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Rapid Vesicular Release, Quantal Variability, and Spillover
Contribute to the Precision and Reliability of Transmission
at a Glomerular Synapse

Peter B. Sargent,” Chiara Saviane,' Thomas A. Nielsen,' David A. DiGregorio,' and R. Angus Silver!
Department of Physiology, University College London, London WCIE 6BT, United Kingdom, and 2Department of Cell and Tissue Biology, University of
California, San Francisco, San Francisco, California 94143-0640

The amplitude and shape of EPSC waveforms are thought to be important determinants of information processing and storage in the
brain, yet relatively little is known about the origins of EPSC variability or how it affects synaptic signaling. We investigated the stochastic
determinants of AMPA receptor-mediated EPSC variability at cerebellar mossy fiber— granule cell (MF-GC) connections by combining
multiple-probability fluctuation analysis (MPFA) and deconvolution methods. The properties of MF connections with a single release site
and the effects of the rapidly equilibrating competitive antagonist kynurenic acid on EPSCs suggest that receptors are not saturated by
glutamate during a quantal event and that quanta sum linearly over a wide range of release probabilities. MPFA revealed an average of five
vesicular release sites per MF-GC connection. Our results show that the time course of vesicular release is rapid (decay, T = 75 us) and
independent of release probability, introducing little jitter in the shape or timing of the quantal component of the EPSC at physiological
temperature. Moreover, the peak vesicular release rate per release site after an action potential (AP) (~3 ms ~") is substantially higher
than previously reported for central synapses. Interaction of amplitude fluctuations arising from quantal release and quantal size with the
slower, low variability spillover-mediated current produce substantial variability in EPSC shape. Our simulations of MF-GC transmission
suggest that quantal variability and transmitter spillover extend the voltage from which AP threshold can be crossed, improving reliabil-
ity, and that fast vesicular release allows precise signaling across MF connections with heterogeneous weights.
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Introduction

Differences in the amplitude of synaptic currents are thought to
contribute to the processing and storage of information in neural
networks. In addition, the time course of EPSCs determines the
precision and reliability of signaling (Harsch and Robinson,
2000; Galarreta and Hestrin, 2001; Cathala et al., 2003) and in-
fluences the gain of rate-coded input—output relationships
(Mitchell and Silver, 2003). These findings show that the mean
properties of the synaptic current waveform are important for
signal processing. However, individual PSCs often deviate signif-
icantly from the mean behavior, exhibiting large trial-to-trial
variability (Traynelis et al., 1993; Bekkers and Clements, 1999;
Nusser et al., 2001), yet little is known about how such stochastic
behavior influences transmission. Knowledge of the processes
that underlie trial-to-trial EPSC variability is important for un-
derstanding signal processing because they are likely to deter-
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mine the precision and reliability of transmission and thus the
rate at which information can be transmitted (Zador, 1998).

Four parameters are thought to be particularly important in
determining trial-to-trial EPSC variability: the time course and
probability of quantal release, the number of release sites, and the
quantal size, which is the postsynaptic response to a single vesicle
(Katz, 1969; Sun et al., 2002). Previous studies have quantified the
determinants of the mean EPSC waveform by using deconvolu-
tion methods to estimate the time course of vesicular release
(Diamond and Jahr, 1995; Isaacson and Walmsley, 1995; Borst
and Sakmann, 1996; Geiger et al., 1997; Schneggenburger and
Neher, 2000). However, quantifying the origins and assessing the
impact of EPSC variability has been complicated by uncertainty
about whether multiple vesicles [multivesicular release (Wadiche
and Jahr, 2001; Oertner et al., 2002)] are released per synaptic
contact per action potential (AP), because this can cause postsyn-
aptic saturation [full receptor occupancy (Foster et al., 2002; Har-
rison and Jahr, 2003)] and thus introduce nonlinear quantal
summation.

We investigated the key determinants of AMPA receptor
(AMPAR)-mediated EPSC amplitude and shape variability
within and across connections at the cerebellar mossy fiber—
granule cell (MF-GC) synapse at physiological temperature. This
preparation is well suited to the study of vesicular release and
EPSC variability because GCs have a compact morphology and a
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small number of inputs, allowing EPSC recordings to be made
from individual synaptic connections with exceptional temporal
resolution (Silver et al., 1996b). Both direct vesicular release and
glutamate spillover contribute to the EPSC waveform at this glo-
merular synapse (DiGregorio et al., 2002; Nielsen et al., 2004).
We used competitive antagonist techniques to probe the linearity
of quantal summation at MF connections (Wadiche and Jahr,
2001; Silver et al., 2003). By combining multiple-probability fluc-
tuation analysis (MPFA) (Silver et al., 1998; Silver, 2003) and
deconvolution (Diamond and Jahr, 1995; Isaacson and Walms-
ley, 1995; Borst and Sakmann, 1996; Geiger et al., 1997), we de-
termined the time course and probability of vesicular release, the
number of release sites, the quantal size, and the properties of
spillover currents at each connection. By constructing stochastic
models of transmission for individual MG-GC connections, we
show that rapid vesicular release, quantal variability, and spill-
over currents introduce considerable EPSP variability and influ-
ence precision and reliability of MF-GC synaptic signaling.

Materials and Methods

Parasagittal slices of cerebellum were prepared from 25-d-old Sprague
Dawley rats as described previously (Silver et al., 1996b). Slices (200-250
pum) were prepared in either artificial CSF (ACSF) (126 mm NaCl, 2.5 mm
KCl, 26 mm NaHCO3, 25 mu glucose, 2 mm CaCl,, 1.25 mm NaH,PO,,
and 1 mm MgCl,, pH 7.4 when bubbled with 95% O,, 5% CO,) or alow
sodium—sucrose solution (in mm: 85 NaCl, 2.5 KCl, 25 NaHCO;, 1.25
NaH,PO,, 64 sucrose, 25 glucose, 0.5 CaCl,, 4 MgCl,, and 0.5 ascorbic
acid) and incubated at 30—31°C for 30—45 min. Slices were then trans-
ferred to ACSF or ACSF containing 1 mwm kynurenic acid (Kyn) and
stored at room temperature for up to 6 h before use.

Synaptic recordings. Slices were perfused at 2 ml/min with ACSF con-
taining 10 um p-APV, 20 um 7-chlorokynurenic acid, 0.3 M strychnine,
and 10 um SR95531 (“gabazine”) and viewed using infrared differential
interference contrast optics. The osmolarity of ACSF containing differ-
ent divalent ion concentrations ([Ca®"]/[Mg*"] in mm: 1/5, 1.25/3,
1.5/2,2/1, 3/0.75, 5/0.5, and 8/0) was kept constant by varying [glucose]
between 10 and 25 mm. In some experiments, NaH,PO, was omitted
from the ACSF. Kynurenic acid was added alone or together with cy-
clothiazide to test for multiquantal release or to reduce AMPA receptor
desensitization, respectively. Granule cells were patched with fire-
polished pipettes containing 110 mm KMeSO,, 40 mm HEPES, 4 mm
NaCl, 1 mm KCl, 0.5 mm EGTA, 4 mm MgATP, and 0.3 mm MgGTP (or
a variant that contained 1.78 mm CaCl, and 5 mm EGTA) that had resis-
tances of 8—10 M{(). Whole-cell voltage-clamp recordings were made at
—70 mV using an Axopatch 200B amplifier (Molecular Devices, Union
City, CA) at 36.6 £ 1.3°C. Current records were low-pass filtered at 7-10
kHz and digitized at 100 kHz (Digidata 1200; Molecular Devices). Access
resistance was monitored continuously, and recordings were discarded if
the access resistance exceeded 35 M(). Single MF inputs were stimulated
with brief voltage pulses 2.5-5V above threshold using a second patch
pipette filled with ACSF and placed in the GC layer (Silver et al., 1996b).
Because fiber excitability is influenced by [Ca**], we measured the stim-
ulation threshold and reset the stimulation voltage when the [Ca**] was
altered. To maximize the number of synaptic events in the three to five
different [Ca“]/[Mg“] conditions used per cell, we used the fastest
stimulation rate that did not introduce depression (typically 2 Hz at low
[Ca?"],0.5Hzat2mm [Ca®"],and 0.2 Hzat 5-8 mm [Ca®*]). Record-
ings were analyzed in Igor PRO (Wavemetrics, Lake Oswego, OR) using
NeuroMatic  (http://www.physiol.ucl.ac.uk/research/silver_a/neuro-
matic/). All traces displayed in the figures were further digitally filtered to
3.5 kHz using the binomial smoothing function in Igor PRO.

Analysis and sorting of EPSCs. The stimulus artifact was removed by
subtracting a double-exponential fit to the decay of the artifact current.
Individual traces were baseline subtracted using a 0.5-1.0 ms window
(see Fig. 3A) ending immediately before the stimulus, and successes and
failures were distinguished using an amplitude criterion set to three times
the SD of the noise. Successes were then separated into fast-rising direct
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responses and slow-rising spillover synaptic events on the basis of their
rise time and maximum rate of rise, as described previously (DiGregorio
etal., 2002). Slowly rising events and failures were grouped together and
classified as nondirect. The shape of EPSCs was quantified by calculating
an approximate weighted decay from the integral of the peak-normalized
current. For some analyses, current waveforms were fitted with an ex-
pression (Nielsen et al., 2004) modified from Bekkers and Stevens

(1996):
t—1\\" =1,
Trise ) > (Az eXP( Tdecayl )
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Means are displayed = SD. Unless otherwise indicated, sample means
were compared using the Student’s ¢ test, sample distributions were com-
pared using the Kolmogorov—Smirnov test, and the correlation between
samples was tested by measuring Pearson’s r.

Multiple-probability fluctuation analysis and quantal variability. MPFA
was performed as described previously (Silver et al., 1998; Silver, 2003)
on epochs of EPSCs determined to be stable by Spearman’s rank order
correlation test (Silver et al., 1996b). Mean current and background-
corrected variance were calculated from a fixed 0.1 ms time windows
placed over the mean peak response of the direct events (see below) and
in the pre-event baseline (see Fig. 3A). The relationship between variance
(a‘f) and mean (1) current for each connection was fit with a multinomial
model (Silver, 2003) with either a uniform
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release probability, where Qp, is the mean quantal size at the time of the
peak of the direct response, N is the number of release sites, and « is a
variable that relates to the coefficient of variation of release probability

(CVpR), where
P
V= \p o @

and where release probability, Py, was calculated by dividing T by NQ,.
CVy and CV oy are the coefficients of variation of intrasite and intersite
quantal variability (Silver, 2003). CV 4, itself has two components, so that
the total quantal variability CV . can be expressed as

CVqr = CVq + CVgy = \JCVis + CV + CViyy (5)
where CV s arises from variability in the quantal size at an individual
site, and CVy; arises from jitter in the latency of quantal release. We
measured CVyy (0.49; n = 14) directly from stimulus-aligned EPSCs
recorded from multisite MF inputs under low release probability, when
the proportion of multiquantal EPSCs is negligible (~5% based on N and
failure rate f >0.85) (Silver, 2003). We initially determined CV; from
the difference in variability of stimulus-aligned and rise time-aligned
uniquantal EPSCs (0.29; n = 14). To minimize the effects of sampling
error, we also estimated CVy; by simulating stochastic quantal release at
a release site with 10,000 trials using the mean measured quantal wave-
form and the mean latency distribution measured from 17 cells under
low probability conditions: this approach gave a similar estimate of CV
(0.28). CV 4 was more difficult to estimate because we encountered only
two single-site MF inputs in our sample and because the average CV for
rise-aligned events for these two connections (0.32) was higher than
CV gy for 3 of the 14 multisite connections examined, indicating that
CV s at some multisite connections was lower than the mean for the
single sites. We therefore used a lower value of CVg (0.26) that fell
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midway between this estimate and the estimate for four single-site cells
we characterized previously in younger animals (0.21) (Silver et al.,
1996b). Finally, we calculated CV; to be 0.31, from Equation 5. If
quanta are independent, then the variance remaining at the peak of an
evoked EPSC as Py—> 1 should arise purely from intrasite quantal ampli-
tude variability and quantal asynchrony (Silver et al., 1998; Clements and
Silver, 2000; Silver, 2003). Calculation of CVq from N and from variance
remaining at 8 mm [Ca?™] gave a value (0.39 * 0.12; n = 17) that is
similar to our estimate of

T
VCV%)S + CVéL'

The quantal parameters Qp, and N were estimated from weighted fits of
Equations 2 and 3 to variance-mean relationships (Silver, 2003). Fits
were accepted if the y? statistic was smaller than the threshold for reject-
ing the null hypothesis at p = 0.05 (which required =3 points for Eq. 2
and =4 points for Eq. 3) and if the release probability at the highest
[Ca?™] used was >0.60, which ensures accurate estimation of N (Silver,
2003).

Spillover current correction for MPFA and characterization of spillover
for simulations. To estimate the quantal parameters underlying the EPSC
with MPFA, it was necessary to correct the mean and variance of the
current at the peak of the quantal component for the contribution arising
from glutamate spillover. Because spillover currents can affect the time of
the peak of the EPSC, we determined the time of the peak of the quantal
(direct) component at low [Ca*"] (1 or 1.25 mm), when there is little
spillover current (DiGregorio et al., 2002). The calculated peak of the
direct response was as much as 0.09 ms earlier than the actual peak of the
EPSC at 2 mm [Ca*"] (average; 0.02 ms; n = 18). This approach, which
assumes that the release time course does not change across [Ca?™]
values (confirmed in Results; see Fig. 8), gave similar results to those
obtained by subtracting the spillover waveform from the average EPSC at
2 mM [Ca?"] (paired t test, p = 0.32). Spillover data were judged to be
reliable if (1) there were at least five isolated spillover responses, (2) the
amplitude of the current at the peak of the direct response was more than
three times the SD of the noise, and (3) the spillover current was not
adversely influenced by the presence of the stimulus artifact. Spillover
correction for MPFA was done using one of three approaches. If reliable
spillover data were available at each [Ca?"], then the mean and variance
of the spillover at each [Ca®"] was subtracted from the total. For those
experimental conditions in which there was no reliable spillover data, we
used one of two methods based on the mean relationships between the
amplitude (and variance) of the spillover current and the EPSC ampli-
tude at the time of peak of the direct response [estimated from the pop-
ulation and normalized to 2 mm [Ca? "] (see Fig. 3D1,D2)]. When reli-
able spillover data were available for at least one [Ca®"] run (12 of 25
cells), they were used to scale the population current and variance curves
to predict the contribution of spillover current and variance at the dif-
ferent [Ca? ™ |s used. If no isolated spillover data were available (11 of 25
cells), we estimated the amount of spillover at the peak of the direct
response by using the average spillover waveform at 2 mm [Ca"] from
cells in which there was reliable spillover data (n = 26 cells; this sample
includes cells not used for MPFA). Because the average isolated spillover
current was 84% of the mean EPSC 8 ms after its 10% rise, we estimated
the spillover current by scaling the averaged spillover current waveform
to the mean EPSC at this time point using this factor. The spillover at the
peak of the direct response was then used to scale the population rela-
tionships (see Fig. 3D), which allowed spillover current and variance to
be predicted at the other [Ca?"] values. For simulations, the mean spill-
over current and the peak amplitude of individual spillover currents
were determined for a connection by fitting Equation 1, which re-
duced the effects of background noise. The CV of the spillover current
amplitude distribution was measured at the time of the peak of the
spillover current.

Time course of vesicular release. The time course of vesicular release was
determined either directly, by measuring the latencies of uniquantal
events, or indirectly, by deconvolution. EPSC latency was determined
from the time at which the fit of Equation 1 to individual quantal re-
sponses reached 20% of its peak. For connections with a single release
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site, the shape of the latency distribution is equal to the time course of the
vesicular release function. The cumulative latency functions were divided
by the total number of stimuli to give a final value of (1 — f), which is
equal to Py if N = 1. To perform deconvolution, we used an algorithm
implemented in Igor PRO that uses a Fourier transform method (Press et
al., 1994). The quantal waveform (impulse response function) was deter-
mined for each cell from the spillover-corrected successes in low [Ca*™]
in which f > 0.7. Accurate alignment was achieved by fitting each re-
sponse to Equation 1 and aligning on their 20% rise. The waveform was
scaled to correct for the presence of multiquantal events (0—15% scaling)
(Silver, 2003, his Eq. 30). We also used Equation 1 to fit the average EPSC
to eliminate background noise before performing deconvolution. Spill-
over correction was achieved by subtracting the fit of the average isolated
spillover response from the fit of the averaged EPSC.

Simulations of EPSCs and EPSPs. Monte Carlo synaptic simulations
were written in Igor PRO. EPSCs from an MF-GC connection were sim-
ulated using the mean quantal waveform (fitted using Eq. 1), integer N,
Py, the spillover waveform, and the amplitude distribution of spillover,
all of which were measured from individual connections. Stochastic re-
lease at each site was modeled by sampling from a uniform random
distribution. The correct release probability was achieved at each release
site by generating a quantal event on those trials when the random vari-
able was less than or equal to P,. Quantal variability was included by
allocating a mean quantal size to each site such that the mean quantal size
of the connection was equal to Q, and their CV was equal to CV ;.
Intrasite quantal amplitude fluctuations were implemented by sampling
from a Gaussian distribution with a CV = CV ;. The direct EPSC wave-
form was then generated by summing the different quantal events, each
of which started at a time determined by random sampling from the
mean vesicular release distribution at 2 mm [Ca"]. Spillover currents
were generated by scaling the mean spillover waveform for a particular
connection to a value randomly sampled from the amplitude distribu-
tion. The quantal current component and the spillover current were then
summed on each trial to produce the combined EPSC. EPSPs were sim-
ulated using a single compartment conductance-based integrate-and-
fire model of a granule cell. The model had a leak conductance of 1 nS
with a reversal potential of —80 mV, similar to the measured resting
potential (Cathala et al., 2003), a capacitance of 2.5 pF, and a spike
threshold of —50 mV (Mitchell and Silver, 2003). For comparisons of
real and simulated EPSCs, we added Gaussian noise that had an SD
similar to that recorded for that connection. Simulated EPSCs were con-
verted to conductances, taking account of the +6 mV junction potential
in the recording potential, and added to the integrate-and-fire model as a
conductance with a reversal potential of 0 mV. The resulting voltage was
calculated using the Euler numerical integration method (Press et al.,
1994). The baseline voltage was adjusted by adding constant excitatory
conductance with a reversal potential of 0 mV to mimic depolarizing
excitatory input.

Results

Variability in EPSC amplitude and shape arising from trial-
to-trial fluctuations at an individual mossy fiber—granule cell
connection

EPSCs arising from single MF inputs were recorded at physiolog-
ical temperature from GCs in acute cerebellar slices from postna-
tal day 25 rats (see Materials and Methods). We focused on the
AMPAR-mediated components because the NMDA receptor
component contributes little to low-frequency EPSCs at this age
(Cathala et al., 2000). The shape and amplitude of AMPAR
EPSCs varied from trial to trial, with two obvious components: a
highly variable, fast-rising quantal current arising from gluta-
mate released at synaptic contacts made directly onto the GC
(direct release) and a more reliable, slow-rising current compo-
nent mediated by spillover of transmitter from synapses con-
nected to neighboring granule cells (Fig. 1A1) (DiGregorio et al.,
2002; Nielsen et al., 2004). Figure 1, AI and A2, shows currents
recorded from one MF connection, and Figure 1BI shows the
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EPSC amplitude distribution, which had a
coefficient of variation of 0.74, similar to
the mean for 24 cells (0.81 = 0.42), and
exhibited no obvious multiquantal peaks.
The relative variability in EPSC shape is
illustrated in Figure 1 B2, which shows the
distribution of the weighted decay time
constants of individual EPSCs (see Mate-
rials and Methods). The CV of the
weighted decay for this cell was 0.61, and
the mean CV across 24 cells was 0.54 *
0.15. The variability in the charge transfer
(EPSC integral), which is determined by
both the amplitude and decay time course,
was also sizeable (0.30) (Fig. 1 B3). Across
24 cells, the CV for EPSC integral was
0.46 * 0.38. It is clear from these measure-
ments that considerable trial-to-trial vari-
ability in EPSC amplitude and shape oc-
curs at a single MF-GC connection.

Variability in EPSC amplitude and
shape across connections

The mean EPSC waveform measured
from different MFs also exhibited consid-
erable variability (DiGregorio et al., 2002).
The population average EPSC amplitude
across all connections was —48 pA, but
mean EPSCs for individual fibers ranged
from —4 to —159 pA. Figure 1C shows the
amplitude distribution of mean EPSCs for
79 different MF connections, which was
skewed toward larger values. These results
show that MF connections onto GCs have
a wide range of synaptic amplitudes. The
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MF-GCEPSCs display considerable variability in amplitude and shape from trial to trial at an individual connection and

shape of mean EPSCs also varied from in-
put to input with a CV of the weighted
decay of 0.44 (Fig. 1 D). Finally, the distri-
bution of the charge transfer across fibers
(Fig. 1E) was broad and had a CV (0.46)
comparable with that observed for trial-
to-trial fluctuation at individual connec-

across connections. A1, Five consecutive EPSCs arising from an individual MF-GC connection (artifact blanked). A2, Fifty superim-
posed, consecutive EPSCresponses. B, Distribution of EPSCamplitude (B7), weighted decay (B2), and charge transfer (B3) for 342
EPSCs recorded from the same neuron, the responses of which are illustrated in A. Amplitude (B7) was measured over a 0.1 ms
window corresponding to the peak of the direct response (see Materials and Methods). Weighted decay (B2) was calculated for
events that exceeded three times the SD of the baseline by integrating over 20 ms (charge transfer) and dividing by peak
amplitude. C~E show distributions of peak amplitude (C), weighted decay (D), and charge transfer () of the mean EPSCs across 79
different MF-GC connections.

tions. In the following sections, we exam-

ine the quantal determinants of the mean and variability of EPSC
amplitude and shape at individual fibers and use a quantal model
of synaptic transmission to investigate the effect of the underlying
stochastic processes on synaptic integration in GCs.

Properties of quantal and spillover currents at connections
with a putative single release site

To investigate the quantal properties of transmission at synapses
onto GCs, it was necessary to separate currents mediated by di-
rect quantal release and spillover, which we have shown previ-
ously contributes 11% of the current at the peak of the EPSC on
average (Fig. 1A2) (see Materials and Methods) (DiGregorio et
al., 2002). We took advantage of the fact that a subset of MF-GC
synapses have a single functional release site (Silver et al., 1996b;
Wall and Usowicz, 1998) to examine the properties of release and
determine how quantal- and spillover-mediated current compo-
nents interact. Figure 2A shows AMPAR-mediated EPSCs from a
putative single-site MF input recorded in three different extracel-
lular [Ca**] values. At 1.25 mm [Ca** ], the fraction of fast-rising
EPSC successes was 0.13, and the failures showed little evidence

of a slow-rising spillover current component. At 2 and 5 mm
[Ca"], the proportion of these fast-rising EPSC successes in-
creased (to 0.22 and 0.77, respectively), whereas the failures ex-
hibited a robust spillover current component. If this connection
had two identical release sites, then the decrease in failure rate
observed between 1.25 and 5 mMm [Ca*"] should have been ac-
companied by an increase in the amplitude of the EPSC successes
from —15.9 pA, close to the quantal size, to —20.8 pA (for details,
see legend of Fig. 2 B). However, the local EPSC successes, includ-
ing spillover, increased only to —17.6 pA (Fig. 2 B, black trace),
which is significantly smaller than the amplitude expected for the
two-site case assuming the same SD (unpaired f test, p <
0.00001). Moreover, if we correct for the spillover component
(Fig. 2 B, green trace), by assuming that the spillover current and
the local current sum linearly at the peak of the direct response,
the mean amplitudes of the EPSC successes was independent of
[Ca**] (Fig. 2B, red trace) (r = 0.44; p = 0.71) and success rate
(1 — f;r = 0.40; p = 0.74). This indicates that quantal transmis-
sion is all-or-none and that the connection had a single func-
tional release site (Stevens and Wang, 1995; Silver et al., 1996b).
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where thefailurerate ( f) =0.87,0.78,and 0.23at 1,2,and 5mm[Ca>* ], respectively. €7 showsisolated components of the EPSC
and their sumin 2 mm [Ca>*] (top) and 5 mm [Ca 2] (bottom). The red traces show the quantal waveform measured at 1.25 mm
[Ca%*]. The green traces show the mean isolated spillover current in the absence of direct release. The blue traces show the linear
sum of the spillover and quantal currents, and the black traces show the observed mean successes. €2 shows the difference

between observed and expected current waveforms in C7.

We identified one other connection with a single release site in
the sample of 25 MF-GC synapses.

By subtracting spillover current from total current, we are
assuming that AMPARs are operating in the linear range of their
dose-response curve. To examine whether this assumption is
justified, we compared the linear sum (Fig. 2C1, blue trace) of the
isolated direct release component recorded in 1.25 mm [Ca®*]
(red), in which spillover is minimal, and the isolated spillover
current at elevated [Ca®"] (green) with the mean of EPSC suc-
cesses at the elevated [Ca?"] (black). The mean of the EPSC
successes and the sum of the isolated local release and spillover
current components were comparable at the peak of the EPSC in
both 2 and 5 mm [Ca*"]. Figure 2C2 shows the difference be-
tween the expected and observed currents. At early times, the
difference was close to zero, as expected for linear summation,
but increased after the time of the peak for 5 mm [Ca®"], suggest-
ing that receptor desensitization occurs at higher release proba-
bilities. Application of cyclothiazide (25-50 um) and kynurenic
acid (1.5-3 mMm), to reduce desensitization and lower the appar-
ent affinity of the AMPA receptor (EPSC amplitude, 48 * 5% of
control) increased the weighted decay of EPSCs measured in 8
mM [Ca*"] by twofold at multisite connections (2.08 * 0.11; p <
0.001 by paired ¢ test; n = 7), consistent with the presence of
desensitization. Across the two single-site cells, the mean ratio of
the observed and predicted currents summation was 109% in 2
mM [Ca®"], consistent with linear summation. These observa-
tions reinforce our previous studies at this synapse showing that
AMPARSs are not saturated by a quantum of transmitter (Silver et al.,
1996b; Nielsen et al., 2004). The intermediate receptor occupancy
and the all-or-none behavior of single-site synapses suggest that
transmission is mediated by the release of a single quantum, which is
likely to correspond to a single vesicle (Sun et al., 2002).

Analysis of an MF-GC connection with a putative single functional release site. A shows three sets of 25 consecutive
responses at 1.25, 2, and 5 mm [Ca 2 ; stimulus artifacts have been blanked. B, Relationship between the mean amplitude of all
responses (purple), successes (black), spillover-corrected successes (red), isolated spillover (green), and [Ca**]. Open triangles
indicate the predicted relationship between mean amplitude of EPSC successes (4) and [Ga%"] assuming N = 1 (tip up)
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Quantal properties within and across
release sites

Previous studies have established that
quantal size varies from trial to trial at in-

2 mM [Ca2*]

-—Q

= spillover ua . ! .
= Q +spillover  dividual release sites (intrasite or type I
= observed quantal variance) (Silver et al., 1996b;
___5mm[ca? Forti et al., 1997; Bekkers and Clements,

1999; Liu et al., 1999); this variability
could arise from a variation in vesicular
content (Frerkingetal., 1995), variation in
vesicle diameter (10% CV in vesicle diam-
eter) (Palay and Chan-Palay, 1974), and
stochastic channel gating (Faber et al.,
1992; Traynelis et al., 1993; Silver et al.,
1996b). Variability also arises from differ-
ences in the mean quantal size across sites
(intersite or type II quantal variance)
(Bekkers et al., 1990; Borst et al., 1994;
Frerking and Wilson, 1999), which reflects
differences in the mean number of chan-
nels activated. Because these types of
quantal variability are likely to influence
the stochastic properties of EPSCs in dif-
ferent ways (Silver, 2003), we investigated
the origins of quantal variability at the
MEF-GC synapse. We first examined the
properties of quantal EPSCs arising from
MF connections with multiple release sites
by lowering release probability to a level at
which the vast majority of EPSCs are com-
posed of single quanta (1-1.25 mMm
[Ca®"]; failure rate, 0.88 = 0.03; n = 5) (Silver, 2003). Rise-
aligned uniquantal EPSCs had fast kinetics with a 10-90% rise
time of 111 = 24 us, a mean amplitude (Q) of —18.4 & 2.3 pA,
and a biexponential decay time course, with a rapid phase of
decay of 0.30 = 0.05 ms (77 % 5% of the total) and a slow phase
of decay of 2.2 £ 0.5 ms. These properties are similar to miniature
EPSCs (Cathala et al., 2003). The total quantal variability (de-
fined in terms of coefficient of variation) at the peak of the
stimulus-aligned quantal EPSC (CVyy = 0.49; n = 14) arises
from three sources: 1) trial-to-trial variability in the amplitude of
quantal EPSCs at an individual site, 2) trial-to-trial variability in the
amplitude of the quantal current at the time of the peak of the mean
EPSC attributable to asynchrony in quantal release, and 3) differ-
ences in the mean quantal size across release sites (CV o). Our esti-
mates (see Materials and Methods) suggest that variability arising
from amplitude fluctuations and release jitter at individual release
sites (CV; = 0.38) is comparable with variability arising from dif-
ferences in quantal size across release sites (CVy; = 0.31).

— 2mM [Ca2t]
= 5mM [Ca2*]

Estimation of quantal parameters with MPFA

To quantify the stochastic properties of transmission at MF con-
nections with more than one release site, we estimated the mean
quantal parameters with MPFA (Silver et al., 1998, 2003; Silver,
2003), also known as variance—mean analysis (Reid and Clem-
ents, 1999; Clements and Silver, 2000). To do this, we needed to
correct for the mean and variance arising from the spillover cur-
rent component. Figure 3A shows individual EPSCs (black
traces) and the mean spillover current (gray trace) recorded in 2
mum [Ca’"]. EPSC peak amplitude and baseline current measure-
ments were calculated for each trial during application of four
different [Ca*"]/[Mg>"] solutions, which imposed different
probabilities of release (Fig. 3B) (see Materials and Methods). We



8178 - J. Neurosci., September 7, 2005 - 25(36):8173—8187

then calculated the mean and baseline
noise-corrected variance at the peak of the
EPSC from all time-stable EPSCs in a par-
ticular condition. Figure 3C illustrates
mean EPSCs (black) and isolated spillover
currents (gray) recorded in the various
[Ca®"]/[Mg**] solutions. Because there
were usually no isolated spillover currents
at high probabilities of release, as a result
of alack of failures of the local component,
we developed methods for estimating the
mean and variance of spillover from the
population behavior. For all experiments
in which there was sufficient spillover data
available (see Materials and Methods), we
plotted the mean fractional current and
the fractional variance arising from spill-
over at the time of the peak of the direct
component of the EPSC as a function of
the normalized current (Fig. 3D). These
population relationships were then scaled
for each cell (Materials and Methods) and
used to predict the mean current and vari-
ance produced by the spillover current.
Figure 3E shows the variance-mean rela-
tionship in the presence of spillover cur-
rents (filled triangles, black line) and the
relationship after correction for spillover
in this cell (open triangles, gray line).
Weighted fits of Equation 2 to the vari-
ance—mean relationships gave estimates
for the mean quantal size at the time of
the peak of the stimulus-aligned EPSC
(Qp), the number of functional sites that
generate a quantal event (N), and the
mean release probability at each site
(PR). For this cell, these were Qp=
—14.5 pA, N = 6.8, and Py (2 mm
[Ca*™]) = 0.58 for the uncorrected plot,
and Qp, = —16.3 pA, N = 5.2, and Py (2
mM [Ca®"]) = 0.60 for the spillover-
corrected plot. On average, spillover
correction increased Qp by 20 = 18%
and reduced Nby 28 £ 17% (p < 0.001
by paired t tests; n = 25) (Fig. 3F).
Across 25 MF connections, the mean
amplitude of Qp estimated with spillover-
corrected MPFA, —15.5 = 5.1 pA, was not
significantly different from Qp measured di-
rectly from stimulus-aligned uniquantal EP-

SCs recorded under low probability conditions (Qp; —15.8 * 2.5
PA; p = 0.91). The spillover-corrected value of Nwas 4.7 * 2.6 (n =
25), which is within the range of three to six postsynaptic densities
(PSDs) present per GC dendrite in the rat (Jakab and Hamori, 1988)
and is comparable with the mean number of six anatomical PSDs per
GC dendrite, calculated from the mean number of PSDs (330) (Xu-
Friedman and Regehr, 2003) and the mean number of GCs (53 per
MEF terminal) (Jakab and Hamori, 1988), taking into account devel-
opmental changes (Hamori and Somogyi, 1983). The mean Py, in 2
mm [Ca®"] was 0.48 + 0.22 (n = 25), but the maximal release
probability observed under high [Ca®"] conditions was close to
unity (P = 0.81 + 0.17at 5mm [Ca**], n = 8 P, = 0.97 = 0.12 at

8mm [Ca*"],n=17).
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Figure 3.  Correction for spillover increases the estimated quantal size and decreases the estimated number of release sites at
MF-GC synaptic connections. A, Black traces show 10 superimposed consecutive EPSCs collected in 2 mm [Ca ™ ] (artifact blanked).
The gray trace is the average of the isolated spillover responses. bsin indicates the 1 ms window preceding the artifact used to
baseline the currents, and t1 and t2 show the measurement windows (0.1 ms) for baseline noise and peak amplitude (at the peak
of the direct responses), respectively. B shows current amplitude responses for windows t1(gray circles) and t2 (black triangles) at
each of four different [Ca*] values (the interval between data sets was actually 3—4 min: larger than shown). € shows the
average responses at each of the four [Ca 2] values and the average response for isolated spillover currents at three of the [Ca "]
values. D plots the normalized amplitude (D7) and variance (D2) of isolated spillover currents at the time of the peak of the direct
response as a function of the mean EPSC normalized to 2 mm [Ca > 1. Measurements were grouped by [Ca 2] (inmw): 1,1.25, 1.5,
2,and 3—8.The smooth curvesin Darefits:y = 0.12x4(D1) andy = 0.02x(D2). Each data point is the average of 10 —29 values,
and error bars are SEMs. E shows a variance—mean plot for the data illustrated in A-C. The solid lines show multinomial fits (Eq. 2)
foruncorrected and spillover-corrected data. F shows estimates for the uncorrected and spillover-corrected quantal parameters Qp
and N for 25 MF-GC connections.

Interpretation of N and Py at synaptic connections with
multiple release sites

The interpretation of N, determined with MPFA, depends on the
properties of release at an individual synaptic contact (Silver,
2003). Although the properties of single-site connections suggest
that transmission at an individual synaptic contact can be medi-
ated by the all-or-none release of a single vesicle (univesicular
release), this is not necessarily the case at connections with mul-
tiple release sites. Indeed, if multiple vesicles are released per
synaptic contact per AP [multivesicular release (Wadiche and
Jahr, 2001; Oertner et al., 2002)] and if receptor saturation occurs
(Foster et al., 2002; Harrison and Jahr, 2003), N would corre-
spond to the number of PSDs at which one or more vesicles were
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tively, if we compare the relative increase
in the mean EPSC from 2 to 8 mm [Ca® "],
under control conditions and when recep-
tor occupancy is lowered with kynurenic
acid, we did not detect a difference (con-
trol, 1.9 £ 0.5;Kyn,2.4 = 1.0, p = 0.2;n =
7) (Fig. 4D), suggesting that quanta sum-
mate linearly. We further tested this by ex-
amining whether N depended on receptor
occupancy. We compared the estimate of
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between 2 and 8 mm [Ca?

conditions, for controland 1 mm Kyn. N,

variance/mean of EPSCs recorded in 1.25 mm [Ca*" ], in control conditions or in Kyn. Because release probability at 8 mm [Ca

is ~1 (see Results), this gives an estimate of N.

released rather than the number of vesicles released (Silver,
2003). Under these conditions, P, would correspond to the mean
probability that transmitter was released at a synaptic contact
rather than the vesicular release probability. Moreover, if mul-
tivesicular release and saturation occur, then the number of func-
tional release sites would be expected to increase as the receptor
occupancy is lowered by competitive antagonists (Foster and Re-
gehr, 2004). We investigated whether quanta summate linearly
over the range of release probabilities at the MF-GC synapse by
examining the fractional block of the EPSC amplitude by the
rapidly equilibrating competitive AMPAR antagonist Kyn in dif-
ferent external [Ca® "] values. Figure 4 A shows the effect of 1 mm
kynurenic acid on individual EPSC amplitudes recorded in 2 mm
[Ca**] and when release probability was maximized with 8 mm
[Ca**]. The fractional block of the mean EPSC by kynurenic acid
was similar in 2 and 8 mm [Ca*™" ] in this cell (Fig. 4 BI,B2), as can
be seen from the normalized EPSC traces (Fig. 4 B3). Across seven
cells, the fractional block of the EPSC by kynurenic acid in 2 mm
[Ca*"] was not significantly different from that in 8 mm [Ca*"]
(63 = 4 and 54 * 5%, respectively; p = 0.22) (Fig. 4C). Alterna-

1.5

1.0

Fractional block of the EPSC by the rapidly dissociating antagonists kynurenic acid is similar at 2 and 8 mm [Ca
suggesting that peak [glutamate] is independent of release probability. A shows the EPSC peak amplitude during an experiment
in which 1 mm Kyn was added to the external solution (thin gray bar) and the [Ca*] was changed from 2 to 8 mu (dashed bar).
B7 and B2 show average EPSC size from the four stable epochs indicated by the thick gray bars in A (artifact blanked). B7 shows
datain 2mm[Ca®"]and B2in8mm[Ca’"]. B3 plots records from BT and B2 normalized to the control peak response. € shows
thefractional block ofthe EPSC by 1 mm Kynin 2and 8 mm [Ca ] across cells. D shows the fractional change in the EPSC amplitude
“Tin control and 1 mwm Kyn. E plots the number of functional release sites (N.,), normalized to control
was estimated from the ratio of the mean amplitude of the EPSCat 8 mm [Ca 2*1and the

N, obtained from the quantal content
when release was maximal (8 mm [Ca*™"];
in which NPy ~ N), in the presence and
absence of 1 mm kynurenic acid by divid-
ing the mean currents by their respective
quantal sizes (control, —10.6 * 1.7 pA;
Kyn, —5.0 = 0.7 pA; n = 7, measured
from the variance/mean at 1.25 mMm
[Ca®?"]). The estimate of N was un-
changed in the presence of kynurenic acid
(ratio of Kyn to control, 0.98 = 0.11; n =
7; p = 0.50) (Fig. 4 E), which shows that no
new release sites were revealed by lowering
receptor occupancy. These results indicate
that quanta summate linearly over the en-
tire range of Py.

The lack of a differential effect of
kynurenic acid is not attributable to lack
of equilibration during the rising phase of
the EPSC, because the fractional block of
the current increases after the peak of the
EPSC (DiGregorio et al., 2002), indicating
2] that the fraction of AMPA receptors
. bound by kynurenic acid falls significantly
from its maximal preequilibrated level
during the rising phase of the EPSC. It has
been shown previously that a competitive
antagonist approach can distinguish the
large glutamate concentration differences
that occur when release probability is in-
creased at synaptic contacts in which up to
four vesicles are released (Wadiche and
Jahr, 2001), but it may not be able to re-
solve the smaller differences in glutamate concentration arising
from synaptic contacts if only two vesicular release sites are
present. It is difficult to quantify the minimum concentration
change this method can resolve without a detailed kinetic scheme
for the synaptic receptor that included kynurenic acid binding.
Nevertheless, our results do show that released quanta summate
linearly at the peak of the EPSC. This suggests that that release is
either univesicular or that receptor occupancy is sufficiently low dur-
ing a quantal event that multiple quanta summate linearly at a single
synaptic contact. Because quanta summate linearly at the MF-GC
synapse, interpretation of quantal parameters estimated with MPFA
is straightforward (Silver, 2003): N is the number of vesicular release
sites (but not necessarily PSDs), Py is the mean probability that a
vesicle is released at an individual release site, and Q is the amplitude
of the postsynaptic response to the release of a vesicle.

— - 2mM[Ca?]
---- 8 mM[Ca2*]

p=0.50

control Kyn

2+]

Heterogeneity in the EPSC amplitude across fibers arises
from differences in N, Py, and Qp

Quantal parameters underlying transmission varied widely
across MF inputs, with Qp ranging from —6.1to —31.5pA (CV =
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0.33) (Fig. 5A-C), N varying from 0.9 to A
11.2 (CV = 0.56) (Fig. 5A,B), and P at 2
mMm [Ca*"] varying from 0.17 to 0.87
(CV = 0.46) (Fig. 5C). However, these

| 5 obs.
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quantal parameters were not correlated
with one another (Fig. 5A-C). The inde-
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particular MF terminal. If Py at release
sites connected to a particular GC reflects ~ Figure5. Quantal parameters vary independently across MF-GC synaptic connections. A shows the relationship between Qp

the mean Py of sites over the whole termi-
nal, then Py, and spillover should be corre-
lated across MF connections when vari-
ability arising from different N and Q, is
accounted for. Figure 5D shows the rela-
tionship between Py and the peak spillover
current normalized by NQ,, the maximal postsynaptic response.
The significant positive correlation across MFs in 2 mm [Ca*™]
suggests that the Py, of local and neighboring release sites is cor-
related. We also examined the uniformity in Py at individual
MEF-GC synapses by applying a multinomial quantal model that
included non-uniform release probability (Eq. 3) (Silver, 2003).
In cells in which it was possible to apply the non-uniform release
probability model (see Materials and Methods), we estimated the
CV of Py across sites from the fit parameter o and Equation 4
(Silver, 2003). The mean CV of Py across sites was 0.14 (n = 7),
indicating that Py is relatively uniform across sites at individual
MF connections. These results suggest that the release sites onto
the 50 or so GCs connected to a particular MF rosette have similar
Py values.

Time course of vesicular release probability at single sites

Because MPFA only gives a “snapshot” of Py at the time of the
peak of the EPSC, we investigated the time course over which
vesicles are released, because this synaptic parameter may impose
a fundamental limit on the temporal precision of synaptic signal-
ing. At single-site MF connections, in which each EPSC corre-
sponds to the release of a single vesicle, the time course of vesic-
ular release can be measured directly from the timing of
individual EPSCs. To minimize errors introduced by noise, we
assessed the times at which release occurred from the 20% rise of
fits of Equation 1 to individual EPSCs (see Materials and Meth-
ods). Figure 6A shows fits of Equation 1 to individual quantal
EPSCs recorded from a single-site connection at high temporal
resolution. The EPSC latency histogram had a Gaussian shape
with a slight skew, with the majority of release occurring within a

and N; B shows the relationship between Py at 2 mm [Ca* ] and N; and € shows the relationship between Qp and Pg at 2 mu
[Ca**]. All plots show quantal parameters from 25 connections measured using spillover-corrected MPFA. In no instance were the
parameters significantly correlated with one another (0.14 << p < 0.68). obs., Observations. D shows that the peak spillover
current amplitude, / (spill_peak), normalized by NQp, is significantly correlated with P, across MF connections. Dividing the
spillover current amplitude by NQ, accounts for cell-to-cell differences in the number of AMPARS that detect the spillover current.

200 us window. The fit to a Gaussian function had an SD of 70 us
(Fig. 6B, green line) (382 responses in 500 trials; 5 mm [Ca**]).
Because the time course of release is faster than the decay of the
quantal EPSCs, the 0.1 ms peak of the stimulus-aligned mean
EPSC waveform occurred near the end of the release function
(Fig. 6 B, magenta line segment). The value of Py, estimated at the
peak of the mean EPSC with MPFA, therefore corresponds more
closely to the final release probability than the probability at the
peak of the release rate. The time course of the vesicular release
probability, Py(t), was calculated for different [Ca*"] values by
integrating the release function and dividing by the number of
stimuli (Fig. 6C). The different [Ca®"] solutions introduced
slight temporal offsets in the cumulative release function. This is
likely to be attributable to changes in fiber excitability, because
there was no correlation across connections between the latency
and [Ca*™"] (measured relative to 2 mm [Ca**];r = —0.09; p =
0.48). Comparison of the normalized cumulative release func-
tions aligned on their 50% rise time indicates that there was no
change in the shape of the vesicular release function ( p = 0.62—
0.97, three pairwise comparisons, Kolmogorov—Smirnov test)
over a wide range of Py, values (Fig. 6 D).

Time course of vesicular release probability at

multisite connections

Measurement of Py(t) directly from the EPSC latency is limited
because it is only valid for single-site connections. Although this
approach can be extended to connections with many release sites
if a correction is made (Barrett and Stevens, 1972), it becomes
inaccurate at intermediate and high Py, values when the fraction
of failures becomes small. An alternative approach is to estimate
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Figure 6.  The time course of vesicular release at single-site MF-GC connections is similar at different [Ca>*] values. 4, A total

of 24 its of consecutive EPSCs (Eq. 1) from a set of 382 successes recorded from a single-site synapse at 5 mw [Ca>"]. The inset
shows an expanded view on the same time base as the distribution of all 382 latencies, shown in B. EPSClatency was measured at
the 20% rise time of the fits. The smooth green line shows a Gaussian fit with an SD of 70 ws; the magenta segment of this line
shows the 0.1 ms window corresponding to the peak of the direct response. Cshows cumulative release functions for three [Ca%*]
values (open triangles), calculated from the latency distribution and normalized by the number of stimuli. This gives Py(t). The solid
lines show the cumulative release functions calculated from the mean spillover-corrected waveform and the quantal waveform
using deconvolution. D shows the data in Cbut normalized to the peak of the direct response; the distributions are similar ( p =
0.69-0.91 by pairwise Kolmogorov—Smirnov tests). The cumulative function derived from the 1.25 mm [Ca*] run was moved
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ular release time course, the peak release
rate per site, and the final value of the ve-
sicular release probability function. Be-
cause the deconvolution method is sensi-
tive to noise, the mean quantal waveform
was determined by fitting each quantal
EPSC, evoked under low release probabil-
ity conditions (Fig. 7A), with Equation 1
and aligning the fits on their 20% rise
point (Fig. 7B). We also fit Equation 1 to
the mean EPSC waveform and used the
fitted function instead of the mean current
for deconvolution (see Materials and
Methods). Figure 7C shows the mean
EPSC waveform (black), the spillover cur-
rent component (gray), and the fit of the
spillover-corrected waveform (dashed
line) for the same connection in three dif-
ferent [Ca’"] values. Deconvolution of
the mean EPSC with the quantal event (see
Materials and Methods) provided the ve-
sicular release rate as a function of time
across all release sites at the connection.
Figure 7D shows the vesicular release rate
for this connection at 2 mMm [Ca’"] both
with and without spillover correction. Al-
though spillover had little effect on the re-
lease rate at early times, it introduced a tail
(Fig. 7D, arrow) that was not seen for the

0.05 ms to right to align the curves to account for presumed differences in fiber excitability (see Results).

the release waveform from the mean EPSC waveform. If quantal
events sum linearly, the mean EPSC waveform is the convolution
of the quantal current waveform (impulse response in linear sys-
tems analysis) and the vesicular release time course. Under these
conditions, deconvolution analysis (Cohen et al., 1981) can
therefore be used to calculate the time course of quantal release
from the mean EPSC and the quantal EPSC waveforms (Van der
Kloot, 1988; Borst et al., 1995; Diamond and Jahr, 1995; Isaacson
and Walmsley, 1995; Chen and Regehr, 1999; Schneggenburger
and Neher, 2000) (but, for a nonlinear approach, see Neher and
Sakaba, 2001). Before applying deconvolution to the multisite
connections, we first tested whether it could be used to estimate
reliably the time course of release under our experimental condi-
tions. Figure 6C shows that the cumulative release functions es-
timated with deconvolution closely match those measured di-
rectly from the EPSC latency distributions at a single-site synapse
at different Py values. Similar results were found for the second
single-site connection, at which four [Ca?"]s were used, and at
four multisite connections in which the release probability was
reduced to a level at which uniquantal events predominate [fail-
ures, >0.85; fraction of multiquantal events, ~5% (based on
Silver, 2003, his Eq. 30, assuming N = 5)]. In these cells, the
cumulative latency function measured from EPSC latencies and
from deconvolution was similar in 10 of 11 instances ( p = 0.23—
0.96 by Kolmogorov—Smirnov test; the one difference is illus-
trated in Fig. 6C at 5 mm [Ca*"]). This shows that deconvolution
methods can be used to measure the vesicular release time course
at the MF-GC synapse over a range of Py, values and confirms that
quantal events and spillover currents sum linearly at early times.

We performed deconvolution analyses at multisite connec-
tions in which we had estimated quantal parameters with MPFA,
because combining these methods allows calculation of the vesic-

spillover-corrected mean waveform or
when the release waveform was calculated
from the EPSC latency distribution at single sites (Fig. 6 B). By
integrating the spillover-corrected vesicular release functions and
dividing by N, it was possible to calculate the time course of the
release probability function per site. Figure 7E shows Py(t) for
different extracellular [Ca*"] values at this connection. Express-
ing the release functions as a cumulative probability shows that
the majority of the release is completed by the peak of the EPSC
(Fig. 7E, the 0.1 ms peak responses are indicated by gray line
segments). The decline in the cumulative release function at 5 mm
[Ca®*] is likely to be an artifact caused by overcompensation of
the spillover component at late times attributable to receptor
desensitization (Fig. 2C). When the cumulative release functions
were normalized to the peak of the direct response (Fig. 7F) and
aligned on their 50% rise time (to account for changes in the
latency), the shape of the Py(f) functions was similar (Fig. 7F,
inset), consistent with the results from latency measurements at
single-site synapses.

The mean time course of the vesicular release rate per release
site at 2 mM [Ca®*] across 14 MF-GC connections is shown in
Figure 8 A. The peak release rate per site varied from 0.6 to 5.5
vesicles/ms per site across connections in 2 mm [Ca**], and the
mean was 2.8 *= 1.8 vesicles/ms per site. The mean vesicular
release rate per site was increased to 6.6 = 2.5 vesicles/ms under
high release probability conditions (in 5 or 8§ mm [Ca®"]) and was
strongly correlated with Py, as expected (r = 0.84; p < 0.0001;
n = 14). The mean release time course had a fast rising phase
(10-90% rise time of 54 us) and a slower falling phase with a
single decay time constant of 75 us. The full-width half-
maximum (FWHM) of the release time course, normalized to the
2 mM value, was not correlated with [Ca®"] across the 14 cells
examined ( p = 0.10) (Fig. 8 B). Moreover, there was no signifi-
cant trend between the FWHM of the release time course and Py
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measured at 2 mMm across different MFs
(data not shown; r = —0.46; p = 0.10).
Even when data from the different [Ca*"]
values and different MF connections were
pooled, the relationship between the
FWHM of the release time course and Py
was not correlated (r = —0.28; p = 0.06)
(Fig. 8C). However, the correlation is on
the border of significance: if there is corre-
lation between these parameters that we
cannot detect, the shallow slope of the fit
indicates that the dependence of these pa-
rameters is weak. These results show that
the peak release rate per site is large and
that the time course of vesicular release is
rapid at physiological temperature. Fur-
thermore, the time course of vesicular re-
lease and Py are not significantly corre-
lated at the MF-GC synaptic connection.

Simulations of individual EPSCs and
model limitations

We developed a simple stochastic model
of MF synaptic transmission to test how
well our measurements of release time
course, quantal parameters, and spillover
could account for EPSC variability and to
investigate how these processes influence
signaling. For these simulations, we used
the quantal parameters for particular MF
connections, obtained from MPFA in
which N was constrained to be an integer.
The Monte Carlo simulation used the cell-
specific mean quantal waveform, the pop-
ulation mean vesicular release time
course, the population intrasite and inter-
site quantal variability, and the cell-
specific mean waveform and amplitude
distribution of spillover (see Materials and
Methods). To assess how well our model
reproduced the actual trial-to-trial EPSC
variability, we compared real and simu-
lated EPSCs. Figure 9A shows the mea-
sured mean EPSC (top) and SD (bottom)
from an input with five release sites and a
Pr = 0.46 with the stochastic synaptic
model of the same connection. The time
course of the mean and SD of the simu-
lated EPSCs was similar to that for the real
EPSC for this and two other connections
with small (1) and large (9) values of N.
We then examined the distributions of
EPSC peak amplitude, weighted decay,
and charge transfer to assess how well our
simple model could reproduce the mea-
sured data. Comparison of these distribu-
tions show considerable qualitative simi-
larities between the simulated and
observed data for this (Fig. 9B-D) and the
two other connections (data not shown),
indicating that the model reproduced
much of the variability exhibited by EP-
SCs. However, quantitative comparison of
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several of the distributions using the sensitive Kolmogorov—
Smirnov test revealed differences between the simulated and ob-
served data. These discrepancies are likely to arise both from
limiting sampling and nonlinear summation of quanta and spill-
over after the peak of the EPSC. These results suggest that the
model can only approximate the real EPSC shape variability
rather than reproduce it exactly. A more accurate model of trans-
mission that took account of this nonlinear behavior would re-
quire a realistic model of the synaptic AMPARs, which is not
available at present. Nevertheless, our simplified model, which
provides a good approximation of the EPSC amplitude and shape
variability, has allowed us to explore the influence of quantal
variability and spillover on AMPAR-mediated EPSCs and EPSPs
in GCs.

Simulations investigating the influence of quantal variability
on MF-GC synaptic signaling

We first used our synaptic model to investigate the influence of
quantal amplitude variability on MF signaling in the absence of
spillover currents. Figure 10 A1 shows the simulated EPSCs from
a single-site cell, in which the fraction of EPSC successes is equal
to the vesicular release probability (0.22 in this case). To assess
how these synaptic currents were integrated by GCs, we com-
bined our synaptic model with a conductance-based single-
compartment model with GC-like membrane properties (see
Materials and Methods). Because we are interested in the prop-
erties of an individual MF, but two or more MF EPSPs are re-
quired for the GC voltage to reach threshold from the resting
potential (D’Angelo et al., 1995), we modulated the resting volt-
age by adding different levels of tonic excitatory conductance.
Synaptic conductances from the single-site model produced EP-
SPs that were nearly 2 mV in size (at a baseline membrane poten-
tial of —52 mV) and invariant in amplitude (Fig. 10A2). None of
the EPSPs crossed an arbitrary threshold of —50 mV. Inclusion of
intrasite quantal amplitude variability (CV 4s) in our simulation
introduced large trial-to-trial fluctuations in EPSC amplitude but

4

Weighted Decay (ms)

100
Charge Transfer (fC)

Simulations closely approximate the trial-to-trial variability in EPSCamplitude and shape. A compares the mean EPSC
(top) and SD (bottom) calculated from a sample of 96 EPSCs measured from an MF-GC synaptic connection (black line) and the
mean EPSCand SD calculated from a sample of 1000 simulated EPSCs for this connection (gray line). The quantal parameters for
this connection, N = 5and P, = 0.46 at 2 mm [Ca 2™ ], are similar to the population mean. B—D compare real and simulated EPSCs
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did not alter the mean EPSC amplitude
(Fig. 10B1I). Simulated EPSPs also exhib-
ited large-amplitude fluctuations, with
some EPSPs crossing the —50 mV thresh-
old at levels of baseline voltage that were
subthreshold in the absence of quantal
variance (Fig. 10, compare B2, A2).

To examine how quantal variability
might influence synaptic integration, we
estimated the reliability of synaptic inte-
gration by measuring the probability of
crossing threshold (Py - vynreshola) from
various resting voltages. In the absence of
quantal variance, the Py, < yihreshold func-
tion had a discrete step, at —52 mV, when
it jumped to Py, (Fig. 10C, filled circles). In
contrast, the presence of quantal variance
introduced a graded relationship between
Py - vinreshola and the baseline voltage and
extended the voltage range over which the
EPSP could cross threshold (Fig. 10C,
open triangles). This threshold smoothing
effect of quantal variance is likely to be
most pronounced at connections with a
low quantal content (<1), because thresh-
old crossing function becomes less step-
like as the number of vesicle released in-
creases. To examine the influence of quantal variability on the
latency of EPSP—spike coupling, we examined the SD of the time
of the first threshold crossing. This parameter is a measure of the
precision with which information can be transferred across syn-
apses (Harsch and Robinson, 2000; Galarreta and Hestrin, 2001;
Cathala etal., 2003). In the absence of quantal variance, there was
little jitter in the time at which the threshold was crossed; this
resulted in a small SD in the timing of threshold crossing (Fig.
10D, filled circles). The presence of quantal variance broadened
the distribution of threshold crossing times only slightly (Fig.
10D, open triangles). These results show that quantal amplitude
variability extends the voltage range over which EPSPs can cross
threshold and that rapid vesicular release permits precise tempo-
ral signaling.
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M simulated

6 8 10
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CV (sim.) = 0.32
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150 200 250

Simulations investigating the influence of spillover on

MF-GC synaptic signaling

To assess the impact of spillover on synaptic signaling, we simu-
lated three different MF inputs with a small (Fig. 11A1), mean
(Fig. 11 B1), and large (Fig. 11CI) number of release sites. Inclu-
sion of a spillover current component markedly increased trial-
to-trial variability in the shape of the EPSCs for the single-site
connection, as can be seen by comparing Figures 10 Bl and 11 A1.
The EPSP shape variability was also increased when spillover was
included, with the peaks occurring later when the direct release
failed (Figs. 10B2, 11 A2). EPSC and EPSP shape variability was
also pronounced in connections with intermediate numbers of
release sites but became less pronounced in the connection with
many release sites (Fig. 11B1,B2,C1,C2). A comparison of the
probability of threshold crossing (Py, - yinreshora) @8 @ function of
baseline voltage for simulations with and without the spillover
shows that spillover increases the reliability of signaling by shift-
ing the relationship to hyperpolarized voltages (Fig. 11A3). Al-
though this effect was substantial across all of the MFs simulated
(Fig. 11A3,B3,C3), the EPSPs from the strongest connections
were still insufficient to cross threshold from a resting potential of
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—80 mV (Cathala et al., 2003), consistent
with the proposal that at least two MFs are
required to fire a GC (D’Angelo et al.,
1995). At synapses in which failures in
quantal release occurred, the presence of
spillover increased Py, — ypreshold from the
maximal level attainable for quantal re-
lease (1 — f) to ~1 at depolarized poten-
tials (Fig. 11A3). We showed previously
that spillover broadens the mean EPSP,
increasing its half-width by 50% (DiGre-
gorio et al., 2002). Our simulations show
that EPSP broadening and shape variabil-
ity also tend to broaden the distribution of
threshold crossing times, increasing the
SD (Fig. 11A4-C4, compare open and
filled symbols). This effect was baseline
voltage dependent and generally smaller at
hyperpolarized voltages. Even at the peak
of the effect, the values of the SD in the
threshold crossing time were small (<500
us across the different connections).
These results show that spillover substan-
tially increases the reliability of transmis-
sion and rapid vesicular release, and fast
quantal currents permit relatively precise
signaling at the MF-GC synapse.

Discussion

Vesicular release and summation

of quanta

Multivesicular release at climbing fiber
and calyx of Held synapses can lead to
nonlinear quantal summation attribut-
able to AMPA receptor saturation (Meyer
et al., 2001; Foster et al., 2002; Harrison
and Jahr, 2003). At the MF-GC synapse,
our experiments using a rapidly equili-
brating competitive antagonist show that
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EPSPs can cross threshold. A7, Simulated EPSCs at —76 mV for a single-site connection with P = 0.22 with no quantal variance
and nospillover. Gray traces show 50 individual EPSCs and failures, and the black trace is the average (the majority of the responses
were failures). A2 shows simulated EPSPs for the same currents as in A7 for a passive single-compartment model with a baseline
membrane potential of —52 mV. The dashed line shows an arbitrary threshold voltage of —50 mV. BT shows EPSCs for the same
connection but with quantal variance under the same conditions as AT (Vs = 0.26). B2 shows simulated EPSPs for the same
currents as in BT for the same model and conditions as in A2. CShows Py -y reshoid @S @ function of the baseline voltage; each
symbol represents the probability over 1000 trials; filled circles show the relationship with no quantal variance, and open triangles
show the relationship in the presence of quantal variance. D shows the relationship between the SD of the times at which the EPSP
crossed the —50 mV threshold and the baseline voltage. Each symbol represents the SD calculated over 1000 trials.

quantal events sum linearly at the peak of

the EPSC even at high P;. This finding

could be accounted for by either the release of a maximum of one
quantum at each PSD or the release of multiple vesicles per PSD
if AMPAR occupancy is low during a quantal event. Several ob-
servations indicate that AMPAR occupancy is well below satura-
tion at the MF-GC synapse: approximately linear summation of
quanta and spillover currents at single-site synapses, high intra-
site quantal variance, and potentiation of the quantal response
when diffusion is slowed (Nielsen et al., 2004). Although it is
therefore possible that more than one vesicle is released per syn-
aptic contact at multisite MF synaptic connections, our compet-
itive antagonist experiments suggest that, if present, multivesicu-
lar release makes a much smaller contribution than at the
climbing fiber (Wadiche and Jahr, 2001; Foster and Regehr,
2004). Indeed, the occurrence of single-site MF connections with
EPSC successes that are constant in amplitude over a wide range
of Py values indicates that at least some MF-GC synapses operate
in the univesicular mode. Moreover, the area of MF-GC active
zones is much smaller than at synapses in which multivesicular
release has been reported (Zucker and Regehr, 2002), providing
limited space for docked vesicles. Our estimate of N is compara-
ble with the mean number of anatomical PSDs on a GC dendrite

(4.7 and ~6, respectively) (Jakab and Hamori, 1988; Xu-
Friedman and Regehr, 2003). This approximate one-to-one rela-
tionship and the fact that the AMPARs operate in their linear
range suggest that univesicular release predominates at MF-GC
connections.

The finding that the EPSC variance is reduced at high Py,
under conditions of linear quantal summation, suggests that the
number of vesicles released per site per AP is restricted. At the
calyx of Held, three vesicles can be released per PSD during a 10
ms depolarizing pulse (Sun and Wu, 2001), which suggests either
that a restriction on vesicular release is absent or that prolonged
calcium waveforms are sufficient to overcome such a barrier. The
simplest explanation of our data are that only one vesicle is release
ready at each release site and that the replenishment rate is much
slower than the vesicular release time course after an AP.

Time course, rate, and probability of vesicular release

We quantified the time course of vesicular release from individ-
ual MF connections at physiological temperature. The release
rate rises rapidly (54 ps 10-90% rise time), and the decay of the
vesicular release time course is fast (7= 75 us) compared with the
150-300 us observed at other synapses at near body temperature
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(Fedchyshyn and Wang, 2005), or if the in-
tracellular [Ca®"] is shaped by buffers
(Meinrenken et al., 2002). However, we can-
not rule out the possibility of some calcium-
dependent speeding of release (Felmy et al.,
2003; Bollmann and Sakmann, 2005) if it
were masked by a calcium-dependent
broadening of the AP (Schneggenburger et
al., 1999). Because the release time course is
rapid compared with the miniature EPSC,
estimates of Py from MPFA at the peak of
the quantal response will correspond to the
final release probability.

Our results indicate that the peak vesic-
ular release rate per site after an AP is ~3
ms ' at physiological temperature. This is
an order of magnitude higher than the
peak release rate at the calyx of Held at
room temperature, 0.2-0.4 ms ' (Boll-
mann et al., 2000; Schneggenburger and
Neher, 2000), but this difference may arise
principally from differences in tempera-
ture, given the high Q,, of the release time
course (2-3) (Isaacson and Walmsley,
1995; Silver et al.,, 1996b). Py, which is the
integral of the release function, is approxi-
mately twofold lower at the calyx. As extra-
cellular [Ca?"] was increased at the MF, the
peak vesicular release rate per site reached 7
ms " after an AP. This may be close to the
maximal rate that can be achieved, given the
rapid time course and the fact that P, — 1
under these conditions.

Rapid vesicular release and

temporal precision

The brief window for release at the MF
synapse will tend to minimize jitter in the
EPSC latency, especially at connections
with few release sites or low Py. This prop-
erty, together with the rapid time course of
the quantal events (Silver et al., 1992;
Cathala et al., 2003), produces time-
locked EPSPs with rapid rise times. How-

(30-34°C) (Isaacson and Walmsley, 1995; Geiger et al., 1997).
Indeed, the duration of vesicular release at the MF is comparable
with the duration of calcium entry at 37°C at other synapses
(Borst and Sakmann, 1998; Geiger and Jonas, 2000). Although
this correlation might suggest that the calcium current time
course determines the release waveform via a rapid equilibration
with the calcium sensor, the release time course generated by such
a mechanism would be expected to speed as [Ca*>*] increased when
only one, rather than a large number of, vesicles is available for im-
mediate release per site. The simplest explanation for our results is
that the reaction is far from equilibrium and that processes down-
stream of calcium binding determine the release time course. In-
deed, it has been shown recently that, when the intracellular [Ca?™"]
transient becomes brief, the release time course becomes indepen-
dent of the transient duration, suggesting that conformational
changes in the release machinery can be rate limiting (Bollmann and
Sakmann, 2005). Such rapid calcium transients could be experi-
enced by the calcium sensor if it is within tens of nanometers of the
entry site [“nanodomains” (Neher, 1998)], as reported recently

ever, our simulations suggest that the temporal precision achiev-
able at this synapse is reduced by the EPSC shape variability
introduced by an intermediate Py, quantal variability, and slow
spillover currents. In practice, this tradeoff between timing and
reliability may not compromise temporal signaling, because sim-
ulations suggest that the SD of the time of threshold crossing is
<500 ws and that precision improves at hyperpolarized poten-
tials; this value compares with the ~400 s SD of EPSP latencies
at cortical connections (Feldmeyer et al., 2002), which are tuned
for temporal signaling (Silver et al., 2003). Moreover, the insen-
sitivity of the release time course to Py may allow temporal sig-
naling to be maintained across connections with a wide distribu-
tion of synaptic weights, during presynaptic modulation by
neurotransmitter (Mitchell and Silver, 2000) and activity-
dependent plasticity (Sola et al., 2004).

Quantal variability, spillover, and reliability
Our results suggest that spillover currents could contribute to
rate-coded signaling by enhancing reliability at MF-GC connec-
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tions. This property, together with the quantal variability at this
synapse, allows single-fiber EPSPs to reach threshold from more
hyperpolarized voltage levels, increasing reliability and allowing
small inputs to have a greater effect on some trials but less on
others. For a single MF, spillover currents will also increase the
window for temporal integration, thus lowering the burst fre-
quency necessary to produce GC firing, a property observed in
vivo (Chadderton et al., 2004). Moreover, by introducing sub-
stantial trial-to-trial variability in the EPSP, spillover and quantal
variance tend to smooth the interaction between the EPSP and
AP threshold for time-averaged measures of activity, thereby lin-
earizing the effects of the excitatory input.

Implications for cerebellar processing

Our results show that large fiber-to-fiber variation in MF synap-
tic strength arises from differences in the quantal parameters: N,
Py, and Q, and from glutamate spillover. However, our results
suggest that Py is relatively uniform across the 200—400 release
sites (Xu-Friedman and Regehr, 2003) on an individual MF ter-
minal, as observed recently at cortical connections (Koester and
Johnston, 2005). Variation in Py across fibers could arise from a
number of sources, but if presynaptic long-term potentiation
(Sola et al., 2004) contributes to the high P, we observe at a
fraction of connections (Fig. 5C), then our results suggest that the
specificity of this plasticity is at the level of a whole terminal
rather than an individual GC. Our observations, combined with
data on plasticity (Sola etal., 2004) and modulation (Mitchell and
Silver, 2000), suggest that Py is a “global variable” that alters the
synaptic efficacy at all of the 50 GCs connected to an MF terminal.

We have shown that the mathematical operations that inhibi-
tion performs on rate-coded signals depend on the variance of the
synaptic input, with noise permitting inhibition-mediated mul-
tiplicative scaling (gain modulation) (Mitchell and Silver, 2003).
The large trial-to-trial variability in amplitude and shape of MF
EPSCs arising from quantal release, quantal variability, and spill-
over will contribute to the variance of synaptic input trains.
Moreover, the mean Py at the MF (~0.5) is set at a level that
maximizes the variance arising from stochastic release. It there-
fore seems that the stochastic properties of the synapse are well
suited to allow multiplicative scaling of rate-coded signals by the
tonic inhibition in these cells (Semyanov et al., 2004). This, to-
gether with the enhanced reliability of spillover and threshold
smoothing by quantal variance, is likely to increase the dynamic
range of rate-coded signaling.

The cerebellum is thought to be involved in coordinating
movements, which requires precise timing. It is therefore likely
that timing information is conveyed by MFs. Highly synchro-
nized vesicular release and brief quantal currents (Silver et al.,
1992, 1996a; Cathala et al., 2003) are well suited for such tempo-
ral signaling. When local groups of MFs are active, the pattern of
GC firing in a region will be determined by the strength of the MF
connections and by correlations in the MF activity. Previous the-
oretical work suggests that inputs with larger N and higher Py
may dominate, because they are capable of transmitting informa-
tion at higher rates than weaker connections (Zador, 1998). By
synchronizing quantal release and by improving the reliability of
excitatory drive, synchronized release and spillover are likely to
increase the fraction of active GCs. This may allow temporal
correlations across multiple local MFs to be transmitted through
the GC layer as intense “patches” of synchronized activity, while
allowing rate-coded signals to be mediated by lower intensity,
uncorrelated GC activity.
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