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Spillover of Glutamate onto Synaptic AMPA
Receptors Enhances Fast Transmission
at a Cerebellar Synapse

The rapidly decaying component of AMPAR EPSCs
can result from receptor deactivation following a brief
glutamate transient (Hestrin, 1992; Silver et al., 1996a).
The presence of slowly decaying components in some
synaptic currents indicates that significant levels of glu-
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perisynaptic region (Chen and Diamond, 2002). RecentHungary
modeling studies have cast doubt on whether synaptic
AMPARs can be activated by spillover, given diffusion
distances and the extracellular volume fraction of typicalSummary
brain tissue (Barbour, 2001; Barbour and Hausser, 1997;
Rusakov, 2001). Nevertheless, the observations that re-Diffusion of glutamate from the synaptic cleft can acti-

vate high-affinity receptors, but is not thought to con- ceptor occupancy (Silver et al., 1996b) and the EPSC
time course (Mennerick and Zorumski, 1995; Otis et al.,tribute to fast AMPA receptor-mediated transmission.

Here, we show that single AMPA receptor EPSCs at 1996; Silver et al., 1996b, 1998; Trussell et al., 1993) are
dependent on release probability suggest that AMPARsthe cerebellar mossy fiber-granule cell connection are

mediated by both direct release of glutamate and rapid can be activated by glutamate released at neighboring
AZs connected to the same cell. However, similardiffusion of glutamate from neighboring synapses. Im-

munogold localization revealed that AMPA receptors changes in EPSC waveform at the cerebellar climbing
fiber synapse have been interpreted as a change in theare located exclusively in postsynaptic densities, indi-

cating that spillover of glutamate occurs between syn- number of quanta released per release site (Wadiche
and Jahr, 2001) rather than arising from glutamate spill-aptic contacts. Spillover currents contributed half the

synaptic charge and exhibited little trial-to-trial vari- over. Without direct resolution of spillover-mediated
AMPAR EPSCs, the level of interaction between AZsability. We propose that spillover of glutamate im-

proves transmission efficacy by both increasing the and, thus, the contribution of spillover to fast synaptic
transmission, remains unclear.amplitude and duration of the EPSP and reducing fluc-

tuations arising from the probabilistic nature of trans- We examined whether glutamate spillover contributes
to fast EPSCs by taking advantage of the unique anat-mitter release.
omy of the excitatory mossy fiber (MF) to granule cell
(GC) synapse, a connection where the same presynapticIntroduction
terminal diverges onto many different postsynaptic cells
within a synaptic glomerular structure (Eccles et al.,Fast excitatory synaptic transmission in the central ner-

vous system (CNS) is classically thought to occur at 1967). The small size and compact morphology of the
GC also allowed EPSC recordings of exceptional tempo-synaptic contacts or active zones (AZs) where glutamate

is released from presynaptic specializations directly ral resolution (Silver et al., 1992). We found that single
AMPAR EPSCs have two distinct components: conven-onto ionotropic receptors located in postsynaptic densi-

ties (PSDs). This “point-to-point” communication allows tional fast-rising currents and novel slow-rising currents.
We demonstrate that the slow-rising currents arise fromprecise, spatially localized signaling between neurons

and storage of information as independent synaptic synaptic AMPARs activated by glutamate released from
synapses connected to neighboring GCs.weights. However, diffusion of glutamate out of the syn-

aptic cleft has recently been shown to activate both
high-affinity metabotropic (Mitchell and Silver, 2000; Results
Scanziani et al., 1997) and NMDA receptors (Asztely
et al., 1997; Isaacson, 1999) at neighboring synapses. Identification of Slow-Rising Non-NMDA
Glutamate spillover onto low-affinity AMPA receptors Receptor EPSCs
(AMPARs) has only been demonstrated following tetanic We investigated fast excitatory synaptic transmission
stimulation of multiple input fibers in cerebellar cortex at the MF-GC synapse in acute slices of cerebellum from
(Carter and Regehr, 2000). But, it is unclear whether 25-day-old (postnatal day [P]25) rats at physiological
glutamate released from neighboring synapses contrib- temperature (37�C). At this age, the anatomical develop-
utes to AMPAR activation during a single excitatory ment of the glomerular structure is nearly complete (Ha-
postsynaptic current (EPSC). mori and Somogyi, 1983). Single MF inputs were acti-

vated using extracellular stimulation of the GC layer as
previously described (Silver et al., 1996b), and NMDA,Correspondence: a.silver@ucl.ac.uk
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Figure 1. Identification of Individual Slow-
Rising EPSCs

(A) Individual EPSCs recorded from a MF-GC
connection in which events were either fast-
rising and -decaying or apparent synaptic
failures (*).
(B) The rise time distribution fitted with a
Gaussian function (dashed line).
(C) Synaptic failures, as well as events slower
than 5 � SD � the mean of the Gaussian fit
(0.21 ms) and lacking a fast-rising compo-
nent, were grouped and averaged (slow-ris-
ing, n � 13 events). The remaining events
were averaged and denoted as fast-rising
(10%–90% rise time [RT] � 0.18 ms, n � 79).
The overall mean is the average of all the
evoked events for this cell (RT � 0.18 ms).
(D) Individual EPSCs recorded from a differ-
ent cell in which both fast-rising and slow-
rising (*) events were recorded.
(E) Rise time histogram and Gaussian fit
(dashed line) of all events from the connection
shown in (D).
(F) Events from (D) were separated, averaged,
and labeled as in (C) (fast-rising, RT � 0.24
ms, n � 300; slow-rising, RT � 0.57 ms, n �

18; overall mean, RT � 0.26 ms). Individual
EPSCs are presented with a filter cutoff fre-
quency of 4.5 kHz.

GABAA, and glycine receptors were blocked with selec- mean amplitude was always smaller than the mean fast-
rising EPSC (slow:fast amplitude ratio is 0.34 � 0.17,tive antagonists to isolate non-NMDA mediated EPSCs.

Figure 1 shows examples of EPSCs recorded from two mean � SD). For those cells with a small stimulus arti-
fact, the average 10%–90% rise time was 0.19 � 0.03different MF-GC synaptic connections. One of them (Fig-

ures 1A–1C) exhibited fast-rising synaptic currents or ms (mean � SD, n � 65 cells) for mean fast-rising EPSCs
and 0.81 � 0.39 ms (n � 50) for mean slow-rising EPSCs.apparent “failures,” similar to that shown previously in

P12 animals (Silver et al., 1996a). The EPSCs for the The decay of the slow-rising EPSC lacked a fast compo-
nent, but was similar to both the overall and fast-risingother cell (Figures 1D–1F), which are more characteristic

for this age, had both fast-rising events as well as slow- means at late times (�5 ms; Figure 1F). The observation
that the cell with a prominent slow-rising current wasrising non-NMDA EPSCs. The rise time distribution of

both inputs had unimodal peaks (similar to Geiger et al., associated with a slowly decaying overall mean EPSC
was born out across many cells, which exhibited a signif-1997; Silver et al., 1996b) below 200 �s, but the cell in

Figure 1D had a larger proportion of the events with icant correlation between their weighted decay (see Fig-
ure 2A, legend) and slow:fast amplitude ratio (n � 71slow rise times (Figures 1B and 1E).

To characterize further the slow-rising events, we sep- cells; Figure 2B). This suggests that the slow-rising com-
ponent is a major determinant of the non-NMDA EPSCarated EPSCs into two groups based on the speed of

their rising phase (see Experimental Procedures; note waveform. Moreover, the weighted decay can be used
as a measure of the relative contribution of the slow-that failures were included in the slow-rising group). The

cell shown in Figures 1A–1C had both an overall and a rising current to the mean EPSC.
fast-rising mean with similar rise times. The decay was
predominantly fast with a small-amplitude slow tail, sim- Isolation of the Fast Component of Non-NMDA

Receptor EPSCsilar to that observed in P12 rats (Silver et al., 1996a).
The amplitude of the mean slow-rising EPSC was small, We examined whether fast-rising and -decaying current

components, similar to those in Figure 1C, were alsoconsistent with all but one of the events being failures.
For the cell shown in Figures 1D–1F, both the overall present in cells with slow-rising currents. To do this, we

selected fast-rising currents at low release probability,and fast-rising means also exhibited similar rise times
that were comparable to the first cell. The mean slow- thereby increasing the chance of observing this compo-

nent in isolation. The weighted decay of the mean fast-rising EPSC was much larger than that of the first cell yet
was still smaller than its overall and fast-rising means, rising EPSC became faster when release probability was

reduced by lowering the extracellular calcium concen-although this cell exhibited no failures (Figure 1F). Of
the 86 connections tested, 71 exhibited isolated slow- tration ([Ca2�]e; 2.9 to 1.6 ms; Figure 2C) and no longer

followed the same decay time course as the mean slow-rising currents, which occurred in 17% of trials. Their
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Figure 2. Slow-Rising Events Shape the
Mean EPSC, Are Distinct from Fast-Rising
Events, and Do Not Result from Dendritic Fil-
tering

(A) Normalized mean EPSC waveforms from
the cells in Figure 1 show a slower decay for
the connection with large, slow-rising EPSCs.
Weighted decay was calculated by normaliz-
ing the peak of the EPSC to one and integrat-
ing for 20 ms from the start of the EPSC.
(B) Correlation plot of the weighted decay ver-
sus the slow:fast amplitude ratio (n � 71
cells). The square is the mean and SD (error
bars) of the weighted decay (3.0 � 1.2 ms) and
amplitude ratio. Solid line is a linear fit to the
data points with a y-intercept of 1.35 ms.
(C) Mean fast-rising EPSCs in 2 mM [Ca2�]e

(thick trace), 1.25 mM (thin trace), and back
to 2 mM (wash).
(D) Time course of the overall mean EPSC
(thick trace), mean slow-rising EPSC re-
corded in 2 mM [Ca2�]e, and the mean fast-
rising EPSC recorded in 1.25 [Ca2�]e (thin
trace) from the same cell. The fast-rising
EPSC was scaled to the peak of the mean
EPSC.
(E) A voltage jump experiment where EPSCs
were elicited when repolarizing the cell from
7 to –70 mV at eight different times. Each
trace is an average of 75 events and was
calculated from a subtraction with and with-
out an extracellular stimulus. The traces are
numbered (one to eight) in accordance with
each of the eight repolarization times (from
start of blanked region): �2, �1, �0.2, 0.2, 1,
2, 4, and 16 ms, respectively. Inset, the overall
mean (thick trace) and mean slow-rising (thin
trace) EPSC from this cell.
(F) EPSC peak amplitudes recorded as a
function of stimulus intensity showing that

like the overall mean EPSC (open circles), the amplitude of mean slow-rising EPSC (triangles) and mean fast-rising EPSC (squares) occurred
at the same stimulus voltage in an all-or-none manner. The asterisk identifies the overall mean EPSC recorded at threshold for fiber stimulation
where we observed failures that were not present at higher stimulation intensities, thus resulting in a lower mean peak amplitude at this
voltage. Insets, the mean fast-rising EPSC (thick trace) and mean slow-rising EPSC (thin trace) at 27 and 31 V.
Scale bar: 10 pA and 1 ms in (E) and (F).

rising EPSC at late times (Figure 2D). The average beyond the time when the synaptic conductance is ac-
tive. However, if the synapse is well voltage clamped,weighted decay of the fast-rising currents was reduced

from 2.3 � 0.2 ms in 2 mM [Ca2�]e to 1.4 � 0.1 ms in the EPSC and synaptic conductance waveform would
be similar. We examined whether slow-rising currentslow [Ca2�]e (1.0–1.25 mM; p 	 0.001; n � 13 cells); this

was reversible in the seven cells tested. The weighted arose from dendritic filtering using the voltage-jump
technique (Hausser and Roth, 1997). All the remainingdecay of the isolated fast-rising current in low [Ca2�]e

is similar to that for the cell in Figure 2A and to the current was recovered when the voltage was stepped
from near the reversal potential to a hyperpolarized po-extrapolation of the linear regression in Figure 2B (1.4

ms). These results confirm that non-NMDA EPSCs are tential, even at late times, indicating that the synaptic
conductance is active throughout the EPSC (Figure 2E;composed of independently occurring, conventional

fast-rising and -decaying currents as well as novel slow- n � 5 cells). These data confirm that in P25 GCs, the
synaptic currents are well voltage clamped under ourrising and -decaying currents (Figure 2D), which are

revealed when the fast-rising currents fail. The slow- conditions and rule out the possibility that the slow-
rising non-NMDA currents arise from electrically remoterising non-NMDA current component is reminiscent of

spillover currents mediated by high-affinity 
6-con- sites on the dendrite or from electrically coupled cells.
taining GABAA receptors at the Golgi cell-GC synapse
(Rossi and Hamann, 1998), albeit with a �50-fold faster Fast- and Slow-Rising Currents Arise from the

Same Mossy Fiber Terminaltime course.
We next investigated whether slow-rising EPSCs arose
from the same MF as the fast-rising EPSCs or fromSlow-Rising Currents Do Not Arise

from Dendritic Filtering glutamate released from neighboring MFs. We found
that both fast- and slow-rising EPSCs were elicited at theIf the slow component of the EPSC is caused by den-

dritic filtering, then the EPSC time course would extend same stimulus voltage (n � 5 cells; Figure 2F). Moreover,
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increasing the stimulation voltage did not increase the between PSDs of 0.77 �m (edge-to-edge; Figure 3D),
similar to another preparation where spillover is theoreti-amplitude of either current. Since an MF is only thought

to make a single connection to a granule cell (Eccles et cally possible (0.7 �m, Otis et al., 1996). This approach
is likely to overestimate inter-PSD distance, as closeral., 1967), these results suggest that fast- and slow-

rising currents arise from the activation of the same sites may be present in different section planes. We
found little evidence for the presence of glial cell pro-terminal. Moreover, both current components were

blocked by 500 nM tetrodotoxin, suggesting that AP cesses close to the release sites, consistent with the
idea that glial cells are restricted to the periphery, form-invasion of the MF terminal is necessary to elicit both

current types (n � 5; data not shown). ing an external sheath around the glomerular structure
(Eccles et al., 1967).

Synaptic AMPARs Mediate the
Intersynaptic Spillover HypothesisSlow-Rising Current
Our working hypothesis for AMPAR-mediated synapticHigh-affinity kainate receptors are present at the soma
transmission at the MF-GC synaptic connection is illus-of cerebellar GCs (Smith et al., 1999) and mediate slow
trated in Figure 3E. Fast-rising EPSCs result from gluta-synaptic currents in cerebellar Golgi cells (Bureau et al.,
mate released at those synaptic contacts connected to2000). We tested whether kainate receptors underlie
the GC from which we recorded. Diffusion of glutamatethe slow-rising EPSC in GCs by using selective AMPAR
from neighboring AZs connected to up to 50 other GCsantagonists. Application of 50 �M GYKI 53655 (n � 5
(Jakab and Hamori, 1988) contributes a slow-rising andcells) or 100 �M SYM2206 (n � 3), concentrations that
slow-decaying current that underlies the slow decayblock AMPARs but attenuate kainate currents by less
of the fast-rising EPSC. When direct release fails (seethan 20% (Li et al., 1999; Smith et al., 1999; Wilding and
glomerulus on right), this slow-rising and -decayingHuettner, 1995), abolished both fast- and slow-rising
“spillover” current is revealed in isolation. In the follow-currents (Figure 3A), indicating that both components
ing sections, we test this hypothesis.of the EPSC are mediated by AMPARs.

Slow-rising currents could arise from activation of
Kynurenic Acid Preferentially BlocksAMPARs located within AZs or in the extrasynaptic
the Slow-Rising EPSCmembrane. We therefore investigated the spatial distri-
The low-affinity antagonist kynurenic acid (Kyn) com-bution of AMPARs expressed in GCs with postembed-
petes with glutamate during the rising phase of theding electron microscopic immunogold labeling. We vis-
AMPAR EPSC (Diamond and Jahr, 1997) and, thus, ex-ualized AMPARs using a GluR2/3/4c polyclonal antibody.
erts a block whose magnitude is inversely related toEach of the 28 asymmetric synaptic junctions between
transmitter concentration. We compared the effect ofMFs and GC dendrites examined had at least one gold
Kyn on the peak amplitude of the fast- and slow-risingparticle (range: one through nine) with a mean of 4.7 �
EPSC to test whether they arose from different gluta-2.0 (Figure 3B). The density of gold particles at MF-GC
mate concentrations. Figure 4A shows that the two com-synapses was nearly 100-fold higher (430 � 26 particles/
ponents of the EPSC were differentially blocked by Kyn.�m2, n � 28 synapses in 12 images from 3 animals)
On average, Kyn (0.5–1 mM) produced a 50% � 4%than on mitochondria, which were used to determine
(n � 10 cells) block of the peak of the fast-rising EPSCs.the nonspecific labeling density (6.2 � 3.4 particles/
The slow-rising current was blocked by an additional�m2, p 	 0.001). The density of gold particles on the
28% � 5% (Figure 4C). Preferential block of the EPSCextrasynaptic plasma membrane (3.0 � 1.2 particles/
at later times by Kyn can also be seen in the speeding�m2 ) was not significantly different from that on mito-
of the mean EPSC waveform (Figure 4B), reducing thechondria (p � 0.24, unpaired t test; Figure 3C).
weighted decay by 27% � 5% on average (n � 10;In a second set of experiments, we further enhanced
Figure 4C) and was fully reversible in the three cellsthe sensitivity of the technique by using a mixture of
tested. During application of Kyn, there was no changethe anti-GluR2/3/4c antibody and a polyclonal antibody
in the paired pulse ratio, suggesting that release proba-against all AMPAR subunits (anti-pan-AMPAR; Nusser
bility was unaffected (20–25 ms interval; p � 0.68 � 0.07,et al., 1998). In the tissue with the highest specific label-
n � 6). When the mean EPSC amplitude was blocked toing, the synaptic gold particle density increased by 66%
a similar degree by the noncompetitive antagonist GYKI(from 452 � 164 particles/�m2, n � 16, to 751 � 253
53655 (44% � 4%, n � 10; Kyn 43% � 3%, n � 11; p �particles/�m2, n � 10). The extrasynaptic gold particle
0.81, unpaired t test) we saw neither a preferential blockdensity was increased by 170% (to 8.0 particles/�m2 ),
of the slow-rising events nor a change in the weightedwhich was almost identical to the increase in the non-
decay (Figures 4D and 4E; p � 0.17 and p � 0.25, respec-specific labeling observed over mitochondria, to 180%
tively). These results suggest that the AMPARs underly-(17.5 particles/�m2 ). Thus, despite the increased sensi-
ing the slow-rising events are exposed to a lowertivity (64% after background subtraction) and specificity
concentration of glutamate than those underlying thefor all AMPAR subunits, the labeling of the extrasynaptic
fast-rising component.membrane remained insignificant. These results show

that in cerebellar granule cells all detectable AMPARs
are located in PSDs. Lowering Release Probability Preferentially

Reduces the Slow-Rising EPSCsWe examined electron micrographs of rat cerebellar
glomeruli to estimate the mean distance between synap- Lowering release probability reduces the level of interac-

tion of transmitter released from neighboring releasetic contacts. Nearest neighbor analysis of PSDs from
2D sections gave a distribution with a mean distance sites, and this can result in an acceleration in the decay
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Figure 3. Fast- and Slow-Rising EPSCs Are Mediated by AMPARs Located Exclusively at the Synapse

(A) Overall mean EPSC and mean slow-rising EPSC before and after the addition of an AMPAR-specific antagonist SYM 2206 (thin trace).
(B) Electron micrograph showing immunogold localization of the GluR2/3/4c subunits in cerebellar glomeruli. Gold particles are concentrated
in asymmetrical synaptic junctions (arrows) made by a mossy fiber terminal (mt) with granule cell dendrites (d). A single gold particle (arrowhead)
was found over a mitochondrion. This is a single-sided reaction.
(C) Bar graph of the density of gold particles on mitochondria (Mito, i.e., background), extrasynaptic (Extrasyn), and synaptic (Syn) plasma
membranes.
(D) Cumulative plot showing the distribution of edge-to-edge intersite distance measured from EMs.
(E) Schematic diagram illustrating the intersynaptic spillover hypothesis. Left side shows an MF terminal (mt) following a single AP when
vesicles are released directly onto a PSDs located on a dendrite (d) of the granule cell (GC) from which we recorded. Lower concentrations
of glutamate (gray dots) throughout the extracellular space are produced by vesicle fusions at AZs connecting to neighboring granule cells.
The combined glutamate profile produces a fast-rising AMPAR-mediated EPSC with a slow-decaying current component (left trace). Right
side, failure of direct release produces EPSC with a slow-rising and slow-decaying time course due solely to diffusion of glutamate from
distant release sites.
Scale bar: 5 pA and 2 ms in (E).

of the mean EPSC (Hartzell et al., 1975; Mennerick and tently observed as indicated by the decreased slow:all
amplitude ratio (0.42 � 0.06 to 0.23 � 0.03, n � 10 cells;Zorumski, 1995; Otis et al., 1996; Silver et al., 1996b;

Takahashi et al., 1995; Trussell et al., 1993). Figure 5A Figure 5C). The preferential sensitivity of the slow-rising
component suggests that it arises from interaction ofshows that the decay of the mean EPSC waveform at

the MF-GC synapse accelerated when release probabil- glutamate released from neighboring sites, consistent
with our intersynaptic spillover hypothesis.ity was lowered (weighted decay 2.9, 2.3, and 1.9 ms

with 2.0, 1.5, and 1.0 mM [Ca2�]e, respectively), sug-
gesting that transmitter spillover is present. If the slow- Amplitude Variability of Fast- and Slow-Rising

Current Componentsrising events were mediated by spillover of glutamate
from neighboring sites, their mean amplitude would be The spillover hypothesis predicts that slow-rising com-

ponents arise from a larger number of release sites thanmore sensitive to release probability than the peak am-
plitude of the overall mean EPSC, which occurs at a the fast-rising current component and, thus, have a

lower relative variability. Figure 6A shows a normalizedtime when the fast-rising component predominates. Fig-
ure 5B illustrates such a preferential reduction in the mean EPSC and its corresponding normalized standard

deviation (SD) for a connection with a robust slow-risingamplitude of the slow-rising current relative to the over-
all mean as release probability was lowered (same cell EPSC. The SD decayed well before the mean, indicating

there was less variability associated with the slow-risingas in Figure 5A). The weighted decay was reduced in
17 out of 19 connections with a reduction across all component than the fast-rising component. At a con-

nection with negligible slow-rising currents, the SD andcells of 28% (2.5 � 0.2 ms to 1.8 � 0.2 ms; Figure
5C) and was reversible in the seven cells tested. The mean current decayed with similar time courses (Figure

6B). We quantified relative current fluctuations contrib-preferential reduction of slow-rising EPSCs was consis-
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Figure 4. Low-Affinity Competitive Antago-
nist Preferentially Blocks Slow-Rising Events

(A) Mean fast- (thick trace) and slow-rising
(thin trace) EPSCs under control conditions
(left) and in the presence of kynurenic acid
(Kyn) in the external solution (right).
(B) Normalized traces showing the accelera-
tion of the overall mean EPSC from the same
cell as in (A) in control (thick trace) and in
the presence of 1 mM Kyn (thin trace). Inset,
same traces as in (B), without normalization.
(C) Summary plots from several synaptic con-
nections showing a reduction in the slow:fast
amplitude ratio from 0.40 � 0.05 to 0.29 �

0.04 (n � 10, left) and an acceleration in the
decay time course (weighted decay 3.1 � 0.2
to 2.3 � 0.2 ms, n � 10, right) in the presence
of 0.5–1 mM Kyn.
(D) Normalized mean EPSCs recorded in con-
trol conditions (thick trace) and in the pres-
ence of a noncompetitive AMPAR-specific
antagonist GYKI 53655 (2 �M, thin trace). In-
set, raw averaged traces.
(E) Summary plots showing no preferential
block of the slow-rising events (left, n � 7)
and no change in the decay time course (right,
n � 10) following the application of GYKI
53655.
Scale bar: 5 pA and 1 ms in (B) and (D).

uted by the slow-rising component by calculating the (see Experimental Procedures), the relative number of
release sites at the peak and 1 ms later (N1 ms/Npeak) canratio of the coefficient of variation (CV � SD/mean) at

the peak of the mean EPSC and 1 ms later, when the be estimated without knowing P:
slow-rising current predominates. Figure 6C shows that
there is a strong negative correlation between the N1ms

Npeak

� �CVpeak

CV1ms
�
2

.
weighted decay of the EPSC and the CV ratio, sug-
gesting that cells with larger slow components exhibited Given the mean CV ratio of 0.6, we estimate that there
relatively less variability in the EPSC at late times. Fur- are 2.8 times more release sites underlying the slow
thermore, reducing release probability, which preferen- component of the EPSC than the fast component. After
tially reduces the amplitude of slow-rising EPSCs (see a correction for channel variance (see Experimental Pro-
Figure 5), increased the CV ratio from 0.64 to 0.93 (1.0– cedures), this estimate N1ims/Npeak increased to �4. Error
1.25 mM [Ca]e; p 	 0.01; n � 11). These data are consis- in the binomial estimate of N1ms/Npeak could arise from
tent with our hypothesis that the slow-rising currents the following synaptic parameters (Silver et al., 1998):
arise from glutamate released from a larger number of (1) quantal variability at a single site, (2) variability in
release sites than those producing the fast component mean quantal size across sites, and (3) nonuniform re-
of the EPSC. lease probability. These sources of variability, as well

We calculated the relative number of release sites as contamination of the peak EPSC by spillover, will
contributing to slow and fast components of the EPSC produce an underestimate of the relative number of re-
using the CV ratio. If release sites at a single terminal lease sites. Our estimate of N1 ms/Npeak is, therefore, a
exhibit similar release probabilities, the CV of quantal lower limit and suggests that indirect sites are 3-fold
release can be described as: more numerous.

CV � �1 � P
NP

, Influence of Glutamate Uptake on the EPSC
We tested whether glutamate uptake limits spillover cur-
rents at the MF-GC synapse by examining the timewhere N is the number of functional release sites and

P is the mean release probability. Since P does not course of the EPSC in the presence of uptake inhibitors.
Application of 200 �M DL-TBOA, a noncompetitive in-change as a function of time after the peak of the EPSC
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Figure 5. Lowering Release Probability Preferentially Reduces Slow-Rising EPSCs

(A) Comparison of normalized mean EPSC waveforms in 2 mM, 1.5 mM, and 1.25 mM [Ca2�]e. Inset, unscaled mean EPSCs.
(B) Overall mean (thick trace) and slow-rising mean (thin trace) EPSCs recorded from the same cell in 2 mM [Ca2�]e, (left), 1.5 mM (middle),
and 1.25 mM (right).
(C) Summary plot of the ratio of the peak amplitude of the mean slow-rising EPSC to that of the overall mean (slow:all amplitude ratio) in
control (2 mM) and low [Ca2�]e (1.0–1.5 mM; left, n � 10), as well as the overall mean decay time course under these conditions (right, n �

19). Small, open symbols are data from cells in which the [Ca2�]e was lowered to 1.5 mM, and the small, closed symbols correspond to that
of 1.0 or 1.25 mM.
Scale bar: 10 pA and 1 ms in (A).

hibitor of glial and neuronal uptake (Shigeri et al., 2001; 1 summarizes the charge transfer and time course of
each component. The scaled mean slow-rising currentShimamoto et al., 2000), had a small effect on the decay

of single EPSCs (Figures 7A and 7C; 15% increase on carried 70% of the charge of the overall mean EPSC
(this represents an upper estimate, as summation isaverage), consistent with previous studies in younger

animals at room temperature (Sarantis et al., 1993). In unlikely to be linear due to differences in receptor occu-
pancy and/or desensitization when the direct releasesix cells tested, there was no significant effect of TBOA

on slow-rising EPSCs (Figure 7C). However, a much component is present). In contrast, the scaled mean
fast-rising EPSC recorded in low [Ca2�]e, which ac-larger effect of TBOA was observed on the decay of the

EPSC following a 100 Hz tetanic stimulation (Figures 7B counted for 52% of the charge, provided a lower esti-
mate of 48% (due to residual spillover, see Figure 5).and 7C; 60% on average; reversible to within 25% �

15%, n � 7), similar to that previously reported at room We used this upper estimate of the direct release com-
ponent to predict the relative impact of the individualtemperature (Overstreet et al., 1999). The fact that up-

take inhibitors had no detectable effect on isolated slow- current components on the EPSP.
rising events and only had a minor effect on the single
EPSC suggests that glutamate uptake does not regulate

Contribution of Spillover to the EPSPglutamate spillover at early times.
We investigated how spillover currents contribute to the
amplitude and time course of the EPSP by injecting the
direct release and spillover conductance componentsTime Course and Charge Transfer of Direct

and Spillover-Mediated EPSCs (Figure 8C) into a passive model of the GC. Synaptic
conductances were scaled by one third and injectedIn order to estimate the impact of the spillover current

on AMPAR-mediated transmission, we calculated the into each of the three digits on a single dendrite, as for
an input from a single MF terminal (Eccles et al., 1967).overall mean, the spillover current component, and the

direct release current component for the population EPSPs generated with the direct release component
had a rapid time to peak (tpeak � 1.2 ms) and rapid decay,(Figures 8A and 8B). The amplitude and time course of

the direct release component was estimated in two with a half width of 4.8 ms (Figure 8D). The spillover
component of the EPSP had a slower rise (tpeak � 3.5ways: (1) from the mean of fast-rising EPSCs recorded

under low release-probability conditions scaled to the ms) and decay (half width � 10.3 ms) than the direct
release component, but the peak amplitude was onlypeak of spillover-subtracted population mean (Figure

8B), and (2) by subtracting the scaled spillover waveform 22% smaller (direct � 5.9 mV, spillover � 4.6 mV). When
the overall mean conductance waveform was injected,from the population mean waveform (Figure 8B). Table
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Figure 7. Glutamate Uptake Slows the EPSC at Late Times

(A) Mean EPSCs, recorded in response to a single stimulus at a
synaptic connection with significant spillover component (slow:fast
ratio is 0.37) under control conditions (thick trace) and in the pres-
ence of 200 �M of the glutamate uptake blocker TBOA (thin trace).
Inset, raw mean traces show a small change in amplitude.
(B) Mean EPSCs from the same connection as in (A), but in response
to a five pulse, 100 Hz stimuli.
(C) Summary plots showing that there was no significant change in
the slow:fast amplitude ratio (left plot, 0.31 � 0.04 versus 0.31 �

0.05, n � 6) during application of 200 �M TBOA, however, thereFigure 6. Reduction in the Variability during the EPSC Suggests an
was a small increase in the decay time (middle plot, 2.6 � 0.3 versusIncrease in the Number of Release Sites with Time
3.0 � 0.4 ms, n � 9) and a much larger increase weighted decay

(A) Inverted mean EPSC (thick trace) and its standard deviation (integrated over 60 ms) following tetanic stimulation (right plot, 6.2 �
(thin trace) recorded from a connection with a pronounced slow 0.9 versus 10.1 � 1.1 ms, n � 9).
component. Vertical dashed lines indicate the locations where the Scale bar: 20 pA, 2 ms in (A).
coefficient of variation (CV) was calculated.
(B) Inverted mean EPSC (thick trace) and its standard deviation (thin
trace) from a cell with a negligible slow-rising component.

bility, and immunogold-labeling suggest that that slow-(C) Summary plot showing that weighted decay correlates negatively
with the ratio of the CV at 1 ms after the peak of the EPSC to that rising EPSCs result from activation of synaptic AMPARs
at the peak [CV(1 ms) /CV(peak)]. On average, the CV(peak) was 0.52 � 0.03, by spillover of glutamate from AZs connected to neigh-
and CV(1 ms) was 0.31 � 0.02 (n � 86). The square is mean and SD boring cells. Fluctuation analysis indicates that these
of the weighted decay and CV ratio (2.9 � 0.13 ms and 0.60 � 0.14,

indirect release sites are at least 4-fold more numerousrespectively, n � 86 cells). The solid line is a linear fit.
than those directly connected to the postsynaptic cell.
The fact that spillover currents carry half the charge
of the mean EPSC and are less variable suggests thatthe simulations produced an EPSP amplitude of 7.5 mV,

larger than that of the direct release component. The spillover of glutamate plays an important role in fast
synaptic transmission at this central synapse.time to peak was slightly slower (tpeak � 1.6 ms), whereas

the decay was much slower (half-width � 7.4 ms) than
that of the direct release current component. These re- Other Possible Mechanisms that Could Produce

the Slow-Rising Currentssults indicate that the AMPAR conductance mediated by
spillover is a major determinant of the EPSP waveform. It is possible that slow-rising currents could arise from

the following unconventional release mechanisms: (1)Moreover, the impact of fluctuations in the amplitude
of the highly variable direct release component will be full release of partially filled vesicles, and (2) slow release

of glutamate through a nonexpanding fusion pore (Choilimited by the spillover conductance, which is relatively
invariant and rarely exhibits failures. et al., 2000; Renger et al., 2001). The first possibility is

unlikely because the rapid decay of neurotransmitter in
the cleft (�100 �s decay; Clements, 1996) would pro-Discussion
duce fast-rising currents even if the glutamate concen-
tration was initially low (Wahl et al., 1996). If the slowlyWe have shown that fast AMPAR EPSCs at the cerebel-

lar MF-GC synapse are mediated by two independent rising events arose from prolonged glutamate release
lasting over the time to the peak of the current, thecomponents: a conventional fast-rising and -decaying

current and a novel current with slower rising and decay in the glutamate concentration, when aligned at
the start of release, would be faster than the decay indecaying kinetics. Evidence from experiments using

low-affinity antagonists, manipulations of release proba- response to an instantaneous release (Choi et al., 2000).
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Figure 8. Spillover Currents Increase the
Peak and Duration of Simulated EPSPs

(A) Individual mean traces (thin) from 38 syn-
aptic connections and the population mean
EPSC trace (thick).
(B) Population mean from (A) (thick trace),
scaled population mean of slow-rising EPSCs
(dotted trace, n � 20), the scaled population
mean of the fast-rising EPSCs recorded in
low [Ca2�]e (thin trace, 1.0 or 1.25 mM [Ca2�]e,
n � 13), and the difference between the popu-
lation mean of all events and that of the scaled
population mean of slow-rising EPSCs
(dashed trace). The population mean slow-
rising EPSC was scaled to the population
mean at 5 ms (1.18�) since there was a signif-
icant difference between the EPSC amplitude
from cells in which spillover currents were
observed in isolation versus that of the entire
population (35 � 2 pA versus 47 � 4 pA, n �

71 and n � 86, respectively; p � 0.01, un-
paired t test), due to a lower release probabil-
ity and/or fewer release sites. Inset, ex-
panded time scale of population means.
(C) Direct release, spillover, and overall mean
conductance waveforms estimated from mul-
tiexponential (one rising and three decaying)
fits to the EPSC components in (B).
(D) Simulated EPSPs produced by conduc-
tance waveforms in (C) (resting potential
of �75 mV). Legend for (B) also applies to (C)
and (D).
Scale bar: 1 ms in (B).

We find that the slow-rising currents decay more slowly isolated spillover events are preferentially reduced when
release probability is lowered argues against the possi-than the direct release component even after the fast

component has decayed (Table 1, fit after 1.3 ms). More- bility that the speeding of the EPSC decay is mediated
solely by a reduction in multivesicular release from AZs.over, the preferential sensitivity of the slow-rising events

to changes in release probability would not be expected Our data would be consistent with multiple independent
vesicles released outside the AZ if those vesicles exhib-for this mechanism. But it is still possible that a slow-

rising and -decaying flux of glutamate is released into ited a different [Ca2�]e sensitivity to those released from
within the AZ (due to a larger distance from Ca2�-entrythe cleft, a characteristic of immature and tetanus toxin-

treated synapses (Renger et al., 2001). Such a release site). However, perisynaptic release of vesicles has not
been reported and was not observed at single releasemechanism would have to be the most common release

event to explain this result, which does not seem likely site MF-GC connections in P12 animals (Silver et al.,
1996b).since slow-rising events were not observed at single

site synapses in P12 GCs (Silver et al., 1996b). Slow-rising currents could potentially arise from a dis-
tinct population of synapses with AMPARs with slowA dependence of EPSC waveform on release probabil-

ity and a lack of effect of uptake inhibitors have pre- kinetics and a higher sensitivity to Kyn, but to date, no
such receptors have been described. Thus, the mostviously been interpreted as evidence for multivesicular

release (Wadiche and Jahr, 2001). However, the fact that parsimonious conclusion consistent with all the data

Table 1. Characteristics of the Population Mean EPSC and Its Underlying Current Components

10%–90% Peak
Rise Time Amplitude Charge Weighted
(ms) Tau 1 Amp 1 Tau 2 Amp 2 Tau 3 Amp 3 (pA) (pC) Decay (ms) n

Population mean EPSC* 0.18 0.47 72% 4.5 23% 23.3 5% 54 128 2.4** 38
(fit from 1.3 ms*** after peak) 1.8 57% 11.0 43%

Spillover EPSC 0.60 2.0 39% 9.1 61% 14 90 6.4 20
(fit from 1.3 ms after peak) 2.0 35% 9.0 65%

Direct EPSC (low calcium) 0.20 0.39 83% 2.1 10% 6.8 7% 48 66 1.4 13
(fit from 1.3 ms after peak) 0.9 51% 5.9 49%

Direct EPSC (subtracted) 0.16 0.37 94% 2.2 6% 48 38 0.8

Multiexponential fits of EPSCs (Figure 8) were performed over a time extending 20 ms beyond the peak of the EPSC (except “*” 100 ms). The
alignment of the individual mean slow-rising traces was on the 10% time point of its corresponding mean waveform. Note the weighted decay
(“**”) of the population mean for all cells (n � 86) was 2.9. ***1.3 ms corresponds to �3� the fast time constant of the isolated “direct” EPSC.
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is that the isolated slow-rising events result from the rising EPSCs and the lack of interdigitated glial cells
suggests that uptake does not inhibit rapid intersynapticspillover of transmitter from neighboring sites.
diffusion of glutamate in the glomerulus.

Why have isolated AMPAR-mediated spillover cur-Mechanisms Underlying Release
rents not been described at this synapse in youngerProbability-Dependent Changes
animals? Several developmental changes could underliein EPSC Waveform
the appearance or increase in the spillover current com-Simple diffusion theory (i.e., without buffers) predicts
ponent. Between P12 and P25, the anatomy of the glo-that the glutamate concentration reached at a particular
merulus changes in several respects. The dendritic dig-location is the linear sum of the concentrations arising
its on which the synapses are located are short stubsfrom each source (Otis et al., 1996). The shape of the
at P12, but by P25, they differentiate into fingers severalmean transmitter waveform at a particular location will
micrometers in length (Hamori and Somogyi, 1983).therefore be independent of reductions in release proba-
These changes may result in the nearest release sitesbility if they occur uniformly across release sites. How-
being connected to the same GC at P12, but to differentever, the mean concentration reached will be reduced.
GCs at P25. Furthermore, during this period there is aChanges in the mean glutamate waveform, rather than
4-fold increase in the number of GC dendrites withouta simple scaling of its amplitude, would only be ex-
a net increase in number of synaptic contacts (Hamoripected if the mean distance between releasing sites
and Somogyi, 1983), suggesting that the number of con-increases following a reduction in release probability
tacts per dendrite decreases. This would produce an(Mennerick and Zorumski, 1995; Silver et al., 1996b);
increase in the number of indirect release sites and,but, a simple derivation shows that this is not the case
thus, could account for the more pronounced slow com-(see Experimental Procedures). Glutamate transporters
ponent of the EPSC in older animals (�slow � 6.0 ms, 11%do not appear to play a significant role at the MF-GC
in P12 (Silver et al., 1996a) versus �slow � 7.9 ms, 28%synapse at early times (�1 ms), since TBOA does not
weighted average of �2 and �3, Table 1).affect the amplitude of the spillover component. Thus,

Glutamate spillover is likely to make the largest contri-a large part of the release probability-dependent
bution to fast AMPAR EPSCs at connections that havechanges in EPSC time course is likely to be due to
multiple release sites in close proximity since this allowsnonlinearities of postsynaptic receptor activation (Faber
glutamate to summate sufficiently to activate receptors.and Korn, 1988; Hartzell et al., 1975) in response to
Such examples include: MF synapses in the hippocam-the lower glutamate concentrations (Silver et al., 1996b)
pus, muscle spindle afferent boutons in the dorsaland/or other unidentified nonlinear aspects of glutamate
spinocerebellar tract, relay synapses in the auditory sys-diffusion (e.g., buffers).
tem, retinogeniculate synapses, climbing fiber synapses
onto Purkinje cells, and synapses onto unipolar brushSpillover onto AMPARs at Other Synapses
cells in cerebellum (Sheppard, 1998; Walmsley et al.,Rapid intersynaptic spillover (	1 ms rise time) onto
1998). Indeed, results from a deconvolution analysis thatAMPARs could be widespread in the CNS, but it may
incorporated a diffusion model (Neher and Sakaba,be difficult to assess its importance in shaping the EPSC
2001) suggest that slow-rising components of thewaveform at other synapses. Spillover currents could
AMPAR EPSCs are present at the calyx of held. More-contribute to EPSCs following release at boutons con-
over, spillover may also contribute to the EPSC wave-taining single AZs if a quantum of transmitter can acti-
form in preparations where multiple closely spaced syn-vate receptors in multiple PSDs on the same cell. Unlike
aptic connections fire synchronously in vivo.the case for the GC, such a spillover current would

always be associated with a direct release component
and the EPSC waveform would not change with release Physiological Implications

Three characteristics of the spillover component ofprobability, making it difficult to identify. In preparations
where isolated spillover currents occur, they may be AMPAR EPSCs are likely to be important in determining

transmission properties at the MF-GC synapse: (1) itsdifficult to identify since cable filtering by dendrites may
prevent resolution of multiple populations of EPSC rise large charge transfer, (2) its release probability-depen-

dent time course, and (3) its low variability. The spillovertimes on the submillisecond timescale.
Several factors influence the peak concentration of current component provides 48%–70% of the total

charge transfer during the EPSC (Table 1). The spilloverglutamate at neighboring release sites, including in-
tersite distance, geometry, number of release sites, as current, although slower than the direct component, is

still fast enough to increase the peak amplitude of thewell as the speed and location of glutamate uptake (Bar-
bour and Hausser, 1997). The MF has many release EPSP. The increased amplitude and duration is likely to

increase the reliability of transmission at this synapsesites located on the large continuous surface of the
presynaptic terminal, while the postsynaptic dendrites and mean firing frequency for a given input frequency.

Indeed, the presence of slow current components in theare tightly packed and interconnected with numerous
attachment plaques (Jakab and Hamori, 1988). Diffusion EPSC, such as those mediated by NMDA receptors,

has been shown to increase the slope of input-outputin this geometry is therefore likely to produce larger
concentrations at neighboring release sites than pre- relationships (D’Angelo et al., 1995; Harsch and Rob-

inson, 2000). The presence of the direct release compo-dicted by a model that allows diffusion into a 3D space
but less than that predicted from a simple disc model nent is likely to maintain temporal precision of EPSP-

spike coupling (Fricker and Miles, 2000; Galarreta and(Barbour and Hausser, 1997). The lack of a detectable
effect of uptake inhibitors on the peak amplitude of slow- Hestrin, 2001).
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five to ten point averages around the peak. All mean peak amplitudesThe high sensitivity of the spillover component to re-
and weighted decays were estimated from at least 60 stable eventslease probability suggests that the EPSC waveform and,
(except 100 Hz trains where at least 25 events were analyzed).thus, the EPSP amplitude and shape, will vary as a
EPSCs were analyzed if the amplitude of the stimulus artifact at the

function of activity-dependent changes in release prob- foot of the mean EPSC was 	25% of the EPSC peak amplitude.
ability. At low MF-firing frequencies, the slightly slower In some cases, the stimulus artifact was subtracted by a double

exponential fit to the mean failure trace or by subtracting scaledspillover component would boost the quantal content
subthreshold traces. Individual events were denoted as synapticof EPSPs such that threshold could be attained with
failures if the mean value over a 1 ms window, including the peakfewer MF inputs. At higher firing frequencies, a condition
of the mean EPSC, was smaller than three times the SD of meanwhere there is likely to be an activity-dependent reduc-
background current calculated over a similar window, reflected in

tion in release probability, a preferential reduction in the time about the midpoint of the baseline window.
spillover component will accelerate the EPSP, thereby Rise time analysis was performed on cells in which 75–350 EPSCs

exhibited stable amplitudes (Spearman rank order correlation analy-preserving action potential precision within the train.
sis; Silver et al., 1996b). Individual EPSCs were digitally low-passUnder these conditions, the reduced boosting by the
filtered using a digital Gaussian filter with a cutoff frequency of 1.9–4spillover component may be compensated for by tem-
kHz to improve the accuracy of the rise time detection withoutporal summation of EPSPs within the train, which will
significantly slowing fast-rising phase (	30 �s increase in 20%–80%).

bring the membrane potential closer to firing threshold. A 2–5 ms window was used to detect individual peak amplitudes from
Synaptic connections with few release sites exhibit which either a 20%–80% or 30%–90% rise time was measured. Initial

fitting parameters of the rise time distribution were selected using thelarge trial-to-trial variability in EPSC amplitude at inter-
automatic Igor routine, and the chi-squares were minimized using itsmediate release probabilities, thus limiting transmission
Levenberg-Marquardt algorithm. EPSCs were considered as slow-reliability. Transmission mediated by spillover of gluta-
rising if they were synaptic failures or if their measured rise timesmate from neighboring sites may allow MFs to overcome
was greater than the mean � 5 � SD of a Gaussian fit to the rise

these physical constraints by averaging over at least time distribution (0.01 ms bin widths). All other EPSCs were grouped
4-fold more release sites. The low variability of the spill- as fast-rising events. This procedure resulted in some currents with

small fast-rising components ending up in the slow-rising group.over component of the EPSC will reduce the variability
We therefore applied a second criterion: when the derivative of thein the peak amplitude of the EPSP by reducing or elimi-
rise time was greater than 60–100 pA/ms (after 1.9 or 2.5 kHz filter-nating failures (see Figure 8D). Moreover, since other
ing), currents were passed to the fast-rising group. Digital filterGCs can detect glutamate spillover, it may increase the
settings and thresholds for analysis remained identical before and

chance that multiple GCs fire in synchrony (Maex and after changes in external solutions.
Schutter, 1998). Thus, AMPAR-mediated spillover cur- Average 10%–90% rise times across cells were calculated from

the unfiltered mean traces from connections in which the stimulusrents at the MF synapse may be fast enough to improve
artifact contamination was 	7% of the EPSC, and the corner fre-the reliability of mapping MF activity onto the larger set
quency of the cell-electrode circuit was less than 1.5 kHz (meanof GCs. This enhanced information transfer at the input
2.7 � 0.1 kHz, n � 86). Mean EPSCs (elicited at 0.5 Hz) were alignedlayer of the cerebellum may aid pattern separation in the
on the time point corresponding to 10% of the peak amplitude in

cerebellar cortex (Marr, 1969; Tyrrell and Willshaw, 1992). order to estimate the population mean. Mean traces were presented
as raw averaged traces, whereas mean slow-rising EPSCs were

Experimental Procedures filtered up to a final 2.5 kHz cutoff frequency. The stimulus artifact
was blanked for the presentation of mean traces. Values are stated

Electrical Recording Conditions as mean � the standard error of the mean, unless otherwise noted.
Acute parasagittal slices of cerebellum were prepared from 24- p values were determined using a paired Student’s t test or a Pear-
to 26-day-old (25.0 � 0.03, n � 86 cells) Sprague-Dawley rats as son linear correlation test, unless stated otherwise. r is the Pearson
previously described (Silver et al., 1996b) except for the slicing coefficient.
solution, which contained 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, Neurotransmitter release time course was estimated by fitting a
1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, 25 mM glucose, Gaussian function (see Silver et al., 1996b) to the derivative of the
and 1 mM Kyn (pH of 7.3). Recording solution was similar except rising phase of the overall mean (Figure 8). For calculation of the
that Kyn was omitted. For low [Ca2�]e solutions, the [Mg2�] was relative number of spillover sites, we corrected the measured CV2

increased such that solutions with 1.5, 1.25, and 1.0 mM Ca2� con- at the peak of the EPSC and 1 ms later by subtracting the CV2

tained 2.3, 3, and 3.7 mM Mg2�, respectively. Patch electrodes con- expected for 10 pS AMPAR channels (Silver et al., 1996b) at these
tained 110 mM K-MeSO4, 40 mM HEPES, 1 mM KCl, 4 mM NaCl, two times. The corrected N1ms/Npeak was 3.8–4.3 for the full range of
0.5 mM EGTA, 0.3 mM NaGTP, and 4 mM MgATP (pH 7.3) and had possible channel open probabilities at the peak of the EPSC.
resistances of 7–10 M�. Recordings were made at 35–39�C (37.3 �

0.1, n � 86) in the presence of 10 �M AP5, 20 �M 7-chlorokynurenic
acid, 10 �M SR-95531, and 0.5 �M strychnine to isolate non-NMDA Postembedding Immunogold Localization

of AMPA-Type GluRsreceptor currents. GYKI 53655 was purchased from Sigma RBI and
SYM 2206 and DL-TBOA from Tocris Cookson. EPSCs were elicited One 28- and two 34-day-old male Wistar rats were anaesthetized

with Halothane and ketamine (400 mg/kg body weight) perfusedusing minimal stimulation at 2 Hz and recorded using an Axopatch
200B amplifier at a holding voltage of �70 mV; liquid junction poten- through the heart first with 0.9% saline, then with a fixative con-

taining 4% paraformaldehyde, 0.1% glutaraldehyde, and �0.2%tials were not corrected for. Currents were low-pass filtered with
an 8-pole and 4-pole Bessel filter both with cutoff frequencies of picric acid in 0.1 M phosphate buffer (pH � 7.4; PB) for 25–30 min.

The brains were then removed, and blocks of cerebellar vermis were10 kHz. Signals were then digitized between 25–100 kHz with an
ITC-18 interface using Axograph 4 software. washed in PB. Vibratome sections (400–500 �m in thickness) were

placed into 10%, 20%, and 30% glycerol in 0.1 M PB before they
were plunged into �170 C� propane using a Leica EM CPC appara-Amplitude and Rise Time Analysis

Data analysis was performed using custom software written in Igor tus. The frozen sections were transferred to a freeze substitution
apparatus (Leica EM AFS) where they were embedded in LowicrylPro (Wavemetrics). Recordings were used for analysis if series re-

sistances was 	40 M� (uncompensated; 23.6 � 0.5 M� in control HM20 resin (Nusser et al., 1995). Postembedding immunogold reac-
tions were carried out according to the method of Matsubara etconditions, n � 86), and the cell capacitance was 	5 pF (2.70 �

0.08 pF). EPSCs were baseline subtracted using a 0.5 ms window al. (1996). Briefly, following Na-ethanolate and sodium borohydrate
treatments, 2% bovine serum albumin (BSA) was used in Tris-buf-�0.1 ms before the stimulus. EPSC amplitudes were estimated from
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fered saline with Triton X-100 for blocking and for diluting the primary N multiplied by the average release probability (P) and Pj is the same
across all sites, the mean distance to releasing sites (x) is,and secondary antibodies. We used 5 �g/ml of the polyclonal rabbit

anti-GluR2/3/4c antibody (Chemicon Int., Temecula, CA) and 10 �g/
ml of the polyclonal rabbit anti-pan-AMPAR antibody (Nusser et x �

1
NP �

N

j�1

xjP �
1
N �

N

j�1

xj .
al., 1998). The sections were incubated in the primary antibodies
overnight, washed, then incubated in 10 nm gold-coupled goat anti-

Thus, x is independent of release probability.rabbit antibodies (British BioCell Intl., Cardiff, UK; 1:100 dilution) for
2 hr.
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