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Recruitment of release-ready vesicles at synapses is one of the important factors, which determine dynamic properties of signaling
between neurons in the brain. It has been shown that the rate of vesicle recruitment is accelerated by strong synaptic activity. An elevated
concentration of calcium ions in the presynaptic terminal ([Ca 2�]i ) has been proposed to be responsible for this effect. However, the
precise relationship between [Ca 2�]i and recruitment has not been established yet, and the functional consequences of accelerated
recruitment during synaptic activity have not been quantified experimentally. To probe the intracellular Ca 2� dependence of vesicle
recruitment and to examine its functional role during trains of action potential (AP)-like stimuli, we monitored [Ca 2�]i and synaptic
responses simultaneously with paired recordings at the calyx of Held synapse. We found that a distinct, rapidly releasing vesicle pool is
replenished with a rate that increases linearly with [Ca 2�]i , without any apparent cooperativity. The slope factor for this increase is �1
pool/(�M�s). Blocking Ca 2�-dependent recruitment specifically with a calmodulin binding peptide revealed that the steady-state EPSCs
during 100 Hz AP-like trains were maintained through this Ca 2�-dependent recruitment mechanism. Using a simple model of vesicle
dynamics, we estimated that the recruitment rate accelerated 10-fold during the steady-state compared with the rate at resting [Ca 2�]i.
We could also demonstrate an approximate sixfold increase in release probability (facilitation) during the initial 5–15 AP-like stimuli of
such trains in our experimental condition, regardless of EPSC depression.
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Introduction
Synaptic strength is determined by the product of quantal size,
the number of release-ready vesicles, and the probability that a
given vesicle is being released during a presynaptic action poten-
tial (AP) (Katz, 1969). These parameters can be modulated dy-
namically in a short time window (tens of milliseconds to several
minutes), and such modulation causes short-term synaptic plas-
ticity (von Gersdorff and Borst, 2002; Zucker and Regehr, 2002).

Vesicle depletion is thought to be the dominating mechanism
for short-term synaptic depression during high-frequency stim-
ulation at excitatory synapses, such as hippocampal neurons
(Rosenmund and Stevens, 1996), the calyx of Held (von Gers-
dorff et al., 1997; Weis et al., 1999; Wu and Borst, 1999), and
other synapses (Model et al., 1975). However, it has been recog-
nized that depressed steady-state release during high-frequency
stimulation is much higher than expected on the basis of the

relatively slow recovery from depression after spike trains (Ku-
sano and Landau, 1975; Glavinovic and Narahashi, 1988; Neher,
1998; Zucker and Regehr, 2002). To account for the discrepancy
between the observed and the expected steady-state release, an
acceleration of the recruitment was postulated as either a conse-
quence of the preceding release (Worden et al., 1997) or, more
specifically, a consequence of elevated intraterminal Ca 2� con-
centration ([Ca 2�]i) (Gingrich and Byrne, 1985; Dittman and
Regehr, 1998; Stevens and Wesseling, 1998; Wang and Kacz-
marek, 1998). Such mechanisms are able to describe many fea-
tures of short-term plasticity (Dittman and Regehr, 1998; Saviane
and Silver, 2006). However, underlying models make untested
assumptions about some of the parameters such as the [Ca 2�]i

time courses, pool sizes, and release probabilities, because these
parameters were experimentally inaccessible or difficult to mea-
sure directly at presynaptic terminals of small size.

To test such assumptions in the models, we chose a prepara-
tion with a large presynaptic terminal, the calyx of Held synapse.
This enabled us to voltage clamp presynaptic and postsynaptic
neurons simultaneously (Forsythe, 1994; Borst et al., 1995) and
to control and measure presynaptic [Ca 2�]i directly (Borst et al.,
1995; Helmchen et al., 1997). Quantitative analysis so far has
demonstrated that the vesicle pool at the calyx of Held is very
large and heterogeneous (fast-releasing and slow-releasing pool)
(Sakaba and Neher, 2001c; Wölfel and Schneggenburger, 2003)
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and that the majority of synchronous release (the release tightly
coupled to APs) is contributed by the fast-releasing vesicle pool
(Sakaba, 2006). Previous work has provided strong evidence for
Ca 2�-dependent acceleration of recovery from depression in the
fast-releasing pool or in the AP-evoked EPSCs (Wang and Kacz-
marek, 1998; Sakaba and Neher, 2001c). However, [Ca 2�]i was
not measured in these previous studies, and the precise relation-
ship between the rate of vesicle recruitment and [Ca 2�]i was not
established. In addition, it has not been determined whether
[Ca 2�]i would rise high enough and for sufficient time to explain
the enhanced vesicle availability during and after AP train stim-
ulation. In the present study, we examined the relationship be-
tween vesicle recruitment and [Ca 2�]i quantitatively by moni-
toring synaptic responses and [Ca 2�]i simultaneously. We found
that vesicle recruitment is enhanced linearly with the globally
averaged presynaptic [Ca 2�]i.

Materials and Methods
Electrophysiology and Ca2� measurement. Transverse brainstem slices
(180 –200 �m in thickness) containing the medial nucleus of the trape-
zoid body (MNTB) were prepared from 8- to 10-d-old Wistar rats, as
described previously (Borst et al., 1995; Neher and Sakaba, 2001). All
experiments were performed in accordance with local guidelines. The
standard extracellular solution contained the following (in mM): 125
NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 25 glucose, 25 NaHCO3, 1.25 NaH2PO4,
0.4 ascorbic acid, 3 myoinositol, and 2 Na-pyruvate (pH 7.4 when bub-
bled with 95% O2 and 5% CO2). During recordings, 1 �M TTX, 10 mM

tetraethylammonium (TEA)-Cl and 50 �M D-AP-5 were added to the
extracellular solution to isolate presynaptic Ca 2� currents and postsyn-
aptic AMPA-receptor-mediated EPSCs. In addition, 100 �M cyclothia-
zide and 2 mM �-D-glutamylglycine (�DGG) were included in the bath
solution to prevent desensitization and saturation of postsynaptic AMPA
receptors, respectively (Neher and Sakaba, 2001). A presynaptic terminal
(a calyx of Held) and the postsynaptic MNTB principal neuron were
simultaneously whole-cell clamped at �80 mV with an EPC10/2 ampli-
fier (HEKA Elektronik, Lambrecht/Pfalz, Germany) at room tempera-
ture (22–24°C). Presynaptic terminals were stimulated by either long-
lasting depolarization (10 or 50 ms) or trains of short pulses simulating
APs. Liquid junction potential was not corrected in this study. The pre-
synaptic patch pipette (4 – 6 M�) solution contained the following (in
mM): 135–140 Cs-gluconate, 20 TEA-Cl, 10 HEPES, 5 Na2-
phosphocreatine, 4 MgATP, 0.3 NaGTP, 0.1 fura-4F (Ca 2� indicator
dye), and 0.5 EGTA, pH 7.2; 0.5 mM EGTA was used to block facilitation
and to allow separation of fast- and slow-releasing components (Sakaba
and Neher, 2001a). In some experiments, the concentration of fura-4F
and EGTA was changed. The presynaptic series resistance was compen-
sated by 50 –90%. To activate presynaptic Ca 2� currents maximally, all
depleting pulses and second test pulses were preceded by a short (2 ms)
depolarization to �70 mV (see Figs. 1–5). The postsynaptic pipette (2– 4
M�) contained the same solution as the presynaptic pipette except that
EGTA was increased to 5 mM and fura-4F was omitted. The postsynaptic
series resistance (3–9 M�) was compensated electrically (uncompen-
sated resistance �3 M�), and the remaining resistance was further cor-
rected off-line. We obtained fura-4F from Invitrogen (Carlsbad, CA),
D-AP-5, cyclothiazide, and �DGG from Tocris Bioscience (Ellisville,
MO), and calmodulin binding domain (CBD) peptide (CAM kinase II
290 –309) from Calbiochem (La Jolla, CA).

Quantal release rates were estimated by our previously developed de-
convolution method, which corrects for a current component caused by
delayed clearance of glutamate from the synaptic cleft (Neher and
Sakaba, 2001). Release rates determined by deconvolution were inte-
grated to obtain cumulative release. To estimate the fast component of
release, cumulative release during 50 ms long-lasting depolarizations was
fitted with double exponentials after correction for immediate release of
the newly recruited vesicles at the end of the long depolarization (Sakaba
and Neher, 2001a; Wadel et al., 2007). In responses to test pulses, there were
some cases in which it was difficult to estimate the fast component reliably in

such a fit, because its contribution was small. In that case, fitting was per-
formed by fixing the time constant of the fast component to the same value
as obtained in the reference response. Pooled data are expressed as
mean � SEM. Statistical significance was determined by unpaired t test.

For ratiometric Ca 2� measurement, a monochromator (Polychrome
IV; TILL Photonics, Martinsried, Germany) was used to excite the Ca 2�

indicator dye fura-4F, and the fluorescence signal was measured with a
CCD camera (8 � 5 pixel binning, excitation at 350 and 380 nm, expo-
sure time of 2– 4 ms, cycle time of 20 ms; TILL Vision; TILL Photonics).
[Ca 2�]i was calculated from background-corrected fluorescence ratios
(F350/F380), using calibration procedures that combine in vitro measure-
ments of Rmax (limiting ratio at high [Ca 2�]i) in small glass cuvettes and
in-cell measurements of Rmin and Rint (limiting ratios at low [Ca 2�]i and
at an intermediate [Ca 2�]i respectively), as described previously (Grynk-
iewicz et al., 1985; Felmy et al., 2003). The estimated KD value of fura-4F
by in vitro measurements was 1.2 �M.

Dynamic model of the fast-releasing vesicle pool. Previous studies have
presented models of Ca 2�-dependent vesicle recruitment (von Ruden
and Neher, 1993; Dittman and Regehr, 1998; Smith et al., 1998; Weis et
al., 1999). Most of the studies assumed that [Ca 2�]i regulates vesicle
recruitment in a Michaelis–Menten-type manner (von Ruden and Ne-
her, 1993; Dittman and Regehr, 1998; Smith et al., 1998). To analyze the
[Ca 2�]i dependence of the fast-releasing vesicle recruitment in a limited
range of [Ca 2�]i, we consider a vesicle pool model similar to the “binding
site model” of Weis et al. (1999), in which a vesicle can bind reversibly to
a binding site A and thereby convert it to state B:

A

k1

O3
4O
k�1

B
��t	
O3 C . (1)

State B can release the vesicle in an irreversible reaction with probability
�(t) (per unit time, depending on [Ca 2�]i). It is assumed (but not shown
in the schema above) that a binding site in state A is regenerated imme-
diately on release.

Then the total number of binding sites nT is the sum of the number of
sites nA and nB, which are in state A and state B, respectively:

nT � nA � nB. (2)

We assume that k�1 (the backward rate from state B to state A) is con-
stant and that the recovery rate k1 has the following dependency on
[Ca 2�]i:

k1 � k1,b � k
Ca2�]i, (3)

where k1,b is the basal recovery rate at 0 [Ca 2�]i, k is a constant, and the
exponent n characterizes the cooperativity of the Ca 2� effect. The pur-
pose of this model is to arrive at an analysis procedure that would allow us
to derive the constants k and n from the data of this study.

In the absence of exocytosis [�(t) � 0], Scheme 1, together with Equa-
tions 2 and 3, lead to the differential equation for nB:

dnB

dt
� � k�1nB � �nT � nB	k1, (4)

which has the steady-state solution nB,0:

nB,0 � nT • k1/�k1 � k�1	. (5)

Together with

�b � 1/�k�1 � k1,b	, (6)

where �b is the time constant of recovery at 0 [Ca 2�]i, Equation 4 can be
written as

dnB

dt
� � ��b

�1 � k
Ca2�� i �nB � nB,0	. (7)
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This equation has a simple solution, when nB,0 is constant:

nB�t	 � nB,0 � �nB,1 � nB,0	e��
t1

t

��b
�1�k
Ca2�]i

n	dt, (8)

where [Ca 2�]i is a time-dependent quantity and nB,1 nB,0 is the number
of binding sites in state B at some fixed time t1.

nB,0 at the calyx of Held is always close to nT, as shown by the lack of
success in attempts to change nB,0 by changing basal [Ca 2�]i (Felmy et
al., 2003; Awatramani et al., 2005). Also, more detailed numerical anal-
ysis shows that only a small error is made by setting nB,0 to a fixed value
nT � 0.8 � nB,0 � nT compared with letting nB,0 vary as a function of
[Ca 2�] and k1. We therefore use Equation 8, assuming that k�1 is 0 (no
spontaneous loss of releasable vesicles in state B to state A) for simplicity
(Dittman and Regehr, 1998). This assumption means that, in the absence
of release, the occupancy of the release sites at steady-state [k1/(k1 � k�1)]
is 1 (Eq. 5). There are some indications that actually not all the release
sites are release ready or occupied by release-ready vesicles (Sakaba et al.,
2002; Zucker and Regehr, 2002). In fact, the size of the fast-releasing pool
at the calyx of Held can be increased by an elevation of cAMP by 30%
(Sakaba and Neher, 2001b; Kaneko and Takahashi, 2004). This means
that, at normal cAMP levels, the relative occupancy of the release sites
may not be higher than �0.75. However, previous attempts to modulate
the releasable pool size at the calyx of Held synapse by changing basal
[Ca 2�]i failed (Felmy et al., 2003; Awatramani et al., 2005). This finding
is in contrast to the case of chromaffin cells, in which the pool size is not
constant but rather is augmented by Ca 2�-dependent overfilling (von
Ruden and Neher, 1993; Smith et al., 1998). However, if the occupancy in
the calyx synapse is originally high at rest (�0.75), any expected increase
by raising [Ca 2�]i is small and might not be detectable. Considering
these findings together, we can conclude that the resting occupancy of
release sites at the calyx of Held synapse is constant and high enough (at
least �0.75) that our assumption regarding the occupancy in the model
calculation is a reasonable approximation. Calculations with a more
complicated model, which explicitly allows for partial occupancy of re-
lease sites at rest (model not shown), indicate that conclusions regarding
the steepness of the Ca 2� dependence of recruitment are not changed as
long as occupancy is in the range of 0.8 and higher.

For studying recovery of the fast-releasing pool after a strong pool-
depleting stimulus, we introduce the quantities

F�t	 � nB�t	/nB,0 and F1 � nB,1/nB,0, (9)

as the fractional relative pool sizes at time t and t1, respectively (t1 is the
time shortly after the end of the pool-depleting pulse). With Equation 8,
we obtain, after taking logarithms,

ln�1 � F�t		 � ln�1 � F1	 ��
t1

t

�b
�1dt � k�

t1

t


Ca2�]i
ndt.

(10)

After rearranging, we reach the equation

ln� 1 � F1

1 � F�t	� �
�t � t1	

�b
� k�

t1

t


Ca2�]i
ndt , (11)

for plotting data of Figure 3. For most experiments, F1 � 0 (that means
complete depletion of fast-releasing vesicle pool at t1). In the experiment
of 12 mM EGTA/6 mM Ca 2� condition, it was usually difficult to deplete
the pool completely (Sakaba and Neher, 2001c). In that case, we esti-
mated F1 (remaining fraction of the fast pool after a first stimulus) ap-
proximately by extrapolating the exponential fit of the recovery time
course to time 0 or by simulating the recovery time course with Equation
7 and the recorded [Ca 2�]i signal in each cell pair. F1 typically ranged
between 0 and 0.2. We also calculated for each pulse pair the F value at the

time of a second pulse (the test pulse), which is the fractional pool size
(the amplitude of the fast-releasing component of the second stimulus
relative to that of a control pulse). In Equation 11, the first term on the
right side corresponds to the contribution of Ca 2�-independent recov-
ery, and we can subtract it from ln{(1 � F1)/(1 � F(t))}. For convenience,
we term this subtracted value [i.e., ln{(1 � F1)/(1 � F(t))} � (t � t1)/�b]

“index of recovery” and plot this quantity against�
t1

t
Ca2��n
idt, where the

integration extends from t1 to the beginning of the second pulse. Accord-
ing to the Equation 11, we should then obtain a straight line with slope k.
This, of course, is only valid if we have selected the correct n value. We,
therefore, performed these plots with n � 1, 2, and 3 and examined which
of the exponents resulted in the plot most consistent with the expectation
of a straight line. In all these analyses and simulations, we use �b � 10 s, a
value found experimentally for pool recovery in the presence of 10 mM

EGTA (see Results).

Results
Short depolarizing pulses cause small Ca 2� transients and
slow recovery
The calyx of Held synapse has two kinetically distinct compo-
nents of release. Fast-releasing vesicles (�1500 vesicles), which
are released within �3 ms when the presynaptic cell is depolar-
ized to the potential of maximum calcium inward current, and
slow-releasing vesicles, which have �10-fold slower release ki-
netics (Sakaba and Neher, 2001c). The fast-releasing pool recov-
ers after depletion in a Ca 2�-dependent manner (Wang and Kac-
zmarek, 1998; Sakaba and Neher, 2001c). This recovery process
of the fast-releasing pool has been shown to reflect recruitment of
synaptic vesicles to sites in close proximity to presynaptic Ca 2�

channels (Wadel et al., 2007) (but see Wölfel et al., 2007), and
these fast-releasing vesicles have been shown to contribute most
of the synchronous release during presynaptic APs (Sakaba,
2006). Therefore, we mainly focused on the fast-releasing vesicle
recruitment when trying to uncover mechanisms of Ca 2�- or
activity-dependent modulation of vesicle availability in this
study.

To assess the time course of recovery of the fast-releasing ves-
icles, we used a paired-pulse stimulation protocol while monitor-
ing EPSCs and presynaptic [Ca 2�]i. It should be noted that, in
this study, spatially averaged or global [Ca 2�]i was measured, not
the local [Ca 2�]i in microdomains that is responsible for trigger-
ing secretion. Most of the experiments were performed in the
presence of 0.5 mM EGTA in the presynaptic patch pipette to
separate fast-releasing and slow-releasing component reliably
(Sakaba and Neher, 2001c), unless otherwise noted. First, we
applied a short pulse (10 ms depolarization to 0 mV) that elicited
an almost constant and maximal Ca 2� current (Fig. 1A). This
pulse length (10 ms) has been chosen long enough (approxi-
mately three times the time constant of the fast component of
release) to deplete the fast-releasing pool without releasing the
majority of slow-releasing vesicles (Sakaba and Neher, 2001c).
After a certain interstimulus interval (ISI) (500 ms in the case of
Fig. 1A), we applied a test pulse (50 ms depolarization to 0 mV) to
estimate the size of the fast-releasing pool at this ISI. The 50 ms
pulse depletes all the releasable vesicles (both fast-releasing
and slow-releasing vesicles) (Sakaba and Neher, 2001c,
2003a). The cumulative release was fitted by a double expo-
nential (for details, see Materials and Methods). The ampli-
tudes of the two components estimate pool sizes reliably, in-
dependent of release probability, which is reflected by release
time constants (Sakaba and Neher, 2001b; Lin and Faber,
2002). Single 50 ms depolarizing test pulses were given be-
tween paired pulses to obtain reference responses (Fig. 1 A, B,
dotted line). The cumulative release function of reference re-
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sponses had fast and slow components with average time con-
stants of 2.4 � 0.1 ms (52.9 � 1.4%) and 25.2 � 1.2 ms (n �
38), respectively. Enough time (30 – 60 s) was always allowed
between stimuli to guarantee complete recovery.

In the example of Figure 1, A and B, the presynaptic Ca 2�

transient peaked at �1 �M during the first pulse and then de-
cayed mostly within 30 – 40 ms during the ISI (Fig. 1A). The
EPSC elicited by the second stimulus had a much slower rise time
and was reduced by 58% in amplitude (Fig. 1B). Deconvolution
analysis (Fig. 1B, middle and bottom traces) revealed that the
cumulative release by the second stimulus had a severely reduced
fast component, which was only 3% of that of the reference re-
sponse in this cell pair. Average recovered fraction of the fast-
releasing vesicles is plotted against varied ISIs (Fig. 1C). The re-
covery time course could be fitted by a single exponential (� �
6.08 s), which is comparable with the recovery time course (� �
4 –5 s) obtained after low-frequency fiber stimulation in intact
terminals (von Gersdorff et al., 1997; Wang and Kaczmarek,
1998; Iwasaki and Takahashi, 2001). The simultaneously mea-
sured average Ca 2� transient (Fig. 1C) had a peak of �1 �M, and
the decay time course could be fitted with a double exponential
[fast time constant 39 ms (88%) and slow time constant 2.3 s].
The correlation between the presynaptic Ca 2� transient kinetics
and the recovery time course of the fast-releasing pool is not so
obvious. However, it should be noted that the recovery time
course is faster than the one in the presence of a high concentra-
tion of Ca 2� buffer (10 mM EGTA; see below), which clamps
volume-averaged presynaptic [Ca 2�]i to almost 0. Below, we will
show that this can be explained as a consequence of the small,
slowly decaying component of the Ca 2� transient. Also, close
inspection of the exponential fit to the recovery time course in
Figure 1C (inset) shows that the fit intercepts the y-axis at the
value of 0.11, which may represent fast recovery during the rapid
component of the Ca 2� transient.

Longer, fully depleting pulses cause rapid recovery
Next, we modified the previous paired-pulse protocol and pro-
longed the first 10 ms depleting pulse to 50 ms to elicit more Ca 2�

influx to the presynaptic terminal and to induce robust Ca 2�-
dependent acceleration of fast-releasing vesicle recruitment
(Sakaba and Neher, 2001c) (Fig. 2A). We varied ISIs of the two 50
ms pulses to assess the recovery time course (Fig. 2).

Figure 2, presented in the same format as Figure 1, shows an
example of the response to a stimulus pair at the same ISI of 500
ms as used in Figure 1. The rise time of the test EPSC in response
to the second depolarization is faster than the corresponding
EPSC of Figure 1B. The test EPSC has larger amplitude despite
the fact that obviously the first stimulus (50 ms) depleted the
vesicle pools deeper than the first pulse in Figure 1 (10 ms). The
deconvolution analysis showed that the fast component recov-
ered to 53.4% (relative to that of the first pulse), and a plot of this
quantity against ISI in Figure 2C revealed that the fast-releasing
vesicles recovered quickly during a few hundred milliseconds
after the first depleting depolarization. The slow component re-
covered very rapidly (data not shown), in agreement with the
previous studies (Sakaba and Neher, 2001c; Wadel et al., 2007).
The first 50 ms pulse elicited a presynaptic Ca 2� transient (Fig.
2A) much larger than that of the 10 ms pulse (Fig. 1A), and the
rapid component of the recovery time course mirrored the aver-
aged Ca 2� trace with its rising phase matching quite closely that
of the Ca 2� decay (Fig. 2C, inset). The recovery is rapid while
[Ca 2�]i is high, and proceeds at a slower rate after [Ca 2�]i has
returned to values near the resting [Ca 2�]i, in agreement with the

Figure 1. Short depolarizing pulses cause small Ca 2� transients and the slow recovery of the
fast-releasingpool. A,A10msshortdepolarizingpulseto0mV(precededbya2mspulseto�70mV)
was applied to a presynaptic calyx terminal to deplete the fast-releasing pool (release time constant,
2–3 ms). At 500 ms later, a test pulse (50 ms pulse to 0 mV preceded by 2 ms pulse to �70 mV) was
applied (solid line). The evoked EPSC was recorded from the postsynaptic cell (a principal cell of the
MNTB) at a holding potential of �80 mV and presynaptic [Ca]i was simultaneously measured (line
with circles). Presynaptic calcium currents (ICa) and EPSCs are also shown. A response to single un-
paired test pulse was used as a reference (dotted trace). B, Traces of EPSC, release rate, and cumulative
release (top to bottom) are shown for the same cell pair as in A. Dotted traces were calculated from a
reference EPSC obtained by a single unpaired test pulse. Solid traces were obtained by a test pulse
paired with a 10 ms short pulse at an ISI of 500 ms. C, Mean recovered fraction of the fast-releasing
component (left axis) was plotted against ISIs. Individual data points are averages from at least three
cell pairs and fitted with a single-exponential function (time constant, 6.08 s), slightly faster than its
Ca 2�-independent value (see Results). Error bars indicate SEM in this and subsequent figures. The
averaged trace of presynaptic Ca 2� transients (such as that in the middle panel of A) is plotted on the
same timescale (right y-axis, gray open circles). The decay of the averaged Ca 2� transient was fitted
with a double exponential [solid line, time constants of 39 ms (88%) and 2.3 s]. The inset shows a
magnified view for short ISIs.
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model described below (see Fig. 5A). The examples of Figures 1
and 2 also illustrate that, given the rapid sequestration of Ca 2�,
very strong stimuli are required to leave a prominent mark on the
recovery time course after the stimulus.

Relationship between presynaptic [Ca 2�]i and recovery
The results of Figures 1 and 2 demonstrate that recovery of the
fast vesicle pool is Ca 2� dependent. However, mere comparison
of data in Figures 1 and 2 does not allow one to distinguish a
recovery mechanism that involves only [Ca 2�]i as opposed to
several alternatives. For instance, the data of Figure 2 do not
exclude that more complete pool depletion itself, particularly
depletion of the slow component, is the cause for more rapid
recruitment (Wu and Borst, 1999). We therefore made additional
efforts to define the relationship between recruitment of rapidly
releasing vesicles and [Ca 2�]i more precisely. Specifically, we ex-
amined whether the relationship is of higher order (similar to the
one between synchronous release and [Ca 2�]i) or linear.

We performed experiments like those in Figure 1, in which we
clamped global [Ca 2�]i to almost 0 by using 10 mM EGTA or to
intermediate values (180 nM) by using a 12 mM EGTA/6 mM Ca 2�

mixture in the presynaptic solution. The recovery time courses in
these experiments could readily be fitted by single exponentials
with time constants of 10 s at 0 [Ca 2�]i and 3.4 s at 180 nM

[Ca 2�]i. The time constant of 10 s corresponds to the one of
Ca 2�-independent recovery (�b) (see Materials and Methods).
Combining these values with that from Figure 1C (� � 6.08 s at an
average [Ca 2�]i of 88.8 nM), one can see a clear trend in the
relationship between the inverse of the time constant of recovery
and [Ca 2�]i with a slope of 1.08 pools/(�M�s) (supplemental Fig.
1, available at www.jneurosci.org as supplemental material).
However, the relationship cannot be readily extended to higher
[Ca 2�]i values by this type of experiments, because substantial
release occurs when calyx terminals are dialyzed with high
[Ca 2�]i solutions during long-lasting whole-cell experiments,
exhausting their secretory capacity. We, therefore, explored a
wider range of [Ca 2�]i and the possibility of cooperativity of
Ca 2� action by manipulating the presynaptic [Ca 2�]i during
short episodes while recovery took place. The data were inter-
preted in terms of a simple vesicle pool model. In Materials and
Methods, we show that the simplest such model predicts a
straight line with a slope k when we plot a suitably defined index
of recovery [ln{1/(1 � F(t))} � (ISI/10 s)] against the time inte-
gral of [Ca 2�(t)]i

n. Here, F(t) is the fraction recovered at time t
after a pool-depleting pulse, as measured in Figures 1 and 2, and
the integral extends over the whole ISI.

To estimate the model parameters (a slope factor k and the
exponent n for cooperativity of Ca 2� action; see Equation 3 in
Materials and Methods) involved in Ca 2�-dependent vesicle re-
cruitment, first, the analysis mentioned above was applied to a
paired-pulse protocol similar to the one of Figure 1 for an ISI of
750 ms. According to Figure 1C, the recovered fraction at this ISI
is 0.185, which is small and almost indistinguishable from those
at smaller ISIs. To manipulate the presynaptic [Ca 2�]i during the
ISI, we then modified the protocol by adding various depolariz-
ing episodes of 250 ms lengths immediately after the first 10 ms
pulses (Fig. 3A), and we adjusted the potential of these episodes to
elicit small amounts of Ca 2� influx without eliciting new release.
This caused [Ca 2�]i to decay slower or to remain at a plateau level
for the entire 250 ms episode (Fig. 3A, middle traces). Corre-
spondingly, recovery of the rapidly releasing component was en-
hanced (Fig. 3B). In Figure 3C, we show the plot as described
above for different levels of depolarization (red circles). When-
ever we could observe release during the mild depolarization, the
data were excluded from the analysis.

The three panels of Figure 3C (red circles) plot the data ob-
tained for three values of the exponent n (1, 2, and 3). In each
case, the index of recovery, as defined above, is plotted against the

Figure 2. Longer pulses cause large Ca 2� transient and accelerate the rapid recovery of the
fast-releasing pool. The experimental protocol was the same as in Figure 1, except that the first
pulse in each pair pulse was prolonged to 50 ms and used as a reference (dotted trace). In C, the
data points, which represent the recovery time course, were fitted with a double-exponential
function. Fast time constant is 263 ms (56%), and slow one is 3.15 s. The [Ca 2�]i decay was
fitted with a double-exponential decay [black line; fast time constant, 154 ms (88%); slow time
constant, 2.1 s].
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time integral over the corresponding power of [Ca 2�]i. It is ap-
parent that the plot with n � 1 (topmost panel) shows the least
scatter around the straight line fit [slope k � 1.2 pools/(�M�s)].
We also superimposed values (Fig. 3C, black triangles) from the
50 ms double-pulse protocols of Figure 2, analyzed in exactly the
same way (from the data of ISI less than or equal to 500 ms), onto
those of Figure 3C. The plot with n � 1 again has the highest
correlation coefficient (r � 0.83) among these three plots. To
establish the Ca 2� dependence of recovery further, we also su-
perimposed in Figure 3C (blue squares) the indices of recovery
using the data of the experiment in which [Ca 2�]i was clamped to
�180 nM (12 mM EGTA/6 mM Ca 2�, ISI less than or equal to 750
ms). The values from the three different sets of experiments
matched only for n � 1, whereas there was strong divergence
between the experiments for n � 2 and even more so for n � 3
(Fig. 3C). This shows that only a linear relationship between the
rate of recovery and [Ca 2�]i can simultaneously describe the data
of the three types of experiment. The finding that EGTA effec-
tively slows down recovery of the fast pool further indicates that
this process is well described by global [Ca 2�]i, and not by do-
main [Ca 2�]i close to Ca 2� channels (Adler et al., 1991), because
EGTA would not be able to strongly affect the latter because of its
slow on-rate of Ca 2� binding (Smith et al., 1984; Naraghi, 1997;

Neher, 1998). Also, the data from the ex-
periment of clamping global [Ca 2�]i by
EGTA/Ca 2� mixtures is in line with the
data from the other protocols in which pre-
synaptic [Ca 2�]i was not clamped. Al-
though there were small variations be-
tween the experiments, the slope factor k
derived from these plots was between 0.96
and 1.3 pools/(�M�s) (Fig. 3C, top).

Ca 2� crossover experiments support a
linear relationship between recovery and
the integral of [Ca 2�]i

For a linear Ca 2� dependence, the recovery
from depletion should be independent of
the exact presynaptic Ca 2� transient wave-
form, as long as the integral of [Ca 2�]i is
similar. To confirm this expectation, we
designed two protocols that would yield
different Ca 2� transient waveforms in a
given cell pair but keep the integrals of
[Ca 2�]i constant. Both protocols were a
modification of the 10 ms short pulse pro-
tocol of Figure 1. In one of the traces of
Figure 4A, we applied a 10 ms depleting
pulse followed by a short and mild depolar-
ization (�36 to �24 mV, for 80 ms) (red
trace, protocol a), whereas in the second
one the 10 ms depleting pulse was followed
by a longer and weaker depolarization
(�40 to �29 mV, for 400 ms) (blue trace,
protocol b). Values for the depolarizations
were chosen to achieve near identity of the
integrals of [Ca 2�]i in the two cases, but
the [Ca 2�]i signals crossing over in the
middle of the “mild depolarization” epi-
sode (Fig. 4A, red trace a and blue trace b).
We examined recovery of the fast-releasing
pool at a fixed interval (ISI of 750 ms), such
that the contribution of Ca 2�-

independent recovery should be the same in both protocols.
We analyzed five experiments, similar to the one displayed in

Figure 4, A and B, in which the ratio of the integrated Ca 2�

transients between the two protocols was 1.05 � 0.05 (Fig. 4C).
The ratio of recovered fractions was also 1.05 � 0.04, despite the
fact that the shapes of the Ca 2� transients were quite different in
the two cases (Fig. 4C, gray bar). However, when [Ca 2�]i was
squared or cubed before being integrated, the integrals of the two
protocols were quite different. Figure 4C plots the ratios (integral
of [Ca 2�]i

2, 0.87 � 0.06; integral of [Ca 2�]i
3, 0.61 � 0.04; n � 5).

We conclude that the ratio of recovery perfectly matched that of
the integral of [Ca 2�]i but neither that of [Ca 2�]i

2 nor that of
[Ca 2�]i

3. Thus, the integral of presynaptic [Ca 2�]i, and not that
of [Ca 2�]i

2 or [Ca 2�]i
3, can explain recovery of the fast-releasing

component, regardless of the exact Ca 2� transient waveform.
It should be noted that, although the experiments above have

confirmed that the rate of Ca 2�-dependent recovery has a linear
relationship to global presynaptic [Ca 2�]i, calmodulin, which
putatively mediates the Ca 2�-dependent recovery at the calyx of
Held synapse (Sakaba and Neher, 2001c), has four Ca 2�-binding
sites with a geometric mean dissociation constant of �15 �M (Xia
and Storm, 2005). However, the affinity and cooperativity of cal-
modulin for Ca 2� can be modulated by various calmodulin-

Figure 3. Probing Ca 2� dependence of fast-releasing vesicle recruitment. A, The top trace shows the pulse protocol, which
consists of a 10 ms short pulse to 0 mV (preceded by a 2 ms pulse to �70 mV), followed by additional mild depolarization of
different amplitudes (�80 to �28 mV) for 250 ms. After repolarization to �80 mV for 500 ms, a test pulse was applied (fixed
ISI of 750 ms) to probe the filling state of the vesicle pools. As a reference, a response to an unpaired single test pulse was recorded
(dotted line). B, Traces of EPSC, release rate, and cumulative release from the same cell pair in A. The individual traces correspond
to those in A with the same color code. C, The index of recovery (see Materials and Methods) was plotted against the integral of
presynaptic [Ca 2�]i (top), that of presynaptic [Ca 2�]i

2 (middle), and that of presynaptic [Ca 2�]i
3 (bottom) (red open circles).

The values from the 50 ms double-pulse protocol of Figure 2 (black open triangles) and those from an experiment using 12 mM

EGTA/6 mM Ca 2� (blue open squares) are also included in this plot (values for ISIs less than or equal to 750 ms). The data points
were fitted by linear regression, and the estimated values for the slope k are specified with the same color code.
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binding proteins, so that it can be activated by a wide range of
physiological [Ca 2�]i (0.1–10.0 �M) with varying degrees of co-
operativity (Xia and Storm, 2005). We cannot address the exact
molecular mechanism of Ca 2� action in the present study be-
cause our approach measures only the overall relationship be-
tween [Ca 2�]i and the final output of the whole reaction, which
may involve various mechanisms and types of molecules. Possi-
ble target molecules of calmodulin include Munc13 proteins,
which have been shown to be involved in synaptic vesicle priming
(Augustin et al., 1999; Varoqueaux et al., 2002), to interact with
many other synaptic proteins (Betz et al., 2001; Martin, 2002),
and to have a calmodulin binding site (Junge et al., 2004).

The finding of a linear relationship between the rate of recov-
ery and [Ca 2�]i is valid between 50 nM and �1 �M, which is the
range of [Ca 2�]i values in our experimental protocols (Figs. 3, 4).
Linearity may not hold for larger [Ca 2�]i values. Indeed, previ-
ous measurements of release during long-lasting depolarization
or using flash photolysis indicated that steady-state release rates
at [Ca 2�]i �10 �M are rarely larger than 10 vesicles per millisec-
ond (Sakaba and Neher, 2001a; Lou et al., 2005). Assuming that
this release is limited by vesicle recruitment and that less than half
of the release is contributed by fast-releasing vesicles, we can
conclude that recruitment of these vesicles at high [Ca 2�]i should
not be faster than �5000 vesicles per second or 3.3 pools/s (taking
a pool of 1500 vesicles). Considering a Ca 2�-independent re-
cruitment rate (0.1 pools/s; see Results), a Michaelis–Menten
model with this limiting rate (maximum rate) and an initial slope
of 1 (�M�s)�1 would have a putative KD value of 3.2 �M.

Simulation of the recovery time course
Because we measured the presynaptic [Ca 2�]i time courses dur-
ing the ISI (Figs. 1, 2) and know the values of k1,b and k, the
recovery time course can be simulated by solving the differential
Equation 7 (see Materials and Methods) numerically. We com-
pared such simulations with the results of Figures 1 and 2 to test
the validity of our model. The values of k and k1,b were set to 1
pool/(�M�s) (Fig. 3C, top) and 0.1 pool/s, respectively. The step
size for the simulation was 10 ms, and [Ca 2�]i time courses were
approximated by double-exponential decays fitted to the average
measured Ca 2� decays of Figures 1C and 2C, as shown in Figure
5A, top, and B, top. The simulations could fit the experimental
data for both protocols without adjustment of any free parame-
ters (Fig. 5A, bottom, B, bottom, dotted lines). This confirms that
our model accurately predicts recovery time courses under vari-
ous experimental conditions with the same parameters. The thin
continuous lines in Figure 5 indicate the initial slope of recovery
for a Ca 2�-independent process with � � 10 s. It is clear that the
Ca 2�-dependent component of recovery has a dominating role
after the 50 ms pulse (Fig. 5A, bottom, inset), whereas it is less
prominent after the 10 ms pulse (Fig. 5B, bottom, inset). In par-
ticular, the Ca 2�-dependent recovery is �0.05 during the initial
fast phase of the Ca 2� decay in the 10 ms pulse.

Functional role of Ca 2�-dependent recovery during AP-like
stimulus trains
In the next series of experiment, we examined the functional role
of Ca 2�/calmodulin-dependent recovery of the fast-releasing
pool during a more physiological AP-like stimulation. To mimic
a physiological Ca 2� buffering capacity in presynaptic terminals
(Helmchen et al., 1997), the presynaptic patch pipette contained
only a low concentration of fura-4F (50 �M) and no EGTA in
these experiments. We applied a train of 40 AP-like stimuli (de-
polarization to �40 mV for 0.4 ms, followed by a 0.8 ms ramp to

Figure 4. Ca 2� crossover experiments confirm the linear relationship between recovery of the
fast-releasing component and the integral of [Ca 2�]i. A, The 10 ms short pulse protocol of Figure 3
was modified to obtain two different shapes of Ca 2� transients with similar integrals (areas). In
protocol a, a 10 ms pulse to 0 mV (preceded by 2 ms pulse to �70 mV) was followed by a short and
mild depolarizing pulse (�36 to �24 mV, for 80 ms) (red line). In protocol b, a weaker and longer
pulse (�40 to �29 mV, for 400 ms) was applied. The amplitudes were adjusted such that the two
Ca 2� traces would cross over with similar [Ca 2�]i integrals during the whole ISI (blue line). In both
protocols, a test pulse was applied 750 ms (ISI) after the cessation of the 10 ms pulse. As a reference, a
response to an unpaired 50 ms test pulse was recorded (dotted line). B, Traces of EPSC, release rate,
and cumulative release in response to the test pulses from the cell pair of A using the same color code.
C, Mean values for the ratios of recovery, the integral of [Ca 2�]i, that of [Ca 2�]i

2, and that of
[Ca 2�]i

3. For each quantity, the value obtained in protocol b was divided by that in protocol a. The
mean recovered fraction itself was quite similar between the protocols (0.36�0.02 in a, 0.38�0.03
in b; n � 5), and these values are much higher than expected for Ca 2�-independent recovery (0.75
s/10 s � 0.075). Individual data points are shown from five cell pairs. Values are given as mean �
SEM.

14292 • J. Neurosci., December 26, 2007 • 27(52):14286 –14298 Hosoi et al. • Ca2� Dependence of Vesicle Recruitment



�80 mV) at a frequency of 100 Hz. At 20
ms later, a depleting pulse (50 ms depolar-
ization to 0 mV preceded by 2 ms pulse to
�70 mV) was given to measure the re-
maining pool size (Fig. 6A). Substantial
depletion of the releasable pool and a rise
in presynaptic [Ca 2�]i is expected to occur
during the late part of the stimulus train.
Indeed, presynaptic [Ca 2�]i remained
high (�1 �M) between the 30th and the
40th EPSCs (Fig. 6A) (supplemental Fig.
2A, available at www.jneurosci.org as sup-
plemental material). Because 80% of fast-
releasing vesicles will be depleted after 20
stimuli at 100 Hz (Sakaba, 2006), the
Ca 2�-dependent enhancement of recovery
of the fast-releasing pool should be of ma-
jor importance for maintaining fast synap-
tic transmission. Consistent with this hy-
pothesis, the steady-state amplitude of
EPSCs was reduced when we blocked
Ca 2�-dependent recovery of the fast-
releasing component by introducing 20
�M CBD peptide via the presynaptic patch
pipette (Fig. 6A, compare insets in right
and left panels). To quantify the effect of
CBD (20 �M) on the steady-state EPSC
amplitudes, the cumulative peak EPSC
amplitude was plotted, and its slope be-
tween the 30th and 40th EPSCs was mea-
sured by a linear fit (Fig. 6B). The slope in
a given cell pair was normalized to the re-
spective putative pool size (measured as
the back-extrapolated value at time 0; see
Discussion) (Schneggenburger et al., 1999)
to cancel out variations of EPSC amplitude
between cells. CBD reduced the normal-
ized slope from 1.96 � 0.20 s�1 (n � 6) to
1.26 � 0.18 s�1 (n � 5; p � 0.05). The
finding that CBD did not block the steady-
state EPSCs completely can be explained
by a partial contribution of slow-releasing
vesicles to the release during the train
(Sakaba, 2006). CBD also strongly affected
the rising phase of the response evoked by a
depleting pulse after the train stimulation
(Fig. 6A, compare right and left panels).
This result indicates that CBD reduces the
contribution of the remaining fast-
releasing vesicles in the late train. The peak
release rate during the depleting pulse in a
given cell pair, as calculated by deconvolu-
tion, was divided by its total pool size
(measured by a single 50 ms pulse), and
averages of such normalized rates were cal-
culated. CBD decreased the normalized
peak release rate significantly (control,
0.044 � 0.002 ms�1; CBD, 0.026 � 0.003
ms�1; p � 0.01).

Meanwhile, CBD had little effect on
presynaptic Ca 2� currents (integral of ICa

evoked by single AP-like stimulus and sin-
gle 50 ms pulse: 1.17 � 0.14 and 66.57 �

Figure 5. Model simulation of recovery time courses for two different protocols with the same parameters. The recovery time
courses obtained in two different sets of experiment (Figs. 1, 2) were simulated with Equation 7 (see Materials and Methods).
Parameters k and k1,b were set to 1 and 0.1 pools/(�M�s), respectively. A and B are the 50 ms double-pulse experiment (Fig. 2) and
the 10 ms pulse experiment (Fig. 1), respectively. Double-exponentials fitted to the average measured Ca 2� decays in each
experiment were used for simulation (top row). Simulated traces are superimposed on the experimental results (bottom row). In
insets, a magnified view of the initial sections of each panel is shown, and thin line indicates contribution of Ca 2�-independent
recovery (�b � 10 s).

Figure 6. Ca 2�/calmodulin-dependent recovery maintains steady-state EPSCs in AP-like stimulus trains. A, Forty AP-like
stimuli (depolarizations from �80 to �40 mV for 0.4 ms and ramp to �80 mV for 0.8 ms, at 100 Hz) were applied to a
presynaptic terminal using patch pipettes filled with only 50 �M fura-4F and no other Ca 2� buffer. The train was followed by a
depleting pulse (0 mV for 50 ms after 2 ms prepulse to �70 mV) to measure the remaining releasable pool. An example of control
data are shown in the left. In the right, a calmodulin blocker (CBD, 20 �M) was included in the presynaptic patch pipette to block
recovery of the fast-releasing pool. The insets show EPSCs corresponding to the 30th to 40th stimuli (indicated by black horizontal
lines) at expanded scales. B, Plot of cumulative peak EPSC amplitude in control (open circles) and in the presence of CBD (filled
circles) from the same cell pairs as in A. Peak amplitude of a given EPSC was determined by taking the difference between its peak
value and the baseline value before each AP-like stimulus. Data points from 30th to 40th EPSCs were fitted with straight lines
(Control, thin line; CBD, thick line) to obtain slopes and y-intercepts (putative pool size).
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4.52 pC in the control, n � 6; 1.03 � 0.10 and 64.62 � 3.00 pC in
the presence of CBD, n � 5, respectively) or on the total pool size
of releasable vesicles measured by a single 50 ms pulse [supple-
mental Fig. 2B (available at www.jneurosci.org as supplemental
material), control, 3742 � 465 vesicles; CBD, 3510 � 502 vesi-
cles], as reported previously (Sakaba and Neher, 2001c). There
was no major difference between the averaged presynaptic
[Ca 2�]i time courses comparing control and CBD experiments
(supplemental Fig. 2A, available at www.jneurosci.org as supple-
mental material). These results indicate that the Ca 2�-dependent
recovery of the fast-releasing component is responsible for a large
fraction of steady-state EPSCs during 100 Hz AP-like train
stimulation.

Model calculations on the contribution of Ca 2�-dependent
recovery to synchronous release during train stimulation
To evaluate the contribution of Ca 2�-dependent recovery during
the train stimulation (Fig. 6) in a quantitative manner, we used
simulations on the basis of our simple vesicle pool model. For this
purpose, the differential Equation 7 (see Materials and Methods),
which holds only for ISIs without release, was extended by a term
�(t), which represents a time-dependent rate of release from the
fast-releasing pool:

dnB�t	

dt
� � ��b

�1 � k
Ca2��i
n	�nB�t	 � nB,0	 � ��t	.

(12)

Here, nB(t) is the vesicle content of the fast-releasing pool, nB,0 is
its steady-state value at rest (fast-releasing pool size), �b was fixed
to 10 s, and n was set to 1 for a linear Ca 2� dependence. Values for
nB,0 as well as for k were selected for each given cell to satisfy
certain requirements, as described below. �(t), the release rate
from the fast-releasing pool, is very similar to the synchronous
release component as defined by Sakaba (2006) (supplemental
data, available at www.jneurosci.org as supplemental material).
However, some fraction of synchronous release is also contrib-
uted by slow-releasing vesicles (Sakaba, 2006). We, therefore,
corrected synchronous release for this slow-releasing component
to obtain �(t) for the simulation, as described in supplemental
Figure 3 (available at www.jneurosci.org as supplemental mate-
rial) (see also Fig. 8). The presynaptic [Ca 2�]i time course was
approximated by linear interpolation of the measured [Ca 2�]i

time course in each cell pair.
With this simulation, we pursued three goals. Because the

model allows us to calculate the filling state of the pool at any time
during the stimulus train, we can ask which recruitment rate (and
indirectly which k value) leads to a constant pool size late in the
train. During this period, EPSC amplitudes are constant, which
means that release is exactly balanced by recruitment. Second, we
were interested in the dynamics of pool occupancy throughout
the train. Third, we can calculate release probability of fast-
releasing vesicles for each stimulus during the train. Another in-
teresting question is whether k values derived this way agree with
those of the previous experiments (Figs. 3, 5), in which the two
vesicle populations were separated kinetically by inclusion of
EGTA in the presynaptic medium.

The results of the simulation are shown in Figure 7. A shows
an example for the control case without CBD. The two traces in
the top show the experimental data (input data to the simula-
tion), which are an interpolated [Ca 2�]i trace and a release rate,
�(t). The bottom shows the results of the simulation, which com-

prise the filling state of the fast-releasing pool (nB) and the release
probability (P) per remaining vesicles (lines with symbols) (Fig.
7A). The latter values were calculated as discrete quantities for
each AP-like stimulus by dividing the decrements in nB, which are
the integrals of �(t) over the synchronous release episodes, by the
remaining pool sizes. The values of P after the 20th response are
averages of three each, to reduce their fluctuations, when release
becomes small later in the train.

At steady state, each AP-like stimulus “consumes” �20 vesi-
cles, which have to be replenished in the interval between stimuli.
We adjusted the k value for each given cell pair, such that recruit-

Figure 7. Model calculations on the synchronous release from the fast pool during train
stimulation. A, Model simulation of synchronous release out of the fast-releasing pool (see
Results). A typical example of control is shown. Top shows the measured synchronous release
rate from the fast-releasing pool after subtraction of the contribution by slow-releasing vesicles
and presynaptic [Ca 2�]i (broken line). These traces are used as inputs to the model. Bottom
shows the result of the simulation. The k value was adjusted so that recruitment balanced
release during the late 10 stimuli (red line). The black continuous trace represents the simulated
time course of nB (release-ready fast pool), and three arrows indicate the assumed 0 levels for
nB. These depend on the pool definitions (see Results; black broken arrow is a lower limit and
blue broken arrow is an upper limit). Lines with symbols give the release probabilities ( P) based
on the respective pool definitions, using the same color code. After the 20th response, the P
values were averaged over every three data points. Our best estimation of the pool size was
performed (green arrow) so that P would stay approximately constant during the late half of the
train (green line with circles). B, Averaged P between the cell pairs estimated by our best
estimation method for the control case and for experiments in the presence of CBD peptide.
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ment exactly balanced consumption during the last 10 stimuli
(Fig. 7A, bottom, red line). Besides the k value, our model has one
more free parameter, which is nB,0, the number of the fast-
releasing vesicles available at the start of the train. Depending on
the choice of nB,0, different nB values are reached at the end of the
train. Correspondingly, estimates for P are different because they
are derived as ratios of released vesicles divided by remaining
pool sizes. We considered two criteria for selecting nB,0. First, we
selected nB,0 such that the pool is completely emptied by the
depleting pulse after the 100 Hz train stimulation (Fig. 7A, bot-
tom, blue broken arrow). This choice is definitely an overestima-
tion for nB,0, because the decrement in pool size during the de-
pleting pulse includes a contribution from the slow pool.
Consequently, this assumption led to a slight decrease in release
probability toward the end of the train. We then explored another
limiting assumption, which is that the pool is completely emptied
by each stimulus when reaching the steady state (Fig. 7A, bottom,
black broken arrow). This, by definition, leads to P values close to
1 late in the train. In practice, the calculated P values were not
stable and fluctuated strongly because we had to form ratios be-
tween small fluctuating numbers. We therefore set the values to 1
when the P values became �1 or negative. The results of the P
calculations using the two assumptions are shown as black and
blue broken lines with different symbols (Fig. 7A, bottom). The
two estimates agree quite closely for the first 10 stimuli of trains,
as long as the remaining pool is large, and the small difference
between the two assumptions does not matter. Also, k values
compatible with the two assumptions agree closely. P values for
later stimuli, however, diverge between the two assumptions (Fig.
7A, bottom). We, therefore, chose as our “best” estimate for nB,0

the one that produced as constant P as possible in the late part of
the train (Fig. 7A, bottom, green arrow). This seems to be a rea-
sonable assumption given that both presynaptic [Ca 2�]i and
Ca 2� current are constant during this period (supplemental Fig.
2A, available at www.jneurosci.org as supplemental material)
(Fig. 6A) (ratio of 40th ICa peak to 20th ICa, 0.942 � 0.008 in
control, 0.928 � 0.004 in CBD). This best fit is shown as green
line with circles (Fig. 7A, bottom).

Figure 7B shows the averaged P obtained by our best estimate
method. We also performed a similar simulation for experiments
under CBD. In this case, the procedure for extracting �(t) from
experimental data are simpler (supplemental data, available at
www.jneurosci.org as supplemental material). In our simula-
tions, the average nB (the number of remaining vesicles) during
the last 10 stimuli is estimated to be 176 � 46 vesicles in control
and 73 � 9 vesicles in the presence of CBD. This difference is
ascribed to reduced vesicle recruitment, caused by CBD. In con-
trast, time courses of P are quite similar between control and
CBD, especially before the 10th stimulus, although P in the later
part of the train is relatively variable because of the small size of
EPSCs under this condition (Fig. 7B). P of a given vesicle shows
marked facilitation during the first few stimuli of a train and stays
high at least up to the 15th stimulus, although the evoked re-
sponses are depressing from the 10th stimulus onward (Figs. 6A,
7A). The increase in P parallels the increase in global [Ca 2�]i (Fig.
7A), thus demonstrating the influence of “residual calcium” on
facilitation (Katz and Miledi, 1968; Zucker and Regehr, 2002) in
quantitative terms. It should be mentioned that values of P up to
the 15th stimulus are only minimally influenced by the assump-
tion regarding the initial pool size (nB,0). The initial P value of the
experiments shown in Figure 7 is much lower (�0.03) compared
with other studies (Wu and Borst, 1999; Iwasaki and Takahashi,
2001; Meyer et al., 2001; Taschenberger et al., 2005). Part of this

difference may be attributable to the definition of the pool size
(Sakaba et al., 2002; Schneggenburger and Forsythe, 2006). Also,
AP-like stimuli in our protocols are relatively weak, leading to
EPSCs of only �1 to �5 nA amplitude [note that 2 mM �DGG
blocks EPSC amplitudes to one-third (Wadel et al., 2007)].

To learn about the contribution of Ca 2�-dependent recovery,
we also plotted nB,0 � nB(t), which corresponds to the number of
empty release sites (Fig. 8, blue traces). In the absence of any
recruitment, this number would be equal to the number of re-
leased vesicles. Therefore, the difference between this trace and
cumulative release of the corrected synchronous release (Fig. 8,
black traces) indicates the contribution of recruitment. In con-
trol, this component became substantial between the 10th and
the 15th response, increasing later in the stimulus train (Fig. 8,
top). At the 35th stimulus, the averaged contribution of recruit-
ment to the fast-releasing pool was 0.31 � 0.02 pools (n � 6). In
the presence of the CBD peptide, the two curves were almost the
same, indicating that the contribution of recruitment was much
less (Fig. 8, bottom).

Figure 8. Contribution of Ca 2�/calmodulin-dependent recovery in synchronous release
from the fast pool during train stimulation. Cumulative release of uncorrected synchronous
release (release from the fast and the slow pool, gray trace) and corrected one (release from the
fast pool, black trace) during 100 Hz AP-like stimulus train (for a description of the correction
procedure, see supplemental data, available at www.jneurosci.org as supplemental material).
To compare the result of simulations (Fig. 7) with these cumulative release traces, we plotted
the difference between the fast pool size (nB,0 ) and the number of occupied sites, nB( t), which
is equal to the number of free sites (that means the number of released vesicles without recruit-
ment). Red lines mark the sections during which this is constant, i.e., release is balanced by
recruitment (criterion of setting k value; see Fig. 7A). An example of control results is shown in
the top. These data are from the same pair as in Figure 7A. In the bottom, the result in the
presence of CBD was plotted in the same way as the top.
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On average (n � 6), the estimated k value was 1.08 � 0.13
pools/(�M�s), ranging from 0.73 to 1.5 pools/(�M�s) in control
and 0.23 � 0.07 pools/(�M�s) in the presence of CBD peptide.
The latter value reflects the blocking action of CBD peptide. The
value in control is quite comparable with the value obtained in
the previous experiments (Figs. 3, 5) (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). The esti-
mated values for the fast pool size in control (2675 � 491 vesicles)
ranged from 1530 to 4591 and in the presence of CBD (1760 �
203 vesicles) from 1020 to 2190. These values are within the
ranges obtained in previous studies (Sakaba and Neher, 2001a,c;
Sakaba, 2006), although the average was slightly larger in control
than in CBD (supplemental data, available at www.jneurosci.org
as supplemental material). From Equation 3 (see Materials and
Methods) with a k value of 1 and a global [Ca 2�]i of 1.5 �M

during the 100 Hz train stimuli (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material), we estimated that
the recruitment rate (k1) during the train increases up to 1.6
pools/s, which is 10 times higher than the one (0.14 pools/s)
estimated at a resting [Ca 2�]i of 0.04 �M (Helmchen et al., 1997).

It should be mentioned that the contribution of Ca 2�-
dependent recovery is not constant but dynamic because presyn-
aptic [Ca 2�]i develops progressively during a stimulus train
(Figs. 6, 8). Therefore, when the readily releasable pool is esti-
mated from the time 0 intercept of a line fit to cumulative EPSC
plot (Schneggenburger et al., 1999; Iwasaki and Takahashi, 2001),
absolute numbers of such estimates should be taken with caution
because, in that estimation, the recovery rate is assumed to be
constant during the period of back-extrapolation (Schneggen-
burger et al., 1999; Iwasaki and Takahashi, 2001).

Discussion
The steady-state neurotransmitter release during high-frequency
train stimulation reflects a balance between consumption of ves-
icles and the recruitment of new ones (Dittman and Regehr,
1998; Saviane and Silver, 2006). We performed several types of
experiments to investigate quantitatively the Ca 2� dependence of
recruitment. Based on a simple model of vesicle dynamics (see
Materials and Methods), we found that the recovery rate in-
creases linearly with global volume-averaged [Ca 2�]i without
any apparent cooperativity with respect to [Ca 2�]i (Figs. 3, 4).
The steepness of the Ca 2� dependence was also consistent with
the value estimated by the analysis of synchronous release from
the fast pool during a more physiological AP-like stimulus train
(Figs. 7, 8). Furthermore, our model can accurately explain the
recovery time courses of fast neurotransmitter release after stim-
ulation using various experimental protocols without any adjust-
ment of model parameters (Figs. 1, 2, 5). Using a selective blocker
of Ca 2�-dependent recovery (a calmodulin blocker, CBD), we
demonstrated experimentally that the Ca 2� dependence of the
recovery mechanism is essential for maintaining steady-state EP-
SCs during 100 Hz trains (Fig. 6). The model indicates that the
recruitment rate of vesicles from Equation 3 in the steady state is
accelerated �10 times above that at rest. Furthermore, the pool of
release-ready vesicles is depleted during such trains (Fig. 7),
whereas release probability of remaining vesicles increases.

Linear relationship between global presynaptic [Ca 2�]i and
vesicle recruitment
Transmitter release, facilitation, and posttetanic potentiation
(PTP), as well as the Ca 2�-dependent recovery of the vesicle pool
(examined in this study), are all strongly dependent on presyn-
aptic [Ca 2�]i (Zucker and Regehr, 2002). Among these mecha-

nisms, transmitter release has the highest degree of cooperativity
and nonlinearity in its dependency on Ca 2� (�4 –5) with a low
affinity (Meinrenken et al., 2003; Schneggenburger and Neher,
2005). This feature enables exocytosis to be triggered extremely
rapidly within microdomains of elevated [Ca 2�]i and to have
very high temporal resolution. Conversely, it has been reported
that facilitation and PTP have an almost linear relationship with
the volume-averaged global [Ca 2�]i (Felmy et al., 2003; Awatra-
mani et al., 2005; Habets and Borst, 2005; Korogod et al., 2005),
similar to the Ca 2� dependence of fast-pool recovery investigated
in this study. Whereas triggering of exocytosis occurs in the time
range of milliseconds or faster, the other three phenomena dis-
cussed here happen at a timescale of tens of milliseconds to sec-
onds (or even to several minutes for PTP). It is certainly advan-
tageous for these mechanisms to use the slowly changing global
[Ca 2�]i instead of the rapid local [Ca 2�]i signals for the purpose
of tracing the history of previous electrical activity. Furthermore,
the fact that release is steeply Ca 2� dependent with an onset �2
�M [Ca 2�]i (Bollmann et al., 2000; Schneggenburger and Neher,
2000), whereas Ca 2�-dependent vesicle recruitment is efficiently
augmented by global [Ca 2�]i at 0.5–2 �M (Figs. 3, 6), ensures
recovery to proceed effectively without loss of vesicles caused by
simultaneously occurring release. Nevertheless, it should be ap-
preciated that our experiments test recruitment only in a limited
[Ca 2�]i range and that the linearity, assumed in our model, may
not extend to higher [Ca 2�]i (as discussed in Results).

Comparison with other types of synapses
Ca 2�-dependent recovery from depression has been reported
not only at the calyx of Held synapse (Wang and Kaczmarek,
1998; Sakaba and Neher, 2001c) but also at a variety of other
synapses including the climbing fiber to Purkinje cell synapse in
the cerebellum (Dittman and Regehr, 1998), excitatory hip-
pocampal synapses (Stevens and Wesseling, 1998), and the rib-
bon synapse in the retina (Gomis et al., 1999). Recovery kinetics
from depression vary between different synapses with half-times
ranging from less than hundreds of milliseconds (Dittman and
Regehr, 1998; Wang and Kaczmarek, 1998; Moser and Beutner,
2000; Saviane and Silver, 2006) to several seconds (Stevens and
Wesseling, 1998; Gomis et al., 1999). This variability may reflect
distinct presynaptic [Ca 2�]i time courses in different synapses or
an intrinsically different speed of recovery.

Vesicle pool dynamics
The “releasable pool” of vesicles studied here (fast-releasing
pool) comprises �1500 –2000 vesicles, or three to four vesicles
per active zone, assuming that the calyx has 500 active zones
(Sätzler et al., 2002). In addition, there is a slow-releasing pool of
approximately equal size that recovers very rapidly (Sakaba and
Neher, 2001c). The combined size of these pools is much smaller
than the “recycling pool,” as measured by styryl dyes (�20,000
vesicles) (de Lange et al., 2003). Moreover, the time course of
endocytosis is much slower (on the order of seconds) (Wu et al.,
2005; Yamashita et al., 2005) than that of Ca 2�-dependent recov-
ery (on the order of hundreds of milliseconds) (Fig. 2). Therefore,
recycling and reuse of recently exocytosed vesicles may not be of
relevance for the stimulus protocols used here. Rather, we believe
that recruitment of vesicles occurs from a much larger pool of
vesicles in the terminal (the total number of vesicles is at least
70,000 vesicles) (Sätzler et al., 2002).

Recently, Wadel et al. (2007) showed that recovery of the fast-
releasing pool reflects the recruitment of synaptic vesicles to sites
in which Ca 2� channels are clustered and in which microdomain
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[Ca 2�]i near open channels reaches values of 10 –25 �M (Mein-
renken et al., 2003; Schneggenburger and Neher, 2005). It is not
clear, presently, whether the rate-limiting step in this recruitment
is a conversion of slow-releasing vesicles to fast-releasing ones
(i.e., bringing them closer to the channels) or the regeneration of
docking sites near the channels after a fusion event. In both cases,
one would expect the relevant processes to happen in regions of
high Ca 2� influx. Therefore, one would, indeed, expect local
domain [Ca 2�]i to be the appropriate parameter for describing
recruitment and not global [Ca 2�]i. However, [Ca 2�]i gradients
dissipate rapidly (less than a few milliseconds), whereas in most
of our experiments, vesicle recruitment happens slowly at times
between stimulations (�100 ms), when there are no prominent
[Ca 2�]i gradients. This might be different, however, during very-
high-frequency (�100 Hz) trains in the absence of Ca 2� indica-
tor dyes (it should be noted that the Ca 2� indicator dye in our 100
Hz stimulation experiments promotes [Ca 2�]i diffusion and ac-
celerates the collapse of [Ca 2�]i gradients).

Given the properties of Ca 2� dependence of recovery studied
here, we can estimate that the short transient elevation of [Ca 2�]i

after a single AP [�[Ca 2�]i, �400 nM; [Ca 2�]i decay time con-
stant, �100 ms; resting [Ca 2�]i, 40 nM (Helmchen et al., 1997)]
will refill �4% of the sites vacated by that AP, whereas the re-
mainder is recovered with an estimated time constant of �7 s.
Assuming that the single AP consumes �200 vesicles under the
physiological condition used by Helmchen et al. (1997) (Borst
and Sakmann, 1996; Schneggenburger et al., 1999; Taschenberger
et al., 2005), the rapidly refilled component corresponds to ap-
proximately eight vesicles. Steady-state release during low-
frequency trains of APs is therefore expected to drop with in-
creased frequency, because this slow recovery rate cannot keep up
with vesicle consumption (von Gersdorff et al., 1997). Above 10
Hz, however, presynaptic [Ca 2�]i transients will overlap and the
mean [Ca 2�]i level during the train was shown to increase almost
linearly with stimulation frequency (Helmchen et al., 1996). A
strictly linear relationship between recovery rate (k1) and [Ca 2�]i

together with this [Ca 2�]i buildup will therefore result in an
approximately frequency-independent amplitude of steady-state
EPSCs in the frequency range at which EPSC size is dominated by
vesicle recruitment. This expectation may well be part of the
explanation for a relatively broad plateau observed in the rela-
tionship between steady-state quantal content of the EPSC and
stimulation frequency (30 –100 Hz) (Taschenberger et al., 2005).
However, steady-state quantal output decreases at higher fre-
quencies (�100 Hz). In that case, one of the two linearities as-
sumed here (linear increase of mean [Ca 2�]i level during the
train against stimulus frequency, or linear relationship between
recovery rate and [Ca 2�]i) is probably not maintained. A satura-
tion of the vesicle recruitment rate in the upper range of a
Michaelis–Menten relationship, as mentioned in Results, might
therefore be an important factor determining the sustained re-
lease at higher frequencies. In climbing fibers of Purkinje cell
synapses (Dittman and Regehr, 1998), this limitation sets in al-
ready at 10 Hz.

In the calyx, the recruitment rate derived from the model
calculation (Equation 3) is �10 times higher during a 100 Hz
train than the recruitment rate at rest. The Ca 2�-dependent en-
hancement of vesicle recruitment, therefore, definitely is the
dominant mechanism for securing sustained release rates. Sur-
prisingly, the effect of this powerful mechanism of maintaining
release during short-duration trains can hardly be recognized in
the recovery after such trains, because presynaptic [Ca 2�]i after
short trains drops rapidly. It is therefore readily overlooked and

may well be present at other synapses. Vesicle recruitment during
sustained activity is not only modulated by Ca 2� but also by
cAMP (Sakaba and Neher, 2003b). We therefore believe that ves-
icle availability is an important regulatory element in synaptic
transmission.
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