frequency stimuli were used, the
residual decay of Al contaminated A2 (see Fig. 3B). For frequencies
=100 Hz, A2 was calculated as described above by subtracting the extrap-
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olated exponential fit of the preceding EPSC. The fitting function was
calculated between 2 ms after the peak and the following artifact. For
frequencies =200 Hz, A1, A2, and A3 could not be discriminated.
Mean A1 was then the average of traces with a single stimulus. Mean
A2 was given by (average double-stimulus response — mean A1) and
mean A3 by (average triple-stimulus response) — (average double-
stimulus response). When measuring individual EPSCs at the second
stimulus (A2), residual current from A1l could not be estimated by a
simple exponential fit because of noise. We then used the mean decay
time constant from averaged EPSCs to correct amplitudes of individ-
ual EPSCs. In trains of 30 stimuli, individual amplitudes were deter-
mined as follows: (1) each EPSC,, of the averaged train was fitted using
a biexponential function; and (2) these fits were then used as tem-
plates to fit individual EPSCs in each train and used to estimate
residual current during the subsequent response.

Variance of the mean EPSC at the first stimulation (mean Al) was
calculated from at least 100 individual traces. Traces were analyzed only
if series resistance fluctuations were <15%. Because a slight linear run-
down was sometimes observed during recordings, spurious variance was
subtracted by using a linear fit of the time course of A1.

Variance—mean analysis. Variance-mean analysis was developed and
described in detail in previous studies (Silver et al., 1998; Reid and Cle-
ments, 1999; Clements and Silver, 2000; Humeau et al., 2001, 2002, 2007;
Clements, 2003; Silver, 2003; Saviane and Silver, 2007; Doussau et al.,
2010). Because of the long stable recordings required for these analyses,
they were applied to recordings in which compound GC responses were
elicited in PCs by extracellular stimulation in the GC layer. The responses
therefore comprised multiple synaptic connections. As a first approach
to analyzing these data, we applied a simple binomial model to the re-
sponses. This represents the stimulated synapses as an ensemble of N
independent release sites with a release probability P, and quantal size Q.

This simple model assumes that Pand Q are uniform; because this is an
unlikely physiological situation, the influence of possible heterogeneity
was also taken into account (see below). It should be noted that N is a
functional parameter and release statistics will only reflect sites that are
able to release vesicles. Thus, N does not take into account long-lasting
silent sites. In practical terms, only sites containing a readily-releasable
vesicle (i.e., docked and fully primed) would contribute to the observed
N (Humeau etal., 2001, 2002, 2007). Individual responses are assumed to
sum linearly (a significant approximation in the presence of multivesicu-
lar release). By the independence of the sites, their means and variances
also sum linearly. According to a simple binomial model, the mean of the
response (A) is given by

A=N-Prg.-Q,
with fluctuations of the responses around the mean having variance,
var = N - Prsire : (1 - Prsite) : Qz-

When only Pis modified (by changing [Ca?*],), var = f(A) is a parabola:

A
var=Q *+ A — N (1)
This can be used to estimate Pr;,., because Prg,. = 0.5 at the peak of the

parabola and 1 at the greater root of the parabola:

Prie = N-Q (2)

The initial slope of the parabola provides an estimate of the weighted
average of Q and the greater root of the parabola gives (N - Q). Neither
Prg. nor Qis likely to be uniform in practice. We have shown previously
that synaptic weights can vary widely without evidence of correlated
changes in release probability, which could imply strong variation of Q
(Isope and Barbour, 2002). Variation of Q in a multisite binomial model
will preserve the parabolic shape of the variance-mean relation, but the
apparent Q will be weighted toward the larger individual values of Q.

Variation in Prg,, causes departure from the parabolic form. For this
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reason, we applied multiple-probability fluctuation analysis (MPFA)
(Clements and Silver, 2000; Silver, 2003), which explicitly models non-
uniform Pr, values and also incorporates intersite and intrasite sources
of variance in the quantal size Q (Clements, 1991; Clements and Silver,
20005 Silver, 2003). Using this analysis, quantal parameters were esti-
mated by fitting the variance (var) of the mean amplitude (A) at different
Pry,. (by changing [Ca®"],) in each individual experiment by a simpli-
fied multinomial:

. Q-A-(1+a) R _ 2
var = Q'A—m '(1+CVQH)+Q'A'CVQI

(3)

were CVo; and CVy,; are the coefficients of variation (CV) of the in-
trasite and intersite quantum variability, and « is a family of 8 distribu-
tions that mimics dispersion of Pr;, (Silver, 2003). Because CV,; and
CVy; could not be evaluated separately, we made an estimation of the
total quantum variability (CV,) by recording quantal events in ACSF in
which Ca?" was replaced by 5 mm Sr2* (see Results). Therefore, we fixed

CVy; and CV y; at different values such that
CVg = CVg, + CVoy

Fits of the var = f(A) plots were weighted by the theoretical error of the

variance (O, p1.) for n observations (i.e., n EPSCs):

1 n—3
Tsample = || Ha = " H2 (4)
where w, and u, are the second and fourth central population moments,
respectively; h statistics were used to estimate these parameters (Silver,
2003). The dispersion in release probability was estimated as follows:

cv _ 1 - Prsire (5)
Priite Prsi[e + «

If the number of releasable vesicles in a given experimental condition is
not fixed, this can cause an increase of EPSC variance without changing
the mean, tending to lead to an overestimation of N.

Simple model of PPR. Let N1 and P1 represent the number of func-
tional release sites and their release probability at the first stimulus,
whereas N2 and P2 represent the analogous values at the second stimu-
lus. At the first stimulus, P1 - N1 vesicles are released, leaving (1 — P1) -
N1 sites filled with a release-ready vesicle. In the time interval between
stimuli 1 and 2, a fraction (R) of the sites emptied at stimulus 1 is resup-
plied with release-ready vesicles; their number is R - (P1 - N1). Thus, at
the second stimulus, the number of sites with a releasable vesicle is N2 =
(1 = P1)-N1 + R-(P1-NI). Accordingly, if the quantal size does not
change between the stimuli 1 and 2,

[@—=P1) - N1+R-Pl-N1]-P2
PPRA2 =
Al P1 - N1

which can be rearranged to

[1—=P1+R-PI]- P2
PPRA2 =
Al P1

Thus, the values of PPR depend on the rate of vesicle replenishment. If no
replenishment occurs between the two stimuli, PPR reaches its minimal
theoretical value:

(1-P1) - P2
PPRA = =
Al P1
In contrast, if complete replenishment occurs, PPR reaches a maximum

theoretical value:

L
PPI%_Pl
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We also considered the situation during which the number N of
release sites increases between the two stimuli. Therefore, the PPR
may be given by

[(@—=P1+ (R - P1)) - N1+ Nextra] - P2
PPR#2 =
Al P1 - N1

where Nextra is the number of extrasites with a releasable vesicle at
stimulus 2 that were reluctant at stimulus 1. In such a case, even if P1 =
P2 = 1 and no refilling occurs, PPR can theoretically reach values >1
R - N1 + Nextra

N 1).

Statistics. Unless stated, means are reported with SDs, whereas error
bars in figures represent SEMs, except in Figures 1E, 24, 4C,, and 5.
Unless stated, statistical tests were the nonparametric Mann—Whitney U
and Spearman’s rank order tests. On several occasions, we applied the
nonparametric “bootstrap” method (Efron and Tibshirani, 1993) for
estimating the standard error of complex parameters, in particular the
probability of failure (see Figs. 1, 3). Briefly, traces were selected ran-

(i.e.,

domly, with replacement, from those initially analyzed, until an equal
number was accumulated. The original analysis was then simply reap-
plied to this replicate data set and “bootstrap replicates” of the desired
parameter produced. Repetition of this procedure 10,000 times gener-
ated sufficient replicates to estimate the SE of the parameter replicates.
Despite the apparent circularity of reusing the sample data, the theory
underpinning bootstrap methods has demonstrated that the SE obtained
will be a good approximation to that of the underlying population.

Results

PF-PC connections

We recorded unitary GC-PC synaptic responses at near-
physiological temperature in transverse slices prepared from
young rats (Fig. 1; P17-P21, 2.5 mM [Ca®*],; 34°C) or adult rats
(Fig. 2; 2 mMm [Ca**],; 32°C). PCs were whole-cell clamped at
—60 mV via a somatic patch pipette and the EPSCs were elicited
by stimulating GCs. Combined loose cell-attached stimulation
and recording (Barbour and Isope, 2000; Isope and Barbour,
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Figure 2.

2002) was applied to GCs. Paired- or triple-pulse stimulations at
varying frequencies were applied. An example of a paired recording
in a young rat (Fig. 1 B) shows the action potential recorded in the
GC as a capacitive current and several EPSCs recorded in the PC.
Identification of connected GCs was performed by eye and con-
firmed by offline averaging of individual traces. For each connection,
we calculated the mean amplitude of EPSCs elicited by each stimulus
(mean Al and mean A2; Fig. 1B) including failures (which often
could not be identified). PPR,,, 4, was then given by (mean A2)/
(mean Al) as suggested by Kim and Alger (2001). In all, 18 GC-PC
pairs with detectable responses were obtained. The mean amplitude
of the first EPSC was 8.1 = 4.1 pA (n = 18; Fig. 1C) in young rats.

Modest paired-pulse facilitation and low failure probability at
unitary synapses

For each individual unitary connection, the PPR,,,,, was deter-
mined for a wide range of frequencies (0.3-200 Hz; Fig. 1 D) and
plotted against interstimulus interval (Af). In all but one pair
recorded, only facilitation was observed. In 16 of 18 pairs, the
time course of facilitation could be fitted by a single exponential.
Figure 1D, in which PPRs were averaged (n = 18; PPR,,,,, at 50
Hz = 1.7 + 0.14, PPR,, ,, at 100 Hz = 2.1 + 0.15; 7 = 29.4 +
8.49ms; [Ca’"], = 2.5 mM), shows that facilitation is modest and
decays more quickly than reported previously using compound
stimulation in the molecular layer (Atluri and Regehr, 1996; Fos-
ter et al., 2005). Because averaging PPR across pairs gives the
same importance to small, noisy connections as to strong con-
nections, we also averaged the mean amplitude from all pairs and
then plotted the ratio of these means as a function of interstimulus
interval. Very similar values of PPR and time course of facilitation
were obtained (PPR,,,,, at 50 Hz = 1.54, PPR,,,,, at 100 Hz =
1.99; 75, = 25.3 * 8.7 ms, n = 18; Fig. 1D), suggesting that the

Mean Al (pA)

PPR at unitary GC—PC connections in young and adult rats. A7, Plot of all PPRs against mean A1 including failures at
25 Hz for GC—PC connections in young rats. Error bars are bootstrap estimates of the SE of the mean A1 (x-axis). For the ratios
( y-axis), error bars were calculated using the following formula: SE,, ,, ~ (A2/A1).sqrt.((SEA]/AU2 + (SE4,/A2) 2). A2, Same
plot for adult connections. Dashed lines represent the 5th and 95th percentiles of the distribution of ratios of two Gaussian
distributions, whose means are in the ratio (A2/A1) = 1.25, of which the lesser amplitude (A1) is given on the x-axis of the plot. The SDs of
the Gaussians are the mean SE of the amplitude measurements (1 pA). Note that adult pairs were recorded at 2 mu [Ca > ] and young pairs
at2.5mu[Ca®"]. BT, Plot of mean A2including failures against mean A1 including failures for allindividual connections and linear it (solid
line) for three different frequencies of stimulation (100, 25, and 10 Hz). B2, Same plot for adult pairs at 25 Hz.

of Isope and Barbour (2002), based on the
comparison of the histogram of EPSC am-
plitudes and that of the noise. Pf,,, at 2.5
mm [Ca®"], was obtained by scaling the
two amplitude histograms (mean Pf,, at
Al =0.14 = 0.15; n = 18). Note that here
we refer to the global failures of transmis-
sion at the GC-PC connection; these re-
quire a failure of vesicle fusion at each
release site of the connection. Figure 1E
shows a scatter plot of the failure proba-
bility estimates against mean Al. Reproducing this analysis for
the second response (A2) at 25 Hz showed a significant decrease
in Pf,, at the second stimulus (mean Pf,, », = 0.05 = 0.09; n =
9, p <0.01, Wilcoxon’s paired rank test), leading to an absence of
failures in five pairs. It should be noted that this method overes-
timates Pf,,,, when EPSC amplitude and noise histogram overlap
(Isope and Barbour, 2002). The actual composite Pf,,, is thus
certainly equal to or lower than 0.14 at 2.5 mm [Ca”*].. This
value of Pf,,, allows us to make a first estimate of the release
probability at an individual site, by combination with the esti-
mate of seven to eight docked vesicles at the PF-PC synapse re-
ported by Xu-Friedman et al. (2001). Thus, Pf,,, = (1 — Prg.)"
where n = 7 or 8, which yields Prg,, = 0.22-0.24.

We tested the possibility that desensitization of postsynaptic
receptors could reduce PPR. We choose a sample of paired re-
cordings in which the amplitude histogram did not overlap with
that of the noise, allowing successes of transmission to be dis-
criminated unequivocally from failures (Saviane and Silver,
2006). Although this method might appear biased by the selec-
tion of stronger connections, the putative involvement of desen-
sitization at the second stimulus would presumably tend to be
overestimated. At 100 Hz, we compared the average amplitude of
the second EPSC when a failure occurred at the first stimulus with
the average EPSC when release of vesicles was observed at the first
stimulation (Fig. 1 F). Remarkably, no difference in the ampli-
tudes of the EPSCs elicited by the second stimulus was detected
between the two conditions (mean A2 when there were failures at
the first stimulation = 12.8 = 2.4 pA; mean A2 when there were
successes at the first stimulation = 12.9 = 1.6 pA; n = 7 cells,
Wilcoxon’s paired rank test, p = 0.93). This suggests that neither
postsynaptic desensitization nor depletion of vesicles play a sig-
nificant role under these conditions.
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High fidelity of synaptic transmission during high-frequency bursts. 4, Increased reliability of GC—PC transmission during high-frequency bursts of stimuli. Top, Example of G(C—PC

paired recordings for one stimulus and three stimuli at 400 Hz. Solid dark line, Their averages. Bottom left, Amplitude of summated EPSCs against interstimulus interval. Bottom right, CV against
interstimulusinterval. Red, Mean A1. B, Extracellular triplet stimulation in the GC layer. Top, Examples of traces with intra-triplet frequencies ranging from 5 to 500 Hz. Bottom left, EPSC decays were
fitted with a single exponential (dotted line), and the amplitudes of EPSCs were measured after correction for residual amplitude of the preceding EPSC. Bottom right, At frequencies 100 Hz, EPSC
amplitudes were extracted from average responses to single, double, and triple stimuli. €, Red, Mean PPR,, ,; as a function of interstimulus interval using extracellular stimulation (with a
logarithmic x-axis). Black, Mean PPR,,, 4, in paired recordings (same as Fig. 1). Inset, Same data with a linear axis. D, Mean PPR, 3 ,, as a function of interstimulus interval with a logarithmic x-axis.

Inset, Same data with a linear axis.

Variability of paired-pulse facilitation at unitary connections

Paired GC-PC recordings allowed us to study the variability of
PPR between unitary connections. Thus, at 25 Hz, PPR,,,A;
ranged from 0.8 to 2.1. Plotting PPR against mean EPSC ampli-
tude for all pairs recorded in young rats (Fig. 2A,) and in adult
rats (Fig. 2A,; dataset described by Isope and Barbour, 2002)
appeared to show a tendency for PPR to increase with decreasing
EPSC amplitude. Similar trends have been interpreted as reflect-
ing a decreasing Pr,,, with amplitude (Markram et al., 1997).
However, the effect of the low SNR of the small connections must
be taken into account. In general, any ratio with a small, noisy
denominator can show great variation. This can be understood
by considering the ratio of two Gaussians; the resulting Cauchy
distribution has neither mean nor SD because sometimes a divi-
sion by zero occurs. The effect of the small noisy denominator is
apparent in the broad spread of PPR values at small Al. This
spread can plausibly be explained as the result of a noisy ratio
with a fixed underlying PPR, as shown by the 5th and 95th per-
centiles of the simulated distribution of the ratio of two Gaussians
whose means were in the ratio 1.25 and whose SDs were the
(approximate) SE (1 pA) of the mean amplitude (Fig.2A.). Thus,
in adult rats, all connections may share similar values of paired-
pulse facilitation (~1.25 in adult pairs at 25 Hz and 2 mMm

[Ca“]e). We then plotted mean A2 versus mean Al for all con-
nections (Fig. 2B), because this representation does not suffer
from the same sensitivity to noise as does a ratio with a small and
noisy denominator (Kim and Alger, 2001). The plot could be well
fitted by a line, the slope of which gave the PPR. Determina-
tion of PPR by averaging all A1 and A2 (Fig. 1D) or by fitting
A2 versus Al of all connections with a single line (Fig. 2 B) give
very similar PPR,,,,; values for all frequencies tested in both
young rats (Fig. 2B;, PPR;, ., = 2.06 = 0.12, PPR,, ., =
1.35 = 0.01, PPR,yy e = 1.15 * 0.05; 2.5 mm [Ca®™],) and
adult rats (Fig. 2 B,; PPR, s = 1.26 * 0.05; 2 mM [Ca®™],).
These findings demonstrate that PPR at the PF-to-PC synapse
is a parameter that depends on the frequency of stimulation
but appears to be independent of synaptic weight.

High fidelity of synaptic transmission at unitary synapses
during high-frequency bursts

Because in vivo experiments have shown that GCs can fire at very
high frequency (Chadderton et al., 2004; Jorntell and Ekerot,
2006; Rancz et al., 2007; Arenz et al., 2008), we applied short
bursts of three stimuli at higher frequencies (up to 1 kHz; Fig. 3A)
to investigate the behavior of the synaptic response at these fre-
quencies. Separation of EPSCs was not possible >200 Hz, so we
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measured the amplitude and CV of the compound EPSC. As
shown in Figure 3A, bursts of action potentials led to a fourfold
increase in the compound response, a fourfold decrease in CV
and a corresponding fourfold increase in the SNR (SNR,.,,; =
2.2 vs SNR o 1, = 10, where SNR = mean/SD), showing that
release of vesicles was sustained to the third stimulus. At 1 kHz,
the modest enhancement in burst amplitude and the higher CV
than at lower frequencies suggested that action potential initia-
tion failed in a few trials because of the refractory period, which is
~1 ms under these conditions (Isope and Barbour, 2002).

We conclude the following from our unitary synapses: (1) the
GC-PC connection shows a low probability of failure of trans-
mission; (2) the synapse nevertheless facilitates; and (3) high-
frequency bursts of action potentials elicit strong, reliable
responses. To understand the mechanisms underlying these phe-
nomena, we then studied more systematically the properties of
the GC-PC synapse.

GC layer stimulation reproduces the PPR

of unitary connections

Unfortunately, paired recordings between GCs and PCs do not
allow extensive characterization of synaptic parameters, such as
the probability of release and the rate of vesicle replenishment,
because high-frequency stimulation in the loose cell-attached
configuration frequently led to breakdown of the GC membrane.
For this reason, we used extracellular stimulation using iridium
multi-electrode arrays placed deep in the granular layer (see Ma-
terials and Methods and Fig. 1 A). GC stimulation should gener-
ate a more diffuse pattern of active PFs than stimulation in the
molecular layer. The use of the metal electrode arrays enabled
balanced and low-voltage bipolar stimulation, reducing the arti-
fact and accelerating recovery between stimuli. The deep position
in the GC layer prevented inadvertent stimulation of PFs. We
applied up to three stimuli at high frequencies. For frequencies up
to 100 Hz, EPSC amplitudes were corrected for the residual cur-
rent from the preceding current (Fig. 3B; see Materials and Meth-
ods), whereas above 100 Hz, the mean Al, A2, and A3 were
estimated using a three-step protocol in which sequences of one,
two, and three stimuli were applied. The mean A2 and A3 were
then estimated by subtraction (Fig. 3B; see Materials and Meth-
ods). No significant differences were observed between PPR val-
ues from unitary connections and those obtained using GC layer
stimulation (Fig. 3C; nonlinear regression analysis test, p = 0.11).
For intervals of 5 ms and greater, PPR,,,, decreased exponen-
tially with interval; the values obtained were lower than most
published values over the whole frequency range (Matsukawa et
al., 2003; Foster et al., 2005). Furthermore, as observed in paired
recordings, for all these frequencies, the facilitation of the re-
sponse induced by the first stimulus was maintained from the
second to the third stimulus (Fig. 3D). PPR 5., and PPR,,,,; at
the shortest intervals, 1 and 2 ms, deviated from the extrapolated
curves fitting the data for longer intervals. The reciprocal de-
crease of PPR,,,,, and increase of PPR,,,, suggested that the
deviations were caused by failures of excitation. Some stimuli
could plausibly have fallen into at least the relative refractory
period at these intervals (measurement of the refractory period in
GCs under similar conditions found values ~1 ms; Isope and
Barbour, 2002).

The combination of a significant release probability (see
the above estimate Prg;,. = 0.22—0.24) and paired-pulse facil-
itation might be expected to lead to rapid exhaustion of the
readily-releasable pool (RRP). If we assume a slow rate of
vesicle replenishment (Pyle et al., 2000) at 2.5 mm [Ca*"], and
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an initial Prg,. = 0.22, 22% vesicles in the RRP would be released
at the first stimulus and 78% remain available. Given a PPR 5,
= 2.3at200 Hz (Fig. 3C), 51% of quanta would be released at the
second stimulus. After two stimuli, only a fraction 100-51-22 =
27% of vesicles of the initial RRP would remain for a third re-
sponse, which should therefore be severely depressed (predicted
PPR 5,40, 27/51 = 0.5). This prediction was, however, not veri-
fied, because PPR, 5,5, = 1.13, indicating that 1.13 X 51 = 58%
of the initial RRP was again released (Fig. 3D). This implies that a
number of vesicles equivalent to 31% of the initial pool were
recruited, docked, and fully primed to be ready for release in 10
ms. This calculation clearly indicates that the observed PPR val-
ues obtained at 2.5 mm [Ca**], during triplet stimulation at high
frequency cannot be explained simply by an increase of a uniform
Prge at the time of stimuli 2 and 3.

Three scenarios could explain the increase in the number of
vesicles released during short bursts of three action potentials: (1)
initial release probability at individual release sites was lower than
estimated; (2) the apparent number of active release sites (N)
increased during the interstimulus interval or reluctant sites are
recruited; and (3) a high rate of fusion site replenishment with
release-ready vesicles compensates for vesicles released. We shall
first explore in detail the initial release probability.

Determination of release probability at the

PF-to-PC connection

The determination of release probability of individual release
sites, Prge, by the identification of quantal peaks in synaptic am-
plitude histograms was precluded by the small size of the quantal
event and its variability compared with the level of noise (Cle-
ments, 1991; Larkman et al., 1991). We therefore used protocols
modifying initial Pr,.. Varying extracellular [Ca*"], dramati-
cally altered A1 (Fig. 4A) as expected if initial Pr,. varied. For
example, in the experiment in Figure 4A, Al ranged from 2.5 pA
at 1.5 mm [Ca’"], to 277 pA at 4 mm [Ca®*], (mean Al = 17.3
pAat1.5mmMm [Ca’*];mean Al = 171.4pAat4mm [Ca’t ] n =
9). The relation between mean Al and [Ca®"], could be well
fitted by a sigmoid function (Fig. 4A,) as shown previously at
many connections (Augustine and Neher, 1992; Mintz et al.,
1995; Foster et al., 2005). If we assume that the plateau of fits
represents the maximal release probability and not saturation of
postsynaptic receptors (see below), we can interpret the EPSC
amplitude relative to the plateau as being approximately propor-
tional to the release probability. Thus, based on the sigmoid fit,
average Pry;,. would be close to 0.7 at 4 mm [Ca®"], (Fig. 4A
Prg. = 0.2 at 2.5 mm [Ca®"],; Prg,. = 0.08 at 1.5 mm [Ca*"],).
The possible influence of postsynaptic receptor saturation was
examined by performing a set of experiments using the low-
affinity competitive antagonist y-D-glutamylglycine (yDGG) (4
mM) to relieve AMPA receptor saturation. Application of yYDGG
(4 mm) reduced EPSC amplitudes by 94.1% at 2.5 mm [Ca®*],
(control: mean A1 = 518.9 * 306.5 pA; yDGG: mean Al =
32.3 + 28.5 pA, n = 5 cells). [Ca®" ], was then varied from 1.5 to
6 mM, and mean EPSC amplitudes were measured at the steady
state. Figure 4A, (red dots) shows that the normalized relation
EPSC = f([Ca*"].) in yDGG is close to that observed in control
conditions (Prg, = 0.1 = 0.04 at 1.5 mMm [Ca**]; Pry, = 0.26 =
0.17at2.5mm [Ca*"]; Pry. = 0.57 £ 0.09at4 mm [Ca* "], n =
5). Assuming that the effect of YDGG is at least partially compet-
itive with the synaptic glutamate transient (i.e., that some yDGG
unbinds before the glutamate transient decays), these data sug-
gest that AMPA receptor saturation did not influence our results
at concentrations up to 4 mm [Ca*"], We note, however, that a
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competitive antagonist would be expected
to deform the curve of A1 versus [Ca®"],
by inhibiting more strongly the smaller EP-
SCs, which are presumably produced by a
lower glutamate concentration. This does
not appear to have occurred. An absence of
multivesicular release could provide an ex-
planation, but this would contradict our
and others’ estimates of n = 7 releasable ves-
icles at this synapse. It also seems unlikely
that yDGG is entirely uncompetitive given
its widespread use as a competitive antago-
nist, although slow kinetics of glutamate un-
binding from the receptors combined with
rapid dilution of released glutamate might
conceivably prevent the yDGG from com-
peting effectively.

The release probability of 0.25 and the
maximum response estimated to corre-
spond to seven releasable vesicles can be
interpreted to give information about
AMPA receptor occupancy. The AMPA
receptor occupancy resulting from the re-
lease of a single vesicle is unlikely to ex-
ceed 100/7 = 14%. This is significantly
lower than that estimated at the mossy fi-
ber—GC synapse (DiGregorio et al., 2007),
possibly reflecting differences in synapse
geometry or receptor properties, but
agrees closely with modeling of diffusion
and receptor activation at small synapses
(Barbour, 2001).

Plotting mean PPR,,,,, against [Ca*"],
(Fig. 4B,) highlights the strong correlation
between PPR and initial Prg,. at the first
stimulus. Interestingly, when the time
courses of the PPR were plotted at all cal-
cium concentrations, they could be fitted by
single exponentials having very similar time
constants whose mean was 22.6 = 2.7 ms
(Fig. 4 B,; respectively, T = 20.4, 25.3, 19.3,
and 25.2 ms at 1.5, 2.5, 3, and 4 mMm
[Ca**],). The time course of paired-pulse
facilitation was therefore relatively indepen-
dent of calcium concentration.

To obtain an independent estimate
of Pr,., we analyzed the synaptic ampli-
tude fluctuations of compound EPSCs
(A1) evoked by extracellular stimula-
tion in the GC layer at different [Ca®"],
(see Materials and Methods). The variance
of Al was then determined and plotted
against the corresponding mean A1 at dif-
ferent [Ca®*], (n = 9; Fig. 4C,). The
var = flmean Al) relationships were well
fitted by parabolae (Eq. 1), as expected for
a variation in Prg,.. From the individual
parabolae obtained in each experiment,
we determined Q and N (mean Q =
10.8 = 3.9pA, mean N =72 = 64,n =9).
According to Equation 2, Prg,. = 0.26 =
0.15 (n = 9) at 2.5 mM [Ca**], in agree-
ment with previous results (Sims and
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Figure4. Estimation of initial Pr,, at GC—PCsynapses. A7, Time course of A1 as [Ca®*], was varied: 2.5, 4, and 1.5 mm. Insets
atright, Averages of 10 traces at 2.5, 4, and 1.5 mm [Ca 2+]e. Numbers refer to the time points identified in the time course. A2,
Average of mean A1 for all experiments as a function of [Ca** ], normalized to the value at 2.5 mm [Ca2*],, in control conditions
(black circles; n = 9) and in the presence of -yDGG (red circles; n = 5) fitted by a sigmoid using the following formula: base +
max/(1 + exp (([Ca* "1, — [Ca>*1,)/rate))). In control conditions, base = 0.02, max = 5.17,[Ca*" 1., = 3.38, rate = 0.76;
in yDGG, base = 0, max = 5.28, [Ca® "], = 3.64, rate = 0.77. BT, Mean PPR,, ,, at different interstimulus intervals (from
black line to light gray line: 5, 20, 200, and 2000 ms), as a function of [Ca 2™ ], (n = 10) fitted by a single exponential. Inset, Same
plot formeanPPR ;.. B2, Mean PPR,, ., as a function of interstimulus interval at 1.5 mm (blue, n = 4), 2.5 mu (purple, n = 10),
3 mw (green, n = 4),and 4 mu (red, n = 9) [Ca*"], fitted by a single exponential. Inset, Same plot for mean PPR . €T,
Variance—mean analysis: example of variance of A1 at 1.5, 2.5, and 4 mw [Ca2*], for one experiment plotted against mean A1
(same cell asin A7) and same color code as in €7. Each experiment was fitted by a parabola using a binomial model (dotted line) or
amultinomial model with CV, = 0.2 and CV,, = 0.34 (solid line). Error bars are an evaluation of the theoretical error of the sample
variance (0g,q,pe) for n observations. Inset, Individual values of @ and N (n = 9) obtained using the multinomial model. €2,
Parabolae for all cells (n = 9 cells) normalized at the maximum variance (var,,,) and maximum amplitude (N - Q). Color-filled
circles represent the mean variance of A1 for all experiments and the corresponding initial Pr for 1.5 mm (blue, Prg,, = 0.08 =
0.08), 2.5 mm (purple, Pr,, = 0.25 = 0.16),and 4 mw (red, Pr,,, = 0.67 = 0.17) [Ca*],. Inset, Individual values of Pr, at 2.5
mmCa®" (n = 9).D1,PPR,,,, of each experiment as a function of initial Pr,, estimated in Figure 4C2 and fitted by aline (n =
9 cells) at 5, 20, 50, and 200 Hz. D2, Initial Pr;,, of GC—PC paired recordings estimated by comparison of their PPR with the data in
D1. The estimated Pr,, was 0.31 = 0.26 (red triangle) at 2.5 mu [Ca** 1.,
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Table 1. Estimated Pr;,, using different methods

MPFA MPFA
[, (V=04 (V=02
(mw) Control YDGG Binomial v,=04) V,=0.34)
15 0.08 =004 01004 008008 007008 008=*0.08
2.5 0.2 026 £0.17 026015 024015 025%0.16
4 0.7 = 0.41 057 =009 071*0.14 0.65*018 0.67 *=0.17

Pr,owere estimated directly from the A1 = f([Ca "], ) relationship in control conditions (first column) and during
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different synaptic release sites was not strongly modified when
Pr. was modified. We also estimated the non-uniformity of
Prg: mean CV of Prg,. = 047 £ 0.43 (n = 9). To pool the
variance—mean data obtained from multiple experiments, indi-
vidual plots were normalized by their peak variance (var,,,,) and
by Al,,.. given by NQ (Fig. 4C,; Doussau et al., 2010). Figure 4C,
shows a summary of the data fitted with the MPFA method and

then normalized as explained. In Figure 4C,, the mean values

perfusion of 4 mu yDGG (second column) or from variance—mean plots fitted by a simple binomial model (third were Prg.. = 0.08 = 0.08 at [Ca”]e = 1.5mMm, Prg,. = 0.25 =
column) or a multinomial model (fourth and fifth columns). 0.16 at [Ca”]e = 2.5 mM and Pry. =
0.67 = 0.17 at [Ca*"], = 4 mm. The Prg,
values at 1.5, 2.5, and 4 mMm [Ca®"]. from
A B e
— 81.57 o the four different methods used were
<2 8 : summarized in Table 1. They all gave very
S 75z £ 1 S0Hz similar results.
< ‘ > The relation between PPR 5, and Pr,
Q =] . . .
2l g 0.5 was constructed from experiments in which
'g = the PPR was determined and the Prg;,. was
S 0 g obtained from a variance—mean analysis
0 400 800 & 0 0 ' 0.5 ) 1 (Fig. 4D,). A linear relationship between
Mean Amplitude (pA) Release Probability PPR,;/4; and Prg, could be established for

Figure5.

Hartell, 2005). The value of Q is also in agreement with the esti-
mate deduced from the amplitudes of asynchronous individual
(i.e., monoquantal) events when EPSCs recorded in PCs were
evoked after replacement of extracellular Ca** ions by 5 mm Sr>*
(median = 11.5 pA; mean = 13.1 = 6.3; n = 1007 mEPSCs from
6 cells). However, it should be noted that both of these quantal
estimates may suffer from error. Detection of mEPSCs is subject
to a threshold, and it is likely that some mEPSCs fall below it.
The mean of the detected mEPSCs will therefore tend to over-
estimate the true amplitude. Conversely, the simple binomial
model overestimates Q, too, in the way that it does not take
into account the quantum variability (see below), overesti-
mating Q by a factor (1 + CVQZ) (Silver, 2003).

Because the simple binomial model does not take into account
non-uniformity of Prg;,. and Q, we also analyzed our data using
MPFA (Silver, 2003). Quantal parameters were extracted by fit-
ting the var = f{mean A1) relationships obtained from each ex-
periment with a multinomial (Eq. 3) weighted by the theoretical
error of the sample variance for n observations (i.e., n EPSCs; Fig.
4C,; see Materials and Methods). The compound CV, (i.e., in-
trasite and intersite variability) was estimated from the ampli-
tudes of asynchronous individual events recorded in 5 mm Sr>*.
The value CV4 = 0.4 was similar to those reported for other
excitatory synapses (Silver et al., 1998, 2003; Bekkers and Cle-
ments, 1999). Because it was not possible to estimate the coeffi-
cients of variation of the intrasite (CV,) and intersite (CV ;)
quantal variability, we tested several scenarios that all gave similar
estimates of Pr,. (Table 1). For the rest of the study, we used
CVqr = 0.2 (Silver et al,, 1996) and thus CV4;; = 0.34 (see Ma-
terials and Methods). Overall, the parameter « introduced in
Equation 3 to mimic dispersion of Pr;, was found to be scattered
(median = 2.11), suggesting that variability in Prg, between the

site

Additional release sites during high-frequency triplet stimulation. 4, Example of variance—mean analysis of A1 (filled
black circle) and A2 (open black circle) for one experiment at 75 Hzand 2.5 mm [Ca® 1, Error bars are T sample (s€€ Results). Errors
of the variance calculated by the bootstrap method were similar (o, = 484 pAZvs Oample A2 = 403 pA %), The parabola was
estimated from variance of A1at 1.5, 2.5, and 4 mm [Ca 2Jr]e. Dashed line is the simulated parabola expected if no replenishment
of vesicles occurred between A1and A2 (N - P vesicles released between A1 and A2). Open light gray circles, Corresponding points
of same mean amplitude on simulated parabolae. B, Averaged variance—mean analysis for A2 at increasing frequencies (5-75 Hz,
open circles) superimposed on the average parabola of normalized variance—mean analysis for A1 (solid line and filled circles).
Dashed line is the averaged simulated parabola expected if no replenishment of vesicles occurred between A1 and A2.

each frequency of stimulation: for instance,
at 50 Hz, PPR,,/,; = 2.12-1.48 Prg. As
already suggested by Figure 3 C and D, for
all frequencies of stimulation PPR > 1,
even for Prg,. > 0.5. The maximum theo-
retical values of PPR (see model of PPR in
Materials and Methods) occur when Pr,,
= 1 at the second stimulus (P2 = 1) and
thus PPR,,,,, = 1/P1 (P1 corresponding to
Pr,. at the first stimulus). We found that,
at 200 Hz, when P1 = 0.25, PPR,,,»; = 2.8 (Fig. 4D;), which is
below the theoretical maximum of 4 (i.e., 1/P1 = 1/0.25). How-
ever, when P1 = 0.65, PPR,,,,; = 1.5 which corresponds to the
maximum theoretical value (i.e., 1/0.65 = 1.54; Fig. 4D,), sug-
gesting that all release sites were replenished between the two
stimuli (in 5 ms). Note that, at 200 Hz, receptor desensitization
cannot be excluded and the observed PPR may even underesti-
mate the number of vesicles released. Such a high rate of reload-
ing of individual empty sites would be in the range of the fastest
rates reported (Dittman et al., 2000; Crowley et al., 2007). An
alternative possibility is that release sites that were nonfunctional
(or reluctant) at the first stimulus could contribute to exocytosis
at the second stimulus. This hypothesis will be tested below.

Using the calibration relation of Figure 4D, between PPR and
Prg.> we then estimated that the average Pr;,. at individual GC-PC
connections was 0.31 = 0.4 at 2.5 mm [Ca**], (Fig. 4D,). Having
obtained several independent estimates that were all consistent with
a Pry,. of 0.24, we could then combine this value with the estimated
Pf,y (0.14) obtained from the stronger connections among the
paired recordings (Fig. 1 E) to estimate the average number of release
sites, 1, at a single GC-PC connection. According to a binomial
model, n = log(Pf,,,,)/log(1 — Pr), which gives n = 6.8 release
sites, a number close to the number of docked vesicles reported at
this synapse (Xu-Friedman et al., 2001).

Additional release sites during high-frequency

triplet stimulation

The combination of a release probability of ~0.24 and paired-
pulse facilitation might be expected to lead to rapid exhaustion of
the RRP (see above). We therefore investigated whether recruit-
ment of additional release sites (i.e., an increase in the number of
functional release sites, N') could explain the strongly facilitated
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second and third responses (Fig. 4 B). We A B
used variance—mean plots, which allow a - 3 20Hz
graphical determination of modifications <1 o © 50Hz
of the binomial parameters N, P, or Q (see mg & :?(S)IO{PZIZ
Materials and Methods; Clements and Sil- A = 2 i
ver, 2000; Humeau et al., 2001). The re- §0-5 $ !
spective means and variances of the 8 A o14----J1
amplitudes of the first (A1) and second S 04 i i i . -
(A2) EPSCs at 2.5 mM [Ca®"], were cal- 0 100 200 300 0 10 20 30
culated at 5, 20, 50, and 75 Hz (Fig. 5) in Mean Al (pA) Stimulation number
five experiments. These were fitted by ei-
ther Equation 1 (Fig. 5) or Equation 3 C D
(data not shown). Whereas the individual -qg) 5017 0200z o S0kiz @751z @ IOOHZ‘,. § 301
(var,,, mean A1) points should fall on the =40 = 40+
parabola by construction, this is not nec- § 30 g

. . 5] < 304
essarily the case for the points (var,,, o o
mean A2) from the second stimulus. If no g 20 i 'g 204 -
change in Q occurred, the (var,,, mean = 10 : /105 Nowa ERTY ©50Hz
A2) points should fall on avar,, = flmean § _‘w § 0 :ZSS‘I_ZIZ
A2) relationship with the. same initial ) 0 500 1000 1500 0o 10 20 30
slope (Q unchanged) but with a different Time (ms) Stimulation number

N2, which determines the greater root of
the parabola. N2 represents the number of
release sites at which a vesicle ready for
release was available at the time of A2.
Two extreme situations can arise depend-
ing on the rate of vesicle replenishment. If
no replenishment occurred between stim-
uli, then N2 = N1 - (1 — P1); if replenish-
ment were complete, however, N2 = N1
(see model in Materials and Methods). Thus, if no extra sites
(Nextra) are recruited between Al and A2, the (var,,, mean A2)
points should fall between the parabolae, corresponding to these
two extremes (Fig. 5A, gray area). Conversely, if extra sites are
recruited between stimuli, the extent of the var = f{mean A2)
relationships may be larger than those determined for A1. In this
case, its extent would be determined by the number of sites not
used at A1 (i.e., at which a vesicle remains) + the number of
emptied sites replenished between A1 and A2 + Nextra sites (see
model in Materials and Methods). If Nextra is greater than the
number of nonreplenished sites after A1 (var,,, mean A2), points
may lie above the parabolae for Al. Note that the increase in
amplitude of A2 may combine alterations in N and of Prg,. (as a
result of residual calcium). Because release is probabilistic, N2
will vary, and this additional variance may obscure the reduction
expected from the vesicle depletion resulting from the first
release.

We observed that, up to 50 Hz, although ~25% of the sites
would have been emptied at the first stimulus (Prg,. = 0.25at 2.5
mMm [Ca**],), the points for Al and A2 both lay on the same
parabola (Fig. 5B). This suggests that, during the corresponding
interstimulus interval, sites emptied at A1 have been fully replen-
ished or recruitment of Nextra sites had compensated those not
replenished at the time of A2. However, at 75 Hz, A2 points
clearly deviated from the reference parabola toward higher values
(Fig. 5A,B). To evaluate whether the observed deviations were
significant, we calculated the theoretical error of the sample vari-
ance (Og,mples Eq. 4) for A2 and compared it with the error of the
sample variance deduced for the reference relationship at the
corresponding mean amplitude (Fig. 5A; error bars are o, ,p1e)-
In four of five experiments, the increase in variance was found to
be significant (Student’s ¢ test, p < 0.01). Calculating the error in
variance using the bootstrap method (see Materials and Meth-

Figure 6.

Sustained GC—PC synaptic transmission during trains of stimuli. A, Variance—mean analysis at each stimulus number
in 100 Hz trains (numbers identify stimulus number) superimposed on the initial parabola having an initial slope of @ = 10.8 pA
and based on the variance of the first stimulus (A1). B, Average of EPSC, /EPSC, ratios in trains at 100, 75, 50, and 20 Hz as a function
of stimulus number (n = 6). ¢, Cumulative plot of EPSC amplitudes (normalized to A1) during trains at 100, 75, 50, and 20 Hz.
Dotted blue line, Linear fit of the steady-state region of the cumulative plot. Red dots, y-Axis intercepts of the fits indicating the
estimation of N (RRP). Inset, Detail of the data within the black rectangle; solid line, prediction of y-axis intercept if N were constant
(N'=1/P,gjease)- D, Same cumulative plots against stimulus number.

ods) gave the same results (see legend of Fig. 5A). Note that, for
the statistical comparison, we compared var , with the estimated
variance of the reference parabola, which implied N2 = N1, a full
replenishment of emptied sites between the two stimuli. Because
complete recovery was unlikely, we therefore underestimated the
differences in variance at A2 and A1l of the number of sites not
replenished between the two stimuli. If we make the assump-
tion that a frequency-dependent increase of Q is unlikely, the
points obtained at 75 Hz indicate a significant increase in N
between the first and second stimuli. By varying N in the
reference var,, = f(mean Al) relationship, we estimated the
increase in apparent N to be between 1.6-fold and 2.2-fold
with full replenishment of emptied sites and between 2.1-fold
and 2.7-fold without replenishment.

We further investigated this deviation from the reference
var,, = f{mean Al) relationship during high-frequency trains
(30 stimuli at 100 Hz; Fig. 6 A; see Materials and Methods). We
verified that EPSC amplitudes were stable across successive
trains. The variance (var,,,) for each stimulus number (An) in the
train was calculated and plotted against the corresponding mean
amplitude (mean An; Fig. 6A). These data were then compared
with a reference var,,;, = f(mean A1) relationship constructed as a
parabola from the observed (var,,, mean Al) point and an esti-
mate of Q obtained from evoked mEPSCs in the presence of
strontium (Fig. 6 A; Saviane and Silver, 2006). As reported above
in the triplet stimulation protocol (Fig. 5), the (var,,, mean An)
points for the second and third stimuli deviated from the refer-
ence parabola, but the variance of the following responses con-
verged toward that of the first response. These findings show that
the increased variances of A2 and A3 and their deviation from the
predicted parabola were attributable to an increase in N, the
number of readily-releasable vesicles, which then declined again
as the train continued. It seems likely that the numbers of avail-
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able vesicles varied stochastically in the steady-state phase of the
response to trains; such variation may have increased the variance
beyond that expected for a small fixed value of N.

Ultrafast replenishment during high-frequency activity
Previous studies have shown that fast vesicle replenishment can
occur at PF synapses (Crowley et al., 2007). The rate of this pro-
cess is calcium dependent at climbing fiber synapses on PCs (Dit-
tman and Regehr, 1998), and this has been extrapolated to
models of transmission at PF synapses (Dittman et al., 2000). We
therefore investigated the rate of replenishment of emptied site
with release-ready vesicles during trains of stimuli at different
frequencies. As can be seen in Figure 6 B, responses first increased
in amplitude before slowly decaying back to a level comparable
with the first response, the exception being 20 Hz trains, during
which facilitation was maintained throughout. These data offer
several insights. First, the initial large responses presumably re-
flect emptying of the RRP of vesicles. Second, because the steady-
state amplitude is smaller than the largest responses observed, it
seems likely that release site replenishment is the limiting process
during the late portion of the trains. To quantify these two aspects
of the release process, we calculated the cumulative EPSC ampli-
tude for each experiment, normalized by the first response (Fig.
6C). A line was fitted to the steady-state region of the plot and
extrapolated to time 0. This intercept gives an estimate of the size
of the initial RRP (or N) if Prg,. during trains is maximal (Sch-
neggenburger et al., 2002). The ratio of the amplitude of the first
EPSC in the train to the RRP size is also an estimate of the initial
release probability. Finally, the slope of the asymptotic fitted line
can be used to calculate the relative rate of release site replenish-
ment (Schneggenburger et al., 1999, 2002). Our results are re-
ported after normalization to Al in each experiment. Figure 6C
shows that both the slope of the linear fits and the size of the initial
RRP (N) increased at higher frequencies of stimulation. At 20, 50,
75, and 100 Hz, the r - t + N functions, with ¢ in milliseconds,
were respectively, 0.028 - r + 3.23,0.046 - t +5.72,0.07 - t + 9.66,
and 0.12 - r + 7.19. The greater slope of the steady-state region at
high frequency indicated accelerated replenishment, increasing
fourfold (from 0.028 to 0.12 per millisecond) between 20 and 100
Hz. Interestingly, at higher frequencies, the replenishment rate
appeared to be approximately proportional to the rate of release,
because similar amplitude time courses with respect to stimulus
number were observed at different frequencies (Fig. 6D).

Surprisingly, we also observed that the apparent size of the
RRP (given by the intercept of the back-extrapolated fit of the
linear portion of cumulative plot with y-axis) increased with
stimulation frequency and thus that the ratio A1/RRPg.quency
(which is an estimate of Pry, at the time of first stimulus) de-
creased. RRP/A1 in the cumulative plots gives a value close to 4, at
low frequencies consistent with the estimate of Pr;,. = 0.25, with
higher values (~8) occurring with higher frequencies. Thus, es-
timated RRP and therefore N increased approximately twofold
between 20 and 100 Hz (Fig. 6C), confirming the deduction made
using mean—variance analysis.

Because at 100 Hz the An were ~1.25 times amplitude of A1 (Fig.
6 B), the rate of replenishment was ~1.25 - nsites - Pry;,. = 1.25-6.8 -
0.25 = ~2 vesicles in 10 ms. We assume that facilitation by residual
calcium reaches high levels in the steady-state phase of the trains. If
true, each stimulus will release all release-ready vesicles. If replen-
ishment is described by a simple exponential time course, the
number of replenished sites = n(1 — exp(—t/7)), and we can
calculate the time constant (during 100 Hz trains) from 7= —10
ms/In(1 — 2/n). Depending on whether we take n = ~7 (the
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estimate for control conditions) or n = ~14 (i.e., assuming that n
doubles because of the recruitment of sites), we obtain 7 = 30 or
65 ms.

Discussion

Our experiments enable us to quantify at least approximately
several parameters of transmission at the GC-PC synapse. We
shall first describe its operation at 2.5 mm [Ca2 *], and 34°C,
conditions chosen to facilitate comparison with previous work,
before evaluating the physiological implications of our findings.

Modest PPR

We found modest paired-pulse facilitation (Figs. 1, 3, 4) that
decayed with a single exponential of 25-30 ms. These properties
were identical in paired recordings and in the experiments using
extracellular stimulation; in the latter, we also showed that the
decay of facilitation was quite insensitive to the extracellular cal-
cium concentration. These properties differ significantly from
those of some previous studies (Atluri and Regehr, 1996; but see
Foster et al., 2005; Sims and Hartell, 2005), which reported higher
PPR values with a slower, calcium-dependent decay. The reasons
for these differences remain unclear. The use of molecular layer
stimulation in most previous studies may contribute, as we have
reported previously higher PPR values with this method (Isope
and Barbour, 2002), but this difference is not systematic (Sims
and Hartell, 2005). A strong gradient of PPR with respect to
stimulation position in the molecular layer has been reported
(Foster et al., 2005), but the absence of any correlation between
PPR and EPSC decay time constant in our paired recordings
suggests they were not subject to such a positional gradient, be-
cause EPSCs of synapses higher in the molecular layer tend to
display longer time constants (Roth and Hiusser, 2001). In the
paired recordings, no evidence was obtained that either PPR or
release probability was correlated with EPSC amplitude, once the
effects of noise on the analyses were taken into account (Fig. 2; see
simulation in the study of Isope and Barbour, 2002, their Fig. 5).
We note that the present recordings were obtained with extracel-
lular stimulation lateral to the PC at distances precluding activa-
tion of ascending axons or local GCs. The low PPR we obtain can
therefore not be attributed to differential properties of ascending
axon inputs (Sims and Hartell, 2006); this confirms our previous
results in the adult rat (Isope and Barbour, 2002).

Release probability

The PPRis widely reported to be related to the release probability,
a finding we confirm with the linear relation reported here (Fig.
4). Because we found a lower PPR than in previous reports, we
expected to obtain correspondingly higher estimates of release
probability, which we measured through multiple experimental
approaches. Activated from the resting state, the synapse dis-
played a low failure probability (failure to release any vesicles,
Pf,,,), estimated by histogram analysis of the paired recordings to
be 15% or less. The dependence of EPSC amplitude (elicited by
extracellular stimulation in the GC layer) on the extracellular
calcium concentration indicated that the control probability of
release (Prg;,.) was ~0.25 of the maximum; the insensitivity of
this relation to the low-affinity AMPA receptor antagonist yDGG
suggested that receptor saturation did not affect this determina-
tion (assuming, however, that the antagonist was at least partially
competitive during transmission at this synapse). Combining the
Pf,,,, from paired recordings with the estimated Pr;, yielded an
estimate of the RRP of ~7 vesicles, which is in perfect agreement
with an electron microscopic count of the number of docked
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vesicles at this synapse (Xu-Friedman et al., 2001). This estimated
release probability was corroborated by using variance—mean
analysis of compound EPSCs, which provided an almost identical
value of Pr,. (0.25). Use of the more sophisticated MPFA yielded
similar values to the simple binomial analysis (Table 1) but sug-
gested that release probability might be quite heterogeneous
(CVp, = 0.47). Because neither the release probability estimates
nor the PPRs from the paired recordings displayed significant
variation in excess of that expected from the action of noise in the
analyses, it is likely that the heterogeneity of release probability is
between release sites of individual synapses rather than between
synapses. Such intrasynaptic heterogeneity provides a plausible
mechanism for the apparent recruitment of release sites we ob-
serve (see below). Compared under similar experimental condi-
tions ([Ca**], and temperature), the Pr,;,. we have determined is
thus several fold greater than previous estimates (Prg;,. = 0.08 and
Pry,, = 0.44 at 1.5 mm [Ca®"], in our study; Pry, = 0.02 and
Pry,,, = 0.13 in the study of Foster et al., 2005).

Recruitment of release sites

Two strands of evidence suggest that the apparent number of
release sites— equivalent to the number of releasable vesicles—
can increase during high-frequency stimulation. The first is the
deviation of the second and the third responses from the refer-
ence variance—mean parabola, which is most simply explained by
a variation in N. The second is the estimate of the RRP derived
from the cumulative EPSC amplitude plots during the trains. In
both cases, the apparent number of release sites increases approx-
imately twofold. The size of the apparent recruitment (twofold at
75 Hz, equivalent to an interval of ~13 ms) and its frequency
dependence (apparent at 75 Hz but not 50 Hz), coupled with the
simple exponential kinetics of paired-pulse facilitation, strongly
suggest that the recruitment is an integral, indeed dominant, as-
pect of the facilitation mechanism. Non-uniformity of release
probability across sites at a synapse could explain this phenome-
non. We propose that only high-release-probability sites respond
effectively to the first stimulus but that facilitatory mechanisms—
for instance, binding of residual calcium to the release machin-
ery—at low-probability sites then enables them to respond to the
second stimulus. The non-uniformity of release probabilities
could reflect distance of the release sites from calcium channels.
The kinetics and calcium independence of the PPR would be
consistent with a mechanism as simple as binding of calcium to a
single site. It is unclear whether the putative low-probability sites
can be recruited at the first stimulus when calcium is raised or
whether their recruitment always necessitates a conditioning
pulse, as has been reported at the calyx of Held (Sakaba and
Neher, 2001; Neher, 2006). If a conditioning pulse is required, the
conversion of reluctant vesicles into active ones must occur rap-
idly but not instantaneously, thus affecting the time course of the
PPR at the smaller interpulse intervals. However, the time course
of PPR displayed remarkably simple kinetics except at the very
short intervals in which spike propagation failure can also occur.

Fast vesicle replenishment

Our results indicate that vesicle replenishment becomes limiting
during trains at frequencies higher than ~20 Hz (at 2.5 mMm
[Ca*™"],), because EPSC amplitudes decrease below their maxi-
mum, whereas facilitatory residual calcium would be expected to
increase toward a plateau (Fig. 6 B). This enables us to estimate
the rate of replenishment. We find that the rate increases with the
frequency of stimulation, reaching the equivalent of one control
EPSC, corresponding to approximately two vesicles per stimulus

Valera et al. @ High-Frequency Transmission at PF—PC Synapses

at 100 Hz or one vesicle in 5 ms. We also calculated a replenish-
ment time constant of 30 or 65 ms (depending on the assumed
number of release sites in operation) at 100 Hz; this may be
compared with the one vesicle per 20 ms reported for the GC—
interneuron synapse (Crowley et al., 2007). Recruitment of re-
lease sites during trains may enhance the process of supplying
vesicles to the active zone. The fact that similarly sized EPSCs can
be maintained as the frequency of trains increases (Fig. 6 B) sug-
gests that the rate of replenishment adapts to compensate for the
increased release. One possible mechanism for this observation
could be calcium-dependent recovery from depression. This pro-
cess has been clearly demonstrated at the climbing fiber—PC con-
nection, in which a rapid, calcium-dependent phase of recovery
from paired-pulse depression is observed (Dittman and Regehr,
1998). The process has also been suggested to operate at PF-PC
synapses on the basis of modeling of responses to trains (Dittman
et al., 2000), although no direct evidence of a time-dependent
recovery phase exists for this connection.

After a period of inactivity, vesicle supply mechanisms will
have equilibrated and may be able to furnish initial rates of re-
plenishment exceeding those occurring in the steady state, when
supply gradients have been established. Such enhanced initial
replenishment could help explain the apparent absence of de-
pressing mechanisms in the paired recordings, in which the re-
sponses to a second stimulus were independent of whether the
first stimulus triggered release of a vesicle or not (Fig. 1). Both
vesicle depletion and receptor desensitization would normally
reduce the response to the second stimulus if there was release at
the first, but no such effect was observed, suggesting that neither
mechanism was significant. However, when a release occurred,
>25% of vesicles would have been released (failures were ex-
cluded in this case); these were therefore presumably essentially
replenished in 10 ms.

Although it is possible that accelerated replenishment might
underlie the early increase in the number of releasable vesicles
during high-frequency stimulation, for this to be the only mech-
anism would require an extremely fast, maybe unrealistically fast,
process, and its activity-dependent regulation would also need to
allow a twofold “overshoot” of the control response that never-
theless decays away rapidly. We believe that it is unlikely that this
combination of properties would be satisfied and therefore favor
separate mechanisms for the apparent recruitment/facilitation
and for replenishment.

Physiological implications

GCs are able to discharge action potentials at frequencies exceed-
ing 1 kHz in vivo (Chadderton et al., 2004; Jorntell and Ekerot,
2006; Rancz et al., 2007; Arenz et al., 2008), but it was not known
how such high rates were transmitted to the postsynaptic PC. We
show that, at both low (20 Hz) and high (up to 700 Hz) rates of
stimulation, the transmission facilitates and can be maintained
during long trains (Figs. 3, 6) at 2.5 mm [Ca*"],. The postsynap-
tic response to a burst is therefore much stronger and less variable
than that to a single action potential or that predicted from sim-
ple summation of single action potential responses. For example,
three action potentials at 400 Hz elicit a compound EPSC four-
fold greater than that after a single action potential; the CV is
similarly reduced fourfold (Fig. 3A).

Several of our experiments, including high-frequency stimu-
lations, were performed at 2.5 mm [Ca?™"],, to facilitate compar-
isons with previous literature. How might our results be
extrapolated to a more physiological free calcium concentration
~1.5 mm [Ca>*], (Silver and Erecifiska, 1990; see also Rancz et
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al., 2007)? We measured the release probability directly at this
concentration and found a value of 0.08 per site (Pr,.), translat-
ing to 0.44 for release of at least one vesicle at a synapse (Pry,,).
Frequency-dependent facilitation is stronger at the lower calcium
concentration (Fig. 4). We furthermore expect that recruitment
of release sites and acceleration of vesicle replenishment will en-
able even higher frequencies of activity to be transmitted with
high fidelity at the lower extracellular calcium concentration.
Our experiments on pairs from the young and the adult suggest
that the basic synaptic properties are essentially preserved be-
tween the two developmental stages.

In summary, our results show how the GC-PC is particularly
well adapted to transfer high-frequency activity from GCs to PCs,
thereby preserving the high dynamic range of the mossy fiber/GC
system.
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