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Variance-Mean Analysis in the Presence of a Rapid
Antagonist Indicates Vesicle Depletion Underlies
Depression at the Climbing Fiber Synapse

2002) but is also compatible with other mechanisms of
depression. At the calyx of Held, for repeated activation
with pairs of closely spaced stimuli, there is an inverse
correlation between the size of the first and second
EPSCs (Scheuss et al., 2002). This supports at least a
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small contribution of depletion to synaptic depression,
but it remains unclear whether depletion contributesSummary
prominently to depression at central synapses.

The climbing fiber to Purkinje cell synapse (CF syn-Many types of synapses throughout the nervous sys-
apse) is useful for studying the mechanism of presynap-tem are transiently depressed during high-frequency
tic depression and testing the contribution of depletion.stimulation. Several mechanisms have been proposed
Each Purkinje cell is innervated by a single climbingto account for this depression, including depletion of
fiber that makes hundreds of well-isolated contacts (Pa-release-ready vesicles. However, numerous studies
lay and Chan-Palay, 1974; Xu-Friedman et al., 2001).have raised doubts about the importance of depletion
The CF synapse displays prominent depression that isin depression of central synapses and have implicated
not due to postsynaptic receptor desensitization (Ditt-alternative mechanisms, such as decreased release
man and Regehr, 1998; Hashimoto and Kano, 1998).probability. We use variance-mean analysis to deter-
Branch point failure is unlikely to occur because calciummine the mechanism of depression at the climbing
influx is uniform throughout the climbing fiber, and twofiber to Purkinje cell synapse. We find that postsynap-
closely spaced stimuli evoke the same incremental in-tic receptor saturation makes it difficult to distinguish
crease in calcium (Foster et al., 2002; Kreitzer et al.,between a decrease in available vesicles and a reduc-
2000). These features make the CF synapse suited totion in release probability. When AMPA receptor satu-
the application of variance-mean analysis to determineration is relieved with a low-affinity antagonist, vari-
the mechanism of synaptic depression. This methodance-mean analysis reveals that depression arises
has been used to distinguish between changes in thefrom a decrease in the number of release-ready vesi-
quantal size (q ), the number of functional release sitescles. Vesicle depletion is prominent, despite numerous
(N ), and the probability of release (p ) (Humeau et al.,docked vesicles at each release site, due to multivesic-
2001; Silver, 2003). At the CF synapse, the variance-ular release. We conclude that vesicle depletion can
mean relationship resulting from depression duringcontribute significantly to depression of central syn-
trains is similar to that obtained by altering p. This sug-apses.
gested that depression reflects a decrease in p (Silver
et al., 1998).Introduction

Recently, however, it has been demonstrated that
multivesicular release and postsynaptic receptor satura-At many synapses in the nervous system, repetitive firing
tion occur at the CF synapse (Harrison and Jahr, 2003;leads to a temporary decrease in synaptic strength. This
Wadiche and Jahr, 2001). This complicates the interpre-phenomenon was first studied at the neuromuscular
tation of the variance-mean relationship (Silver, 2003).junction where it was attributed to a decrease in the
In the extreme case where a single vesicle releasesamount of neurotransmitter available to undergo re-
sufficient glutamate to bind to all of the nearby postsyn-lease, a theory that has become known as the depletion
aptic receptors, the parameter N reflects the number of

model (Liley and North, 1953; Schneggenburger et al.,
active zones and p is the probability that at least one

2002; Zucker and Regehr, 2002). Many recent studies
vesicle is released from a given release site. However,

at central synapses have revealed alternative mecha- p depends upon both the number of release-ready vesi-
nisms of depression (Bellingham and Walmsley, 1999; cles at each site and on the probability of release of
Burrone and Lagnado, 2000; Chen et al., 2004; Kraus- each of these vesicles. Thus, when significant receptor
haar and Jonas, 2000; Matveev and Wang, 2000; Sippy saturation occurs, variance-mean analysis cannot dis-
et al., 2003). These include postsynaptic receptor desen- tinguish between changes in the number of release-
sitization (Chen et al., 2002; Scheuss et al., 2002; Trussell ready vesicles at each site and the probability of release
et al., 1993; Wong et al., 2003), branch point failure of each of these vesicles.
(Brody and Yue, 2000), and activity-dependent decrease Another important consideration is whether variance-
in the probability of release (Sakaba and Neher, 2001; mean analysis can discriminate between changes in N
Silver et al., 1998; Thomson and Bannister, 1999; Wal- and p (Vere-Jones, 1966; Zucker, 1989). During a stimu-
deck et al., 2000; Wu and Borst, 1999). In contrast, there lus train, as a synapse is activated and vesicles are
is remarkably little evidence in support of the depletion released, the replenishment of sites is stochastic. There-
model of depression at central synapses. The observa- fore, variance arises from variability in the number of
tion that depression of many types of synapses be- vesicles released for a given N and from variability in N
comes more prominent as the probability of release in- itself (Quastel, 1997; Scheuss and Neher, 2001; Vere-
creases is consistent with depletion (Zucker and Regehr, Jones, 1966; Zucker, 1989). In some circumstances, this

can make it difficult to distinguish between N and p using
variance-mean analysis. However, at most synapses the*Correspondence: wade_regehr@hms.harvard.edu
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details of replenishment of release sites during trains
are poorly understood, and it is unclear whether replen-
ishment contributes sufficiently to the variance to pre-
clude the use of variance-mean analysis to discriminate
between changes in N and p.

Here, we characterize replenishment during stimulus
trains and find that variance-mean analysis can be used
to distinguish between changes in N and p at the CF
synapse (see Supplemental Data at http://www.neuron.
org/cgi/content/full/43/1/119/DC1). We therefore used
variance-mean analysis to examine the mechanisms un-
derlying depression at the CF synapse in the presence
of a low-affinity AMPAR antagonist. We found that for
these conditions, the variance-mean curve for stimula-
tion at different frequencies differed markedly from the
variance-mean curve corresponding to a change in the
probability of release. We considered several possible
explanations for these variance-mean curves and con-
clude that while receptor saturation distorts the vari-
ance-mean relationship in control conditions, relieving
this saturation allows us to determine the mechanism
of depression. Our data indicate that depletion of readily
releasable vesicles is the primary mechanism underlying
depression at the CF synapse, thus establishing that
depletion can make a prominent contribution to trans-
mission at central synapses.

Results

We used the variance-mean technique to determine the
mechanism of depression at the CF synapse. This is a
well-established method that has been used to study
a variety of synapses (Silver, 2003). According to the
binomial model, the simple case where the variability in
EPSC size arises from N sites with a probability p and
a quantal size q, the variance in the size of the synaptic
current (�2

B) is given by

�2
B � Nq2 p(1 � p). (1)

We used this relationship to determine the mechanism
underlying synaptic depression. The strategy is to stimu-
late a synapse at a constant frequency, and when the
EPSC amplitude has reached steady state, the mean

Figure 1. The Dependence of EPSC Variance on Cae and Stimu- synaptic current (I � Npq) and �2
B are determined. This

lus Frequency
is repeated for a range of stimulus frequencies. A plot

(A) Diagram showing the predicted variance-mean relationships for of �2
B as a function of I (a variance-mean plot) can then

the binomial distribution if there is an alteration in p (Equation 2), q
be used to determine whether alterations in I reflect(Equation 3), or N (Equation 4).
changes in p, q, or N. If the change in the amplitude of(B) Example experiments showing the effect of changing from 4 mM

to 1 mM Cae on the EPSC amplitude when the stimulus frequency the I arises from a change in p, then the variance-mean
is held at 0.033 Hz (left) and stimulating at 2 Hz in 4 mM Cae (right). relationship is given by
Lines below the points indicate the data that were used for analysis
of the variance, and these points are shown on an expanded scale

�2
B � qI �

I 2

N
. (2)for the 2 Hz train (inset).

(C) The fraction of events per bin (30 pA) is plotted for a representa-
tive experiment in which the frequency was held constant at 0.033 This corresponds to a parabola, with little variability in
Hz and Cae was changed (top), and then Cae was held at 4 mM and the EPSC size when the probability of release is either
the frequency of stimulation was changed (bottom). The numbers

0 or 1, but at intermediate values there is considerablenext to the histograms represent the calcium concentration in mM
(top) or the frequency in Hz (bottom).
(D) The variance at each calcium concentration (closed circles) and
at each frequency (open circles) are plotted as a function of the
mean EPSC amplitude for the same experiment as in (C). The data the mean EPSC amplitude obtained by stimulating at 0.033 Hz in 4
are fit to Equation 2 with q � 2.8 and N � 690. mM Cae. The numbers above the curves represent Cae in mM and
(E) The average values are plotted. The data are normalized in each the numbers below the curves represent frequency in Hz. Data are fit
experiment by dividing the variance and mean in each condition by to splines for clarity. Each point is the average of 4 to 11 experiments.



Vesicle Depletion Accounts for Depression
121

variability (Figure 1A). Alternatively, if the change in the the EPSC amplitude was corrected for background
noise by subtracting the variance of the baseline current,EPSC size arises from an alteration in q, the variance-
which was relatively small (17 � 1 pA2, n � 52).mean relationship is given by

When Cae was lowered from 4 mM, the distribution
of EPSC amplitudes initially broadened for intermediate�2

B �
(1 � p)

Np
I 2 . (3)

concentrations of Cae, and then further decreases in Cae

caused the distribution to become tighter, as shown for
As shown in Figure 1A, �2

B is proportional to the square a representative experiment (Figure 1C, top). According
of the synaptic current. Finally, for changes in N, to the binomial distribution, the variance-mean relation-

ship under these experimental conditions should be ap-�2
B � q(1 � p)I , (4)

proximated by Equation 2. Such a fit is shown in Figure
1D (solid line), with N � 690. There is a deviation fromand as N decreases, the �2

B also decreases in a linear
the parabola predicted by Equation 2, as has been de-fashion. These relationships are readily distinguished
scribed previously (Silver et al., 1998). This deviationfrom each other (Figure 1A): Equation 1 is a parabola
could arise from nonuniformities in p at different sitesthat peaks at intermediate probabilities of release, Equa-
(Silver et al., 1998) or may arise from receptor saturationtion 2 increases supralinearly, and Equation 3 increases
(Meyer et al., 2001).linearly with the synaptic current.

We then used variance-mean analysis to examine theOne potential complication in predicting that deple-
mechanism of depression during high-frequency trainstion should lead to a linear variance-mean relationship
when Cae was held constant at 4 mM. During stimulationis that sites are likely replenished stochastically in the
at these increased frequencies, the EPSC amplitudeinterval between stimuli. This can lead to additional vari-
continued to decrease gradually for tens of seconds, asability in the EPSC amplitude that in some cases makes
shown for a representative experiment in which the CFit difficult to distinguish between N and p (Zucker, 1989).
was stimulated at 2 Hz (Figure 1B, right). To insure thatHowever, we have found that the properties of recovery
this slow change in EPSC amplitude did not contribute tofrom depression at the climbing fiber synapse diminish
our estimate of the variance, we stimulated the climbingthe contribution of replenishment to the variability of the
fiber until the EPSC amplitude reached a steady statesynaptic current (see Figure 8 and Supplemental Data
(200–250 pulses). We then analyzed the final 20 to 50at http://www.neuron.org/cgi/content/full/43/1/119/DC1).
EPSCs in the train, when the EPSC amplitude had stabi-These findings suggest that at the CF synapse, the vari-
lized. Slow trends in the EPSC amplitude were veryance-mean relationship for changes in N will differ from
minor compared to the stochastic variability of the EPSCthe parabolic relationship observed when p varies (Fig-
amplitude at this time, as can more clearly seen on anure 1A): the variance-mean relationship for changes in
expanded scale (Figure 1B, right, inset).N approaches the straight line of Figure 1A (although

We determined the distribution of EPSC amplitudesthere are expected to be minor deviations from this
that resulted from varying the stimulus frequency in con-straight line). We also considered other ways in which
stant Cae (Figure 1C, bottom) in the same cell that weDGG could influence the variance-mean curves, but
obtained these distributions by varying Cae at constantconcluded that alterations in p should produce a vari-
stimulus frequency (Figure 1C, top). Intermediate stimu-ance-mean curve that is similar to that observed when
lus frequencies broadened the distribution of EPSC am-external calcium levels (Cae) are altered (see Discussion).
plitudes, while further increases in the stimulus fre-Therefore, we conclude that variance-mean analysis
quency eventually tightened the distribution of EPSCallows us to determine the contribution of N, p, and q
amplitudes. Plotting the variance as a function of theto frequency-dependent depression at the CF synapse
mean EPSC amplitude reveals that the relationships be-provided receptor saturation is relieved.
tween the variance and the EPSC amplitude for either
alterations in Cae or in stimulus frequency show similar

Variance-Mean Relationship in Control Conditions trends (Figure 1D).
We began our investigation of the mechanism of depres- We determined the average variance and mean for
sion by obtaining variance-mean relationships under many cells, which allowed us to investigate the relation-
control conditions, when AMPAR receptor saturation ship more carefully (Figure 1E). We pooled results from
was still present. We compared the variance-mean rela- many experiments and accounted for differences in fiber
tionships obtained when we changed the EPSC ampli- sizes by dividing EPSC amplitudes and variances by
tude either by changing Cae to regulate the probability the EPSC amplitude measured at 0.033 Hz stimulation
of release (p ) or by stimulating at different frequencies. frequency in 4 Cae for each cell (EPSCmax). The variance-
Experiments were performed in the presence of 150 nM mean relationship observed when Cae was held constant
NBQX to minimize series resistance errors (see Figure is qualitatively consistent with Equation 2 in that it peaks
4). First, we evoked EPSCs at a low frequency (0.033 at intermediate values and is small when p is large. The
Hz) that did not induce depression and examined release variance-mean relationship obtained by changing the
over a range of Cae. Once the EPSC had reached a stable stimulus frequency differed markedly from that expected
amplitude, we selected 15–30 consecutive EPSCs to if N or q were altered (Equations 3 and 4) and showed
measure the mean and variance under those conditions. trends that were more consistent with a change in p
The time course of EPSC amplitudes is shown for an (Equation 2). However, the variance-mean relationship
example experiment in Figure 1B (left), where the bar obtained by altering the stimulus frequency falls below
below the points indicates the 15 points selected for that obtained by changing Cae at higher EPSC ampli-

tudes. This difference raised the possibility that depres-analysis. In all experiments in the paper, the variance in
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sion at elevated frequencies does not result solely from
a decrease in p.

Perhaps multivesicular release and receptor satura-
tion complicate the interpretation of the variance-mean
relationship observed in control conditions and mask a
decrease in q or N. AMPAR saturation could influence
both the variance and the amplitude of the EPSC and
thereby distort the shape of the variance-mean curve in
control conditions. As a result, it is not clear whether N
determined from fits as in Figure 1C provides a measure
of the number of release sites (NR) or a measure of the
total number of release-ready vesicles (NT), which is the
product of the number of vesicles per release site (NV)
and NR. Similarly, it is not known if estimates of p ob-
tained in control conditions correspond to the probabil-
ity that a release-ready vesicle will fuse (pV) or the proba-
bility that at least one vesicle will fuse at a release site
(pR). Therefore, in subsequent sections we will reexam-
ine the variance-mean relationship under conditions
where receptor saturation has been relieved.

Contributions of Quantal Size to Depression and
Variability in the Amplitude of CF Responses
We next examined whether a decrease in quantal size
contributes to depression. Several previous studies
have demonstrated that paired-pulse depression at the
CF synapse is unaffected by drugs that relieve desensiti-
zation (Dittman and Regehr, 1998; Dzubay and Jahr,
1999; Hashimoto and Kano, 1998), suggesting that de-
sensitization does not play a role in depression at this
synapse. Furthermore, because our fastest stimulus fre- Figure 2. Quantal Size Remains Constant during Stimulus Trains
quency was 10 Hz and recovery from desensitization (A) Representative EPSCs are truncated and displayed on an ex-
typically occurs within 100 ms (Jones and Westbrook, panded time scale to show quantal events during a 4 Hz train in 4 Cae

(top) and following a single CF stimulation in 4 Cae � 5 Sre (bottom).1996), it is unlikely that such a mechanism could contrib-
(B) The cumulative probability distribution of mEPSC amplitudes isute to the depression that we observe. However, it was
plotted for events recorded in 4 Cae � 5 Sre for 0.033 Hz stimulationpossible that a presynaptic mechanism, such as incom-
(thin line) and in 4 Cae for 4 Hz stimulation (thick line). Quantal events

plete refilling of vesicles during trains, could attenuate were detected in the 160–360 ms following stimulation in Sre and in
the amplitude of glutamate released by a single vesicle. the 35–230 ms following stimulation for 4 Hz stimulation in 4 Cae.

To determine whether a presynaptic decrease in the (C) Summary of the mean quantal amplitudes for five cells.

quantal size contributes to depression during trains, we
compared mEPSC amplitudes measured during trains
to mEPSC amplitudes measured when the depression possibility that there is a change in quantal size during

the evoked EPSC or the first tens of milliseconds follow-was minimal. To examine q under conditions in which
depression is prominent, mEPSCs were measured in 4 ing it. However, our findings do indicate that on the

time scale that we are investigating (100 ms to 10 smM Cae during 4 Hz trains, as in Figure 2A (top). We
then determined the quantal size for conditions where interstimulus intervals), depression is not mediated by

a change in quantal size (see Discussion).the depression was small. The stimulus frequency was
reduced to 0.033 Hz and the external solution was
changed to 4 mM Cae � 5 mM Sre. This resulted in a Relief of AMPAR Saturation Increases

the Coefficient of Variationprominent component of asynchronous release (Figure
2A, bottom; see Experimental Procedures). A compari- We next assessed the impact of AMPAR saturation on

our ability to identify the mechanism of synaptic depres-son of the cumulative probability histograms under both
of these conditions shows that in this cell, there was no sion using variance-mean analysis. We began by exam-

ining the effect of AMPAR saturation on the Cae andsignificant difference in mEPSC amplitude distributions
(Figure 2B, Kolmogorov-Smirnov test). Similar results frequency dependence of EPSC amplitude. We used

low concentrations of NBQX to reduce the EPSC ampli-were found in all four cells tested. The mean mEPSC
amplitude was 50 � 2 pA for mEPSCs evoked at 0.033 tude and thereby minimize series resistance errors.

NBQX has sufficiently slow kinetics that it reduced theHz in Sre, which was not significantly different from the
mean mEPSC size during the 4 Hz train of 50 � 3 pA EPSC amplitude without affecting AMPAR saturation.

In order to relieve AMPAR receptor saturation, we used(Figure 2C, n � 4, p � 0.99, t test). These results indicate
that quantal size is unchanged after the first 35 to 200 high concentrations of the rapid, low-affinity antagonist

DGG (Liu et al., 1999; Wadiche and Jahr, 2001; Watkinsms following an evoked EPSC during sustained activity.
These experiments in themselves do not exclude the et al., 1990).
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least 20 consecutive traces in control conditions and in
the presence of DGG once the EPSC amplitude had
reached a constant value. In a representative experi-
ment, 2 mM and 10 mM DGG decreased the average
peak EPSC amplitude by 42% and 87%, respectively
(Figure 4Aa). The effect of DGG on the variability of the
EPSCs can be seen in Figure 4Ab, in which the EPSC
peaks have been magnified and scaled to the same
average value for comparison. We used the coefficient
of variation (CV � �/I ) as a measure of the variability in
the EPSC size because it is not influenced by differences
in the quantal size. In 2 mM DGG, the CV increased to
2.5 times that of control, while in 10 mM DGG, the CV
increased to 6.0 times that of control. This effect can
also be seen in the distributions of EPSC sizes for each
condition (Figure 4Ac).

We were concerned that series resistance errors
could cause an underestimate of the CV of the EPSC

Figure 3. The Influence of the Low-Affinity AMPA Receptor Antago- amplitude for our experimental conditions. We used
nist DGG on the Cae and Frequency Dependence of the EPSC Am-

NBQX to address this issue. In the representative experi-plitude
ment in Figure 4Ba, 250 nM NBQX decreased the aver-The properties of synaptic transmission in 150 mM NBQX (open
age EPSC amplitude by 87%, comparable to the de-circles) and 10 mM DGG (closed circles) are compared.
crease in EPSC amplitude observed in 10 mM DGG. The(A) The effect of changing from 4 mM to 1 mM Cae in the presence

of either NBQX or DGG on the amplitude of the EPSC. The stimulus scaled traces in Figure 4Bb reveal that there is a slight
frequency was 0.033 Hz. increase in the CV in the presence of 250 nM NBQX
(B) The relationship between EPSC amplitude and Cae in the pres- (Figure 4Bb). This effect can also be seen in the histo-
ence of NBQX or DGG. Each point is the average of 4–10 experi- grams of EPSC amplitudes (Figure 4Bc). In this example,
ments and some error bars are obscured by the points. Data are

the CV in 250 nM NBQX increased to 2.2-fold that ofnormalized to the EPSC amplitude in 8 mM Cae and fit to the Hill
control. This effect was consistently observed in numer-equation, EPSC � EPSCmax(Cae

n/Cae
n � K0.5

n) with EPSCmax � 0.96,
ous experiments, with the average CV in 250 nM NBQXK0.5 � 0.75 mM, and n � 3.0 in NBQX and EPSCmax � 1, K0.5 � 2.05

mM, and n � 2.2 in DGG. being 2.1 � 0.1-fold (n � 5) larger than in control condi-
(C) The time course of depression produced by stimulating at 2 Hz in tions (Figure 4C).
NBQX and DGG. Data are normalized to the initial EPSC amplitude. It is possible that series resistance errors decrease
(D) The relationship between stimulus frequency and steady-state

the observed synaptic variance when the EPSC is veryEPSC amplitude. Each point is the average of 3–13 experiments.
large and that a decrease in the series resistance error
causes the apparent increase in the CV when NBQX is
added. To test this, we applied 250 nM NBQX in 0.4 mM

We found that the Cae and frequency dependence of
Cae. Under these conditions, the initial EPSC amplitude

the EPSC amplitude were strongly influenced by AMPAR
is much smaller and thus series resistance errors should

saturation (Figure 3). In representative experiments, be minimized. We found that under these conditions,
decreasing Cae from 4 mM to 1 mM in the presence of 250 nM NBQX reduced the EPSC amplitude by 90% �
NBQX (150 nM) or DGG (10 mM) decreased the EPSC 1% and had only a minor effect on the CV (1.1 � 0.1-fold
amplitude by 41% and 79%, respectively (Figure 3A). increase, n � 4). This result confirms that the increase
The relationship between the EPSC amplitude and Cae in the CV observed when NBQX is added in control
is shown in Figure 3B. As Cae increases, the EPSC ampli- conditions is the result of series resistance errors. This
tude increases and eventually saturates, with this satu- means that series resistance errors can influence the
ration occurring at a much lower Cae in control condi- apparent variability of the EPSC in 4 mM Cae but that
tions than when AMPAR saturation was relieved. by including low concentrations of NBQX, such errors

AMPAR saturation also influences the frequency de- can be avoided. As a result, we used 150 nM NBQX
pendence of the EPSC amplitude. In representative ex- in experiments designed to assess the variance-mean
periments, EPSCs were evoked at 2 Hz. When the EPSC relationship in control conditions.
amplitude reached a steady-state level of depression, As additional controls for the effects of DGG on the
it had decreased by 63% in control conditions and 90% CV in 4 mM Cae, we tested the effects of 2 mM DGG on
in the presence of 10 mM DGG (Figure 3C). Depression the CV in 0.4 mM Cae. Because the probability of release
was more prominent when AMPAR saturation was re- is low under these conditions, we expect that multivesic-
lieved by DGG for all frequencies tested (Figure 3D). The ular release is not prominent and that DGG should not
effects of AMPAR saturation on the Cae and frequency greatly change the CV. Indeed, we find that 2 mM DGG
dependence of EPSC amplitude highlight the impor- decreased the peak EPSC amplitude by 87% � 1% in
tance of AMPAR saturation at the CF synapse. 0.4 Cae but the CV increases by only 1.2 � 0.1-fold

We next determined how AMPAR saturation influenced (n � 5). This suggests that when p is low, the effect of
the variance of the CF EPSC. A climbing fiber was stimu- DGG on the CV is not that large and therefore the large
lated at 0.1 Hz in 4 mM Cae, and DGG was applied to increases in the CV observed in higher Cae do not reflect
relieve receptor saturation. The variance and mean of increased channel noise.

Taken together, the effects of NBQX and DGG on thethe peak EPSC amplitude were then calculated from at
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Figure 4. Relieving AMPA Receptor Satura-
tion with DGG Increases the Coefficient of
Variation of Climbing Fiber EPSCs

The effects of DGG (A) and NBQX (B) on the
mean amplitude and variance of EPSCs in
4 Cae. The time courses of the peak EPSC
amplitudes (Aa, Ba) are shown for representa-
tive experiments. Horizontal bars denote the
time of drug application. (Ab, Bb) 10 overlaid
EPSCs are shown for each condition (top).
These traces are also shown on an enlarged
scale with the vertical scale expressed in
terms of the average EPSC amplitude for the
indicated experimental condition (bottom).
Average peak EPSC amplitudes have been
normalized to the average peak EPSC ampli-
tude in control conditions. (Ac, Bc) The per-
centage of events per bin is plotted. The bin
size for each condition is 0.8% of the average
value in that condition. The coefficient of vari-
ation (CV) normalized to the CV in control con-
ditions is plotted as a function of the mean
EPSC amplitude normalized to the mean in
control conditions (C) for 4 Cae � DGG (open
circles, n � 5) and 4 Cae � NBQX (closed
circles, n � 5). The numbers next to the points
represent the concentration of DGG (mM) or
NBQX (nM). Error bars are SEM.

amplitudes and CVs of the CF EPSCs establish that the antagonists (Table 1). When receptor saturation is pres-
ent (no DGG and 150 nM NBQX present), the variancemajority of the increase in the CV observed in DGG can
initially increases as the frequency of stimulation in-be attributed to a decrease in the extent of AMPAR
creases. It peaks at 4 Hz and then decreases, as cansaturation that occurs under conditions where the prob-
be seen in a representative experiment (Figure 5A, left).ability of release is high. Although the CV increases
This trend was consistent for many cells as shown in2-fold when 250 nM NBQX is applied in 4 mM Cae, this
the summary graph (Figure 5A, right). Increasing con-increase is much smaller than the 6 � 0.6-fold (n � 7)
centrations of DGG progressively changed the variance-increase observed when 10 mM DGG is applied, even
mean relationship (Figures 5B–5D). In 2 mM DGG, therethough the mean EPSC amplitude is reduced by similar
is a less pronounced decrease in variance with increas-amounts in both conditions. Plotting the CV normalized
ing EPSC size (Figure 5B), and this is more apparent into its value in 4 Cae as a function of the mean EPSC
5 mM DGG (Figure 5C). Finally, in 10 mM DGG, thesize normalized to its value in 4 Cae reveals that DGG
variance continues to increase as the EPSC amplitudeincreases the CV in a dose-dependent manner (Figure
increases, and the variance-mean relationship is almost4C). The coefficient of variation was largest in 10 mM
linear (Figure 5D). These results indicate that AMPARDGG, which was the highest concentration of DGG that
saturation had a large effect on the variance-mean rela-

was practical.
tionship determined for trains at a range of stimulus
frequencies. In contrast to control conditions, we see
here that when receptor saturation is relieved with DGG,

Relieving Postsynaptic Receptor Saturation there is an approximately linear relationship between
Changes the Variance-Mean Relationship the variance and the EPSC amplitude.
Obtained during Trains We also compared the variance-mean relationship
Because AMPAR saturation can have pronounced ef- when we obtained both the control and DGG curves in
fects on the variance-mean relationship, we reexamined the same cell. This simplifies the interpretation of these
the variance in the presence of increasing concentra- experiments by eliminating complications associated
tions of DGG to progressively relieve AMPAR saturation. with differences between the number of release sites
These experiments are similar to those described in and the probability of release, etc., of different climbing
Figure 1, with the exception that these are performed fiber responses. In these experiments, we first deter-
in the presence of DGG to relieve saturation. The effects mined the variance-mean relationship in 10 mM DGG,
of DGG and NBQX on the initial slope, EPSC amplitude, then washed out the DGG and added 150 nM NBQX
and variance were consistent with the decreases in to determine the variance-mean relationship in control

conditions. A representative experiment shows that inquantal size that are expected in the presence of these



Vesicle Depletion Accounts for Depression
125

Table 1. Effects of AMPAR Antagonists on the EPSC Amplitude and Variance

AMPAR
Antagonist n EPSC0.033 Hz (nA) EPSC/EPSCcontrol �2

0.033 Hz (pA2) CV.033 Hz Initial Slope (pA)

150 nM NBQX 11 1.24 � 0.15 0.23 � 0.01 120 � 20 0.009 � 0.001 2.1 � 0.4
2 mM DGG 7 2.9 � 0.4 0.59 � 0.05 850 � 180 0.010 � 0.003 4.2 � 0.3
5 mM DGG 5 1.7 � 0.2 0.30 � 0.04 650 � 130 0.016 � 0.002 1.4 � 0.3
10 mM DGG 24 1.29 � 0.11 0.15 � 0.02 610 � 50 0.021 � 0.001 0.76 � 0.09

EPSC0.033 Hz, �2
0.033 Hz, and CV0.033 Hz correspond to the values measured in 4 mM Cae at 0.033 Hz stimulus frequency in the individual experiments

that are summarized in Figure 5. For the purposes of comparison, the values of EPSC/EPSCcontrol obtained from the experiments in Figure 4
are provided. The initial slope was measured from the origin to the first point for the experiments in Figure 5.

4 Cae in the presence of 150 nM NBQX, the distribution Variance-Mean Relationships When AMPAR
Saturation Is Relievedof the EPSC amplitudes first increases with increasing

frequency and then decreases (Figure 6A, top). How- There are two possible explanations for the observation
that as receptor saturation is progressively relieved, theever, for the same cell in the presence of 10 mM DGG, the

distributions become steadily narrower with increasing variance-mean relationship becomes more linear. One
possibility is that frequency-dependent depression re-frequency. Plotting the variance versus the mean for the

NBQX condition reveals that initially, as the frequency flects a change in N and that the relationship is approxi-
mated by Equation 4. A second possibility is that ele-increases, the variance also increases (Figure 6B, left).

However, in the presence of DGG, the variance de- vated stimulus frequencies decreased the probability
of release but that the initial probability of release iscreases as the frequency increases (Figure 6B, right).

Thus, these large differences in variance-mean curves sufficiently low that the parabola predicted by Equation
2 can be approximated by a straight line. To distinguishare seen with and without receptor saturation in the

same cell. The results for five such cells are summarized
in Figure 6C.

Figure 6. How EPSC Variance Depends upon Stimulus Frequency
in Control Conditions and When AMPAR Saturation Is Relieved with
10 mM DGG

(A) The distribution of CF-EPSC amplitudes is plotted for a represen-
Figure 5. Concentration Dependence of the Effect of DGG on the tative experiment in which the stimulus frequency was varied from
Variance-Mean Relationship 0.033 to 10 Hz in 150 nM NBQX (top) and 0.033 to 2 Hz in 10 mM

DGG (bottom). The numbers next to the histograms represent theThe variance is plotted as a function of mean for an individual experi-
ment (left), and the average variance/EPSCmax is plotted as a function stimulus frequency in Hz, and the bin size is 30 pA.

(B and C) The variance in 150 nM NBQX (closed circles) and 10 mMof the normalized EPSC for several cells (right) in the presence of
150 nM NBQX (A), 2 mM DGG (B), 5 mM DGG (C), and 10 mM DGG (open circles) are plotted as a function of the mean EPSC

amplitude. In (B), this is done for the experiment shown in (A). TheDGG (D). Numbers next to the points represent the frequency of
stimulation. Data are fit to splines for clarity. Each point is the aver- average normalized values for five such experiments are plotted in

(C). Data are fit to splines for clarity.age of 4–11 experiments.
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Figure 7. The Variance-Mean Relationships
Observed When Saturation Is Relieved with
10 mM DGG

The variance-mean relationships were deter-
mined both by altering Cae and by altering
the stimulus frequency in the same cell. (A)
and (B) represent an individual experiment,
while (C) and (D) are pooled and normalized
data with each point the average of 5–11 ex-
periments. Numbers above the curves repre-
sent the Cae in mM, and those below repre-
sent the frequency in Hz. In (A) and (C), the
total variance at the indicated Cae concentra-
tions for 0.033 Hz stimulation is plotted as a
function of the mean EPSC amplitude (closed
circles). These data were fit to Equation 5
(solid curve), with q � 1 pA and N � 1350 in
(A) and q � 1.4 pA in (C). The variance was
also measured in 4 mM Cae at the indicated
frequencies (open circles) The straight line
joins the origin to the point obtained in 4 Cae

at 0.033 Hz and is a prediction of Equation 4.
In (B) and (D), the variance arising from the
binomial distribution alone (�2

B) was deter-
mined from (A) and (C), respectively, by cor-

recting for the quantal noise. The x axes in (B) and (D) reflect the fact that under these conditions the x-intercepts correspond to p � 0 and
p � 1. Each point in (C) and (D) is the average of 4–12 experiments.

between these possibilities, we examined the variance- is linear (Figure 7A, open circles). When the noise arising
from quantal variability is eliminated, the variance is alsomean relationship obtained by altering Cae with receptor

saturation relieved with 10 mM DGG. These studies also approximated by a line (Figure 7B, open circles). The
variance-mean relationship observed when the stimulusallowed us to directly compare the variance-mean rela-

tionship when frequency is altered with that obtained frequency is changed does not conform to altered p
(Equation 2) but instead conforms to the predicted linearwhen p is altered.

As shown for a representative experiment, the vari- relationship that arises when N is varied (Equation 4).
This is true both for individual experiments (as in Figuresance-mean relationship obtained by altering Cae is para-

bolic when receptor saturation was relieved, and the 7A and 7B) and for the summary of many experiments
(Figures 7C and 7D). We tested whether the differencevariance was well approximated by Equation 2 (Figure

7A, closed circles). As predicted by the binomial distri- between the variance-mean relationship obtained by
varying Cae and that obtained by changing the stimulusbution, the variance approaches 0 when pV is either near

0 or near 1 and is maximal for pV � 0.5 (Figure 7A). This frequency was significant. In a manner similar to Glantz
(1997), we compared the residual variances of separatesuggests that when postsynaptic receptor saturation is

eliminated, it is possible to fit the data and determine the parabolic fits to the two groups of data with those from
a single parabolic fit to the pooled data and found theprobability of release of a vesicle (pV), the total number of

release-ready vesicles in the entire climbing fiber (NT), differences to be highly significant [F(2,137) � 389, p �
0.001, Figure 7C; F(2,12) � 65, p � 0.001, Figure 7D].and q. To do this, we first eliminated the contribution

of noise arising from variance in q (see Experimental Plotting the variance as a function of pV (Figures 7B and
7D) reveals that pV � 0.79 in 4 mM Cae. This result isProcedures). After this noise source had been elimi-

nated, we plotted the variance as a function of release consistent with our finding that the EPSC amplitude in
4 mM Cae is 77% of the maximum EPSC amplitudeprobability, as I is linearly related to pV when receptor

saturation has been eliminated. (Figure 7B, closed cir- extrapolated from a fit of the EPSC amplitude versus
Cae data in Figure 3. Therefore, pV in 4 mM Cae is suffi-cles). We estimated q � 1 pA and NT � 1350 for this

cell. For eight such experiments, q was 1.4 � 0.4 pA ciently large that Equation 2 cannot be approximated
by a linear relationship. This establishes that depressionand NT was 1370 � 800 (� SD, range 700 to 3050).

The average value of q determined from variance-mean at the CF synapse reflects vesicle depletion and a de-
crease in NT and does not reflect a change in pV.relationships is much smaller than that measured in con-

trol conditions (Figure 2), consistent with the presence
of 10 mM DGG. Estimates of NT are much larger than Discussion
estimates of N obtained in control conditions, in keeping
with the predicted effects of receptor saturation on the We used variance-mean analysis to examine release at

the CF synapse. We found that AMPAR saturationvariance-mean relationship (see Discussion).
As a final test of the mechanism of depression, we greatly influences the variance of CF-EPSC amplitudes

and therefore complicates the assessment of the mech-also determined the variance-mean relationship in the
same cell by changing stimulus frequency. When Cae is anism underlying depression under control conditions.

However, the variance-mean relationship observedheld constant at 4 mM and the frequency of stimulation
is increased, the observed variance-mean relationship when receptor saturation is relieved with DGG indicates
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that decreased release probability does not contribute would not have been possible had all sites recovered
to depression during trains. The observed near linear from depletion in the same manner with a single expo-
variance-mean relationship, combined with the lack of nential time course (see Supplemental Data at http://
effect of trains on the quantal size, shows that depres- www.neuron.org/cgi/content/full/43/1/119/DC1). If
sion during trains reflects a decrease in the number of that had been the case, stochastic variability associated
vesicles available for release. These results indicate that with refilling release sites would have resulted in similar
at the climbing fiber synapse, multivesicular release parabolic variance-mean relationships for a change in
leads to a depletion of the readily releasable pool of either N or p (Figure 8C, left; Vere-Jones, 1966; Zucker,
vesicles, which leads to depression during stimulus 1989). This clearly was not the case, because in DGG
trains. the variance-mean relationship was parabolic when the

probability of release was varied by altering Cae (Figure
Alternative Explanations for the Variance-Mean 7D) but was roughly linear for stimulation with trains.
Relationships in DGG Our experimental studies indicated that replenishment
Before using variance-mean analysis to distinguish be- was described by rapid, medium, and slow phases of
tween changes in N and p, we considered several possi- recovery (Figure 8D). The observed time dependence of
ble explanations for the variance-mean relationships recovery suggested that for one population of sites, re-
that we observed in the presence of DGG. The first covery was so rapid that it was complete between stim-
concern was whether the interaction of DGG with post- uli in a train. The time constants of the other two phases
synaptic AMPA receptors could increase channel noise of recovery were sufficiently different that for a given
to such an extent that it could contribute to the variance stimulus frequency, recovery of only one population
of the EPSC amplitude that we measure. Arguing against made a significant contribution to the variance. For stim-
this possibility was our observation that DGG does not ulus frequencies above 0.2 Hz, recovery of the interme-
significantly alter the CV when the probability of release diate component contributes significantly to replen-
at the climbing fiber is low (in 0.4 Cae) and multivesicular ishment, while for lower stimulus frequencies, recovery
release is unlikely. This suggests that the increase in of the slowest component contributes more prominently
channel noise due to the interaction of DGG with the to variability (see Supplemental Data). As a result, only
channel is small compared to the synaptic variance. A a small fraction of sites contributed significantly to sto-
second possibility is that the binomial model does not chastic variability in the number of release-ready sites
hold for describing the presynaptic release process for a given stimulus frequency. This greatly reduced the
(Redman, 1990). However, when the probability of re- variance associated with replenishment and allowed us
lease is altered by varying external calcium, we ob- to use variance-mean analysis to distinguish between
served a parabolic variance-mean relationship that is changes in p and N (Figure 8C, right).
consistent with the binomial model (Figure 7). In addi-
tion, the distribution of EPSC amplitudes observed for Effect of AMPAR Saturation on Variance-
a given experimental condition was well approximated Mean Analysis
by a normal distribution (Figure 6A), which is also consis-

Recent studies altered the view of synaptic transmission
tent with the binomial model. These findings suggest

at the climbing fiber synapse, and this has important
that the binomial model likely applies at CF synapses,

implications for the application of variance-mean analy-as is thought to be the case at many other synapses
sis. Based on ultrastructural studies, it is estimated that(Redman, 1990). A final possibility is that in the presence
a climbing fiber makes hundreds of synaptic contactsof DGG the quantal size is not constant at different
onto a Purkinje cell and that at each of these contactsfrequencies. Our examination of quantal sizes during
there are on average seven morphologically docked ves-high-frequency synaptic transmission (Figure 2) sug-
icles (Xu-Friedman et al., 2001). Electrophysiologicalgests that the response to individual quanta does not
studies suggest that CF activation releases multiple ves-decrease during such trains. However, if relief of post-
icles per site, and this can lead to partial saturation ofsynaptic receptor saturation is not complete, then as
postsynaptic receptors (Wadiche and Jahr, 2001). Thisthe EPSC becomes larger and the cleft glutamate con-
suggests that at the climbing fiber synapse, it is notcentration increases, the average quantal size is ex-
sufficient to describe synaptic transmission simply inpected to decrease. The parabolic relationship we ob-
terms of the traditional quantal parameters N and p. Itserve in 10 mM DGG (Figure 7) argues against this
is necessary to consider the number of release sitespossibility, though. Additionally, such an effect would
(NR), the number of docked vesicles at each release sitenot explain the deviation of the calcium and frequency
(NV), and the total number of docked vesicles (NT � NVNR).variance-mean relationships because a decrease in
It is also necessary to consider the probability of releasequantal size for large EPSCs would be expected to influ-
for a release site (pR) and the probability of release forence both relationships equally. Thus, we are unable to
a docked vesicle (pV). If there is no receptor saturation,account for the variance-mean curves in DGG in a man-
then for the variance-mean relationship given by Equa-ner that is consistent with frequency-dependent
tion 1, N � NT and p � pV. This corresponds to thechanges in CF amplitude arising from a decrease in the
experiments done in the presence of 10 mM DGG. Fitsprobability of release.
to Equation 1 yielded estimates of NT of 1370 � 800
(Figure 7). These values are significantly larger than theUsing Variance-Mean Analysis to Distinguish
number of release sites on a climbing fiber (300) (Larra-between Changes in N and p
mendi, 1969; Rossi et al., 1993) estimated by countingIn this study, we were able to use variance-mean analy-

sis to distinguish between changes in N and p. This the number of presynaptic varicosities.
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and p corresponds to pr � 1 � (1 � pv)Nv . Thus, in the
extreme where saturation by a single vesicle is com-
plete, it is possible to determine the probability that at
least one vesicle is released from each release site, and
it is possible to determine the number of release sites.
However, in control conditions it is likely that a single
vesicle does not completely saturate postsynaptic re-
ceptors. As a result, the variance-mean relationship is
more difficult to interpret. For partial saturation, NT �
N � NR, and the greater the extent of saturation the
closer N, as determined by variance-mean analysis, is
to NR.

Depletion of Readily Releasable Vesicles
Accounts for Depression
Variance-mean analysis was used to determine the
mechanism responsible for depression at the climbing
fiber synapse. The observation that the quantal size is
unaltered by high-frequency stimulation (Figure 2) con-
strained the mechanism to be a change in either p or
N. The variance-mean relationship can be used to distin-
guish between N and p: it is predicted to be parabolic
when p is varied and more linear when N is varied (Figure
1A; see Supplemental Data at http://www.neuron.org/
cgi/content/full/43/1/119/DC1).

We investigated the mechanisms underlying depres-
sion by comparing the variance-mean relationship ob-
tained by altering p (changing Cae) with that obtained
by changing the amount of depression (altering the fre-
quency of stimulation). Under control conditions, weFigure 8. Variance-Mean Analysis Can Be Used to Distinguish be-
observed that the relationship obtained by changing thetween Changes in N and p at the CF Synapse
stimulus frequency fell slightly below that obtained by(A) Schematic of a presynaptic bouton with docked and reserve

vesicles depicted as solid and open circles, respectively. The bouton altering Cae (Figure 1). This suggested that depression
is shown prior to stimulation (left), immediately after stimulation is due largely to a decrease in p, with only a small contri-
(middle), and after the bouton has had several seconds to re- bution from a decrease in N. However, as discussed
cover (right). above when receptor saturation occurs, variance-mean
(B) A schematic showing the predicted behavior of the number of

analysis will tend to yield pR rather than pV. Becausedocked vesicles during a train if recovery from depression is approx-
pr � 1 � (1 � pv)Nv, the apparent change in the probabil-imated by a single exponential. There are NT docking sites for vesi-

cles, and during sustained stimulation with a train there is exponen- ity of release during trains could reflect decreases in
tial recovery between stimuli. Just prior to stimulation, there are on either pV or NV. In order to distinguish between these
average N0 docked vesicles and just after stimulation the number possibilities, we progressively eliminated receptor satu-
of empty sites is given by (NT � N0 (1 � p )). ration with increasing concentrations of DGG (Figures
(C) The variance-mean relationship for changes in N (solid line) and

4 and 5). When the EPSC was depressed during high-p (dashed line) for the situation in which variance associated with
frequency trains in 10 mM DGG, the variance-mean rela-recovery is approximated by a single exponential (left) and for the

case when the variance associated with the recovery is small (right). tionship was approximately linear, corresponding to
(D) Summary of recovery from depression during a 0.25 Hz train at Equation 4. This finding suggests that depression can
the CF synapse (n � 4). This curve was obtained in the presence be attributed largely to a decrease in NV with a negligible
of 10 mM DGG after stimulating for 10 min at 0.25 Hz, at which point contribution from a change in pV and is consistent with
a steady-state level of depression had been reached. The timing of

a depletion model of depression. Here we use a singleevery tenth CF stimulus was then varied to examine the depression
method (variance-mean analysis) to provide insight intoand recovery from depression during the train. Fits shown are de-

scribed in the text. See Supplemental Data for an expanded expla- the mechanism of depression, and it is likely that future
nation. studies involving different methods of stimulating a syn-

apse and measuring transmitter output will provide addi-
tional insight into the mechanism of depression at this
synapse.Our estimates of N from variance-mean analysis are

larger than prior estimates from experiments in control Although these studies have focused on depression
during prolonged trains of high-frequency stimulation,conditions in a manner that is consistent with the pre-

dicted effects of saturation. Previous estimates of N at it is likely that the depletion model of depression also
accounts for paired-pulse depression at the CF syn-the climbing fiber synapses made prior to the knowledge

of receptor saturation and multivesicular release were apse. According to the depletion model, a single stimu-
lus will release pV NV vesicles, leaving behind (1 � pV)�600 (Silver et al., 1998). If a single vesicle saturates

the postsynaptic receptor, then for the variance-mean NV vesicles. As a result, the paired-pulse ratio arising
from depletion only is (1 � pV) (Zucker and Regehr, 2002).relationship given by Equation 1, N corresponds to NR
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mEPSCs were recorded at a holding potential of �70 mV usingBased on our variance-mean curves, we estimate pV in
1.5–2.0 M� glass electrodes. Spontaneous mEPSCs that arise from4 mM Cae to be 0.79 � 0.03. This corresponds to a
both climbing fiber and parallel fiber synapses were detected at apaired-pulse ratio of 0.21 � 0.03, which compares with
rate of 2.0 � 0.5 Hz. However, asynchronous release of activated

a paired pulse ratio of 0.14 � 0.04 (n � 3) measured in climbing fibers can be selectively elevated either by elevating the
4 mM Cae in the presence of 10 mM DGG (Foster et stimulus frequency (Zengel and Magleby, 1980) or by including Sr

in the external solution (Miledi, 1966; Silver et al., 1998; Wadicheal., 2002). This suggests that paired-pulse depression
and Jahr, 2001). When mEPSCs were measured in 4 mM Cae duringreflects primarily depletion of the release-ready pool.
4 Hz trains, the rate of CF mEPSCs (12.0 � 3.0 Hz) was substantiallyAs shown previously, postsynaptic AMPAR saturation
larger than the rate of spontaneous mEPSCs observed under restingmakes this depression less prominent in control condi-
conditions, ensuring that the majority of mEPSCs detected were

tions. from climbing fibers. When the stimulus frequency was reduced to
0.033 Hz and the external solution was changed to 4 mM Cae � 5
mM Sre, the rate of CF mEPSCs was elevated to 12.2 � 3.1 Hz.General Implications for Depression

Most previous studies of depression at central synapses
Data Acquisition and Analysis

have implicated mechanisms other than depletion, and Outputs from the Axopatch 200A amplifier were digitized with a 16
at many synapses it was thought that depletion did not bit D/A converter (Instrutech, Great Neck, NY), with pulse control
contribute to depression (Bellingham and Walmsley, software (Herrington and Bookman, 1995). EPSCs were filtered at

500 Hz with a 4 pole Bessel filter. Analysis was performed using1999; Brody and Yue, 2000; Waldeck et al., 2000). This
Igor Pro software (Wavemetrics, Lake Oswego, OR).seemed reasonable in light of the fact that in many cases

synapses appear to have a fairly large number of docked
Correction of Total Variance for Variability in Quantal Size

vesicles (Schikorski and Stevens, 1997; Xu-Friedman et Variability in the quantal size also contributes to the synaptic vari-
al., 2001). Moreover, this was even more likely if at most ability. This includes both intersite variability (CV 2

Iq), which arises
a single vesicle could be released from a release site from differences in the quantal size at different release sites, and

intrasite variability (CV 2
IIq), which reflects trial-to-trial variability at anby each stimulus, as has been widely hypothesized

individual site. Inter- and intrasite variability contribute to the total(Redman, 1990). However, it is now known that multive-
synaptic variance according to the following equation (Clementssicular release from single release sites occurs not only
and Silver, 2000):

at CF synapses but at other synapses as well (Auger et
al., 1998; Conti and Lisman, 2003; Oertner et al., 2002).

�2
T � �qI �

I2

NT
�(1 � CV 2

Iq) � CV 2
IIqqI . (5)

This makes it likely that in addition to other mechanisms
that can contribute to depression, depletion is likely an
important mechanism at many synapses in the CNS. We measured the total quantal variability (CV 2

Iq � CV 2
IIq) by determin-

ing the CV 2
q of mEPSCs elicited in Sr2� (0.19, Figure 2). We were

unable to directly measure CV 2
q in the presence of 10 mM DGGExperimental Procedures

because mEPSCs were too small to detect. Thus, the CV 2
q that we

obtained in control conditions may be an underestimate becauseElectrophysiology
there is likely to be somewhat more variability in mEPSC size whenSagittal slices (300 	M thick) were cut from the cerebellar vermis
there is no receptor saturation. It is not practical to determine theof 10- to 14-day-old Sprague Dawley rats as described previously
amount of the total CV 2

q that is accounted for by intrasite variability,(Regehr and Mintz, 1994). Slices were superfused at 1 ml/min with
CV 2

IIq, at the climbing fiber synapse because individual sites cannota saline solution consisting of (in mM) 125 NaCl, 2.5 KCl, 2 CaCl2,
be stimulated in isolation. However, it has been determined to be1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 25 glucose, bubbled with
0.044 at the mossy fiber to granule cell synapse (Silver et al., 1996),95% O2/5% CO2. Experiments were performed at room temperature.
and this value has been used to approximate intrasite variability at20 	M bicuculline (Sigma) was included in the external solution to
other synapses (Silver et al., 2003). Using this value, intrasite variabil-block GABAA-mediated synaptic currents.
ity accounts for 
15% of the total variability in the EPSC amplitudeWhole-cell recordings of Purkinje cells were obtained as de-
measured in 10 mM DGG under the various conditions. The re-scribed previously (Regehr and Mintz, 1994), with an internal solution
maining intersite variability, CV 2

Iq, can be determined by subtractingconsisting of (in mM): 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, 0.2
the intrasite variability from the total variability and is thus 0.146.D600, adjusted to pH 7.2 with CsOH. D600 was included to block
These two sources of variability were subtracted from the totalL-type voltage-gated calcium channels. The access resistance and
synaptic variance in our experiments to obtain more accurate esti-leak current (�20 to �200 pA holding at �40 mV) were monitored
mates of N, p, and q (Figure 7).continuously, and experiments were rejected if either of these pa-

rameters increased significantly during the recording. Climbing fi-
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