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Roles of the Fast-Releasing and the Slowly Releasing Vesicles
in Synaptic Transmission at the Calyx of Held

Takeshi Sakaba
Department of Membrane Biophysics, Max Planck Institute for Biophysical Chemistry, D-37077 Göttingen, Germany

In the calyx of Held, fast and slow components of neurotransmitter release can be distinguished during a step depolarization. The two
components show different sensitivity to molecular/pharmacological manipulations. Here, their roles during a high-frequency train of
action potential (AP)-like stimuli were examined by using both deconvolution of EPSCs and presynaptic capacitance measurements.
During a 100 Hz train of AP-like stimuli, synchronous release showed a pronounced depression within the 20 stimuli. Asynchronous
release persisted during the train, was variable in its amount, and was more prominent during a 300 Hz train. We have shown previously
that slowly releasing vesicles were recruited faster than fast-releasing vesicles after depletion. By further slowing recovery of the fast-
releasing vesicles by inhibiting calmodulin-dependent processes (Sakaba and Neher, 2001b), the slowly releasing vesicles were isolated
during recovery from vesicle depletion. When a high-frequency train was applied, the isolated slowly releasing vesicles were released
predominantly asynchronously. In contrast, synchronous release was mediated mainly by the fast-releasing vesicles. The results suggest
that fast-releasing vesicles contribute mainly to synchronous release and that depletion of fast-releasing vesicles shape the synaptic
depression of the synchronous phase of EPSCs, whereas slowly releasing vesicles are released mainly asynchronously during high-
frequency stimulation. The latter is less subject to depression presumably because of a rapid vesicular recruitment process, which is a
characteristic of this component.
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Introduction
In neuroendocrine cells and some synapses, distinct kinetic com-
ponents of release were observed when intracellular Ca 2� was
elevated in a step-like manner by a step depolarization or Ca 2�

uncaging (Neher and Zucker, 1993; Thomas et al., 1993; von
Gersdorff and Matthews, 1994; Moser and Beutner, 2000; Thore-
son et al., 2004). This led to the hypothesis that several distinct
pools of vesicles exist in these preparations. Some kinetic com-
ponents have been selectively eliminated by knockout of presyn-
aptic proteins, disruption of protein–protein interaction, and
pharmacological tools, indicating differences in the release pro-
cesses and locations with respect to presynaptic Ca 2� channels
(Martin, 2003). Although vesicle pools can be separated most
easily when the presynaptic Ca 2� concentration is elevated con-
tinuously and in a step-like manner, it is unclear how these dis-
tinct pools of vesicles are released under more physiological con-
ditions, especially during bursts of action potentials (APs) in
spiking neurons. APs create only brief millisecond-long Ca 2�

transients that may contribute to the release from vesicle pools in
complex ways. Nevertheless, several physiological studies have

indicated different release kinetics among synaptic vesicles dur-
ing APs. Quantal analysis as well as the use of MK-801 [(�)-5-
methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-
imine maleate] has suggested that release probability of synaptic
vesicles is not uniform (Walmsely et al., 1988; Hessler et al., 1993;
Rosenmund et al., 1993; Dobrunz and Stevens, 1997). It has also
been suggested that a simple vesicle pool depletion model cannot
explain the time course of synaptic depression during repetitive
stimulation (Betz, 1970; Christensen and Martin, 1970; Kusano
and Landau, 1975; Dittman and Regehr, 1998; Wu and Borst,
1999; Rosenmund et al., 2002). Moulder and Mennerick (2004)
showed that repetitive stimulation of synapses did not deplete all
of the releasable vesicles, suggesting that some synaptic vesicles
were reluctant for release. Other studies suggested that different
sets of vesicles mediate synchronous/asynchronous release
evoked by APs. For example, synchronous and asynchronous
releases are affected differently by deletion of synaptotagmin
(Littleton et al., 1993; Geppert et al., 1994; Nishiki and Augustine,
2004) and disruption of SNARE proteins (Gansel et al., 1987;
Molgo et al., 1989; Schoch et al., 2001).

The calyx of Held is a large presynaptic terminal in the audi-
tory brainstem with many active zones, and simultaneous pre-
synaptic and postsynaptic patch clamp allows detailed analysis of
transmitter release kinetics (Forsythe, 1994; Borst et al., 1995; von
Gersdorff and Borst, 2002). Two sets of readily releasable vesicles
(termed fast-releasing and slowly releasing vesicles here) can be
distinguished that are distinct with respect to their release prob-
ability and speed of recruitment (Wu and Borst, 1999; Sakaba and
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Neher, 2001b). This study addresses how fast-releasing and
slowly releasing vesicles are used during a high-frequency train of
AP-like stimuli. Only frequencies as high as 300 Hz depleted both
types of vesicles in the steady state. The results also show that the
fast-releasing vesicles are released synchronously early during the
train, whereas the slowly releasing vesicles are released asynchro-
nously during the stimulation.

Materials and Methods
Transverse brainstem slices (150 –200 �m thick) were prepared from 8-
to 11- d-old Wistar rats (Forsythe, 1994; Borst et al., 1995) according to
institute guidelines. The standard extracellular solution contained (in
mM) 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 25 glucose, 25 NaHCO3, 1.25
NaH2PO4, 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-pyruvate (pH 7.4,
gassed with 95% O2/5% CO2). Experiments were performed at room
temperature. During recordings, 1 �M TTX, 10 mM TEA-Cl, and 50 �M

D-AP-5 were added to isolate presynaptic Ca 2� currents and postsynap-
tic AMPA receptor-mediated EPSCs. Cyclothiazide (100 �M) and
kynurenic acid (1 mM) were added to block desensitization and possible
saturation of AMPA receptors and also to avoid voltage-clamp errors. A
calyx of Held and the postsynaptic medial nucleus of the trapezoid body
principal neuron were simultaneously whole-cell clamped at �80 mV
with an EPC9/2 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Ger-
many). The presynaptic patch pipette (3–5 M�) solution contained (in
mM) 135 Cs-gluconate, 20 TEA-Cl, 10 HEPES, 5 Na2-phosphocreatine, 4
MgATP, 0.3 GTP, and 0.05 EGTA, pH 7.2. In some experiments, the
calmodulin binding domain (CaM kinase II 290-309; 20 �M) was added
to the presynaptic pipette solution. The presynaptic series resistance
(5–20 M�) was compensated by 30 –90%. The postsynaptic pipette (2–
3.5 M�) contained the same solution as the presynaptic pipette, except
that the EGTA concentration was increased to 5 mM. The postsynaptic
series resistance (3– 8 M�) was electrically compensated by the amplifier
such that the uncompensated resistance was �3 M�. The remaining
resistance was further compensated off-line.

Presynaptic capacitance measurements were performed using an
EPC/9 amplifier and the Sine�DC technique (Lindau and Neher, 1988;
Sun and Wu, 2001; Yamashita et al., 2005). A sine wave (30 mV in
amplitude, 1000 Hz) was superimposed onto a holding potential of �80
mV. Measurements were accepted when the presynaptic series resistance
was �20 M�.

TTX was obtained from Alomone Laboratories (Jerusalem, Israel).
Cyclothiazide, kynurenic acid, and D-AP-5 were obtained from Tocris
(Biotrend, Köln, Germany). The calmodulin binding domain peptide
was from Calbiochem (Schwalbach, Germany). Cyclothiazide was dis-
solved in DMSO, and the final concentration in the extracellular solution
was 0.1%.

Quantal release rates were estimated by the deconvolution method,
adapted for the calyx of Held (Neher and Sakaba, 2001a). This method
assumes that the total EPSC can be separated into a residual current
component because of delayed clearance of glutamate in the synaptic
cleft and a current component evoked by quantal release events. By com-
bining deconvolution with fluctuation analysis, we have shown previ-
ously that this method is valid in the presence of cyclothiazide and
kynurenic acid, which block desensitization and possible saturation of
the postsynaptic AMPA receptors (Neher and Sakaba, 2001a). Quantal
release rates, as determined by deconvolution, were integrated to obtain
cumulative release, as displayed in the figures.

Variance analysis was performed to estimate quantal amplitudes and
release rates as has been described previously (Neher and Sakaba, 2001a).
Trains (300 Hz) of AP-like stimuli were applied with intertrain intervals
of �30 s. More than five trains were applied to each presynaptic terminal.
For the variance calculation, the differences between two subsequent
traces were used. These differences were further filtered to extract fluc-
tuation associated with quantal events. All values are expressed as
mean � SEM.

Results
Synchronous and asynchronous release during a 100 Hz train
of the AP-like train
In this study, the roles of kinetically distinct vesicle pools during
a high-frequency train of AP-like stimuli were examined. The
presynaptic patch pipette contained a low Ca 2� buffer (0.05 mM

EGTA), and the extracellular solution contained cyclothiazide
and kynurenic acid to prevent postsynaptic AMPA receptor de-
sensitization and saturation (Neher and Sakaba, 2001a; Joshi and
Wang, 2002; Scheuss et al., 2002; Taschenberger et al., 2002). In
Figure 1A, the presynaptic terminal was depolarized to �40 mV
for 1 ms to mimic an AP. Such an AP-like stimulus elicited a
presynaptic Ca 2� tail current (Fig. 1A, Ipre) and induced a Ca 2�

influx of 1.09 � 0.13 pC (n � 6 cells; range, 1–1.5 pC). This was
only slightly larger than that induced by a single AP in a previous
study [1 pC (Borst and Sakmann, 1998)]. EPSCs were evoked in
response to the presynaptic Ca 2� influx and had an amplitude of
2.82 � 1.06 nA (n � 6). Considering that kynurenic acid blocks
EPSC amplitudes by �50% (Neher and Sakaba, 2001a; Scheuss et
al., 2002), the (corrected) amplitude is comparable to that evoked
by a single AP in an unclamped terminal (3–10 nA) (Borst et al.,
1995; Schneggenburger et al., 1999; Scheuss et al., 2002; Taschen-
berger et al., 2002). The deconvolution method was used to esti-
mate quantal release rates (Neher and Sakaba, 2001a). The peak
amplitude of the release rate was estimated to be 342 � 138
vesicles ms�1, and the decline in the release rate after the peak
could be fitted by a single exponential with a time constant of
347 � 28 �s. The dotted gray line in Figure 1A shows the time
point of 1.05 ms after the peak release rate (three times the decay
constant) in which synchronous release declined completely. To
quantify the amounts of synchronous and asynchronous release,
the period between the two pulses (from immediately after the
end of one voltage pulse to the next one) was separated into two
segments (separated by dotted line in Fig. 1A), and the mean
asynchronous release rate was determined from the number of
release events that occurred during the second segment (after the
dotted line). Then synchronous release was estimated from the
first segment, by subtracting the mean asynchronous release rate
observed during the second segment from the release rate during
the first segment.

It has been shown that inactivation of presynaptic Ca 2� chan-
nels might contribute to synaptic depression during low-
frequency stimulation by APs (Xu and Wu, 2005) (but see Taka-
hashi et al., 2000). In this study, analysis was restricted to synaptic
responses during high-frequency stimulation (�100 Hz), in
which presynaptic Ca 2� currents show little inactivation and de-
pletion of releasable vesicles is the determining factor for synaptic
depression (Wu and Borst, 1999). Figure 1B shows the response
to a 100 Hz train of AP-like stimuli. The presynaptic Ca 2� cur-
rents (Fig. 1B, Ipre) showed an initial facilitation (the second
pulse elicited 106.5 � 2.0% of the first one; n � 6) with subse-
quent stimuli maintaining the slight enhancement (the last pulse
elicited 108.3 � 2.1%). EPSCs showed initial facilitation, fol-
lowed by a strong depression (Fig. 1B, EPSC). The cumulative
amount of release was estimated by integrating the quantal re-
lease rates obtained by the deconvolution method (Fig. 1B, bot-
tom). During the train, 3297 � 634 vesicles were released, on
average (n � 6), with 2208 � 468 vesicles released synchronously
according to the above criterion. The amount of synchronous
release was comparable to AP-evoked release in previous studies
(Scheuss et al., 2002; Taschenberger et al., 2002). The fraction of
synchronous release to total release varied among different cell
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pairs (50 – 80% of total) (compare Figs. 1B, 3C). When fitted by a
single exponential, cumulative synchronous release had a time
constant of 8.7 � 1.3 AP-like stimuli. At the end of the train, a
step depolarization (a prepulse to �70 mV for 2 ms, followed by
a repolarization to 0 mV for 50 ms) was applied to deplete all
releasable vesicles. In total (train plus depleting pulse), 4631 �
810 vesicles were released, indicating that 50 – 80% of the total
releasable vesicles were released during the train.

Figure 1C shows the responses obtained when a step depolar-
ization was applied to the presynaptic terminal (prepulse to �70
mV for 2 ms, followed by repolarization to 0 mV for 50 ms).
Cumulative release during the depolarizing pulse (Fig. 1C, solid
trace) shows a bi-exponential time course. The sustained phase of
release late during the presynaptic depolarization was presum-
ably attributable to the recruitment of synaptic vesicles. It has
been shown that the recruitment of synaptic vesicles has a time
constant of 100 –300 ms (Wu and Borst, 1999; Sakaba and Neher,
2001b). When the effect of recruitment was corrected (Sakaba
and Neher, 2001b), the slow component saturated earlier during
the depolarizing pulse (Fig. 1C, gray trace). In the example trace,
the cumulative release could be fitted by a double exponential
with time constants of 1.02 ms (53% of the total fit, 1525 vesicles)

and 9.17 ms (932 vesicles). On average,
the cumulative release was fitted by a
double exponential with time constants
of 2.1 � 0.48 ms (61 � 9% of the total
fit, ranging from 45 to 100%) and
18.2 � 4.9 ms. The time constant of the
slow component of release was variable
with 0.05 mM EGTA in the presynaptic
pipette, and cumulative release was best
fitted by a single exponential in some
cases. This is because of overlapping fa-
cilitation of the slow component of re-
lease, which was caused by accumula-
tion of residual Ca 2� concentration
during a prolonged depolarization (Wu
and Borst, 1999; Sakaba and Neher,
2001a). Separation of the two compo-
nents is much easier when a higher con-
centration of EGTA is added to the pre-
synaptic pipette, with two components
having time constants of 2–3 ms (50%
of the total fit, fast-releasing vesicles)
and 20 –30 ms (slowly releasing vesi-
cles), respectively (Sakaba and Neher,
2001a). If a single pool of vesicles is re-
sponsible for transmitter release at the
calyx of Held, a single exponential re-
lease time course with a longer time
constant should be observed at higher
concentrations of EGTA, but this was
not the case.

The amount of release during a step
depolarization was reduced to 43 �
13% (29 – 63%) when a 100 Hz train
preceded a step depolarization (Fig. 1D;
also Fig. 1, compare B, C). In four of six
cell pairs, the two components of release
during the control depolarizing pulse
(without a preceding 100 Hz train) were
well separated even in a low Ca 2�-
buffering condition (Fig. 1D, control).

In these cases, cumulative release during the control depolariza-
tion (a total of 3071 � 624 vesicles) was fitted by a double expo-
nential with time constants of 1.45 � 0.31 ms (55 � 8% of the
total fit, 	1700 vesicles) and 14.8 � 4.4 ms (	1400 vesicles). To
learn how many fast-releasing and slowly releasing vesicles con-
tributed to the synaptic response during a 100 Hz train, the cu-
mulative release during a step depolarization both with (Fig. 1D,
with train) and without (Fig. 1D, control) a preceding 100 Hz
train was compared. By subtracting the cumulative release after a
100 Hz train from that during the control depolarization (Fig.
1D, gray trace, difference), a 100 Hz train was estimated to have
consumed 2107 � 460 vesicles, and the difference (Fig. 1D, gray
trace) could be fitted by a double exponential with time constants
of 1.0 � 0.20 ms (63 � 7.3% of the total fit, 	1300 vesicles) and
15.8 � 3.8 ms (	800 vesicles) (Fig. 1D, gray trace). Thus, �80%
(1300 of 1700) of the fast-releasing and 60% (800 of 1400) of the
slowly releasing vesicles must have released during a train. How-
ever, this approach does have a limitation, because a preceding
100 Hz train may have accumulated presynaptic residual Ca 2�

concentration and accelerated the time course of release in the
following pulse by facilitation (Wu and Borst, 1999; Sakaba and
Neher, 2001a). Therefore, an alternative method was developed

Figure 1. Synaptic response to a 100 Hz train of AP-like stimuli at the calyx of Held. A, A single 1 ms depolarizing pulse to �40 mV
was applied to the presynaptic terminal (AP-like stimulus) to elicit a Ca 2� current (Ipre). An EPSC was evoked in response to Ca 2�

influx. Quantal release rates (rel. rate) were estimated using the deconvolution method. The amount of release before and after the
dotted line was termed as synchronous and asynchronous release, respectively. B, The same cell pair as in A. A 100 Hz train of AP-like
stimuli was applied, which was followed by a step-depolarizing pulse (prepulse to �70 mV for 2 ms, followed by repolarization to 0
mV for 50 ms). The dotted line in the EPSC trace indicates the residual current component attributable to delayed clearance of
glutamate as modeled by the deconvolution method (residual current) (Neher and Sakaba, 2001a). The cumulative amount of release
was obtained by integrating release rates from the deconvolution method. Filled circles in the cumulative release plot indicate
cumulative amount of synchronous release during the train. C, The same cell pair as in A, and a single step-depolarizing pulse
(prepulse to �70 mV, followed by repolarization to 0 mV for 50 ms) was applied to the presynaptic terminal. In cumulative release
traces, the black trace indicates an original cumulative release. The gray trace indicates the cumulative release that is corrected by the
recruitment of new vesicles after depletion (Sakaba and Neher, 2001a). D, Cumulative release traces during a step-depolarizing pulse
with (B) and without (C) a preceding 100 Hz train (black traces). The difference between the two traces is shown as a gray trace and
was used to estimate how many fast-releasing and slowly releasing vesicles had been released during a 100 Hz train by fitting the time
course.
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to estimate the contributions of fast-releasing and slowly releas-
ing vesicles during a high-frequency train (see Fig. 3).

Correlation between presynaptic capacitance jumps and
cumulative release estimated by the deconvolution method
The deconvolution method is based on the accurate estimation of
the current component because of delayed clearance of glutamate
(Neher and Sakaba, 2001a) (Fig. 1B, dotted trace). Thus, it is
possible that the estimate of release (especially asynchronous re-
lease) might be inaccurate. Although fluctuation analysis has
confirmed release rates estimated from the deconvolution
method (Neher and Sakaba, 2001a,b), another independent esti-
mate of release is important. To this end, the deconvolution
method was combined with presynaptic capacitance measure-
ments, which should reflect the amount of exocytosis (Fig. 2)
(Neher and Marty, 1982; Lindau and Neher, 1988; Sun and Wu,
2001). The time course of exocytosis during the depolarizing
pulse cannot be measured by the capacitance measurement be-
cause of large conductance changes. So, the number of stimuli
(1–20) was varied to estimate the amount of release during an AP
train (Fig. 2A–D). Figure 2A shows traces of presynaptic and
postsynaptic currents during a 100 Hz train of 20 AP-like stimuli.
Figure 2B shows the capacitance changes associated with this
stimulation. After the train, presynaptic membrane capacitance

was increased (Fig. 2B, Cm). The rapid capacitance decay (time
course of 0.5 s after the stimulus train) associated with conduc-
tance changes (Fig. 2B, Gm) does not reflect the release of neuro-
transmitter, because botulinum toxins, which blocked EPSCs ef-
fectively (Sakaba et al., 2005; Yamashita et al., 2005), did not
block this component (Yamashita et al., 2005). Indeed, the rapid
decay remained after infusion of botulinum toxins that blocked
postsynaptic currents (n � 3 cell pairs). After this initial decay,
capacitance decayed within 10 –30 s (depending on the stimula-
tion strength) and presumably reflects endocytosis (data not
shown) (Sun et al., 2002; Yamashita et al., 2005). Thus, the pla-
teau after the rapid decay was used to obtain the amplitude of the
capacitance jump because of the presynaptic stimulation (Fig.
2B, gray line). Figure 2, C and D, shows cumulative release and
capacitance traces, respectively, which were obtained by a differ-
ent number of AP-like stimuli. When comparing the amount of
cumulative release estimated by the deconvolution method to the
amplitude of capacitance jump, the relationship between the two
was linear (Fig. 2E) (correlation coefficient of 0.97 � 0.01 from
n � 7 cell pairs), suggesting that the deconvolution method is
consistent with capacitance measurements. The slope of the rela-
tionship in Figure 2E suggests that release of a single vesicle adds
a capacitance of 80 � 12 aF. The values were variable (42–110 aF)
but overlapped with the previous estimate (55 aF) (Sun et al.,
2002). The results from presynaptic capacitance measurements
support the idea that the deconvolution method gives a valid
estimate of release during presynaptic stimulation.

Roles of the fast-releasing and the slowly releasing synaptic
vesicles during a 100 Hz train of AP-like stimuli
It has been shown previously that 0.5 mM EGTA clearly separates
the release of fast-releasing and the slowly releasing synaptic ves-
icles during a step depolarization (Sakaba and Neher, 2001a,b).
On the other hand, this concentration of EGTA may slow down
not only the slow component but also, to some extent, the fast
component of release. In addition, the concentration of endoge-
nous Ca 2� buffer is supposed to be much lower than 0.5 mM

EGTA at postnatal days 8 –10 (Borst et al., 1995; Borst and Sak-
mann, 1996). Furthermore, APs create only brief millisecond-
long Ca 2� transients that may contribute to the release from both
vesicle pools in quite complex ways, particularly when trains of
APs are applied. To separate the two components of release dur-
ing the AP-like stimulus train with low Ca 2� buffering, and un-
der more physiological conditions, known differences between
the time courses of recovery associated with the two components
were used (Wu and Borst, 1999; Sakaba and Neher, 2001b).
When Ca 2�/calmodulin-dependent recovery of the fast-
releasing vesicles (fast component of release) is blocked (Sakaba
and Neher, 2001b), the slowly releasing vesicles (slow component
of release) recover much faster (within 200 ms) than the fast-
releasing vesicles (several seconds). In this condition, only slowly
releasing vesicles should be available for release 500 ms after de-
pletion of both the fast-releasing and the slowly releasing vesicles.
At the same time, the interstimulus interval of 500 ms is long
enough, such that the slowly releasing vesicles recover com-
pletely, whereas the fast-releasing vesicles remain depleted. Based
on this idea, two trains of AP-like stimuli (100 Hz for 200 ms)
were applied with an interval of 500 ms, and the responses be-
tween the two trains were compared (Fig. 3A). At the end of each
train, a step depolarization (a prepulse to �70 mV for 2 ms,
followed by a repolarization to 0 mV for 50 ms) was applied to
deplete all releasable vesicles. Ca 2�-dependent recruitment of the
fast-releasing vesicles was blocked by 20 �M calmodulin binding

Figure 2. Correlation between the amounts of cumulative release and presynaptic capaci-
tance responses. A, A 100 Hz train of AP-like stimuli was applied, and presynaptic calcium
currents and EPSCs are shown. The dotted line in the EPSC trace indicates the current component
attributable to delayed clearance of glutamate. B, Presynaptic capacitance (Cm), conductance
(Gm), and series conductance (Gs) values before and after a 100 Hz train of AP-like stimuli as
shown in A. C, Cumulative amounts of release estimated by the deconvolution method. The
number of AP-like stimuli was varied from 1 to 20. The same cell pair as in A and B is shown. D,
The same cell pair, but presynaptic capacitance changes in response to the trains are shown. The
cross symbol indicates where the amplitude of capacitance increase relative to baseline was
measured. E, Correlation between the amount of cumulative release and the capacitance jump
elicited by a train, obtained from C and D.
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domain peptide (CaM kinase II 290-309) in the presynaptic patch
pipette. Consistent with a previous study (Sakaba and Neher,
2001b), recovery of the fast-releasing vesicles, measured with a
pair of step depolarizations separated by an interval of 500 ms,
was only 6 � 6% (n � 3 cell pairs) when 0.5 mM EGTA and 20 �M

calmodulin binding domain peptide were included in the presyn-
aptic patch pipette.

Presynaptic Ca 2� currents showed initial facilitation (105.7 �
0.9% on the second pulse) and little inactivation during a 100 Hz
train (Fig. 3A, left) (99.5 � 1.1% at the last stimulation; n � 6 cell
pairs). With an interval of 500 ms, the same stimulation protocol
was applied again (Fig. 3A, right). Because presynaptic Ca 2� cur-
rents inactivate slightly during the second train (Forsythe et al.,
1998), the duration of each AP-like stimulus was prolonged to 1.5
ms to adjust the amount of presynaptic Ca 2� influx between the
two trains (Fig. 3B). As has been shown in Figure 1, the first pulse
train evoked phasic EPSCs that usually showed evidence of de-
pression around the 10th stimulation. The inset in Figure 3A
shows release rates evoked by the first AP-like stimulus (gray) and
the average release rates of the last five stimuli (black), showing
more asynchronous release later during the train. The first train
released 3372 � 713 vesicles, of which 1619 � 362 vesicles were
released synchronously (n � 6 cell pairs) (Figs. 3C, filled circles,
4). A subsequent step depolarization released additional synaptic
vesicles, with 4523 � 838 vesicles being released in total (Fig. 4,

train�pulse). Thus, a pool of releasable
vesicles was not emptied during the train.

The second train (Fig. 3A, right) pro-
duced much less synchronous release. On
average, 1632 � 310 vesicles were released
during the second train, of which only
252 � 38 vesicles were released synchro-
nously (Fig. 3C, filled triangles). In total,
2309 � 431 vesicles were released during
the second stimulation protocol (train plus
depleting pulse). Assuming that all vesicles
released during the second stimulation
protocol are the slowly releasing ones,
69 � 3% of the total slowly releasing vesi-
cles (train plus depleting pulse) were re-
leased during the second train. This frac-
tion was comparable to that estimated
using the method of Figure 1C (�60%).

By comparing cumulative release ob-
tained during the first and the second
trains (Fig. 3C), the number of fast-
releasing vesicles released during a 100 Hz
train was estimated. Specifically, the cu-
mulative release during the second stimu-
lation protocol was subtracted from that
during the first stimulation protocol to es-
timate the release time course of fast-
releasing vesicles (Fig. 3C, open circles).
This assumes that the second train releases
only slowly releasing vesicles and that these
are equal in number to those slow ones re-
leased during the first train. With this ap-
proach, 1770 � 400 fast-releasing vesicles
were estimated to be released during a 100
Hz train (Figs. 3C, open circles, 4). This
number was similar to that of synchronous
release during the first train (1619 � 362
vesicles) (Figs. 3C, filled circles, 4). By also

comparing responses obtained with the first and the second de-
pleting step depolarizations, 2313 � 453 fast-releasing vesicles
were released in total (train plus depleting pulse), indicating that
75 � 3% of the total fast-releasing vesicles were released during a
train. This fraction was comparable to that estimated using the
method of Figure 1C (80%). Release time courses of synchronous
release and fast-releasing vesicles during a 100 Hz train were best
described by single exponentials with time constants of 7.5 � 0.9
and 8.5 � 1.1 AP-like stimuli, respectively. Similar time courses
and amounts of release (Fig. 4) suggest that fast-releasing vesicles
are mainly responsible for synchronous release. At the same time,
these data also suggest that most of the asynchronous release
during application of a high-frequency train is mediated by the
slowly releasing vesicles.

Roles of the fast-releasing and the slowly releasing vesicles
during a 300 Hz train of AP-like stimuli
A 100 Hz stimulation caused variable amounts of asynchronous
release (Figs. 1– 4). Higher-frequency stimulation (300 Hz)
would lead to elevated Ca 2� concentrations and elicit more asyn-
chronous release. In Figure 5, a 300 Hz train of AP-like stimuli (1
ms depolarization to �40 mV) was applied for 100 ms (Fig. 5). A
300 Hz train was strong enough to deplete most of the releasable
vesicles, which was confirmed by a subsequent depleting pulse
(prepulse to �70 mV for 2 ms, followed by repolarization to 0

Figure 3. Release of the fast-releasing and the slowly releasing vesicles during a 100 Hz train of AP-like stimuli. A, Similar to
Figure 1, but a 100 Hz train (for 200 ms) was applied twice with an interval of 500 ms in the presence of the calmodulin inhibitor
peptide (calmodulin binding domain, 20 �M). The duration of the AP-like stimulus was 1 and 1.5 ms, in the first (left) and the
second (right) stimulation protocol, respectively. After a train, a step-depolarizing pulse (prepulse to �70 mV for 2 ms, followed
by repolarization to 0 mV for 50 ms) was applied to deplete the remaining pool of releasable vesicles. Dotted lines in the EPSC
traces indicate the current component mediated by delayed clearance of glutamate. The left and right panels use the same scale
bars (right), except in the insets. The inset in the left panel shows release rates evoked by the first AP-like stimulus (gray) and the
average release rates of the last five AP-like stimuli (black) during the first train. Bi, Superimposed traces of presynaptic calcium
currents during the first (gray) and the second (black) trains. Only the responses to the first AP-like stimulus are shown. Bii,
Average amount of presynaptic Ca 2� influx in response to a single AP-like stimulus during the first and the second trains. Biii,
Total amount of presynaptic Ca 2� influx during the first and the second trains. C, Cumulative amounts of release during the first
and the second trains (solid traces). By subtracting the cumulative release during the second train (slowly releasing vesicles only)
from that during the first train, the release time course of the fast-releasing vesicles was estimated (open circles). The amount of
synchronous release (synch. rel.) during the first train is shown as filled circles. The amount of synchronous release during the
second train is shown as filled triangles.
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mV for 20 ms) (Fig. 5). Specifically, the 300 Hz train and the
depleting pulse released 3169 � 519 and 295 � 43 vesicles, re-
spectively (n � 8). Therefore, both fast-releasing and slowly re-
leasing vesicles were mostly depleted during a train, as has been
shown previously for the case of APs by Wu and Borst (1999).

The same stimulation protocol as shown in Figure 3 was used
in the presence of a calmodulin blocker to examine roles of the
two sets of vesicles during a 300 Hz train of AP-like stimuli.
Figure 6A shows an example of two 300 Hz trains. On average,
the first 300 Hz train released 2204 � 215 vesicles in total (n � 7
cell pairs) (Fig. 7). In the case of Figure 6A, synchronous EPSCs
showed strong depression within the 10th stimulation, whereas
asynchronous release persisted later during the train (Fig. 6A,
left, inset). Correspondingly, cumulative release did not increase
in a step-like manner in response to individual pulses later during
the train. Rather, a continuous almost linearly increasing cumu-
lative release was observed (Fig. 6C, uppermost trace and inset),
suggesting copious asynchronous release.

The amount of synchronous and asynchronous release was
determined by using the same method shown in Figures 1– 4. The
amount of synchronous release during the train was 835 � 85
vesicles (Figs. 6C, filled circles, 7), which was similar to that of
fast-releasing vesicles (976 � 119 vesicles) (Figs. 6C, open circles,
7). Furthermore, synchronous release has a time course (time
constant of 10.7 � 1.7 AP-like stimuli when fitted by a single
exponential) similar to the release of fast-releasing vesicles (time
constant of 9.3 � 0.9 AP-like stimuli).

To obtain an independent estimation of the release rates late
during the train (50 –100 ms), an ensemble variance analysis was
combined (Neher and Sakaba, 2001a). In seven cell pairs, a 300
Hz train was repeated more than five times, and quantal size was
estimated to be 18.6 � 1.8 pA; this is similar to the value reported
in the presence of cyclothiazide and kynurenic acid (15 pA) (Ne-
her and Sakaba, 2001a; Scheuss et al., 2002). The release rate from
the variance analysis was estimated to be 6.1 � 1.1 vesicles/ms,
similar to the value estimated from the deconvolution method
(6.3 � 1.1 vesicles/ms).

From the experiment shown in Figure 6, it is concluded that
synchronous release at 300 Hz is primarily carried by fast-
releasing vesicles. In addition, asynchronous release is mediated
by the slowly releasing vesicles. These conclusions are the same as
those obtained using a 100 Hz train (Figs. 1– 4). Although a 300
Hz train depletes most of the rapid-releasing and the slowly re-
leasing vesicles (Fig. 5), a 100 Hz train depletes 75– 80% and
50 –70% of the fast-releasing and the slowly releasing vesicles,
respectively (Figs. 1C, 3)

Discussion
In this study, the roles of two kinetically distinct pools of vesicles
in synaptic transmission at the calyx of Held were examined, and
it was shown that the fast-releasing vesicles mainly contributed to
synchronous release, whereas the slowly releasing vesicles mainly
contributed to asynchronous release occurring during a high-
frequency train of AP-like stimuli (Figs. 3–7). Synchronous re-
lease underwent rapid depression, whereas asynchronous release
persisted throughout the train (Figs. 3, 6).

The estimation of transmitter release is based on the decon-
volution method (Neher and Sakaba, 2001a), which involves a
model of delayed glutamate clearance from the synaptic cleft. An
accurate estimation of release rates was especially difficult when
release rates were low and a significant current component attrib-
utable to delayed clearance of glutamate was seen. Nevertheless,
other observations supported the notion that asynchronous re-
lease occurred during a high-frequency train of AP-like stimuli.
The amplitude of the presynaptic capacitance response observed
after an AP train had a linear relationship to the cumulative
amount of release obtained by the deconvolution method (Fig.
2). Different types of fluctuation analysis confirmed the release
rates estimated from the deconvolution method (Neher and
Sakaba, 2001a,b; Scheuss et al., 2002). Furthermore, variance
analysis of the late phase of EPSCs attained during a 300 Hz train
of AP-like stimuli gave estimates of release rates similar to those
obtained from the deconvolution method (this study). Variance
analysis also showed that quantal amplitudes stayed constant
during a high-frequency train. It is interesting to note that short-
term synaptic depression accompanies decrease in quantal sizes,
which is not attributable to postsynaptic mechanisms at hip-
pocampal synapses (Chen et al., 2004).

Asynchronous release during high-frequency stimulation was
mainly mediated by the slowly releasing synaptic vesicles (the
slow component of release) observed with a step depolarization

Figure 4. The amount of fast-releasing vesicles during a 100 Hz train of AP-like stimuli. From
the left, the amount of synchronous release, the amount contributed by fast-releasing vesicles,
the total amount of release during the first 100 Hz train, and the total amounts of release
including those during a depleting pulse are shown. Data were obtained by using the stimula-
tion protocol shown in Figure 3. The average data are from n � 6 cell pairs. Error bars indicate
SEM.

Figure 5. Synaptic response to a 300 Hz train of AP-like stimuli. AP-like stimuli were applied
30 times to the presynaptic terminal at a frequency of 300 Hz. After the train, a single step-
depolarizing pulse (prepulse to �70 mV for 2 ms, followed by repolarization to 0 mV for 20 ms)
was applied to release remaining releasable vesicles.
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(Figs. 3–7). Asynchronous release termed here is vesicle release
that takes place after synchronous release decays fully and before
the next stimulation. It is therefore different from delayed release,
which was elicited for a prolonged period after (high-frequency)
stimulation (in the order of hundreds of milliseconds to seconds)
(Midlei and Thies, 1971; Rahamimoff and Yaari, 1973; Zengel
and Magleby, 1981; Zucker and Lara-Estralla, 1983; Atluri and

Regehr, 1998). It is possible that the slowly
releasing vesicles contribute to synchro-
nous release, although the contribution
must be relatively small. In the experiment
shown in Figure 3C, 20% of the total re-
lease during the second stimulation (	200
vesicles) occurred synchronously. Recov-
ery of the fast-releasing vesicles has a time
constant of 5 s in the presence of a calmod-
ulin blocker (Sakaba and Neher, 2001b), so
a 500 ms interval should have allowed re-
covery of 10% of the fast-releasing compo-
nent (	100 –150 vesicles), which can be
released synchronously. The remaining
50 –100 vesicles may then originate from
the slowly releasing pool. Thus, any claim
that synchronous release is mediated solely
by the fast-releasing vesicles would be an
over-simplification. Furthermore, given
that replenishment rates of slowly releas-
ing vesicles are quite high and release prob-
ability is low, slowly releasing vesicles may
especially contribute to the steady-state
postsynaptic responses during repetitive
stimulation. Synaptic responses under a
long-lasting train of APs are difficult to
study, because other factors such as pre-
synaptic Ca 2� channel inactivation may
contribute to synaptic depression (For-
sythe et al., 1998; Xu and Wu, 2005) (but
see Takahashi et al., 2000). Furthermore,
when the intervals between stimulations
are increased, calmodulin-independent re-
covery of the fast-releasing vesicles (time
constant of 4 – 6 s) contributes more signif-

icantly to the synaptic responses. Then the analysis used in Fig-
ures 3–7 cannot be adopted because I will violate the underlying
assumption that recovery of the fast-releasing vesicles is minor.
Selective block of the fast-releasing and the slowly releasing com-
ponents of release at resting conditions will be helpful.

We have shown before that recruitment of slowly releasing
vesicles is much faster than that of fast-releasing vesicles (Wu and
Borst, 1999; Sakaba and Neher, 2001b). Moreover, recovery of
the fast-releasing vesicles was retarded, when recovery of the
slowly releasing vesicles was slowed by disruption of actin poly-
merization or depletion of ATP in the presynaptic terminal
(Sakaba and Neher, 2003). These observations led to the working
hypothesis that the fast-releasing vesicles are derived from mat-
uration from the slowly releasing synaptic vesicles (Wu and
Borst, 1999; Sakaba and Neher, 2003). At the calyx of Held, the
recruitment rate of the slowly releasing vesicles is 10 vesicles
ms�1 (Neher and Sakaba, 2001b), which persists even during a
500 ms step depolarization (our unpublished observation). Con-
sistent with this, optical measurements at the calyx of Held syn-
apse using FM1-43 have demonstrated a large reserve pool of
vesicles, which is 10 times larger than the releasable pool of vesi-
cles (the fast-releasing and the slowly releasing vesicles com-
bined). This pool recycles with a time course of minutes (de
Lange et al., 2003). An asynchronous release rate of six vesicles
ms�1 was observed during a 300 Hz train (Fig. 6), which was
similar or below the recruitment rate of slowly releasing vesicles.
This means that newly recruited synaptic vesicles are released as
asynchronous release during a high-frequency train of AP-like

Figure 6. Release of the fast-releasing and the slow releasing vesicles during a 300 Hz train of AP-like stimuli. A, The same as
Figure 3, but a 300 Hz train (for 100 ms) was applied twice with an interval of 500 ms in the presence of the calmodulin inhibitor
peptide. From the top, presynaptic calcium currents (ICa), EPSCs, and release rates are shown. The left and right panels use the
same scale bars. The expanded EPSC trace (left) and release rates (right) later during the train (time period indicated by a bar in the
EPSC trace) are shown as an inset. The dotted line in the expanded release trace indicates a release rate of 0. Bi, Superimposed
traces of presynaptic calcium currents during the first and the second trains. Only the responses to the first AP-like stimulus were
shown. Bii, Average amount of presynaptic Ca 2� influx in response to a single AP-like stimulus during the first and the second
trains. Biii, Total amount of presynaptic Ca 2� influx during the first and the second trains. C, Cumulative amounts of release
during the first and the second trains (solid traces). By subtracting the cumulative release during the second train from that during
the first train, the release time course of the fast-releasing vesicles was estimated (open circles), assuming that only the slowly
releasing vesicles were isolated during the second train. The amount of synchronous release during the first train is shown as filled
circles. The expanded cumulative release time course during the first train is shown as an inset.

Figure 7. The amount of fast-releasing vesicles during a 300 Hz train of AP-like stimuli. From
the left, the amount of synchronous release, the amount contributed by the fast-releasing
vesicles, and the total amount of release during a train are shown. Data were obtained by using
the stimulation protocol shown in Figure 6. The average data are from n�9 cell pairs. Error bars
indicate SEM.
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stimuli once most of the releasable vesicles have been depleted.
Under the working hypothesis of vesicle maturation, it is also
expected that synchronous release remains depressed as long as
the slowly releasing vesicle pool is not refilled. In this respect, it is
possible that ongoing asynchronous release causes further de-
pression of the synchronous release component, as has been
shown by Otsu et al. (2004). It is also possible that asynchronous
release can access both immediately and readily releasable pools
of synaptic vesicles, depending on the stimulation patterns, reg-
ulation of Ca 2� buffering, and extrusion in the presynaptic ter-
minal as proposed by Hagler and Goda (2001). Possible cross talk
of the two vesicle pools needs future systematic study under a
wider range of physiological conditions.

The present study has demonstrated that different release ki-
netics arises from physically distinct pools of synaptic vesicles.
The importance of the work is that we can predict changes in
synchronous/asynchronous release from effects that neuro-
modulators, deletion/mutation of synaptic proteins, or various
stimulus patterns have on one of the two pools. However, infer-
ence in the reverse sequence, from a change in synchronous/
asynchronous release to change in vesicle pools is more difficult,
although this might be more relevant for the study of most syn-
apses. Other factors, such as changes in AP waveforms, inactiva-
tion and facilitation of Ca 2� channels, and regulation of presyn-
aptic Ca 2� concentration in the presynaptic terminal, may also
contribute to observed changes and confound their interpreta-
tion. Furthermore, because of such factors, it is not necessarily
the easiest task to determine physically distinct vesicle pools
based on the time course of synaptic depression (Elmqvist and
Quastel, 1965; Schneggenburger et al., 1999). The approach
shown here is limited to a few preparations, in which vesicle pools
can be directly measured, but it may be helpful for the formula-
tion of reasonable models in small synapses, which are not acces-
sible by conventional methods. Specifically, the observation here
may have an implication for the synapses where asynchronous
release is copious and increases during a high-frequency stimu-
lation (Vincient and Marty, 1996; Lu and Trussell, 2000; Hefft
and Jonas, 2005). Although this may be explained by differences
in regulation of presynaptic Ca 2� concentration and Ca 2� sen-
sitivity of transmitter release (Millar et al., 2005), an alternative
explanation could be that the ratio of the fast-releasing and the
slowly releasing vesicles differs among synapses.
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