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Synaptic short-term plasticity is considered to result from mul-
tiple cellular mechanisms, which may include presynaptic and
postsynaptic contributions. We have recently developed a non-
stationary EPSC fluctuation analysis (Scheuss and Neher, 2001)
to estimate synaptic parameters and their transient changes
during short-term synaptic plasticity. Extending the classical
variance–mean approach, a short train of stimuli is applied
repetitively, and the resulting EPSCs are analyzed for means,
variances, and covariances. This provides estimates of the
quantal size and quantal content for each EPSC in the train, and
furthermore, an estimate of the number of release sites. The
latter is less sensitive to heterogeneity in the release probability
than that of the variance–mean approach. Here, we applied this
analysis to the calyx of Held synapse in brainstem slices of

young rats (postnatal day 8–10). We found significant negative
covariance in the amplitude of successive EPSCs in a train. The
analysis showed that the 10-fold depression in the EPSC am-
plitude during 100 Hz trains at elevated extracellular Ca2�

concentration resulted from a 2.5-fold reduction in quantal size
caused by postsynaptic AMPA receptor desensitization and
saturation, and a fourfold reduction in quantal content, which
was partially relieved by application of cyclothiazide. The num-
ber of release sites estimated by covariance analysis was
�2000 and significantly larger than estimates from variance–
mean parabolas.
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Short-term synaptic plasticity is considered as an important ele-
ment of information processing in neuronal circuits (Abbott et al.,
1997; Tsodyks and Markram, 1997). Multiple cellular mecha-
nisms have to be considered to contribute to synaptic short-term
plasticity. Because these act most likely simultaneously and in
parallel (Zucker, 1989; Fisher et al., 1997), their individual con-
tributions cannot readily be studied in separation. Especially at
synapses with large quantal contents, presynaptic and postsynap-
tic contributions to short-term plasticity are difficult to separate.
Ideally, one would like to obtain independent measures of the
number of released quanta (quantal content) and of the average
quantal size to indicate presynaptic and postsynaptic efficacy of
synaptic transmission, respectively. These parameters can, in
principle, be provided by fluctuation or quantal analysis of EPSC
amplitudes. However, variance–mean analysis according to a
binomial model of synaptic transmission (for review, see Clem-
ents and Silver, 2000) has so far mainly been applied to steady-
state sequences recorded under a variety of conditions (Silver et
al., 1998; Reid and Clements, 1999; Oleskevich et al. 2000).
Sequences of double pulses (Oleskevich et al., 2000) and repeti-
tive trains of stimuli (Clamann et al., 1989; Meyer et al., 2001)
have also been used, but no analysis dedicated to short-term
plasticity in such nonstationary cases was presented.

We have recently derived a theoretical framework for a non-

stationary EPSC fluctuation analysis (Scheuss and Neher, 2001),
where the covariance in the amplitude of successive EPSCs in
short, repetitively applied trains of stimuli is considered in addi-
tion to their variances and means. This allows to determine the
quantal size and quantal content for each EPSC in the stimulus
train. Furthermore, it provides an estimate of the number of
release sites, which is less sensitive to heterogeneity in the release
probability than the estimates obtained by the classical variance–
mean approach (Scheuss and Neher, 2001).

Here we applied nonstationary EPSC fluctuation analysis to
synaptic transmission at the calyx of Held. Among other synapses
(e.g., climbing fiber/Purkinje cell synapses, Silver et al., 1998;
dentate gyrus basket cell /granule cell synapses, Kraushaar and
Jonas, 2000), the calyx of Held provides important prerequisites
for a successful quantal or fluctuation analysis (Korn and Faber,
1991; Walmsley, 1993; Forsythe et al., 1995). At this synapse,
presynaptic as well as postsynaptic components of depression
have already been reported (Borst et al., 1995; von Gersdorff et
al., 1997; Schneggenburger et al., 1999; Sakaba and Neher 2001).
We induced strong depression at this synapse by applying 100 Hz
trains of action potentials (APs) at elevated Ca2� concentration
and determined the relative contributions of presynaptic and
postsynaptic mechanisms by this new method of nonstationary
fluctuation analysis. Moreover, we asked the question how the
covariance-based estimates of release sites relate to other esti-
mates of the binomial parameter N and to the total number of
vesicles that can be synchronously released during trains of APs.

MATERIALS AND METHODS
Electrophysiolog ical recordings. Brainstem slices were prepared from 8- to
10-d-old Wistar rats after decapitation without anesthesia, following
institutional guidelines. We cut 200-�m-thick slices in ice-cold bicarbon-
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ate buffered solution (BBS), containing (in mM): NaCl 125, KCl 2.5,
MgCl2 3, CaCl2 0.1, NaHCO3 25, NaH2PO4 1.25, ascorbic acid 0.4,
myo-inositol 3, and Na-pyruvate 2, pH 7.4, when bubbled with carbogen
(95% O2 and 5% CO2). Recordings were performed at room tempera-
ture (21–24°C). The standard external recording solution was a BBS,
which contained 4 mM CaCl2, 1 mM MgCl2 and 50 �M D(�)-2-amino-5-
phosphonopentanoic acid (DAP-5). In some experiments, 100 �M cy-
clothiazide (CTZ) and 1 mM kynurenic acid (KYN) were applied.
Postsynaptic cells were visualized with infrared gradient contrast illumi-
nation (Luigs and Neumann, Ratingen, Germany) through a 60� water-
immersion objective on an upright microscope (Axioskop; Zeiss,
Oberkochen Germany). EPSCs were evoked by afferent fiber stimulation
using bipolar platinum electrodes and recorded at �80 mV holding
potential (not corrected for liquid junction potential) with an EPC-9
patch-clamp amplifier (Heka, Lambrecht, Pfalz, Germany). The pipette
solution contained (in mM): Cs-gluconate 130, TEA-Cl 20, HEPES 10,
Na-phosphocreatine 5, Mg-ATP 4, GTP 0.3, and 5 EGTA, pH 7.2,
295–300 mOsm. The open tip resistance was 2–4 M�. During whole-cell
recording, we applied 50–85% series resistance (Rs) compensation, such
that the uncompensated Rs never exceeded 3 M�. Rs tended to increase
during recordings, and the Rs compensation was readjusted. The range of
Rs accepted for analysis was 4–12 M� before compensation (in excep-
tions 20 M�). Currents were sampled at 50 kHz and filtered at 6 kHz.

Nonstationary fluctuation analysis. Routines for analysis were written
and executed with the software IgorPro (WaveMetrics, Lake Oswego,
OR). As a first step of the analysis, digitized current traces were com-
pensated off-line for Rs errors (Traynelis, 1998), assuming a reversal
potential of �10 mV for the EPSCs (Meyer et al., 2001). EPSC ampli-
tudes were determined as difference between peak and baseline current.
Peak detection was based on analyzing first and second derivatives. The
baseline current was determined as average current over an interval of
0.2–0.5 msec directly preceding the EPSC in case of recordings under
control conditions. In the presence of CTZ, double exponentials were
fitted to the decay phase of the preceding EPSC, and the baseline current
was taken as the extrapolation of that fit to the time of the peak of the
actual EPSC.

For estimating synaptic parameters during short-term plasticity, non-
stationary fluctuation analysis evaluates the ensemble mean and variance
of each EPSC (pair of successive EPSCs in the case of covariance) in a
short, repetitively applied train of stimuli (Fig. 1 A) (Scheuss and Neher,
2001). Corresponding responses in different trains represent identical
conditions, if sufficient recovery time between such trains is allowed (10

sec in our experiments). A typical data set consisted of �70 repetitions
of 100 Hz trains with five stimuli each. The stability of the obtained data
were assessed by fitting a straight line to the amplitudes of the first
stimulus in the train plotted versus repetition number (Fig. 1 B). For
analysis, data sets were chosen which displayed �20% change in the
regression line (compare Oleskevich et al., 2000). The ensemble mean I�i
of the i th EPSC amplitude Ii,r in the train was determined according to:

I� i �
1
R �

r�1

R

Ii,r , (1)

where r denotes the individual repetition and R the total number of
trains. EPSC amplitudes Ii,r were measured as described above. To
minimize contamination of the variance and covariance estimates by
long-term trends or drifts, it is advantageous to compute the statistical
parameters first within small sets of sequential records and to average
these subsequently to provide the mean of the parameter (Clamann et
al., 1989; Scheuss and Neher, 2001). Most effective suppression of trends
and drifts is achieved by using small sets of sequential records. We chose
sets of two sequential records for this analysis and accordingly the
ensemble variance of the amplitude of the i th EPSC was calculated by:

Vari �
1

R � 1 �
r�1

R�1

	Ii,r � Ii,r�1

2/2, (2)

and the ensemble covariance of the amplitudes of successive EPSCs i and
i � 1 by:

Covi,i�1 �
1

R � 1 �
r�1

R�1

	Ii,r � Ii,r�1
	Ii�1,r � Ii�1,r�1
/2. (3)

The SDs of the statistical parameters determined this way were estimated
as given in Scheuss and Neher (2001).

Synaptic parameters are estimated from the mean, variance, and
covariance of EPSC amplitudes based on a binomial model for transmit-
ter release (Vere-Jones, 1966; Zucker, 1973; Zucker, 1989; Quastel,

Figure 1. Nonstationary variance–mean anal-
ysis of EPSCs under control conditions. A, Ex-
ample traces of trains of five EPSCs at 100 Hz,
recorded every 10 sec at 4 mM [Ca 2�] and a
holding potential of �80 mV, after off-line cor-
rection for remaining access resistance (Rs )
errors (see Materials and Methods). For non-
stationary analysis, ensemble mean and vari-
ance of the peak amplitude were calculated for
each EPSC in the train by summation over all
train repetitions r (Eqs. 1, 2). B, Amplitudes of
all EPSCs in a train (except fourth for better
visibility) plotted versus train repetition num-
ber (r � 79 trains; repeated every 10 sec) show
the trial-to-trial fluctuation in peak amplitude.
Leak current (continuous line) and Rs (broken
line) are shown in the bottom part of the panel.
A regression line fitted to the time dependence
of first EPSC amplitudes reveals a change of
�5.6% during the whole data set. C, EPSC
amplitude variance–mean plot: a parabola
passing through the origin and the data from
first and second EPSCs was drawn (q * �
24.3 � 10.1 pA; Nvar � 695 � 982; mean � SD).
The variance for third to fifth EPSC lies below
this parabola. A linear fit to the data from third
to fifth EPSC yields q *

line � 10.2 � 1.2 pA
(mean � SD). D, EPSC amplitude variance–
mean mean plot: a line can be placed through
the data from first and second EPSC (q * and

Nvar as above; continuous line). The data from third to fifth response do not fall on this line, indicating a reduction in quantal size, which causes the data
points to lie on a family of lines of identical slope but reduced y-axis intercept (e.g., broken line). In C and D, error bars indicate SD.
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1997), assuming that release occurs from N independent sites. We assume
that a release site has maximally one vesicle docked and releases one
vesicle or none per stimulus with some release probability. Because
morphologically defined active zones at various CNS excitatory synapses
were found to have more than one docked vesicle (Schikorski and
Stevens, 1997; Xu-Friedman et al., 2001), we consider an active zone as
a group of release sites (see Discussion). The release probability after
stimulus i (within a train) is assumed to be the product of the vesicular
availability pAi and the output probability pOi at a site. A single released
vesicle causes a quantal current qi, and the average EPSC amplitude at
stimulus i in a stimulus train is:

I� i � Nqi pAi pOi . (4)

In case that qi is not dependent on the stimulus number, the classical
parabolic variance–mean relationship (Silver et al., 1998; Clements and
Silver, 2000; Scheuss and Neher, 2001) is:

Vari � q*I�i �
1

Nvar
I�i

2 , (5)

which can also be written in a linear form:

Vari

I�i
� q* �

1
Nvar

I�i . (6)

Here q * and Nvar are the estimates of the quantal size and the number of
release sites obtained either from the initial slope and the width of a
parabolic fit to a variance–mean plot (Eq. 5), or from the y-axis intercept
and the slope of a linear fit to a variance/mean–mean plot (Eq. 6),
respectively. The estimates are related to the true parameters by:

q � q*	1 � CVqIntra
2 
�1	1 � CVqInter

2 
�1 (7)

and

N � Nvar	1 � CVqInter
2 
	1 � CVpp

2 
, (8)

where CVqIntra, CVqInter, and CVpp denote the coefficients of variation of
intrasite and intersite quantal variability (Frerking and Wilson, 1996) and
of heterogeneity in the release probability (Silver et al., 1998),
respectively.

Including the covariance Covi,i � 1 of the amplitudes of successive
EPSCs in the analysis allows one to obtain an estimate of the quantal size
qi

* for each EPSC in a train (whereas the variance–mean approach
considers q * as a common parameter). If the interval between successive
stimuli within a train is sufficiently short (10 msec in our experiments),
such that recovery can be neglected, Equation 45 in Scheuss and Neher
(2001) allows one to calculate qi

* as:

q*i �
Vari

I�i
�

1
	1 � Di,i�1


Covi,i�1

I�i�1
. (9)

The relation between the estimate qi
* and the true quantal size qi is the

same as in Equation 7 for the variance–mean approach. The parameter
Di,i � 1 represents the postsynaptic contribution to covariance, which
might be present in addition to that caused by depletion of releasable
vesicle pools. Di,i � 1 is negative, if it arises from postsynaptic receptor
saturation or desensitization. The variance term Vari/I�i in Equation 9 can
be considered as a first-order estimate for qi

* (initial slope of the
variance–mean parabola, Eq. 5) and the covariance term representing a
correction to this estimate. The extent to which the quantal size estimate
qi

* is affected by nonzero Di,i � 1 depends on the relative size of the
correction term. It will be shown below that for most experimental
estimates in our study, the correction term is small. In this case, upper
and lower bounds for qi

* delineate a narrow range of values, considering
the extreme cases of all (Di,i � 1 � ��) or no (Di,i � 1 � 0) covariance
being of postsynaptic origin. Because the quantal size for response i can
be estimated both with the covariance between response i and its subse-
quent response i � 1 (Eq. 7), as well as its preceding response i � 1 (Eq.
45 in Scheuss and Neher, 2001), we determined the mean of both
estimates, except for the first and the last EPSC in trains.

An estimate for N from EPSC covariance was obtained from (Eq. 27 in
Scheuss and Neher, 2001):

Ncov � �
I�1I�2

Cov1,2
, (10)

with the estimate being related to the true parameter by:

N � Ncov	1 � CVqInter
2 
	1 � C1,2
	1 � D1,2


�1 . (11)

Here the term (1 � C1,2) is the correction for heterogeneity in the release
probability among release sites. It depends on the mean and CVpp of the
output probability distribution. Scheuss and Neher (2001) showed that (1
� C1,2) is smaller than the corresponding term (1 � CVpp

2) in Equation
8 (for Nvar), and furthermore that (1 � C1,2) � 1 for a mean output
probability close to 0.5. This indicates that the estimate Ncov should be
much less dependent on heterogeneity in the release probability than
Nvar. It is, however, very sensitive to postsynaptic contributions repre-
sented by the term D1,2.

For linear fits the procedure suggested by Orear (1982) was used.
Other fits were performed with the built-in procedure of IgorPro based
on minimization of � 2. Fits to variance–mean plots were always con-
strained to pass through the origin, because the observed baseline vari-
ance from an interval of 5 msec preceding trains of stimuli was two to
four orders of magnitude smaller than the variance data of EPSCs, and
was therefore neglected (cf. Clements and Silver, 2000). All fits were
weighted with the reciprocal of the SD. Detection of miniature EPSCs
(mEPSCs) was done with the event detection routine based on template-
matching provided by the AxoGraph 4 software (Axon Instruments,
Foster City, CA). Results are reported as mean � SEM, unless reported
otherwise. Statistical significance was tested applying the Student’s t test.

RESULTS
Variance–mean analysis under control conditions
To study the mechanisms underlying the strong synaptic depres-
sion observed at the calyx of Held synapse (Fig. 1A) (Borst et al.,
1995; Wang and Kaczmarek, 1998; Schneggenburger et al., 1999),
we applied a standard protocol consisting of trains of five stimuli
at 100 Hz at 4 mM extracellular [Ca2�], which were repeated
every 10 sec. The use of 4 mM [Ca2�] was expected to yield an
initial release probability of �0.5 (Schneggenburger et al., 1999).
At a release probability of 0.5, the covariance in the amplitude of
successive EPSCs should be maximal. Furthermore, it was shown
before that this particular value provides estimates for binomial N
(number of release sites) from the covariance analysis, which are
relatively insensitive to heterogeneity in the release probability
(see Materials and Methods). The first EPSC in a train had an
average amplitude of 8.35 � 1.69 nA (n � 10). At the fifth
response, EPSCs were depressed to 11.7 � 3.1% (n � 10) of their
initial amplitudes.

We first analyzed the variances between EPSCs, as summa-
rized in Figure 1 for a typical experiment under control condi-
tions. The principle of nonstationary fluctuation analysis is indi-
cated in Figure 1A, showing example traces of three consecutively
recorded trains of EPSCs. Figure 1B shows values of EPSC
amplitudes Ii,r as a function of repetition number r. For each
EPSC in the train, the ensemble mean and variance of the peak
amplitude is determined by summing over all repetitions r, in this
case r � 79 in total (Eqs. 1, 2). In the variance–mean plot (Fig.
1C), the location of the data points for the first and the second
EPSC are consistent with a parabolic relationship. The initial
slope of this parabola gives a quantal size of q* � 24.3 pA. Its
width, according to Eq. 5, suggests a value of Nvar � 695 release
sites. The data from the third to the fifth response, however, lie
below this parabola, indicating a reduced quantal size late in the
depressing train. A line fit to the data of third to fifth response
yields qline

* � 11.1 pA. Because we cannot exclude that the
second EPSC has a reduced variance similar to the third to fifth
response, we did not use the data shown in Figure 1C for esti-
mating the quantal size reduction. Instead, we used a combination
of nonstationary and stationary fluctuation analysis (see below).
In the variance–mean mean plot (Fig. 1D), a reduction in quantal
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size is expected to cause the data points to lie on a family of lines
of equal slope (1/Nvar), but with decreasing y-axis intercept (q*).
Such a reduction in the apparent quantal size was observed in 9
of 10 cells analyzed under control conditions. In the 10th cell, all
data points in the variance–mean plot were compatible with a
linear fit (see below).

Combining stationary and nonstationary
fluctuation analysis
To verify whether the apparent quantal size reduction observed
in the variance–mean analysis is a use-dependent phenomenon
during the train, we performed experiments in which EPSC
fluctuations were analyzed both under nonstationary conditions
(as in Fig. 1), as well as under stationary conditions during
reduced release probabilities (Silver et al., 1998; Clements and
Silver, 2000).

In these experiments, EPSCs were first recorded at low stim-
ulation frequency of 0.25 Hz at two lower values of [Ca2�]
(usually at 1 and 2 mM) (Fig. 2A,B). Under these conditions,
EPSC amplitudes were comparable with those obtained for the
second to fifth response in 100 Hz trains recorded subsequently at
4 mM [Ca2�] (Fig. 2A,B). Nonstationary variance–mean analysis
was performed at 4 mM [Ca2�], as shown before in Figure 1. The
data from the first EPSC in trains at 4 mM [Ca2�] were combined
with the data obtained at low stimulation frequency and lower
[Ca2�] for stationary EPSC fluctuation analysis. In the resulting
variance–mean plot (Fig. 2C, cross symbols), this data could be
fitted with a parabola (q* � 23.3 pA; Nvar � 473). The data from
nonstationary EPSC fluctuation analysis showed a reduction of
the mean quantal size for the second to fifth EPSC during 100 Hz
trains (Fig. 2C, filled circles), as observed before (Fig. 1C). A line
fit to the data of the third to fifth response in trains gave an
estimate for the quantal size late in trains of qline

* � 7.1 pA.
Although the scatter in the data in Figure 2C is considerable, it is
evident that the variance of EPSCs during the train is signifi-
cantly smaller than that of EPSCs of similar amplitude recorded
at lower [Ca2�] (compare second EPSC and EPSC at 2 mM

[Ca2�], third EPSC and EPSC at 1 mM [Ca2�]; p � 0.001).
The quantal size estimates obtained from the combination of

stationary and nonstationary variance–mean analysis in five cells
are summarized in Figure 2D after correction for quantal size
variability (see below). As can be seen, the quantal size q late in
trains (Fig. 2D, right bar) was only � 25% ( p � 0.05) of the
quantal size estimated from parabolic fits to EPSC variance–
mean plots obtained under stationary conditions (Fig. 2D, lef t
bar). The latter value (q � 40.6 � 10.6 pA; n � 5) is in good
agreement with the direct estimate of quantal size from ampli-
tude distributions of mEPSCs (32.3 � 6.9 pA, n � 4) (see Fig. 5C,
lef t panel, open bar). We thus hypothesize that the apparent
reduction of quantal sizes for the third to fifth EPSCs in 100 Hz
trains (Figs. 1C, 2C) reflects a use-dependent reduction of
postsynaptic responsiveness, possibly caused by partial desensiti-
zation (Trussell et al., 1993; Otis et al., 1996) and/or saturation
(Neher and Sakaba, 2001; Sun and Wu, 2001) of postsynaptic
AMPA receptors (AMPA-Rs).

Variance–mean analysis in the presence of CTZ
and KYN
To test this hypothesis, we repeated the nonstationary variance–
mean analysis in the presence of 100 �M CTZ alone, which should
prevent, or at least slow down AMPA-R desensitization (Yamada
and Tang, 1993; Trussell et al., 1993; Partin et al., 1994), and in

combination with 1 mM KYN, which is a rapidly dissociating
competitive antagonist at AMPA-R (Diamond and Jahr, 1997)
and should reduce AMPA-R saturation. However, CTZ has also
been reported to increase glutamatergic transmission via presyn-
aptic mechanisms (Diamond and Jahr, 1995; Bellingham and

Figure 2. Combination of nonstationary and stationary variance–mean
analysis. A, Single EPSC example traces after off-line Rs compensation
from stationary recording epochs (0.25 Hz) at 1 and 2 mM [Ca 2�] are
shown together with an EPSC train at 100 Hz in 4 mM [Ca 2�]. B, Plot of
all EPSC amplitudes versus stimulus–train repetition number (except
fourth and fifth in train for better visibility). Leak current (continuous
line) and Rs (broken line) are documented in the bottom part of the panel.
C, Variance–mean plot for the stationary data (crosses) and the train data
(circles). A parabolic fit to the stationary data including the value of the
first EPSC in the train yields q * � 28.1 � 7.2 pA and Nvar � 618 � 367
(mean � SD). The data from the late, depressed EPSCs lie below this
parabola. A line fitted to the data of the last three EPSCs in the train
yields a slope of qline � 7.1 pA. Error bars indicate SD. D, Summary of the
quantal size estimates from the parabolic (lef t bar) and linear fits (right
bar) corrected for quantal size variability from five experiments.
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Walmsley, 1999; Ishikawa and Takahashi, 2001). As will be shown
below (see Figs. 5, 6), the analysis of covariance allows to distin-
guish between presynaptic and postsynaptic effects of the phar-
macological manipulations, and indeed confirms such presynaptic
effects.

In the presence of CTZ, the average EPSC amplitude for the
first stimulus (8.5 � 0.7 nA, n � 11) (see summary in Fig. 6A) was
comparable with that observed in control conditions. In the pres-
ence of both CTZ and KYN, it was 5.8 � 2.1 nA (n � 9, see
summary in Fig. 6A). In contrast, the relative EPSC amplitude for
the fifth stimulus under both conditions (CTZ: 50 � 8%, n � 11;
CTZ and KYN: 54 � 12%, n � 9) was significantly larger than
that in control conditions (11.7 � 3.1%, see above; p � 0.05), as
expected for a postsynaptic contribution to synaptic depression.

Figure 3 summarizes the variance–mean analysis of a record-
ing in the presence of CTZ and KYN. Under these conditions, in
four of nine cells, the complete variance–mean data set could be
fitted with a parabola (Fig. 3C). In contrast to control conditions
(Fig. 1C), no deviation of the second to fifth responses from the
parabola was apparent. Also, in the variance/mean–mean plot
(Fig. 3D), the data points now fell on a line with negative slope,
as expected from the binomial model for constant quantal sizes
(Eq. 6). This suggests that the use-dependent reduction in quantal
size was largely abolished in the presence of CTZ and KYN (see
also Neher and Sakaba, 2001). In the remaining five cells, the
variance–mean plots could not be fitted with parabolas. However,
because line fits to these variance–mean plots gave q* values that
were not significantly different from the values obtained by par-
abolic fits to the other four cells (data not shown), we assume that
the linear variance–mean plots sampled only the linearly rising
phase of the expected parabolas (see also Meyer et al., 2001).

Correlation and covariance of successive responses in
a train
The variance–mean analysis above indicates that the quantal size
decreases in a use-dependent manner during synaptic depression.
Therefore, it is desirable to estimate the quantal size for each
EPSC in a train of stimuli. In the variance–mean plot, the quantal

size is estimated from the initial slope of a parabolic fit (Eq. 5),
such that the resulting quantal size estimate is a common value
for all EPSCs in a train. Also, quantal sizes can only be reliably
estimated from variance–mean data if the release probability is
sufficiently low (compare initial slope of the variance–mean pa-
rabola).We showed previously that estimates for the quantal size
of any EPSC in the train can be obtained by forming the sum of
the variance/mean ratio and a term containing the covariance
between successive EPSC amplitudes (Eq. 9) (Scheuss and
Neher, 2001). This is the case when correlations between succes-
sive responses result from depletion of releasable vesicles. The
covariance term can be considered as a correction to the variance/
mean ratio accounting for the nonlinear quadratic term in the
parabolic variance–mean relationship (Eq. 5) at higher release
probabilities.

We found that consecutive EPSCs were negatively correlated
at the calyx of Held synapse under the conditions of our mea-
surements (Fig. 4). To visualize a case of such correlation under
control conditions, nine successive example traces shown in Fig-
ure 4A were plotted at a larger scale in Figure 4B and displayed
in different gray scales according to the amplitude of the first
EPSC. By this procedure a negative correlation is readily appar-
ent: large EPSC amplitudes in the first response (dark) most often
resulted in small amplitudes in the second response, and vice
versa (Fig. 4B).

Figure 4C provides a scatter plot of second versus first EPSC
amplitudes in 79 trains of this particular experiment. The quan-
titative analysis of the covariances between each pair of consec-
utive EPSC in a train, averaged across all cells recorded under the
different pharmacological conditions is shown in Figure 4D. Un-
der control conditions, in the first pair of EPSCs, the absolute
covariance was maximal, and it progressively declined along the
train to almost zero as expected from the binomial model (Vere-
Jones, 1966; Quastel, 1997; Scheuss and Neher, 2001). In the
presence of CTZ, the covariance is effectively unchanged as
compared to control conditions ( p  0.5) (Fig. 4D, closed and
open circles, respectively). The additional application of KYN

Figure 3. Nonstationary variance–mean anal-
ysis of a recording in the presence of CTZ and
KYN. A, Example trace after off-line Rs cor-
rection. B, Amplitudes of EPSCs in a train
plotted versus train repetition number (r � 85
trains). Leak current (continuous line) and Rs
(broken line) are shown in the bottom part of
the panel. A regression line fitted to the first
EPSC amplitudes reveals a change of �5.5%
during the data set. C, EPSC amplitude vari-
ance–mean plot: the complete data set for all
five EPSCs could be fitted with a parabola
(q * � 29.9 � 5.2 pA; Nvar � 357 � 222; mean �
SD). D, EPSC amplitude variance–mean mean
plot: the complete data set for all five EPSCs
can be fitted with a line (q *, Nvar as above). In
C and D, error bars indicate SD.
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reduced the covariances ( p � 0.1) (Fig. 4D, squares). This reduc-
tion can be attributed to the partial block of postsynaptic
AMPA-R by KYN (Fig. 5A).

We did not observe that CTZ reduced the negative covariance
in successive EPSC amplitudes (Fig. 4D), as might be expected if
postsynaptic AMPA-R desensitization contributes to correlations
in successive EPSC amplitudes. However, because in statistical
terms the covariance is the variance of the joint distribution of
successive EPSC amplitudes, a reduction in correlation is not
necessarily expected to change the covariance. However, it is
expected to change the correlation coefficient, which is a measure
for dependence between the EPSC amplitudes at stimulus i and j,
defined by Covi,j/(Vari�Varj)

1/2. The correlation coefficient of the
amplitudes in pairs of successive EPSCs is shown in Figure 4E. It
is negative throughout the train. Similarly to the covariance, its
absolute value is maximal for the first pair of stimuli and pro-
gressively declines along the train. However, the initial correla-
tion coefficient under control conditions is �0.44 � 0.06 (n � 10),
whereas in the presence of CTZ it is only �0.17 � 0.05 (n � 11)
( p � 0.005) (Fig. 4E, open and closed circles, respectively). In the
presence of CTZ and KYN, the correlation coefficient might be
even smaller ( p � 0.2) (Fig. 4E, squares). These findings suggest
that the use-dependent reduction in quantal size, caused by
postsynaptic receptor desensitization and saturation, contributed

significantly to the negative correlation between successive EP-
SCs observed under control conditions. The negative correlation
remaining in the presence of CTZ and KYN (different from zero
with p � 0.25) (Fig. 4E, squares) is most likely caused by presyn-
aptic mechanisms, because under these conditions, quantal sizes
were virtually constant during the five stimuli 100 Hz trains (see
below, Fig. 5).

As discussed above, correlation between successive EPSCs in a
train not only results from vesicle depletion. It may also be a
consequence of postsynaptic receptor desensitization and satura-
tion. This can be accounted for in the covariance approach by
dividing the total covariance by a term (1 � Di,i � 1) (Eq. 9,
Materials and Methods). This correction term can be determined
from the ratio of the correlation coefficients between successive
EPSC amplitudes obtained under two recording conditions, which
are equivalent except for the presence and absence of postsynap-
tic effects (Scheuss and Neher, 2001, their Eq. 49). Calculating the
ratios of the correlation coefficients under control conditions to
those of CTZ alone and with KYN (Fig. 4E), we obtained a first
order of magnitude estimate for the correction term (1 � Di,i � 1).
For the first two pairs of EPSCs, it was found to be 3.8 and 3.2,
respectively, indicating that the contribution of postsynaptic ef-
fects to the covariance (Di,i � 1) is about three and two times as
much as that of vesicle depletion, respectively.

Figure 4. Correlation and covariance between successive responses in a train. A, Nine example traces of first and second EPSCs in a train from
consecutive sweeps ( gray) and their mean (black) display the range of trial-to-trial fluctuations in their amplitudes (same cell as in Fig. 1). B, Correlation
between the amplitudes in the pairs of consecutive EPSCs shown in A, visualized by color coding the traces in different scales of gray according to the
amplitude of the first EPSC. C, Scatter plot of second versus first EPSC amplitude from all trains analyzed (n � 79) in the cell shown in A and B. This
indicates that indeed in the majority of cases the second EPSC amplitude is smaller than its mean (horizontal dotted line), if the first EPSC amplitude
was larger than its respective mean (vertical dotted line), and vice versa. D, Plot of the average covariance in the amplitudes of consecutive EPSCs in the
five stimulus train under control conditions (n � 10), in the presence of CTZ (n � 11), and for combined application of CTZ and KYN (n � 9). E, Plot
of the average correlation coefficient between the amplitudes of consecutive EPSCs in the five stimuli train for each of the three conditions. F, Plot of
the terms Vari /Ii and Covi,i � 1/Ii � 1 (continuous lines) of Eq. 9 averaged over all cells under control conditions. The broken line connects estimates for
qi

* calculated with the assumption that all observed covariance is of presynaptic origin [i.e., (1 � Di,i � 1 � 1), Eq. 9]. It is seen, that with this assumption
q1

* is slightly (but not significantly, p  0.5) larger than q * calculated from the mean and CVq of mEPSC distributions (diamond symbol ). This
comparison provides an estimate for the correction factor for postsynaptic contributions to covariance (1 � D1,2 ) (see Results).
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Estimates for the quantal size of each response in
the train
Using the mean, variance, and covariance in the amplitudes of
successive EPSCs, we estimated the average quantal size for each
EPSC in a train of stimuli (Eq. 9). We applied a correction for the
postsynaptic contribution to covariance under control conditions
[Eq. 9; (1 � D1,2) � 3, (1 � D2,3) � 2 and (1 � D3,4) � (1 �
D4,5) � 1]. These parameters were chosen on the basis of a
comparison of the correlation coefficients (Fig. 4E; see above)
and, since the latter might suffer from CTZ having presynaptic
effects, in addition on a separate evaluation of the variance and
the covariance terms in Equation 9 under control conditions, as
outlined in the following. Figure 4F shows the variance and the

covariance terms of Equation 9 in separation (continuous lines).
The sum of their absolute values yields the quantal size estimate
(broken line) for the case that all of the measured covariance is
attributed to vesicle pool depletion (Di,i � 1 � 0). Comparing this
estimate for the first EPSC to mEPSC data (Fig. 4F, diamond
symbol) shows that the contribution of the covariance term
should be scaled down by a factor of (1 � D1,2) � 1.6 (Eq. 9) to
avoid overestimation of q*.

Clearly, the estimate for (1 � D1,2) cannot be considered very
accurate. However, Figure 4F shows that the contribution of the
covariance term (bottom continuous line) to qi

* is relatively small
and, therefore, the influence of (1 � D1,2) is minor. The covari-
ance term will be even smaller for trains of EPSCs under physi-
ological conditions when the release probability is lower. In case
of CTZ alone and with KYN, the postsynaptic contributions to
covariance are expected to be effectively absent, and the covari-
ance term in Equation 9 was found to be an order of magnitude
lower than the variance term under these conditions (data not
shown), such that a correction would have no significant effect.
Thus, as long as the relative contribution of the covariance term
has been evaluated and found to be negligible, quantal size esti-
mates can simply be obtained from variance–mean ratios (Eq. 9).

The quantal size estimates of Figure 5 were corrected for
quantal size variability, by multiplication with (1 � CVq

2) (Eq.
7), as a common factor accounting for intrasite as well as intersite
quantal variability. The coefficient of variation CVq was deter-
mined from amplitude distributions of spontaneously occurring
mEPSCs (control: CVq � 0.5 � 0.1; CTZ: 0.55 � 0.08; n � 4). In
the presence of CTZ and KYN, mEPSCs were too small for
sampling the entire amplitude distribution; the value for CVq was
therefore taken as the average of control and CTZ data.

Under control conditions using the choice of Di,i � 1 values
given above, the quantal size estimate q1 of the first EPSC was
35.2 � 4.7 pA (n � 10) (Fig. 5A, open circles). For the second to
fifth EPSC in trains, estimates showed a strong reduction, reach-
ing a plateau at 41 � 13% of its initial value (Fig. 5B, open circles).
In the presence of CTZ, the quantal size estimate for the first
EPSC (34.2 � 5.1 pA, n � 11) (Fig. 5A, closed circles) was
comparable with that obtained in control conditions, but its rel-
ative reduction during trains was smaller (n � 11) (Fig. 5B, closed
circles). In the case of combined application of CTZ and KYN,
the quantal size estimate was unchanged along the train (Fig.
5A,B, squares). Its absolute value was 17.8 � 4.7 pA (n � 9),
reflecting the blocking action of KYN on AMPA-R. These re-
sults further support the notion that both postsynaptic AMPA-R
desensitization (Trussell et al., 1993; Otis et al., 1996; Neher and
Sakaba, 2001) and saturation (Auger et al., 1998; Neher and
Sakaba, 2001) contribute to the apparent use-dependent reduc-
tion of quantal size.

The quantal size estimates from EPSC fluctuation analysis and
mEPSCs data show reasonable agreement (Fig. 5C). Under con-
trol conditions, the obtained values are not significantly different
( p  0.6) (Fig. 5C, lef t panel). In the presence of CTZ, it is
expected that the estimate from the variance–mean plot (Fig. 5C,
middle panel, black bar) is slightly smaller than the other estimates
made in the presence of CTZ, because the covariance analysis
showed that in the presence of CTZ alone (Fig. 5A,B, filled
circles), quantal sizes are reduced in the second and subsequent
EPSCs. The reduction in quantal size down to �40% during
trains under control conditions (Fig. 5B) is confirmed by the result

Figure 5. Summary of the quantal size estimates for each stimulus in the
train. A, Plot of the average quantal size estimates for each response in
the train as obtained from the covariance approach (Eq. 9) under control
conditions (n � 10), in the presence of CTZ (n � 11), and with combined
application of CTZ and KYN (n � 9). B, Data as in A, but normalized to
the respective initial quantal sizes in the trains. C, Comparison of quantal
size estimates from the variance–mean plot (black bars), the quantal size
estimates for the first EPSC in a train from the covariance approach ( gray
bars), and the quantal size estimate determined from mEPSC data (open
bars). The asterisk indicates that the corresponding value was obtained from
stationary variance–mean analysis (Fig. 2D), because in the nonstationary
case under control conditions, parabolas could not be fitted (Fig. 1C).
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from combining stationary and nonstationary variance–mean
analysis ( p  0.4) (Fig. 2D).

Quantification of the presynaptic contribution
to depression
Knowing the average quantal size for each EPSC in trains (Fig.
5A) allows us to calculate the mean number of quanta released in
response to each stimulus (“quantal content”). The average quan-
tal content for each EPSC in a train is shown in Figure 6B for the
three pharmacological conditions used here. It is seen that in the
presence of CTZ (closed symbols), the relative decrease of quan-
tal content with each stimulus is less than in its absence (Fig. 6B,
open symbols). This effect is seen more clearly when the values are
normalized to the quantal content during the first response (Fig.
6C). The data obtained in the presence of CTZ, and with CTZ
and KYN almost superimpose (Fig. 6C, closed symbols). Inter-
estingly, the relative quantal content decays significantly faster

under control conditions. This indicates a presynaptic effect of
CTZ, which acts to retard the development of synaptic depres-
sion, as observed previously in endbulb of Held synapses (Bel-
lingham and Walmsley, 1999), maybe because of a CTZ-induced
broadening of presynaptic APs (Ishikawa and Takahashi, 2001),
which might render the second to fifth AP more effective in
evoking transmitter release.

Cumulative quantal contents and the estimate of N
from EPSC fluctuation analysis
Knowing the quantal content for each EPSC in the train, it was
interesting to examine how the cumulative quantal content Ncum

compares to the estimates of the number of release sites (bino-
mial parameter N) obtained from EPSC fluctuation analysis. This
readdresses the question of how many vesicles are released during
short trains of EPSCs at high-frequency stimulation (Schneggen-
burger et al., 1999; Bollmann et al., 2000; Taschenberger and von
Gersdorff, 2000) accounting for the reduction in quantal size
during trains (Fig. 5A).

To address this point, we performed additional experiments, in
which 100 Hz trains with 21 stimuli were applied to induce
steady-state levels of synaptic depression (Fig. 7A). These exper-
iments were done in each cell first under control conditions at 4
mM [Ca2�], and subsequently in the presence of 100 �M CTZ.
The back-extrapolated cumulative EPSC amplitude as a measure
for the size of the pool of releasable vesicles (Fig. 7B) (Elmquist
and Quastel, 1965; Schneggenburger et al., 1999) was found to be
identical to the cumulative EPSC amplitude up to the fifth stim-
ulus, both with and without CTZ (Fig. 7C) (n � 6 cells). Because
both values agreed well, we used the cumulative EPSC amplitude
at the fifth stimulus obtained in the cells shown in Figures 1–6 as
a measure equivalent to the back-extrapolated cumulative EPSC
amplitude. To correct for the reduction in quantal size apparent
in Figure 5A, we summed up the quantal contents (Fig. 6B) for
estimating the number of released vesicles, Ncum.

In Figure 7D, the N estimates from the three methods (vari-
ance–mean analysis, covariance approach applied to first and
second EPSC, and cumulative EPSC amplitudes, Ncum) are com-
pared for the data obtained under all three pharmacological
conditions. We expect Ncum to be equal or smaller than the
number of release sites, because with heterogeneous release prob-
abilities, vesicles with low release probability might not effectively
be released by short 100 Hz stimulus trains. Nvar and Ncov were
not corrected for intersite quantal variability (Eqs. 8, 11), thus we
assume that all quantal size (mEPSC) variability is intrasite. If all
of the variability would be intersite, the values would be larger by
�25%. Both estimates were not corrected for heterogeneity in
the release probability (Eq. 8, 11), the effects of the latter are
evaluated below. In control, Ncov was corrected for the postsyn-
aptic contribution to covariance (Eq. 11) applying (1 � D1,2) � 3
as above for the quantal size estimates. It should be noted that in
contrast to the quantal size estimates, (1 � D1,2) is a multiplica-
tive correction factor for the estimate of N. Despite the difficulties
in determining (1 � D1,2), we consider the N estimate from
covariance under control conditions to be valid as an order of
magnitude estimate. Furthermore, the N estimates from covari-
ance in the presence of CTZ alone and with KYN, which do not
require this correction, give similar values of �2000 sites (Fig. 7D,
gray bars). The N estimate from EPSC variance–mean analysis,
on the other hand, was much smaller, ranging from 500 to 900
sites for the different pharmacological conditions (Fig. 7D, black
bars). The cumulative amount of vesicles released under control

Figure 6. Quantal content of each response in the five stimuli train at 100
Hz. A, Plot of the mean EPSC amplitudes for each response in the train
versus response number under control conditions (n � 10), in the pres-
ence of CTZ (n � 11), and with combined application of CTZ and KYN
(n � 9). B, Quantal content in each response averaged across cells,
obtained by dividing the EPSC amplitudes by the quantal size determined
from the covariance approach. C, Quantal content data from B normal-
ized with respect to the initial quantal content in trains.

Scheuss et al. • EPSC Covariance Analysis at the Calyx of Held J. Neurosci., February 1, 2002, 22(3):728–739 735



conditions was �900 (Fig. 7D, open bar). This value was larger
than the previous estimate by Schneggenburger et al. (1999),
because of the correction for postsynaptic effects, which was
applied here, but not in the previous study.

Interestingly, the N estimates from covariance (Fig. 7D, gray
bars) were significantly larger than all other N estimates ( p �
0.1), and approach the numbers of vesicles that can be released by
flash photolysis (�1700; Schneggenburger and Neher, 2000) and
by long-lasting presynaptic depolarization (�2200, Sakaba and
Neher, 2001; �4200, Sun and Wu, 2001). Again, it should be
noted that the N estimate from covariance critically depends on
the assumptions about (1 � D1,2). Nevertheless, the estimates for
N from variance, unless corrected for heterogeneity in release
probability, most likely are not closely related to the number of
release sites, but rather to the number of active zones (see also
Meyer et al., 2001). In the case that these discrepancies arose
exclusively from heterogeneity in release probability, a compari-
son of Nvar with a “best estimate” of the actual number of release
sites N would provide information on CVpp, the coefficient of
variation in release probability among sites (Eq. 8). Assuming N
to be 2000, we arrive at CVpp of �100%, somewhat larger than
previous estimates (22–71%, Walmsley et al., 1988; 50%, Murthy
et al., 1997). However, CVpp is probably not a fixed parameter, but
might change during activity dependent synaptic depression, be-
cause early depletion of high release probability sites is expected to
change the shape of the release probability distribution.

DISCUSSION
Applying nonstationary fluctuation analysis, we showed that
quantal size and quantal content for each EPSC in a train of
stimuli can be estimated separately by analyzing mean, variance,
and covariances of EPSC amplitudes. We found significant neg-
ative covariance in the amplitudes of successive EPSCs in a train,

which had a large contribution from postsynaptic effects. The
analysis showed that depression in the EPSC amplitude during
100 Hz trains down to 10% of its initial value resulted from a
2.5-fold reduction in quantal size, and a fourfold reduction in
quantal content. The number of release sites estimated by covari-
ance analysis was �2000 and significantly larger than estimates
from variance–mean parabolas, suggesting heterogeneity in the
release probability among release sites.

Use-dependent changes in quantal size
It has previously been shown that postsynaptic mechanisms con-
tribute to synaptic depression at calyx-type synapses (Trussell et
al., 1993; Otis et al., 1996; Bellingham and Walmsley, 1999;
Oleskevich et al., 2000; Brenowitz and Trussell, 2001). Moreover,
by using a combination of deconvolution with a variant of non-
stationary fluctuation analysis, Neher and Sakaba (2001) ob-
served a strong reduction in quantal size caused by desensitiza-
tion and saturation after prolonged presynaptic depolarization.
Our data suggest that postsynaptic AMPA-R desensitization
(Otis et al., 1996) and possibly saturation (Auger et al., 1998)
occur during repetitive AP stimulation under the applied condi-
tions. The quantal size reduction we observe in the presence of
CTZ alone (down to 70%) (Fig. 5A,B, closed circles) might not
only arise from saturation, but also partially because of remain-
ing, cumulative desensitization (see also Meyer et al., 2001). CTZ
has been shown to block desensitization in the “flip” splice
variant of AMPA-Rs almost completely, whereas it only retards
desensitization in the “flop” form (Partin et al., 1994), which is
predominantly expressed in principal neurons of the medial nu-
cleus of the trapezoid body (Geiger et al., 1995). The blocking
effect of KYN might protect AMPA-R from binding glutamate
and consequently from becoming desensitized. On the other
hand, AMPA-R might be partially saturated in the presence of

Figure 7. Estimates of the number of releas-
able vesicles during 100 Hz trains and of the
number of release sites. A, Average (n � 5) of
example traces in response to long stimulus
trains (21 stimuli) under control conditions and
in the presence of CTZ. B, Plot of the cumula-
tive EPSC amplitude along the stimulus train
under both conditions from the same experi-
ment as in A. Assuming that the linear rising
phase of the cumulative EPSC amplitudes re-
sults from constant refilling during the stimulus
train, a linear fit to this range (response 11 to
response 21) provides the contribution of re-
filled vesicles to the overall cumulative response.
The y-axis intercept of the back-extrapolated fit
therefore yields an equivalent of the pool size of
immediately releasable vesicles. C, Plot of the
pool estimate from the back-extrapolated fits to
the cumulative EPSC amplitudes versus the cu-
mulative EPSC amplitude at the fifth response.
Data from six experiments obtained under con-
trol conditions and with 100 �M CTZ for each
cell are plotted. The data fall close to the unity
line (dotted line), indicating that cumulative
EPSC amplitude at the fifth stimulus is equiva-
lent to the value of the back-extrapolated cumu-
lative EPSC amplitude. D, Histogram summa-
rizing the releasable pool estimates and the
estimates of the number of release sites from the
variance–mean plots and the covariance approach under control conditions (n � 10), in the presence of CTZ (n � 11), and with combined application
of CTZ and KYN (n � 9). The asterisk indicates that the corresponding value was obtained from stationary variance–mean analysis (Fig. 2), because
in the nonstationary case under control conditions, parabolas could not be fitted (Fig. 1C).
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CTZ, because the absolute EPSC amplitudes during the second
and third response were often larger than during the first one,
because of the build-up of AMPA-R-mediated synaptic currents
(Fig. 3A). The finding of constant quantal sizes in the presence of
both CTZ and KYN (Fig. 5A,B, squares) argues against presyn-
aptic mechanisms of quantal size reduction, such as incomplete
refilling with transmitter, which might be a consequence of rapidly
recycling vesicles (Pyle et al., 2000). Furthermore, it indicates that
the blocking efficiency of KYN does not change during the trains
at 4 mM [Ca2�]. This in turn suggests (Tong and Jahr, 1994), that
multivesicular release at active zones is minor under the applied
conditions. However, even at higher release probability with 15
mM [Ca2�], evidence for multivesicular release has been reported
recently (Meyer et al., 2001).

The quantal size estimates according to Eq. 9 require a cor-
rection for postsynaptic contributions to covariance (1 � Di,i � 1),
which can only be determined roughly. Nevertheless, we consider
our estimates reliable, because the total contribution of covari-
ance is small, particularly for depressed responses (Fig. 4F). We
would expect that for lower initial release probability at physio-
logical [Ca2�] the contribution of covariance is even smaller,
such that quantal sizes could be estimated simply from variance/
mean ratios, but this would need to be tested beforehand by
evaluation of the covariance. The quantal size estimates of �35
pA for the first EPSC in trains from nonstationary EPSC fluctu-
ation analysis are consistent with mEPSC data (Fig. 5C) (Borst
and Sakmann, 1996; Chuhma and Ohmori, 1998; Schneggen-
burger et al., 1999). Furthermore, the reduction in quantal size
during trains (Fig. 5A,B) is in agreement with data obtained from
the combination of nonstationary and stationary EPSC variance
analysis (Fig. 2D).

Presynaptic mechanisms of depression
In addition to the postsynaptic reduction in quantal size, we
found that presynaptic mechanisms contributed with a fourfold
reduction in quantal content (Fig. 6C, open circles) to the depres-
sion during 100 Hz trains (Fig. 6A). One class of presynaptic
mechanisms of depression is related to a reduction in Ca2�

influx, which might be caused by use-dependent changes in the
AP waveform, Ca2� channel inactivation (Forsythe et al., 1998),
Ca 2� depletion from the synaptic cleft (Borst and Sakmann,
1999a), and activation of metabotropic autoreceptors (Takahashi
et al., 1996; von Gersdorff et al., 1997). This class of mechanisms
does probably not contribute to depression under the conditions
used here, because it has been shown that despite changes in AP
waveform, APs stay equally effective in inducing presynaptic
Ca 2� influx during short 100 Hz trains (Borst and Sakmann,
1999b). Another class of presynaptic mechanisms of depression
comprises the availability and release-competence of synaptic
vesicles. This includes vesicle pool depletion (von Gersdorff et al.,
1997; Wu and Borst, 1999; Schneggenburger et al., 1999), adap-
tation of the Ca2� sensor for release (Hsu et al., 1996), activity-
dependent inactivation of the release machinery (Betz, 1970;
Waldeck et al., 2000; Kraushaar and Jonas, 2000), and lateral
inhibition (Dobrunz et al., 1997).

Our results give some support to vesicle pool depletion as a
presynaptic mechanism for depression at the calyx of Held, be-
cause we found that negative correlation in the amplitudes of
successive EPSCs persisted in the presence of CTZ and KYN
(Fig. 4E), albeit to a small degree. In addition, some presynaptic
inactivation factor might be present, as postulated for the endbulb
of Held, where it was shown to be altered by CTZ (Bellingham

and Walmsley, 1999). However, because data from the calyx of
Held obtained under presynaptic voltage-clamp do not show such
presynaptic action of CTZ (Sakaba and Neher, 2001), we suggest
CTZ effects on K� currents (Ishikawa and Takahashi, 2001) as
the cause for presynaptic changes. Furthermore, our data are
consistent with heterogeneity of release probability (Wu and
Borst, 1999; Sakaba and Neher, 2001). This is because the covari-
ance analysis, which is less sensitive to such heterogeneity, gives
values for N (Fig. 7D, gray bars) that are in better agreement with
pool sizes obtained recently by pool-depleting stimuli (�1700 in
Schneggenburger and Neher, 2000; �2200 in Sakaba and Neher,
2001; �4200 in Sun and Wu, 2001) than those from the variance–
mean approach (Fig. 7D, black bars). An additional reason for the
lower N estimates from variance–mean analysis might be postsyn-
aptic receptor saturation (Meyer et al., 2001, their Fig. 9).

Functional release sites versus active zones
It is widely accepted that an active zone can release maximally
one vesicle in response to a presynaptic AP, possibly because of
some inhibition of the remaining vesicles (Triller and Korn,
1982), such as the proposed “lateral inhibition” between vesicles
in the releasable pool (Dobrunz et al., 1997). Arguing in favor of
this univesicular release constraint, it has been shown that the N
estimates from binomial and variance–mean analysis are similar
to the number of morphologically determined active zones (Korn
et al., 1981; Silver et al., 1998; Oleskevich et al. 2000). N estimates
from variance–mean analysis at the calyx of Held (this work and
Meyer et al., 2001) report, indeed, values very close to the num-
bers of active zones as estimated in a morphological analysis
(�600, Sätzler et al., 2001). These numbers, however, represent
only a fraction of the number of vesicles that can be released
within a few milliseconds by strong pool-depleting stimuli, such as
presynaptic voltage-clamp depolarization or Ca2� uncaging
(Schneggenburger and Neher, 2000; Sakaba and Neher, 2001; Sun
and Wu, 2001). We therefore propose that various limitations of
the classical variance–mean analysis, arising from heterogeneity
in the release probability, as we show here, as well as from
saturation of postsynaptic receptors (Meyer et al., 2001), lead to
N estimates that do not represent the full complement of release
ready vesicles.

The release sites of an active zone most probably share a
common, or overlapping set of postsynaptic receptors. Thus, in
case of multivesicular release, neurotransmitter quanta might
interact to cause saturation of postsynaptic receptors (Tong and
Jahr, 1994; Auger et al., 1998). In the past, this was suggested as
an alternative explanation for all-or-none synaptic transmission,
assuming saturation of postsynaptic receptors irrespective of the
number of released vesicles (Edwards et al., 1990). Our finding
that the N-estimate from covariance can be as high as the number
of readily releasable vesicles suggests that heterogeneity in the
release probability among sites may present a serious problem for
the interpretation of binomial N estimates (see also Silver et al.,
1998). Such heterogeneity might arise from different priming
states of docked vesicles (Xu et al., 1998), vesicles carrying
variable amounts of synaptic proteins required for fusion (Little-
ton et al., 2001), and/or differences in the relative localization of
release sites and Ca2� channels (Neher, 1998). Thus, if an active
zone would contain more release sites, but only a fraction with a
relatively high release probability compared with the others, this
could explain some of the observations that led to the proposal of
the single-vesicle hypothesis.
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