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The Influence of Multivesicular Release and Postsynaptic
Receptor Saturation on Transmission at Granule Cell to
Purkinje Cell Synapses

Kelly A. Foster,* John J. Crowley,* and Wade G. Regehr
Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

The properties of a synapse are crucially dependent on whether an action potential can trigger the release of multiple vesicles at an
individual release site [multivesicular release (MVR)] and whether fusion of a single vesicle leads to receptor saturation. MVR and
receptor saturation both occur at some high p synapses, but it is not known whether they also occur at low p synapses. Here we examine
this issue at the low p synapse between parallel fibers and Purkinje cells using the low-affinity antagonist DGG (�-D-glutamylglycine) to
relieve AMPA receptor saturation. We find that the presence of MVR and receptor saturation at this synapse alters the calcium depen-
dence of synaptic transmission and reduces the extent of facilitation. These findings establish that MVR and postsynaptic receptor
saturation can influence transmission even at synapses with a low initial probability of release and suggest that these properties may be
common at synapses in the mammalian brain.
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Introduction
The amount of neurotransmitter that is released at a synapse in
response to a single action potential can have important conse-
quences for synaptic function and plasticity. At some types of
synapses, it appears that an action potential can trigger the release
of at most a single vesicle at an individual release site (Korn et al.,
1982; Stevens and Wang, 1995; Dobrunz et al., 1997; Silver et al.,
2003; Murphy et al., 2004; Biro et al., 2005). This observation,
combined with the presence of multiple docked vesicles at each
release site (Atwood and Karunanithi, 2002; Xu-Friedman and
Regehr, 2004), led to the hypothesis that a mechanism must exist
to prevent the fusion of multiple vesicles at an individual release
site (Triller and Korn, 1982; Korn et al., 1984; Stevens, 1993).
However, at other synapses, an action potential can evoke the
release of multiple vesicles at a single release site [multivesicular
release (MVR)]. This is well established for climbing fiber (CF) to
Purkinje cell synapses (Wadiche and Jahr, 2001) and inhibitory
synapses that have a high initial probability of release ( p) (Auger
et al., 1998; Kirischuk et al., 1999), for the hair cell synapse (Glo-
watzki and Fuchs, 2002) and for ribbon synapses onto AII ama-
crine cells (Singer et al., 2004). However, it remains controversial

whether MVR occurs at synapses with moderate to low p such as
excitatory synapses in the hippocampus (Tong and Jahr, 1994;
Stevens and Wang, 1995; Abenavoli et al., 2002; Oertner et al.,
2002; Conti and Lisman, 2003).

A related issue is whether the neurotransmitter liberated by a
single action potential is sufficient to occupy a large fraction of
receptors at a single postsynaptic density (PSD). If so, then
postsynaptic receptors are partially “saturated,” and fusion of
additional vesicles at the same release site produces only a small
incremental increase in the response. At the climbing fiber to
Purkinje cell synapse (CF synapse), both MVR and postsynaptic
receptor saturation occur and have profound effects on use-
dependent synaptic plasticity (Wadiche and Jahr, 2001; Foster et
al., 2002; Harrison and Jahr, 2003; Foster and Regehr, 2004).
However, it remains an open question whether this is a special-
ization that is only important at CF synapses and some inhibitory
synapses (Auger et al., 1998). Of particular interest is whether
MVR and AMPA receptor (AMPAR) saturation influence the
properties of synapses with a low initial p and if so what the
consequences are.

Here we examine the contribution of MVR and postsynaptic
receptor saturation to release at the synapse between granule cell
parallel fibers (PFs) and Purkinje cells (PF synapse). This synapse
is well suited to these studies because it has a low initial p (Ditt-
man et al., 2000), exhibits prominent paired-pulse facilitation
(Konnerth et al., 1990; Perkel et al., 1990), has on average seven
docked vesicles per release site, and each synapse is isolated from
neighboring synapses by glia ensheathment (Xu-Friedman et al.,
2001). In a manner similar to that used previously at the CF
synapse (Wadiche and Jahr, 2001), we used the low-affinity
AMPA receptor antagonist �-D-glutamylglycine (DGG)
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(Watkins et al., 1990; Liu et al., 1999) to relieve saturation. The
use of low-affinity antagonists (Clements et al., 1992) such as
DGG relies on their rapid kinetics, which allows them to compete
with glutamate for binding sites on the AMPA receptor. This
greatly lowers the extent to which glutamate binds to postsynap-
tic receptors and relieves the effects of saturation. In previous
studies of long-term plasticity at PF synapses, it was shown that
DGG can have small effects on paired-pulse plasticity (Coesmans
et al., 2004; Sims and Hartell, 2005). Here we use DGG to show
that MVR and receptor saturation can be prominent at the PF
synapse, particularly when facilitation increases p. These studies
are consistent with the view that MVR is a widespread feature of
both high and low p synapses throughout the brain. At the PF
synapse, MVR is particularly prominent when facilitation in-
creases p.

Materials and Methods
Transverse slices (250 �m thick) were cut from the cerebellar vermis of
12- to 15-d-old Sprague Dawley rats as described previously (Atluri and
Regehr, 1998). Slices were superfused at 1 ml/min with a saline solution
consisting of the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2,
26 NaHCO3, 1.25 NaH2PO4, and 25 glucose (bubbled with 95% O2/5%
CO2 unless otherwise mentioned). In experiments in which CaCl2 was
varied, the concentration of MgCl2 was also changed to maintain the
concentration of divalent cations, such that 3 Cae corresponds to 3 CaCl2
and 0 MgCl2, 2 Cae corresponds to 2 CaCl2 and 1 MgCl2, and 1 Cae

corresponds to 1 CaCl2 and 2 MgCl2. Experiments were performed at
room temperature unless otherwise noted. Bicuculline at 20 �M (Sigma,
St. Louis, MO) was included in the external solution to block GABAA-
mediated synaptic currents.

Whole-cell recordings of Purkinje cells were obtained as described
previously (Regehr and Mintz, 1994), with an internal solution consist-
ing of the following (in mM): 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and
0.2 D600 (methoxyverapamil), adjusted to pH 7.2 with CsOH. D600 was
included to block L-type voltage-gated calcium channels. The access re-
sistance and leak current (�20 to �200 pA holding at �40 mV) were
monitored continuously, and experiments were rejected if either of these
parameters increased significantly during the recording. Parallel fibers
were stimulated by placing a glass electrode filled with external saline in
the molecular layer several hundred micrometers from the recording
electrode. In all experiments, presynaptic volleys were monitored as a
measure of the number of activated fibers (Sabatini and Regehr, 1997).
We found that the extent of paired-pulse facilitation depended on the
position of the stimulus electrode within the molecular layer. In the
presence of 3 mM Cae, facilitation tended to be more prominent in prox-
imal synapses (0.99 � 0.10; n � 9) than in distal synapses (0.36 � 0.06;
n � 6). To reduce the variability in synaptic responses, in our experi-
ments the stimulus electrode was placed �25–50 �m from the Purkinje
cell layer for molecular layer stimulation. In experiments in which Cae

was altered, the amplitude of the volley changed by �10%. Evoked
EPSCs were recorded at a holding potential of �40 mV to inactivate Na �

and Ca 2� currents using 0.8 –1.2 M� glass electrodes.
For granule cell stimulation experiments (see Fig. 3), a pair of glass

electrodes filled with external saline separated by 10 – 40 �m was placed
in the granule cell layer of the transverse slice, �100 �m lateral to the
recorded Purkinje cell. This configuration allows a spatially dispersed set
of parallel fiber synapses to be activated, with minimal contribution of
synapses formed by the ascending branch of the granule cell axons (Mar-
caggi et al., 2003; Sims and Hartell, 2005). Granular layer stimulation
likely activated proximal and distal synapses, and thus facilitation for
granular layer stimulation was intermediate between facilitation ob-
served for proximal and distal molecular layer stimulation. CPP [3-((R)-
2-carboxypiperazin-4-yl)propyl] at 5 �M was added to the external saline
to reduce the tendency of granule cells to fire in bursts. Pairs of stimuli
were delivered 50 ms apart, every 15 s. The position of the electrodes and
the stimulus intensity were adjusted to minimize asynchronous EPSCs.

Synaptically evoked transporter currents (STCs) were recorded as de-

scribed previously (Zerangue and Kavanaugh, 1996; Bergles et al., 1997;
Auger and Attwell, 2000; Wadiche and Jahr, 2001). The holding potential
was �70 mV, and the internal solution consisted of the following (in
mM): 135 K-gluconate, 10 EGTA, and 10 HEPES, pH 7.3. Parallel fibers
were stimulated to evoke large AMPA-mediated EPSCs, after which
25 �M 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX)
and 100 �M CPCCOEt [7-(hydroxy-imino)cyclopropachromen-1a-
carboxylate ethyl ester] were added to the external saline to block AMPA
receptors and metabotropic glutamate receptors (mGluR1), respectively.
The remaining current reflects the uptake of 3 Na �, 1 H �, and 1 gluta-
mate and the extrusion of 1 K �, from the synaptic cleft by excitatory
amino acid transporters on the Purkinje cell. To confirm this, a compet-
itive, nontransportable blocker of the excitatory amino acid transporters
[DL-threo-h-benzyloxyaspartate (DL-TBOA), 300 �M] was applied at the
end of each experiment.

Outputs from the Axopatch 200A amplifier (Axon Instruments,
Union City, CA) were digitized with a 16 bit digital-to-analog converter
(InstruTech, Great Neck, NY), with Pulse Control software (Herrington
and Bookman, 1995). EPSCs were filtered at 1 kHz with a four-pole
Bessel filter. Analysis was performed using Igor Pro software (WaveMet-
rics, Lake Oswego, OR).

Results
Properties of transmission at PF synapses
MVR and AMPAR saturation could potentially influence several
aspects of transmission at the parallel fiber to Purkinje cell syn-
apse (PF synapse). As at many other synapses, the properties of
facilitation at the PF synapse are highly sensitive to Cae. This is
shown for a representative experiment in which paired-pulse fa-
cilitation is evoked by stimuli separated by 20 ms (Fig. 1a). In this
example, in 1 mM Cae, the half-decay time of the first EPSC is
slightly faster than the second (Fig. 1a, left, 3.1 vs 3.9 ms), and in
2.5 mM Cae, the difference in the half-decay times of the first and
second EPSCs was more pronounced (Fig. 1a, right, 3.8 vs 5.8
ms). Such a prolongation of EPSC2 suggests that postsynaptic
receptors are exposed to higher levels of glutamate for EPSC2

than for EPSC1. One possible explanation is that there is only
partial vesicle fusion in response to the first EPSC and more
complete fusion in response to the second EPSC. The observation
that quantal size remains constant during facilitation at single
hippocampal synapses (Chen et al., 2004) indicates that it is un-
likely that a change in the extent of vesicle fusion contributes to
an increase in glutamate levels for the second EPSC. This suggests
either glutamate pooling and spillover (Carter and Regehr, 2000;
Marcaggi et al., 2003; Xu-Friedman and Regehr, 2004) or that
MVR and AMPAR saturation (Wadiche and Jahr, 2001) occur for
facilitated transmission in high Cae.

Increasing Cae also alters the amplitude of facilitation, defined
as (EPSC2 � EPSC1)/EPSC1, and the time course of facilitation.
In 1 mM Cae, for an interstimulus interval of 20 ms, the amplitude
of facilitation is 5.5 � 0.4 (Fig. 1b, squares). In 2.5 mM Cae, the
amplitude of facilitation at 20 ms decreases to 1.6 � 0.1 (Fig. 1b,
circles). This trend is observed over a range of Cae, with the
amplitude of facilitation decreasing as Cae increases (Fig. 1c). The
dependence of the amplitude of facilitation on Cae and the initial
probability of release is a property of most types of synapses, but
it is not well understood. As the interstimulus interval increases,
the amplitude of facilitation decays to zero. The time course of
the decay of facilitation becomes slower as Cae increases, as is
most apparent when the curves are normalized to the maximum
amplitude of facilitation (Fig. 1d). The time constant of decay
increased from 80 ms in 1 mM Cae to 210 ms in 2.5 Cae. These
properties of facilitation raise two questions. First, do MVR and
saturation or glutamate pooling during the second EPSC limit the
extent of facilitation and account for the decrease in facilitation
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with increasing Cae? Second, do they contribute to the increase in
the time constant of decay of facilitation that also occurs when
Cae is increased?

A final issue is the calcium dependence of synaptic transmis-
sion. As Cae is increased, the amplitude of the EPSC also increases
(Fig. 1e). A logarithmic plot shows that the relationship is ap-
proximately linear when Cae is below 2 mM (Fig. 1f). This corre-
sponds to a relationship in which

EPSC � k�Cae	
n , (1)

where n � 3. However, when Cae is elevated to 3 mM, the EPSC
amplitude appears to saturate, and the data are well approxi-
mated by the function

EPSC �
EPSCMAX�Cae	

n

�Cae	
n � �Ca0.5	

n , (2)

where EPSCMAX is the maximum EPSC that can be evoked, n is a
measure of the Cae dependence, and Ca0.5 is the value of Cae at
which the EPSC is half-maximal. The saturation of EPSC ampli-
tude with increasing Cae has been observed at numerous synapses
(Dodge and Rahamimoff, 1967; Reid et al., 1998; Schneggen-
burger and Neher, 2005). The observed dependence of the EPSC
on Cae raised the issue of whether MVR and AMPAR saturation

or glutamate pooling contribute to the saturation of EPSC
amplitude.

The effects of DGG and NBQX on facilitation
We tested whether either MVR and AMPAR saturation or gluta-
mate pooling influence facilitation by comparing facilitation
measured in control conditions with facilitation in the presence
of either a fast, low-affinity AMPAR antagonist or a slow high-
affinity AMPAR antagonist. DGG relieves AMPAR saturation
because it rapidly dissociates from AMPARs and effectively com-
petes with glutamate. In contrast, NBQX is a slowly dissociating
antagonist that does not affect receptor saturation because gluta-
mate cannot compete for receptors during its brief time in the
synaptic cleft. NBQX at 250 nM and DGG at 5 mM reduced the
amplitude of the PF EPSC to a similar extent in 3 mM Cae [11 �
1% of control (n � 12) for DGG and 16 � 1% of control (n � 10)
for NBQX], which allowed us to use similar stimulus intensities
to study facilitation in the presence of either DGG, which should
relieve AMPAR saturation, or NBQX, which should not.

Representative experiments show that DGG and NBQX have
very different effects on facilitation at PF synapses. These exper-
iments were conducted in the presence of 3 mM Cae, and PF
synapses were activated with pairs of pulses every 15 s. DGG
reduced the amplitude of EPSC1 to a greater extent than EPSC2

(Fig. 2a). This is shown by the reversible increase in the amplitude
of facilitation as a function of time (Fig. 2a, bottom left). It is also
apparent in the plot of the normalized EPSCs measured in con-
trol conditions and in the presence of DGG (Fig. 2a, right). In
contrast, NBQX reduced the amplitude of both EPSCs to the
same extent, and facilitation remained constant (Fig. 2b). On
average, DGG significantly increased facilitation by (99 � 18%;
n � 4; p � 0.02, paired Student’s t test), whereas NBQX did not
significantly alter the extent of facilitation (3 � 12%; n � 4; p 

0.8). These experiments suggest that the more prominent facili-
tation in the presence of DGG does not arise from series resis-
tance errors and is consistent with either MVR and postsynaptic
receptor saturation or glutamate pooling and spillover.

We also compared facilitation in DGG and in NBQX within
the same synapses. In these experiments, PF EPSCs were stimu-
lated with pairs of stimuli in the presence of 5 mM DGG, and then
the external solution was switched to 250 nM NBQX. After allow-
ing �20 min for the DGG to wash from the slice and for the
NBQX to equilibrate, the EPSCs were again measured. The stim-
ulus intensity was kept constant, and the same population of
fibers was activated. As shown in the representative experiment in
3 mM Cae, the amplitude of EPSC1 was approximately the same in
both conditions, but there was much more facilitation in the
presence of DGG (Fig. 2c). In this example, the facilitation was
1.79 in DGG and 0.86 in NBQX. On average, the ratio of the
amplitude of facilitation in DGG to the amplitude of facilitation
in NBQX was 1.65 � 0.16 (n � 4; p � 0.02, paired t test). Al-
though the larger facilitation in DGG compared with control
conditions and NBQX is consistent with MVR and postsynaptic
receptor saturation, a decrease in the initial probability of release
could also cause an increase in facilitation (Zucker and Regehr,
2002). We determined whether DGG affected the presynaptic
release probability by measuring STCs in Purkinje cells. This cur-
rent arises from the glutamate released from the parallel fibers
and provides a sensitive means of detecting changes in glutamate
release. STCs were measured in the absence of chloride-
permeable anions as described previously (Zerangue and Ka-
vanaugh, 1996; Bergles et al., 1997; Auger and Attwell, 2000;
Wadiche and Jahr, 2001). NBQX (25 �M) was added to block

Figure 1. The effect of extracellular calcium on synaptic transmission at the parallel fiber
synapse. a, A representative experiment showing two EPSCs elicited 20 ms apart in 1 mM Cae

(left) and in 2.5 mM Cae (right) in the same cell. Traces are the average of six trials. b, The time
course of facilitation, defined as (EPSC2 � EPSC1)/EPSC1, is shown for 2.5 mM Cae (circles) and 1
mM Cae (squares). Points are the average of seven experiments. The data are fit to the following
equation: facilitation � Ae � �t /�, with fit parameters [A, � (ms)] of [1.7, 210] for 2.5 mM Cae

and [6.1, 86] for 1 mM Cae. c, The amplitude of facilitation is plotted as a function of Cae. Each
point is the average of 4 –11 experiments and corresponds to the amplitude of facilitation for
�t � 20 ms. d, The facilitation curves from b were normalized to the extrapolated value of
facilitation at �t � 0 ms and replotted to better illustrate the Cae dependence of the time
course of facilitation. e, f, EPSC amplitude is plotted as a function of Cae. EPSC amplitudes were
normalized to the EPSC amplitude in 1.5 Cae. Three to five experiments were averaged for each
point. The solid line in e and f is a fit of the data to Equation 2, where EPSCMAX �5.4�2.6, Ca0.5

� 1.4 � 0.3 mM, and n � 4.8 � 1.0. The dashed line represents a fit of the first three data
points to Equation 1, with k � 1.01 � 0.04 and n � 4.9 � 0.5. The data in e are replotted as
a logarithmic plot in f. Error bars are SEM, and some error bars are obscured by points.
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EPSCs mediated by AMPARs, and a small current remained that
was typically �1–2% of the initial EPSC amplitude. The STC was
blocked by the broad-spectrum glutamate transport inhibitor
TBOA (300 �M), indicating that is was mediated by glutamate
transporters in the Purkinje cell (Fig. 2d). In the presence of DGG
(5 mM), the STC amplitude was 94 � 5% of control (n � 6). This
lack of effect of DGG on transporter currents is consistent with stud-
ies of CF, in which 2 mM DGG did not affect transporter currents
(Wadiche and Jahr, 2001). Based on our studies of the calcium de-
pendence of facilitation and the observed relationship between the
EPSC amplitude and the extent of facilitation (Fig. 1), it would take
an �25% reduction in the initial probability of release to account for
the observed increase in facilitation in the presence of DGG. The
finding that DGG does not alter transporter currents indicates that
the effects of DGG on paired-pulse plasticity reflect the interaction of
DGG with postsynaptic AMPARs.

The effect of DGG on facilitation after stimulation in the
granular layer
DGG can affect the extent of facilitation when MVR occurs at an
individual site or when multiple synapses are activated and glu-
tamate spillover and pooling occur. PF to Purkinje cell synapses
are similar to CF synapses in that they are well ensheathed by glia
and individual release sites and their corresponding postsynaptic
densities appear to be isolated (Xu-Friedman et al., 2001). This
suggests that glutamate pooling is less prominent than at other
synapses in which release sites and PSDs are close together and
are less well isolated (Carter and Regehr, 2000; Xu-Friedman and
Regehr, 2004). However, stimulation of a beam of fibers by an

extracellular electrode in the molecular layer will activate many
synapses in close proximity to each other, which could lead to
glutamate pooling (Marcaggi et al., 2003).

We therefore tested the effects of DGG on facilitation when PF
synapses were activated in a manner that minimized any poten-
tial contribution of glutamate pooling (Marcaggi et al., 2003).
Granule cell axons were activated with two electrodes placed in
the granular layer (Fig. 3a). Because granule cells extend their
axons different distances into the molecular layer, the synapses
activated in this manner will be distributed throughout the den-
dritic arbor of the Purkinje cell, and the contribution of gluta-
mate pooling is minimized. In control conditions, the facilitation
in 3 mM Cae was 68 � 4% (n � 10). We then examined the effects
of washing in either DGG or NBQX on the magnitude of facili-
tation. DGG (5 mM) reduced the amplitude of the first EPSC to
9 � 1% of initial values and increased facilitation from 0.67 �
0.07 to 1.47 � 0.08, which represents a 126 � 15% increase in
facilitation (n � 5; p � 0.001, paired Student’s t test) (Fig. 3b).
NBQX (250 �M) reduced the amplitude of the initial EPSC to
15 � 1% of initial values, and facilitation increased from 0.70 �
0.04 to 0.82 � 0.08, which represents a 16 � 7% increase in
facilitation (n � 5; p 
 0.05) (Fig. 3c). The small increase in the
extent of facilitation in NBQX is likely attributable to series resis-
tance errors, which cause a slight underestimate of the extent of
facilitation in control conditions in which the EPSCs were quite
large. The increase in the magnitude of facilitation in the presence
of DGG for granular stimulation was similar to that observed for
molecular layer stimulation. This suggests that glutamate pooling

Figure 2. DGG enhances facilitation of PF synapses without altering glutamate release. PF EPSCs were evoked with pairs of stimuli (�t � 50 ms) every 15 s, and the effects of 5 mM DGG (a) and
250 nM NBQX (b) on the amplitudes of EPSC1 (open circles, top left), EPSC2 (filled circles, top left), and facilitation (open squares, bottom left) are plotted as a function of time. To reduce the effect
of stochastic variation, the amplitude of facilitation is calculated from the running average of 10 traces. The average EPSCs recorded in control conditions (a, b, black, right), in the presence of DGG
(a, gray, right) and in the presence of NBQX (b, gray, right) are normalized to EPSC1. c, EPSCs were evoked with pairs of stimuli separated by 20 ms in the presence of 5 mM DGG (left). Then, the external
solution was changed to 250 nM NBQX, and the average response was determined after 20 min in NBQX (middle). The traces measured in NBQX and DGG are normalized to the amplitude of EPSC1

for the purposes of comparing the extent of facilitation (right). d, Synaptic transporter currents were evoked with PF stimulation and measured with a 0 Cl � internal in the presence of 25 �M NBQX
to block AMPAR EPSCs. The effect of 5 mM DGG was assessed, and the average amplitude of the transporter currents measured in control conditions, in 5 mM DGG, and in the presence of TBOA is plotted
as a function of time (n � 6). Transporter currents are shown on the right, with control trace (black) and the response in 5 mM DGG (gray) superimposed.
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is unlikely to be a factor in the effect of DGG on facilitation and
that the most likely explanation is MVR and AMPAR saturation.

Multivesicular release and receptor saturation limit the
amplitude of facilitation
We next determined the effect of MVR and AMPAR saturation
on the time course and amplitude of facilitation by examining the
effects of DGG and NBQX on the properties of facilitation over a
wide range of conditions. The properties of facilitation observed
in control conditions were not altered in the presence of 250 nM

NBQX (Fig. 4). This can be seen both in summary data (Fig.
4a,c,e), which show that the amplitude and time course of facili-
tation are similar in control conditions (open triangles), and in
NBQX (filled circles). It is also apparent in the representative
traces showing EPSC amplitudes evoked 20 ms apart (Fig.
4b,d,f,). The amplitude of facilitation at 20 ms was not signifi-
cantly different whether measured in control conditions or in the
presence of NBQX in 1 mM Cae (6.1 � 0.2 in control; 5.1 � 0.6 in
NBQX; p 
 0.1) or when Cae was raised to 3 mM (1.1 � 0.1 in
control; 1.1 � 0.1 in NBQX; p 
 0.5). Because NBQX allowed us
to study synaptic currents that were evoked by stimulation with
amplitudes similar to those used to study currents evoked in
DGG, and the properties of facilitation were similar in the pres-
ence of NBQX and in the absence of blocker, much of this study

focuses on a comparison of EPSCs evoked in the presence of 250
nM NBQX with those evoked in the presence of 5 mM DGG.

DGG did not influence facilitation in low Cae when p is low. In
1 mM Cae, the amplitude of facilitation was similar in the absence
of any antagonist (Fig. 4a, open triangles), in the presence of
NBQX (Fig. 4a, filled circles), and in the presence of 5 mM DGG
(Fig. 4a, open circles). At 20 ms, the amplitude of facilitation was
6.3 � 0.4 (n � 11) in the presence of DGG, which was not signif-
icantly different from the amplitude in NBQX (5.1 � 0.6; n � 11;
p 
 0.1) or in the absence of antagonists (6.1 � 0.2; n � 6; p 

0.5). The modest effect of DGG on facilitation suggests that MVR
and AMPAR saturation are not prominent at PF synapses in 1 mM

Cae. This is consistent with the low likelihood of having multiple
vesicles released at a site if p is low, as is the case at this synapse in
1 mM Cae. This also indicates that DGG does not have presynaptic
effects.

Figure 3. The effects of glutamate receptor antagonists on facilitation under conditions in
which glutamate pooling is minimal. a, Schematic showing the manner in which granule cells
within a transverse slice were activated with electrodes placed in the granular layer, and the
response was recorded with a whole-cell electrode. The stimulus electrode was located 50 –100
�m lateral from the recorded Purkinje cell to avoid activation of ascending synapses from the
granule cell. Therefore, the EPSCs arise from PF synapses corresponding to the axonal regions
after the bifurcation in the axon. Because the axons bifurcate at various distances into the
molecular layer, the activated synapses are distributed throughout the dendritic arbor. Repre-
sentative pairs of EPSCs for a wash-in experiment are shown for control conditions (b, black
trace, top) and in the presence of DGG (b, gray trace, top) and for control conditions (c, black
trace, top) and in the presence of NBQX (c, gray trace, top). Summaries of facilitation in control
conditions and in the presence of an antagonist are shown for wash-in experiments in DGG (b,
bottom) and in NBQX (c, bottom).

Figure 4. The effect of relieving AMPA receptor saturation on the amplitude of facilitation.
The time course of facilitation is shown in the presence of 250 nM NBQX (filled circles), 5 mm DGG
(open circles), and in the absence of antagonists (open triangles) for 1 mM Cae (a), 2 mM Cae (c),
and 3 mM Cae (e). Each point is the average of seven experiments. Data are fit to the following
equation: facilitation � Ae � �t /�, with fit parameters [A, � (ms)] of [6.7, 78] for 1 mM Cae plus
DGG and [6.1, 86] for 1 mM Cae plus NBQX, [3.3, 160] for 2 mM Cae plus DGG and [2.4, 200] for 2
mM Cae plus NBQX, and [2.7, 170] for 3 mM Cae plus DGG and [1.7, 210] for 3 mM Cae plus NBQX.
Representative traces showing the EPSCs evoked by a pair of stimuli (t � 20 ms) are shown for
1 mM Cae (b), 2 mM Cae (d), and 3 mM Cae (f ), in the absence of any antagonists (left), in the
presence of DGG (middle), and in the presence of NBQX (right). Traces in b, d, and f are the
average of two to three trials. g, The amplitudes of facilitation (�t � 20 ms) in DGG (open
circles), NBQX (filled circles), and in the absence of antagonists (open triangles) are plotted as a
function of Cae. There was no significant difference in the extent of facilitation in 1 mM Cae in the
absence of an antagonist or in the presence of either NBQX or DGG ( p 
 0.1, Student’s t test;
n � 6 no antagonist; n � 11 NBQX; n � 11 DGG), but there were significant differences in the
extent of facilitation in 1.25 mM Cae ( p � 0.01; n � 3, 3), 1.5 mM Cae ( p � 0.005; n � 10
NBQX, 10 DGG), 2 mM Cae ( p � 0.01; n � 7, 6), 2.5 mM Cae ( p � 0.01; n � 7, 6), and 3 mM Cae

( p � 0.01; n � 10, 8). There was no significant difference between the extent of facilitation for
no antagonists versus NBQX ( p 
 0.1; n � 8 no antagonist) in 3 mM Cae.
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When Cae was increased, the effect of relieving AMPAR satu-
ration on facilitation was larger. In 2 mM Cae, the amplitude of
facilitation at 20 ms was 3.4 � 0.1 (n � 7) in DGG and 2.3 � 0.1
(n � 6) in NBQX (Fig. 4c). The amplitude of facilitation at 20 ms
was also larger in DGG than in NBQX or in the absence of block-
ers when Cae was increased to 3 mM [1.9 � 0.2 in DGG; 1.1 � 0.1
in NBQX; 1.1 � 0.1 in control (Fig. 4e)]. The more pronounced
facilitation in the presence of DGG is also apparent when repre-
sentative responses to paired stimulation are compared (Fig.
4d,f).

A summary of these results shows that facilitation is similar in
control, NBQX, and DGG in 1 mM Cae but that, as Cae is elevated,
facilitation is more pronounced in DGG (Fig. 4g, open circles)
than either in NBQX (Fig. 4g, filled circles) or in the absence of
AMPAR antagonists (Fig. 4g, open triangles). This effect of DGG
on facilitation suggests that MVR and AMPAR saturation occur
at the PF synapse and are most pronounced when p is high,
namely for the second EPSC in elevated Cae. This suggests that
AMPAR saturation limits the extent of facilitation in high Cae.
However, in the presence of DGG, the amplitude of facilitation
still decreased substantially as Cae was increased. This indicated
that AMPAR saturation only accounts for part of the decrease in
facilitation that occurs as Cae is increased.

The effect of receptor saturation on the decay of facilitation
The finding that AMPAR saturation can affect the amplitude of
facilitation suggested that multivesicular release and AMPAR sat-
uration may also be responsible for the increase in the decay time
constant of facilitation observed as Cae was increased. We there-
fore investigated the effect of DGG on the time constant of facil-
itation in different Cae. When Cae is increased in the presence of
DGG, the amplitude of facilitation decreased as in control con-
ditions (Fig. 5a). When the curves in the presence of 1 and 2.5 mM

Cae are normalized to the same amplitude, it is clear that facilita-
tion is still longer lived in 2.5 mM Cae than 1 mM Cae even when
AMPAR saturation is relieved (Fig. 5b). Comparing the normal-
ized facilitation curves obtained in 2.5 mM Cae in the presence of
either NBQX or DGG reveals that facilitation decays only slightly

faster in the presence of DGG (Fig. 5c). Overall, as Cae was in-
creased, facilitation appeared to be slightly longer lived in NBQX
than in DGG (Fig. 5d), and the time constants of decay were
significantly different in 1.5 mM Cae (136 � 11 ms in NBQX and
85 � 11 ms in DGG; p � 0.02). However, as Cae was increased,
the change in the time constant of decay was no longer significant
( p 
 0.05 in 2 and 2.5 mM Cae and p 
 0.2 in 3 mM Cae). These
results suggest that AMPAR saturation plays a small role in the
prolongation of the time course of facilitation observed when Cae

is increased.

The effect of receptor saturation on EPSC amplitude
We also investigated the effect of AMPAR saturation on the am-
plitude of the first and second EPSCs individually. In a represen-
tative experiment, when Cae is changed from 3 to 1.5 mM in the
presence of NBQX, the EPSC amplitude decreases to 22% (Fig.
6a). In the presence of 5 mM DGG, this change is more pro-
nounced, as shown for a representative experiment in which the
EPSC decreased to 15% (Fig. 6b). These results are summarized
for a range of Cae in Figure 6, c and d, in which the amplitudes of
the first and second EPSCs normalized to the amplitude of the
first EPSC in 1.5 mM Cae are plotted as a function of Cae. In
the presence of NBQX, as Cae increases, the amplitudes of both
the first and second EPSCs increase (Fig. 6c). The same trend is
observed in the presence of DGG, but the EPSC amplitudes are
increased to a greater extent (Fig. 6d).

This result is more clearly seen when the relationships be-
tween the EPSC amplitude and Cae are plotted on the same graph
for both DGG and NBQX (Fig. 6e– h). When Cae is low, the
relationships between the first EPSC and Cae in DGG and NBQX
overlap. However, when Cae reaches 2 mM, the relationships be-
gin to deviate, with the relative amplitude of the first EPSC in the
presence of DGG increasing to larger values than that in NBQX
(Fig. 6e,g). For the second EPSC, the relationships again overlap
at low Cae. However, when Cae reaches 1.5 mM, the amplitude of
the second EPSC in DGG continues to increase, whereas the am-
plitude of the second EPSC in NBQX saturates (Fig. 6f,h). These
results again suggest that, when p becomes sufficiently high, MVR
and AMPAR saturation occur. At the parallel fiber synapse, this
begins to occur for the first EPSC when Cae is 2 mM or higher and
occurs for the second EPSC once Cae is higher than 1.5 mM.

To determine the calcium dependence of synaptic strength at
PF synapses, it is necessary to take into account the sublinear
relationship between Cae and calcium influx (Cainflux). At PF
synapses, Cainflux � Cae/(1 � Cae/Ca1/2 ), where Ca1/2 � 3 mM

(Mintz et al., 1995). Using this relationship, the amplitudes of
EPSC1 and EPSC2 were replotted as a function of Cainflux (Fig.
6i,j). In control conditions, the relationships were well approxi-
mated by the equation

EPSC �
EPSCMAX�Cainflux	

n

�Cainflux	
n � �Ca0.5	

n , (3)

where EPSCMAX is the maximum EPSC that can be evoked, n is
measure of the dependence of the EPSC on Cainflux, and Ca0.5 is
the value of Cainflux at which the EPSC is half-maximal. When
Cainflux �� Ca0.5, then saturation of the EPSC amplitude is min-
imal and the equation reduces to

EPSC � k�Cainflux	
n , (4)

where k � EPSCmax/Ca0.5)n is a constant. Equation 4 corresponds
to a straight line with a slope of n on a logarithmic plot and fits the
relationship between EPSC1 and Cainflux in control conditions for

Figure 5. The effect of relieving AMPA receptor saturation on the time course of facilitation.
a, The facilitation recorded in 5 mM DGG in the indicated concentrations of Cae. Curves are the
average of four to eight experiments. b, Normalized facilitation curves from a for 1 and 2.5 mM

Cae. c, Normalized facilitation curves in 2.5 mM Cae recorded in 250 nM NBQX (filled circles) and
in 5 mM DGG (open circles). d, Time constant of facilitation as a function of Cae recorded in 250 nM

NBQX (filled diamonds) and with AMPAR saturation relieved (5 mM DGG, open diamonds).
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low values of Cainflux (Fig. 6i, dashed line) (n � 4.9). However, for
higher values of Cainflux, EPSC1 measured in control conditions
deviates from this relationship and is best described by Equation
3. In control conditions, EPSC2 also deviates from Equation 4
(Fig. 6j, dashed line) (n � 3.9) but is well approximated by Equa-
tion 3. Thus, in control conditions, the relationships between
EPSC1 and EPSC2 and Cainflux are qualitatively similar to those
relating EPSC2 and EPSC1 to Cae, but there is a steeper depen-
dence on Cainflux than on Cae (n is 4.2 vs 3.2 for EPSC1 and 3.4 vs
2.9 for EPSC2).

When AMPAR saturation was removed with DGG, EPSC1

and EPSC2 were well approximated by Equation 4 with n � 4.9
(Fig. 6i) and n � 3.8 (Fig. 6j), respectively. This suggests that the
deviation from Equation 3 in the presence of NBQX reflects MVR
and AMPAR saturation. These findings also suggest that the
EPSC amplitude does not provide a good measure of neurotrans-
mitter release in control conditions and in the presence of NBQX
because AMPAR saturation occurs (see Discussion).

Simulating the effects of MVR and AMPAR saturation
These experimental results suggest that MVR and AMPAR satu-
ration have an important influence at PF synapses. We next de-
termined whether there is a quantitative agreement between the
properties of synaptic transmission in control conditions and in
the presence of DGG. The goal was to determine whether MVR
and AMPAR saturation account for the differences in amplitudes
of EPSC1 and EPSC2 observed when AMPAR saturation occurs in
control conditions (Fig. 6c) and when it is prevented by the in-
clusion of DGG (Fig. 6d). The first step was to use the fits to
Equation 2 for EPSC2 to determine the maximum current
(EPSCMAX) and then express the synaptic currents relative to
EPSCMAX for both control conditions (Fig. 7a) and DGG (Fig.
7b). In control conditions, EPSC/EPSCMAX does not provide a
measure of p because of AMPAR saturation. When receptor sat-
uration is relieved in the presence of DGG, the synaptic currents
provide a much better estimate of neurotransmitter release, and
EPSC/EPSCMAX is approximately proportional to the probability
of release of a single vesicle ( pv). This plot in DGG suggests that
the initial pv is �0.01 in 1.5 mM Cae and that pv increases to �0.4
for EPSC2 in 3 Cae. In contrast, in control conditions, in 3 Cae

EPSC2 is over 0.8 EPSCmax.
The next step was to determine whether a model based on

MVR and AMPAR saturation accounts for the differences be-
tween Figure 7, a and b. We assumed that synaptic transmission
at an individual release site involves n docked vesicles each with a
probability of release pv. The probability of releasing k vesicles is
then given by the binomial distribution,

pk � pk�1�p	 n�k
n!

k!�n�k	!
. (5)

Previous studies have shown that there are an average of seven
morphologically docked vesicles (i.e., n � 7) at each release site at
PF synapses (Xu-Friedman et al., 2001), so that as pv varies be-
tween 0 and 1, the probability of having k vesicles released at an
individual site is shown in Figure 7c. If the amplitude of the
response produced by the fusion of k vesicles at an individual site
is given by Ik, then the size of the EPSC is given by

EPSC � �
k�1

n

pkIk . (6)

Our experimental findings indicate that a single vesicle leads to a
high extent of occupancy and a sublinear relationship between
the synaptic current measured and the number of vesicles re-
leased at a single release site. The extent of the occupancy depends
on the properties of the AMPARs and the glutamate signal. Nu-
merous models have been proposed to account for the activation
of AMPA receptors (Raman and Trussell, 1992; Hausser and
Roth, 1997; Rosenmund et al., 1998; Benke et al., 2001; Robert
and Howe, 2003; Ventriglia and Di Maio, 2003). Studies of
AMPARs from Purkinje cells have given rise to a model that
provides a good description of the properties of AMPARs at PF
synapses (Hausser and Roth, 1997), and we therefore used this

Figure 6. The effect of eliminating AMPA receptor saturation on the amplitude of evoked
EPSCs. Representative experiments showing the effect of changing Cae from 3 to 1.5 mM and
back to 3 mM in the presence of 250 nM NBQX (a) and in the presence of 5 mM DGG (b). Experi-
ments as in a and b were used to determine the dependence of EPSC1 (circles) and EPSC2

(triangles) on Cae in NBQX (c) and in DGG (d). The lines are fits to Equation 2, where [EPSCmax,
Ca0.5, n] are [5.4, 2.4, 3.2] for EPSC1 in control, [9.5, 1.7, 2.9] for EPSC2 in control, [61.9, 5.5, 3.2]
for EPSC1 in DGG, and [61.9, 3.7, 2.6] for EPSC2 in DGG. The EPSCs in c and d are normalized to the
amplitude of EPSC1 recorded in 1.5 mM Cae. The amplitudes of EPSC1 (e, g) and EPSC2 (f, h)
recorded in NBQX (open symbols) and in DGG (filled symbols) and corresponding fits are plotted
on linear (e, f ) and log (g, h) scales. EPSC1 (circles) and EPSC2 are replotted as a function of
Cainflux in i and j, in which Cainflux is determined from Cae using the relationship determined
previously (Mintz et al., 1995) and normalized to the value in 1 mM Cae. In i and j, for control
conditions, the lines are fits to Equation 3, where [EPSCmax, Ca0.5, n] are [13, 2.5, 4.2] for EPSC1

and [13, 1.7, 3.4] for EPSC2, and, in the presence of DGG, fits are to Equation 4, where [k, n] are
[0.24, 4.9] for EPSC1 and [2.0, 3.5] for EPSC2.
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model to simulate responses to the release of various numbers of
vesicles at PF synapses. The responses of AMPARs to the fusion of
one to seven vesicles were simulated according to this model. All
parameters of AMPARs used in these simulations were identical
to those of Hausser and Roth (1997). The glutamate transients
used in the simulations were similar to those used previously
(Wadiche and Jahr, 2001): they had rise and decay times of 25 and
55 �s, and release of a single vesicle resulted in a peak glutamate
concentration of 3.5 mM. The amplitudes of glutamate transients
scaled linearly with the number of vesicles that were synchro-
nously released, with a maximum of 24.5 mM for seven vesicles.
According to these simulations, the peak numbers of glutamate
receptor channels open in response to one and seven vesicles are

45 and 73%, respectively. The peaks of simulated responses were
normalized to the response for seven vesicles (Fig. 7d). According
to this model, the relationship between the synaptic current mea-
sured and the number of vesicles that fuse at an individual site is
given by Figure 7d.

The next step was to determine whether these descriptions of
MVR and AMPAR saturation account for the differences be-
tween the synaptic currents measured in DGG and those mea-
sured in control conditions. We first determined the fraction of
vesicles released at individual sites as predicted by Equation 5,
using the fits to EPSC/EPSCMAX in DGG as a measure of pv. The
calculated Cae dependence of the number of vesicles released at
single sites reveals that MVR is exceedingly rare for EPSC1 when
Cae is �2 mM (Fig. 7e). MVR is much more prominent for EPSC2,
to the point that, in 3 Cae, there are essentially no failures; occa-
sionally, a site will release only a single vesicle, but at most sites,
MVR occurs (Fig. 7f). We then determined the predicted Cae

dependence of the EPSC amplitude based on the predicted num-
ber of released vesicles (Fig. 7e,f) and the fractional response to a
given number of released vesicles (Fig. 7d). The resulting curves
for EPSC1 (Fig. 7g) and EPSC2 (Fig. 7h) provided a remarkably
good fit to the data in control conditions. This indicates that
MVR and AMPAR saturation can account for the differences in
the Cae dependence of EPSC amplitude observed in control con-
ditions and in the presence of DGG.

MVR and AMPAR saturation under physiological conditions
Thus far, we have addressed the general issue of MVR and
AMPAR saturation at a low p synapse by examining the PF syn-
apse at 24°C. These findings indicate that MVR and AMPAR
saturation occur even at synapses with a low probability of release
and suggest that this is a common feature of synapses. The ques-
tion remains as to the extent and the role of MVR and AMPAR
saturation under physiological conditions. We addressed this is-
sue by modifying our experimental conditions in several ways.
Experiments were performed at near-physiological temperatures
(34°C) in the presence of 1.5 mM Cae and 1 mM MgCl2, which
approximates Cae present in vivo. Spillover and glutamate pool-
ing are less likely to occur at these near-physiological tempera-
tures than at room temperature. PF synapses were stimulated
with a brief burst of stimuli at 50 Hz to mimic the type of burst
exhibited by granule cells in vivo (Chadderton et al., 2004).

We found that, under these conditions, DGG and NBQX still
had different effects on PF EPSCs. In these experiments, the same
PF synapses were activated first in the presence DGG (2 mM) and
then in the presence of NBQX (250 nM). In the presence of
NBQX, facilitation was pronounced and the amplitude of the
fourth EPSC was approximately five times as large as the initial
EPSC (Fig. 8a, black trace). This is consistent with the low initial
probability of release under these conditions at this synapse. Fa-
cilitation was even more prominent in the presence of DGG (Fig.
8a, gray trace). The observation that the differences between the
amplitudes of the EPSCs in NBQX and DGG are less pronounced
for EPSC4 than for EPSC3 or EPSC2 should be interpreted cau-
tiously. The large facilitation that develops during the train makes
the measurement of late EPSCs progressively more susceptible to
series resistance errors. Because the initial amplitude was larger
and the extent of facilitation was greater in DGG, the difference in
the amplitude of EPSC4 for DGG and NBQX may be an under-
estimate. A summary of EPSCn/EPSC1 observed in DGG and
NBQX (n � 5 cells) showed consistent differences in facilitation
during stimulus trains (Fig. 8b). This indicates that, under phys-

Figure 7. Modeling the Cae dependence of EPSC amplitude in DGG and control based on MVR
and AMPAR saturation. The model is based on seven vesicles per site that each have a probabil-
ity pv of fusing, and the number of vesicles fusing is determined by the binomial distribution
(Eq. 5). The EPSC amplitudes as a function of Cae from Figure 6 were renormalized and replotted
for experiments performed in control conditions (a) and experiments performed in the presence
of DGG (b). The renormalizations are based on determining EPSCMAX by fitting the data to
Equation 5. c, Fraction of events in which 0, 1. . . 7 vesicles are released at site with seven docked
vesicles each with pv calculated using Equation 5. d, Fractional response evoked by the simul-
taneous fusion of one to seven vesicles at a single release (see Results). Using EPSC/EPSCMAX as
a measure of pv and the fits from a allowed us to calculate the fraction of sites at which 1, 2,. . .
vesicles fused as a function of Cae for a single pulse for EPSC1 (e) and for EPSC2 (f ). These curves
that describe the extent of MVR (e, f ) combined with AMPAR saturation as in d were used to
calculate the Cae dependence of EPSC1 (g) and EPSC2 in control conditions (h). These lines were
compared with the Cae dependence of EPSC1 (open circles) and EPSC2 (open triangles), mea-
sured in control conditions.
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iological conditions, synaptic strength is limited by AMPAR sat-
uration and MVR.

Discussion
We found that MVR and AMPAR saturation influence synaptic
transmission at the PF to Purkinje cell synapse. These findings
indicate that MVR can be prominent at synapses with a low initial
release probability. Similarly, AMPAR saturation also appears to
be more widespread than was initially appreciated. Together,
MVR and AMPAR saturation combine to influence the calcium
dependence of EPSC amplitude and limit the extent of facilita-
tion at the PF synapse.

MVR is a general feature that occurs at high and low
p synapses
Previous studies have established that MVR can occur at several
high p synapses (Auger et al., 1998; Wadiche and Jahr, 2001), but
at low p synapses, the occurrence of MVR has been controversial
(Stevens and Wang, 1995; Oertner et al., 2002). Previous studies
of this issue examined responses mediated by individual release
sites, discriminated between successes and failures, and then de-
termined the potency (the average of the successes). Changes in p
are accompanied by a change in potency only at synapses in

which MVR occurs. At excitatory synapses in the hippocampus,
studies differ with respect to whether potency changes occurred
when p was altered. Electrical measurements of synaptic re-
sponses evoked by minimal stimulation found that the potency of
the AMPA component remained constant even when p was al-
tered (Stevens and Wang, 1995). This study was interpreted as
being consistent with release of at most a single vesicle at an
individual site (i.e., no MVR). In contrast, optical measurements
from individual spines indicated that changes in p were accom-
panied by a change in the potency of the NMDA component,
which supports the occurrence of MVR. Thus, one study suggests
that MVR occurs at hippocampal synapses and the other suggests
that it does not.

Here we find that MVR occurs at the PF synapse, which is a
synapse with a low initial p. As at all synapses, p depends on
calcium entry and is regulated by use-dependent processes. In the
presence of DGG with AMPAR saturation relieved the initial
EPSC in 1.5 mM Cae is � 4% as large as the second EPSC in 3 mM

Cae and is � 2% of the maximal EPSC estimated from fits (Fig. 6).
This suggests that the initial probability of a vesicle fusing at a site
( pv) is �0.02 in 1.5 mM Cae. Based on n vesicles per site for each
pv, the probability of at least one vesicle being released at a site
( ps) corresponds to ps � 1 � (1 � pv)n, which corresponds to an
initial ps of 0.13 in 1.5 mM Cae. Thus, the Cae dependence of the
amplitudes of two closely spaced EPSCs indicates that the initial
pv and ps at the PF synapse are generally quite low. Despite this
low initial pv, MVR can occur at this synapse, but it is most
pronounced when facilitation increases pv. The success of the
model presented in Figure 7 indicates that MVR and AMPAR
saturation provide a good approximation of the properties of
synaptic transmission at PF synapses. This model was based on
the experimentally determined number of docked vesicles at
these synapses (Xu-Friedman et al., 2001), the properties of
AMPAR synapses that have been described for synapses onto
Purkinje cells (Hausser and Roth, 1997), and the assumption that
all of the vesicles at a release site function independently and have
the same probability of release. According to this model, for
EPSC1, MVR occurs at 1 and 22% of the sites in 1.5 and 3 mM Cae,
respectively, whereas for EPSC2, MVR occurs at 13 and 83% of
the sites in 1.5 and 3 mM Cae, respectively (Fig. 7e,f). Thus, MVR
becomes prominent at this synapse for the second of two closely
spaced stimuli.

The use of low-affinity antagonists to study MVR
The low-affinity antagonist approach we used here differs from
measurements of potency that have been used to study MVR at
other synapses. First, potency measurements are most effective at
nonsaturating synapses, whereas low-affinity antagonists are
most effective at saturating synapses. Potency measurements are
insensitive to MVR if a single vesicle completely saturates the
postsynaptic receptors because responses arising from multiple
vesicles are difficult to distinguish from responses mediated by
single vesicles. Thus, the lack of a potency change cannot be used
to rule out MVR unless it has been established that postsynaptic
receptor saturation does not occur. In contrast, the low-affinity
antagonist approach is most sensitive to MVR if AMPAR satura-
tion occurs. Second, the potency method involves the study of
individual release sites, whereas the low-affinity antagonist ap-
proach is used to study the average responses of many different
synapses. It has been proposed that different selection criteria for
individual synapses could contribute to the differences in the
results at hippocampal synapses. The low-affinity antagonist ap-
proach used here measured the population response of all acti-

Figure 8. Multivesicular release and AMPAR saturation occur under near physiological con-
ditions and influence use-dependent plasticity at PF synapses. a, A representative experiment
in which PF synapses were activated at 50 Hz in 1.5 mM Cae at 34°C in the presence of 250 nM

NBQX (black trace) and in the presence of 2 mM DGG (gray trace). The peak of the first EPSC in
DGG is normalized to the peak of the first EPSC in NBQX. The vertical scale bar corresponds to 60
pA in the presence of NBQX and 150 pA in the presence of DGG. Traces are the average of four
trials. b, Summary of the peak EPSC amplitudes in 2 mM DGG (filled circles) and in NBQX (open
circles) for five such experiments in which the amplitudes were normalized to EPSC1. A compar-
ison of the responses in NBQX and DGG revealed that there were significant differences for EPSC2

( p � 0.05, paired Student’s t test), EPSC3 ( p � 0.05), and EPSC4 ( p � 0.03).
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vated synapses and is therefore not prone to selection bias. More-
over, this approach does not rely on activation of individual
release sites and can be used even when successes are difficult to
distinguish from failures. Thus, in some circumstances, particu-
larly when postsynaptic receptor saturation is prominent, low-
affinity receptor antagonists provide a particularly sensitive
means of studying MVR. It must be noted, however, that the use
of low-affinity antagonists to study populations of synapses does
not provide information about differential effects on synapses
with diverse properties. This is relevant to the study of granule
cell synapses onto Purkinje cells, which can show considerable
diversity (Isope and Barbour, 2002).

Consequences of MVR and AMPAR saturation at PF synapses
The occurrence of both AMPAR saturation and MVR has numer-
ous effects on the properties of the PF synapse. First, MVR and
AMPAR saturation reduce the extent of facilitation during high-
frequency bursts. Second, the time course of the EPSC is slowed.
This slowing of the EPSC is similar to that described at the CF
synapse, in which AMPAR saturation and MVR are prominent
(Wadiche and Jahr, 2001). Third, MVR and AMPAR saturation
alter the Cae dependence of synaptic transmission. Synaptic
strength of EPSC2 is half-maximal when Cae is 1.7 and 3.4 mM in
control conditions and in DGG, respectively. However, our find-
ings indicate that MVR and AMPAR saturation are not respon-
sible for the Cae dependence of the time course of facilitation.

The consequences of MVR and receptor saturation are very
different depending on the initial p of the synapse. At the CF
synapse that has a particularly high initial p, MVR is most prom-
inent for synaptic responses evoked after a long quiescent period
(Wadiche and Jahr, 2001; Foster et al., 2002; Harrison and Jahr,
2003). During sustained activity, depletion of release-ready vesi-
cles occurs and MVR becomes less prominent. As a result, the
initial synaptic response is most strongly attenuated by postsyn-
aptic receptor saturation. This reduces the extent of depression,
in effect making a more constant and reliable synapse. In con-
trast, at the PF synapse, MVR is not prominent for the initial
EPSC when p is low. Instead, MVR becomes prominent during
high-frequency stimulation as p is increased by facilitation.
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