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A dual-Ca21-sensor model for
neurotransmitterreleaseinacentralsynapse
Jianyuan Sun1,2, Zhiping P. Pang1, Dengkui Qin1, Abigail T. Fahim4, Roberto Adachi4 & Thomas C. Südhof1,2,3

Ca21-triggered synchronous neurotransmitter release is well described, but asynchronous release—in fact, its very
existence—remains enigmatic. Here we report a quantitative description of asynchronous neurotransmitter release in
calyx-of-Held synapses. We show that deletion of synaptotagmin 2 (Syt2) in mice selectively abolishes synchronous release,
allowing us to study pure asynchronous release in isolation. Using photolysis experiments of caged Ca21, we demonstrate
that asynchronous release displays a Ca21 cooperativity of ,2 with a Ca21 affinity of ,44 mM, in contrast to synchronous
release, which exhibits a Ca21 cooperativity of ,5 with a Ca21 affinity of ,38 mM. Our results reveal that release triggered in
wild-type synapses at low Ca21 concentrations is physiologically asynchronous, and that asynchronous release completely
empties the readily releasable pool of vesicles during sustained elevations of Ca21. We propose a dual-Ca21-sensor model of
release that quantitatively describes the contributions of synchronous and asynchronous release under conditions of
different presynaptic Ca21 dynamics.

Two modes of Ca21-triggered neurotransmitter release have been
described: fast synchronous release predominates in all synapses dur-
ing low-frequency action-potential firing1,2; slower asynchronous
release mediates synaptic transmission in some synapses during
high-frequency action-potential trains3–7, but remains a minor com-
ponent in other synapses1,2. Precise measurements of Ca21 triggering
of synchronous release were obtained in the calyx-of-Held synapse,
which allows simultaneous patching of pre- and postsynaptic neu-
rons, and enables monitoring of Ca21 currents and capacitance of
nerve terminals8–12. Such measurements revealed that the Ca21 sen-
sor for synchronous release exhibits an apparent cooperativity of ,5,
and an apparent Kd of ,10 or ,105 mM Ca21 (refs 11 and 12). In
vertebrate synapses, synaptotagmin 1, 2 and 9 (Syt1, Syt2 and Syt9)
function as Ca21 sensors for fast synchronous release13–18, exhibit a
binding stoichiometry of 5 Ca21 ions per molecule, and a micro-
molar Ca21 affinity (note that 12 other synaptotagmins are expressed
in the brain that do not function as Ca21 sensors for fast release). Of
Syt1, Syt2 and Syt9, Syt2 is a likely Ca21 sensor for synchronous
release at the calyx synapse because a mutation that decreases Syt2
levels impairs synchronous release from calyx terminals19.

In synapses with predominantly asynchronous release during
high-frequency action-potential trains, asynchronous release out-
competes synchronous release during the action-potential train3–7.
Measurements of asynchronous release suggested a higher apparent
Ca21 affinity, but the same Ca21 cooperativity as synchronous
release20,21. These properties would explain the ability of asynchron-
ous release to out-compete synchronous release during high-
frequency action-potential trains, because the accumulating residual
Ca21 in the train would trigger asynchronous release in the intervals
between action potentials at Ca21 levels at which synchronous release
cannot be induced. Consistent with this notion, Ca21 chelators such
as EGTA block asynchronous release during high-frequency action-
potential trains but have less effect on synchronous release3–6,22.
According to this view, synapses without predominantly asynchron-
ous release during high-frequency trains, such as the calyx synapse,
either lack asynchronous release, or have efficient Ca21 buffering and

Ca21 extrusion mechanisms that prevent accumulation of residual
Ca21 (refs 23 and 24). Moreover, the similar apparent Ca21 coopera-
tivity of synchronous and asynchronous release suggested that asyn-
chronous release could be a modification of synchronous release25,
indicating that there are no separate universal synchronous and
asynchronous release pathways24. Indeed, quantitative models of
release that are based on the assumption of a single Ca21 sensor are
widely applicable11,12. These models, however, are inaccurate at
low Ca21 concentrations; even a recently refined model that
proposes allosterically modulated release machinery with a single
Ca21 sensor is unable to accurately predict release rates at low
Ca21 concentrations25. Thus, at present, no accurate quantitative
model for neurotransmitter release is available. Evaluating asyn-
chronous release and generating an accurate quantitative model for
release is difficult because asynchronous release has primarily been
characterized in synapses that have a strong synchronous com-
ponent, which could have contaminated the measurements20,21,
and because the biophysical properties of asynchronous release
remain unknown. However, these questions have wide implications
for our understanding of synaptic transmission because an accurate
description of asynchronous release is required for any quantitative
model of synaptic transmission. We now provide such a description
in the calyx-of-Held synapse, and demonstrate that asynchronous
release represents a separate and distinct release pathway that is likely
to be universally present in synapses.

Syt2 knockout blocks synchronous release

Mice lacking Syt2 initially develop normally, but perish after post-
natal day 21 (P21). In the calyx-of-Held synapse, we detected no co-
expression of Syt1 with Syt2 at any time between P5 and P14, or of
Syt9 at P11 (Fig. 1a, and Supplementary Fig. 2). Moreover, we
observed no compensatory increases of Syt1 in Syt2-deficient calyces,
and found no overall change in protein composition (Fig. 1b, and
Supplementary Figs 2–4). Thus, calyx terminals express only one
(Syt2) of the three synaptotagmins (Syt1, Syt2 and Syt9) that serve
as Ca21 sensors for synchronous release18,19, presumably because Syt2
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is the fastest Ca21 sensor18 and the calyx synapse is specialized for
precise fast responses8,9.

To determine the effect of the Syt2 deletion on release, we exam-
ined brainstem slices from 7–9-day-old mice. Using cell-attached
patches on presynaptic calyx terminals, we induced a train of pre-
synaptic action potentials and measured postsynaptic responses by
whole-cell recordings. Strikingly, evoked synaptic responses in Syt2-
deficient terminals were small and delayed, with release being
increasingly triggered in the inter-stimulus intervals during the
stimulus train (Fig. 1c). These responses are consistent with the
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Figure 1 | Calyx synapses in Syt2-deficient mice. a, b, Immunofluorescence
analysis of brainstem sections from wild-type (a) and Syt2-deficient mice
(b) at P11 with antibodies to synapsins 1–3 (Syn; red; left panels) and Syt1 or
Syt2 (green; middle panels; Supplementary Fig. 2). Merged images are shown
on the right with coincident staining in yellow (scale bar, 10 mm, applies to all
panels; arrows, synapses). c, EPSCs recorded in response to 25 Hz action-
potential stimulation induced by a cell-attached presynaptic pipette
(Vm_patch, extracellular voltage in the patched area). The inset at the bottom
shows a superposition of wild-type and mutant traces.
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Figure 2 | Synaptic transmission evoked by isolated action potentials.
Postsynaptic voltage-clamp recordings of ESPCs evoked by afferent fibre
stimulation in wild-type (left) and Syt2-deficient calyx synapses (right) at the
indicated [Ca21]e in the presence of 50 mM AP-5. a, Representative EPSCs.
Boxed traces on right display scaled superimposed EPSCs to illustrate EPSC
kinetics. b, Double-logarithmic plots of EPSC amplitudes (left panel) or
EPSC charge transfer (right panel) as a function of [Ca21]e (mean 6 s.e.m.;
number of recordings/[Ca21]e: wild-type (WT), 5/0.3 mM, 6/0.5 mM,
6/0.7 mM, 14/2 mM, 5/10 mM; KO, 6/0.3 mM, 6/0.5 mM, 7/0.7 mM,
17/2 mM, 6/10 mM). c, Summary graphs of the rise times of EPSCs recorded
for the indicated [Ca21]e. For each Ca21 concentration, the bar depicts
mean 6 s.e.m.; dots next to the bar exhibit individual data points
(*, P , 0.05; **, P , 0.01; Student’s t-test).
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notion that, in the absence of Syt2 as the Ca21 sensor for synchronous
release, accumulating Ca21 during the stimulus train triggers asyn-
chronous release.

To characterize this asynchronous release, we induced presynaptic
action potentials by afferent fibre stimulations, and recorded excit-
atory postsynaptic currents (EPSCs) at different extracellular
Ca21 concentrations ([Ca21]e 5 0.3–10 mM). At 0.3–0.7 mM
[Ca21]e, wild-type and mutant terminals exhibited similar amounts
of release (Fig. 2a, b). At 2 mM and 10 mM [Ca21]e, however, Syt2-
deficient terminals displayed .10-fold smaller EPSC amplitudes and
charge transfers than wild-type terminals (Fig. 2a, b). Moreover, at
2 mM [Ca21]e (a nearly physiological concentration), Syt2-deficient
synapses were ,3-times slower in reaching the EPSC maximum
(Fig. 2c), and exhibited ,5-fold slower release kinetics (measured
as the time to achieve 50% synaptic charge transfer; wild-type
(WT) 5 4.9 6 0.7 ms; Syt2 knockout (KO) 5 26.8 6 1.7 ms (means
6 s.e.m.); P , 0.01; Supplementary Fig. 5). We conclude that deletion
of Syt2 severely impairs fast synchronous release in the calyx-of-Held
synapse, but leaves a slower, asynchronous form of Ca21-triggered
release intact. In addition, the deletion of Syt2, like that of Syt1 in
forebrain19, increased the frequency of miniature spontaneous release
events but did not alter the size and kinetics of these events
(Supplementary Fig. 6).

A potential concern is that, because the Syt2 knockout mice die
at P21–P24, the knockout neurons may not be healthy. However, at
P7–P14, when we analyse the Syt2 knockout mice, the knockout mice
are not visibly distressed, the protein composition of their brainstems
is not detectably altered (Supplementary Fig. 4), and the basic elec-
trical properties of the postsynaptic calyx neurons are not impaired
(Supplementary Table 1). Thus, the changes we observe in the knock-
out mice are probably specifically caused by the deletion of Syt2.

Ca21 currents and readily releasable pool size

In presynaptic terminals of the calyx of Held, action potentials gate
Ca21 influx via P/Q- and N-type Ca21 channels26,27. Because Syt1
interacts with Ca21 channels28–30, we tested whether deletion of the
highly homologous Syt2 impairs Ca21 channel function. We simul-
taneously patched presynaptic calyx terminals and postsynaptic
neurons in the presence of drugs that block action-potential pro-
pagation, AMPA(a-amino-3-hydroxy-5-methylisoxazole-propionic
acid)-receptor desensitization, and NMDA (N-methyl-D-aspartic
acid)-receptor activation. We then recorded presynaptic Ca21 cur-
rents and postsynaptic EPSCs in response to prolonged depolari-
zation (4 ms predepolarization from 280 to 180 mV followed by
50 ms depolarization to 120 mV)31. Deletion of Syt2 caused no
detectable change in the amplitudes of presynaptic Ca21 currents,
electrical charge transfer mediated by the Ca21 channels (integrated
over 100 ms), or the I/V relationship, suggesting that Syt2 is not
involved in regulating Ca21 channels (Figs 3a–3c, and Supplemen-
tary Figs 7 and 8).

The 50 ms depolarization in Fig. 3a depletes the readily releasable
pool (RRP) of vesicles by inducing a prolonged increase in intracel-
lular [Ca21]i (ref. 31). Postsynaptic recordings of synaptic responses
showed that deletion of Syt2 depressed the peak amplitude of the
depolarization-induced EPSC ,2-fold, slowed its rise time ,3-fold,
and increased its latency ,5-fold (Fig. 3d–f). However, the Syt2
deletion did not alter the total synaptic charge transfer induced by
the 50 ms presynaptic depolarization (Fig. 3g; integrated over 2 s).
Thus, deletion of Syt2 did not affect the size of the RRP, and asyn-
chronous release induces exocytosis of the entire RRP of vesicles in
the absence of Syt2, albeit with a slower time course.

To compare the size of the RRP in wild-type and Syt2 knockout
mice by an independent approach, we puffed a 2 M sucrose solution
onto the terminal for 1 s, and integrated the synaptic charge transfer
of the induced EPSCs over 2 s (Figs 3h, i, and Supplementary Fig. 9).
Again, no difference between wild-type and Syt2-deficient terminals
was detected. The absolute size of the RRP determined after sustained

depolarization was larger than the RRP size measured by puffing of
hypertonic sucrose (Fig. 3). This difference may be due to the distinct
measurement conditions used (ESPCs induced by depolarization but
not by sucrose were monitored in the presence of cyclothiazide as a
blocker of receptor desensitization); in addition, Ca21-dependent
mobilization of the RRP during the depolarization may have
increased its size during the monitoring period32.

Ca21 dependence of release

To characterize the Ca21 dependence of transmitter release at wild-
type and Syt2-deficient synapses, we determined the peak release
rates in calyx terminals as a function of the presynaptic intracellular
Ca21 concentration [Ca21]i. For Ca21 concentrations of ,1 mM, we
employed two methods: (1) injection of terminals via the patch
pipette with defined concentrations of Ca21 and Ca21 buffers, or
(2) with caged Ca21 (9 mM DM-nitrophen, 8.6 mM CaCl2, and vari-
ous Ca21 buffers) that is released by flash photolysis with a weak laser
pulse (Supplementary Fig. 10)11,12,33,34. For Ca21 concentrations
of .1 mM, we employed only the flash photolysis method with a
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Figure 3 | RRP size, Ca21 currents and release kinetics in Syt2-deficient
calyx synapses. a, Experimental protocol involving a 4-ms
predepolarization followed by a 50-ms depolarization (upper line), and
representative traces of presynaptic Ca21 currents (ICa

21) and postsynaptic
EPSCs (lower traces). The inset displays an expansion of the initial phase of
the EPSCs from wild-type (dotted line) and Syt2-deficient terminals
(continuous line; arrow 5 start of Ca21 current). Experiments were
performed by simultaneous pre- and postsynaptic voltage-clamp recordings
in calyx terminals at P7–P9 in 0.1mM tetrodotoxin, 0.1 mM cyclothiazide,
1 mM kynurenic acid and 50 mM D-AP5. b–g, Quantifications of
Ca21 current amplitudes (b), Ca21-current electrical charge transfer
(c, integrated over 100 ms), EPSC amplitudes (d), EPSC rise times
(e; 20–80%), EPSC latencies (f; from onset of Ca21 current to 10% of the
EPSC) and EPSC charge transfer (g; integrated over 2 s) induced by
sustained presynaptic depolarization. Data shown are mean 6 s.e.m. (WT,
n 5 12; KO, n 5 14). h, i, Representative traces (h) and summary graphs
(i; integrated over 5 s) of the electric charge transfer of synaptic responses
induced by 1-s applications of 2 M sucrose via a glass pipette positioned
,5 mm from the calyx (mean 6 s.e.m.; WT, n 5 10; KO, n 5 11).
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stronger laser pulse. Flash photolysis of caged Ca21 produces a rapid
and spatially uniform, defined rise in [Ca21]i, which we monitored
in situ in the terminals, using co-injected Ca21-indicator dyes.
To cover the entire range of Ca21 concentrations examined (0.1–
15 mM), we employed three different Ca21-indicator dyes (Fura-2,
Fura-4F and Fura-6F), and calibrated the Ca21 signals directly in the
calyx terminals (Supplementary Fig. 10). Finally, we quantified
vesicle exocytosis by deconvolution of evoked EPSCs, using a mea-
sured miniature EPSC waveform to calculate the release rates31 (see
Methods and Supplementary Materials).

We first elevated [Ca21]i to concentrations of 0.05–1.0 mM.
Increases of [Ca21]i to ,0.2 mM induced an enhancement in mini-
ature EPSC frequency but no clearcut evoked EPSCs (Fig. 4a). At
these Ca21 concentrations, release was slightly higher in Syt2-
deficient than wild-type synapses (Fig. 4e), presumably because
deletion of Syt2 increases the resting frequency of miniature EPSCs
(Supplementary Fig. 6). At [Ca21]i of 0.2–1.0 mM, wild-type and
Syt2-deficient synapses exhibited indistinguishable release rates,
independent of whether the [Ca21]i was constantly clamped with
Ca21 buffers, or acutely raised by photolysis of caged Ca21 with a
weak flash (Fig. 4, and Supplementary Fig. 11). Thus, as observed for
action-potential-induced release at low [Ca21]e (Fig. 2), deletion of
Syt2 does not impair release evoked at low [Ca21]i. This result sug-
gests that, even in wild-type synapses, release at low [Ca21]i is physio-
logically mediated by the asynchronous Ca21 sensor, a conclusion
that is consistent with previously described properties of release
induced by low [Ca21]i (ref. 35).

We next examined larger increases in [Ca21]i produced by flash
photolysis of caged Ca21. In wild-type neurons, a peak release rate of
,24 vesicles ms21 was evoked when [Ca21]i was elevated to 2mM
(Fig. 4c). The peak release rate steeply increased to ,1,750 vesi-
cles ms21 when [Ca21]i was raised to 9.2 mM, demonstrating a very
high Ca21 cooperativity (Fig. 4d). In Syt2-deficient synapses, con-
versely, a 2mM [Ca21]i rise caused release with a peak rate of 3.7 vesi-
cle ms21. Elevation of [Ca21]i to 10.5 mM only increased the release
rate to 31 vesicles ms21, revealing a ,50-fold lower release rate and a
much lower Ca21 cooperativity in Syt2-deficient synapses than in
wild-type synapses.

Figure 4e displays the Ca21 dependence of the peak release rate
obtained from 78 wild-type (open symbols) and 106 Syt2-deficient
terminals (filled symbols), plotted on logarithmic coordinates (see
Supplementary Table 2 for numerical values). Whereas at [Ca21]i of
,1 mM, the vesicular release rates are not decreased in Syt2-deficient
terminals, at [Ca21]i . 2 mM, deletion of Syt2 reduced the peak
transmitter release rate 10–50-fold compared to wild-type synapses.
In the most dynamic range of 0.7–5.0mM [Ca21]i, the relation of
the peak release rate to [Ca21]i follows a fifth power function
in wild-type terminals, but only a second power function in Syt2-
deficient terminals (Fig. 4e). At higher [Ca21]i, release saturates in
wild-type synapses, but not in knockout synapses. Thus, whereas
release triggered at [Ca21]i 5 0.2–1.0mM exhibits a similarly low
Ca21 cooperativity and magnitude in wild-type and Syt2-deficient
synapses, release triggered at [Ca21]i . 1 mM exhibits a dramatically
different Ca21 cooperativity and magnitude in wild-type and mutant
synapses.

A potential concern with a genetic study is that a compensatory
developmental change could lead to the expression of a non-
physiological Ca21 sensor in mutant synapses. However, release at
low [Ca21]i , measured with [Ca21]i raised by two different methods,
is indistinguishable between wild-type and Syt2-deficient synapses.
This fact argues strongly against such a developmental change in the
mutant terminals because such a change should have affected the
behaviour of Ca21-triggered release at all Ca21 concentrations.
Moreover, the good prediction of release in both wild-type and
mutant synapses by our quantitative model described below is incon-
sistent with such a change.

A dual-Ca21-sensor model of release

Previous Ca21 photolysis studies on calyx synapses prompted for-
mulation of a quantitative model of neurotransmitter release with a
single Ca21 sensor for release (referred to here as the ‘conventional
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and of 0.1 mM cyclothiazide in experiments in which release rates were
quantified by deconvolution (for example, panels c and d), and of 2 mM c-
DGG in experiments in which [Ca21]i was raised to .3 mM (for example,
panel d). Presynaptic [Ca21]i increases were achieved by photolysis of caged
Ca21 dialysed into the terminal, or by dialysis of buffered Ca21 at low
[Ca21]. [Ca21]i was monitored optically using three different Ca21-sensitive
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solid line also fits the wild-type responses at low [Ca21]i.
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one-sensor model’ )11,12. These models, however, were unable to
predict release at low [Ca21]i (Fig. 5a), presumably because this
release—as depicted in Figs 2 and 4—is primarily carried by the
asynchronous Ca21 sensor. Partly to remedy this problem, and partly
to account for the change in release induced by phorbol esters, an
allosteric model of release was proposed25 that improves prediction
of the Ca21 dependence of peak release rates (Fig. 5a). The allosteric
model, however, also postulates a single Ca21 sensor, and underes-
timates the time-to-peak rate at lower [Ca21]i (Fig. 5b). To formulate
a more accurate model, we developed a dual-Ca21-sensor kinetic

model that is based on the current information (Fig. 5c). This model
postulates that (1) synchronous release is triggered by Ca21 binding
to a Ca21 sensor with a Ca21 cooperativity of ,5, consistent with the
Ca21-binding properties of synaptotagmins; (2) asynchronous
release is triggered by Ca21 binding to an unidentified Ca21 sensor
with a Ca21 cooperativity of ,2 (Fig. 4); and (3) spontaneous release
occurs with an effectivity factor C to account for the change in
spontaneous release in synaptotagmin-deficient synapses17,19 (Sup-
plementary Fig. 6). The dual-Ca21-sensor model assumes that these
three release pathways compete with each other, and operate on the
same vesicle pools.

The dual-Ca21-sensor model allows a satisfactory description of
all of our Ca21 photolysis data, both of the Ca21 dependence of the
peak release rates and of the time-to-peak rate for wild-type and Syt2-
deficient synapses (Fig. 5a, b). Moreover, the dual-Ca21-sensor
model accurately predicts the kinetics of Ca21-dependent vesicle
release in wild-type and Syt2-deficient calyx synapses (Fig. 5d, e,
and Supplementary Fig. 13). The dual-Ca21-sensor model calculates
that synchronous release exhibits an apparent Ca21 affinity of
,38 mM, a Ca21 cooperativity of ,5, and an apparent kon rate of
a5 1.53 108 M21s21, and that asynchronous release exhibits a
similar apparent Ca21 affinity of ,44 mM, but a much lower
Ca21 cooperativity of ,2, and a ,50-fold slower kon rate of
x5 2.94 106 M21s21 (Fig. 5).

Our parameters for synchronous release are squarely in the middle
between the two previous estimates in calyx synapses11,12, but our
parameters for asynchronous release differ from previous sugges-
tions20,21, probably because previous suggestions were based on extra-
polations of asynchronous release in the continued presence of
synchronous release, which may have contaminated the estimates.
Although the dual-Ca21-sensor model thus reveals that asynchronous
release exhibits a relatively low apparent Ca21 affinity and release rate,
the model still predicts that asynchronous release is the major physio-
logical mode of synaptic transmission at low [Ca21]i because its lower
degree of Ca21 cooperativity renders asynchronous release more
effective at low [Ca21]i. At high [Ca21]i, conversely, synchronous
release dominates because the predicted kon for synchronous release
is ,100-fold higher than that for asynchronous release (Fig. 5).

Summary

Here we show that among synaptotagmin isoforms that act as
Ca21 sensors for synchronous release18, calyx terminals only express
Syt2 (Fig. 1, and Supplementary Fig. 2). We demonstrate that in calyx
terminals, Syt2 is essential for Ca21 triggering of fast synchronous
release (Fig. 2), but not for Ca21 influx or vesicle priming (Fig. 3).
Thus, Syt2—as suggested for Syt1 in forebrain synapses13—is
selectively required for Ca21 triggering of fast release in calyx-
of-Held synapses. We show that although asynchronous release
contributes little to action-potential-induced vesicle exocytosis in
wild-type calyx synapses at physiological [Ca21]i, asynchronous
release triggers exocytosis of the entire RRP on prolonged increases
in [Ca21]i in Syt2-knockout calyx synapses (Fig. 3). Therefore, syn-
chronous and asynchronous release act on the same vesicle pools.
Moreover, release at low [Ca21]i exhibits a similar magnitude and
Ca21 dependence in wild-type and Syt2-deficient synapses, suggest-
ing that release at low [Ca21]i is normally asynchronous, and that
asynchronous release does not change in the knockout mice.

Traditionally, asynchronous release is explained by three compet-
ing hypotheses: (1) asynchronous and synchronous release share
the same Ca21 sensor, but differ in the coupling of vesicles to
Ca21 channels, the state of the vesicles, and/or the Ca21-buffering
mechanisms involved24,25,36,37; (2) synchronous and asynchronous
release are mediated by the same Ca21 sensor but use different, allo-
sterically regulated vesicle pools38; or (3) different Ca21 sensors with
distinct properties mediate synchronous and asynchronous release13.
Clearly the distance between synaptic vesicles and Ca21 channels
is a major determinant of the vesicular release probability, and
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Figure 5 | A dual-Ca21-sensor model for neurotransmitter release. a, b, Fits
of the Ca21-photolysis data from wild-type and Syt2-deficient calyces for the
peak release rate (a) and time-to-peak rate (b) to the conventional 1-sensor
model11,12, the allosteric 1-sensor model25, the 2-sensor model, and the
2-sensor model with inactivation of the synchronous Ca21 sensor (see
Supplementary Materials and Supplementary Figs 10–13 for details; RRP is
set to 3,000 vesicles11,12). c, Reaction scheme. c1, c2, c3, rates of spontaneous,
synchronous and asynchronous release, respectively (defined as the fraction
of the RRP released per second); a and b, and x and d5 kon and koff for
Ca21 action for synchronous and asynchronous release, respectively; X0–X5
and Y0–Y2, Ca21-binding states of the Ca21 sensor for synchronous (X)
and asynchronous release (Y), respectively (note that X0Y0 5 RRP);
b, cooperativity factor11,12,34. The curve-fitting parameters were (only c1
differs between wild-type and knockout): a5 1.53 3 108 M21s21,
b5 5,800 s21, b 5 0.25; x5 2.94 3 106 M21s21, d5 130 s21, c1 5 0.417 3

1023 s21 in wild type and 2.23 3 1023 s21 in knockout; c2 5 6,000 s21;
c3 5 6,000 s21. c1 was measured experimentally, b and c2 were from ref. 11,
and c3 was assumed to be equal to c2 on the basis of the postulate that
Ca21 binding to the asynchronous and synchronous release Ca21 sensors
will trigger the same release rates because both empty the entire RRP. d, Local
[Ca21]i signal predicted by the Ca21-relaxation model (Supplementary Fig.
12) and transmitter release rates predicted by the dual-Ca21-sensor model in
wild-type (left) and Syt2-knockout calyces (right). Uppermost panels,
measured and predicted [Ca21]i (black, and blue or red, respectively);
middle panels, recorded EPSCs; lowest panels, vesicular release rates
deconvoluted from EPSCs (black), and predicted by the model (blue or red).
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differences in the Ca21 channel proximity of vesicles probably
contribute to the vesicles’ heterogeneity of release probabilities39.
Moreover, undoubtedly, different pools of vesicles exist and con-
tribute to the heterogeneity of release probabilities at a synapse.
Nevertheless, these differences are probably unrelated to the differ-
ences between synchronous and asynchronous release, but are rather
involved in regulating all release. Indeed, the following findings
suggest that synchronous and asynchronous release are caused by
independent mechanisms.
$ Synchronous and asynchronous release exhibit qualitatively dif-
ferent properties, as shown by the unexpectedly low Ca21 affinity and
distinctly low Ca21 cooperativity of asynchronous release, and by its
persistence after synchronous release was selectively eliminated on
deletion of Syt2 (Fig. 4).
$ Asynchronous release is independent of the proximity of synaptic
vesicles to Ca21 channels, because our flash photolysis experiments
produce a uniform increase in [Ca21]i that bypasses Ca21-channel
activation (Fig. 4).
$ Single-Ca21-sensor models11,12 adequately describe release at
higher [Ca21]i but are unable to account for release at low [Ca21]i.
Even the sophisticated allosteric model25 underestimates the time-to-
peak release rate at low [Ca21]i (Fig. 5b).
$ Release in wild-type and Syt2-deficient terminals is identical at
low [Ca21]i (Figs 2 and 4), suggesting that this type of release is
physiologically asynchronous. Moreover, asynchronous release
becomes apparent during high-frequency action-potential trains in
wild-type calyx synapses (Supplementary Fig. 14), consistent with
studies of the precise kinetics of individual EPSCs demonstrating
that asynchronous release in the calyx normally occurs even during
isolated action protentials40.

The definition of the biophysical properties of asynchronous, Ca21-
triggered release made it possible to formulate a quantitative model
for neurotransmitter release that probably applies to all synapses
(Fig. 5). Our model indicates that the Ca21 sensors for synchronous
and asynchronous release operate in competition with each other,
with the asynchronous Ca21 sensor being slower but able to bind
Ca21 at lower concentrations, whereas the synchronous Ca21 sensor
is faster with a higher Ca21 cooperativity. As a result, in this competi-
tion, the synchronous Ca21 sensor ‘wins’ during pulses of high
Ca21 concentrations, whereas the asynchronous Ca21 sensor prevails
during sustained phases of lower Ca21 concentrations (Fig. 5). Within
this framework, differences between synapses are primarily deter-
mined by which synaptotagmin isoform is being used as the
Ca21 sensor for synchronous release18, and by the accumulation of
residual Ca21 in the intervals between action potentials during stimu-
lus trains (that is, by the Ca21-buffering properties of a nerve ter-
minal)34–36,41. It is of interest here that, fittingly, the calyx terminals
with their exquisitely fast-release properties use as the synchronous
Ca21 sensor only Syt2, the fastest of the three Ca21 sensors18.

METHODS SUMMARY

Syt2-knockout mice were bred and genotyped as described17. Brain slices

(200mm) containing MNTB were prepared in a parasagital orientation from

P7–P9 mice (for double-patch or presynaptic cell-attached recording), or in a

transverse orientation from P10–P14 mice (for fibre stimulation and purely

postsynaptic recordings), and employed for single and/or double whole-cell

recordings of nerve terminals and MNTB neurons with presynaptic electrical

stimulation or stimulation by Ca21 uncaging or Ca21 dialysis, largely as

described11,12,31,38,42. Ca21 uncaging was achieved with an intense ultraviolet radi-

ation pulse from a frequency-tripled YAG-ND laser, and the resulting

Ca21 concentrations were measured in situ by ratiometric fluorescence imaging

of nerve terminals filled with Fura-2, Fura-4F, or Fura-6F (Supplementary

Fig. 10)34,43. Ca21 dyes were calibrated in situ. Release rates were calculated using

the Neher deconvolution program (http://www.mpibpc.mpg.de/groups/neher/

software/index.html) with a miniature EPSC size of 30 pA and a measured wave-

form31. We applied the different kinetic models to fit the data in our experiments

(Fig. 5a, b, and Supplementary Figs 11 and 13), with the conventional and

allosteric single-Ca21-sensor kinetic models simulated as described11,12,25

(Supplementary Fig. 13). In our dual-Ca21-sensor model, each vesicle in

the RRP can be released via three independent pathways (Fig. 5): (1) Ca21-

independent fusion in the spontaneous mode, that is, direct exocytosis of vesicles
from the RRP with a release rate of c1. An effectivity factor (C) to account for the

change in spontaneous release rate in Syt1- and Syt2-deficient synapses was

included; (2) synchronous Ca21-evoked fusion mode triggered by full occu-

pancy of the five binding sites of the synchronous release Ca21 sensor12,25; or

(3) asynchronous Ca21-evoked release triggered by occupancy of two Ca21-

binding sites of an unidentified Ca21 sensor.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Syt2-knockout mice. Syt2-deficient mice were bred and genotyped as

described17 (see Supplementary Materials for detailed methods). All analyses

were performed on littermate offspring from heterozygous matings (‘wild-type

mice’ refers to those that are homo- or heterozygous for the wild-type allele).

Slice electrophysiology. All experiments involved postsynaptic whole-cell

recordings with an Axopatch 200B amplifier (Axon Instruments). Presynaptic

whole-cell recordings were obtained with an EPC-9 amplifier (HEKA). The pre-

and postsynaptic series resistances (,15 MV and 7 MV) were compensated by

60% and 98% (lag 10ms), respectively. Both pre- and postsynaptic currents were
low-pass-filtered at 5 kHz and digitized at 20 kHz. Six recording configurations

were employed (see Supplementary Materials for details): (1) Presynaptic cell-

attached current injections to induce presynaptic action-potential trains with

postsynaptic whole-cell recordings that monitor the evoked EPSCs (Fig. 1c).

Stimulations were applied as 40 presynaptic current injections of 1 nA for 3 ms

at 50 Hz. (2) Presynaptic afferent fibre stimulations with postsynaptic whole-cell

voltage-clamp recordings (Fig. 2). Stimuli were applied with a bipolar electrode

delivering 3–30 V for 0.1 ms. (3) Double-patch recordings by simultaneous pre-

and postsynaptic whole-cell voltage-clamp recordings to measure the presynap-

tic RRP and Ca21 currents (Figs 3a–g). Stimulations consist of a presynaptic 4 ms

predepolarization to 70–80 mV, followed by 50 ms depolarization to 20 mV. (4)

Sucrose stimulation with postsynaptic whole-cell voltage-clamp recordings to

measure the RRP (Fig. 3h, i). Stimulation involves puffing 2 M sucrose in bath

solution onto the target terminal with a pipette that is located about 5 mm from

the calyx. (5) Double-patch experiments for simultaneous measurements of

presynaptic [Ca21]i and postsynaptic ESPCs with manipulation of the pre-

synaptic [Ca21]i (Fig. 4). Stimulations were effected either by dialysis of Ca21-

containing solutions into the terminal via the presynaptic pipette (Fig. 4e, and
Supplementary Fig. 11a, b), or by flash photolysis of DM-nitrophen/Ca21(Fig. 4,

and Supplementary Fig. 11c). Release rate was estimated by deconvolution31. (6)

Mini recordings (Supplementary Fig. 6 and Supplementary Methods).

All recordings were performed in the presence of 50 mM D-AP5 in the bath; in

addition, for the double-patch experiments in (3) and (4), we added 0.1 mM

cyclothiazide and 1 mM kynurenic acid or 2 mM c-DGG when strong flash

photolysis was given, resulting in [Ca21]i of .3 mM, in which case the obtained

EPSCs were multiplied by 2 because control experiments determined that 2 mM

c-DGG decreased the EPSC amplitude twofold.

Ca21 uncaging and Ca21 imaging. The Ca21-uncaging and Ca21-imaging

setup (Supplementary Fig. 5a) used an intense ultraviolet radiation pulse from

a frequency-tripled YAG-ND laser (355 nm, Surelite I, Continuum) for

Ca21 uncaging. Ca21 concentrations were measured in situ by ratiometric

fluorescence imaging of nerve terminals filled with Fura-2, Fura-4F or Fura-6F

(refs 34, 43). Ca21-indicator dyes were excited with an ultraviolet light source at

340 nm and 380 nm (energy #175 W) using a monochromator (DG-4, Sutter

Instrument). The laser pulse was coupled into the epifluorescence port of an

Axioskop and combined with the ultraviolet light using a beam-splitter (custo-
mized 90%T/10%R for 355 nm with a bandwith of ,10 nm, Chroma Tech).

Both ultraviolet beams were collimated to optimize the intensity on the targeted

terminal. A charge-coupled device camera (ORCA-ER) with on-chip binning

was used to capture infrared images (300 3 300 pixels) and Ca21 images

(19 3 19 pixels) of the terminal (Supplmentary Fig. 9b, c). The fluorescence in

the measuring area with background fluorescence subtraction (off-line) was used

to calculate the [Ca21]i. Images were captured using MetaFluor software and

analysed by IgorPro (Wavemetrics). For in vivo calibration of Ca21-indicator

signals, we introduced Ca21 indicators with an intracellular K-gluconate pipette

solution into the terminal (see Supplementary Materials). For Fura-2 imaging,

we used exposure times of 30 ms (in photolysis experiments) and 100 ms (for

defined [Ca21] solution injection experiment) with a 2 Hz capture rate. For

Fura-4F and Fura-6F imaging, we used 10 ms exposure times with 2 Hz capture

rates before the flash, and 10–30 Hz capture rates after the flash. Ca21 relaxation

rates were modulated by the ultraviolet-light-illumination during the ratio-

metric Ca21-imaging procedure, which was thus adjusted to maintain stable

Ca21 levels (see Supplementary Materials).

Data processing and modelling. Release rates were calculated using the Neher
deconvolution program (http://www.mpibpc.mpg.de/groups/neher/software/

index.html) with a mEPSC size of 30 pA and a measured waveform31.

Modelling. We applied different kinetic models to fit the data in our experiments

(Fig. 5a, b). The conventional one-Ca21-sensor kinetic model and the allosteric

one-Ca21-sensor kinetic model were simulated as described11,12,25 (see Supple-

mentary Fig. 13 legend). In our dual-Ca21-sensor model, each vesicle in the RRP

can be released via three independent pathways: (1) Ca21-independent fusion

in the spontaneous mode, that is, direct exocytosis of vesicles from the RRP

with a release rate of c1. An effectivity factor (C) to account for the change in

spontaneous release rate in Syt1 and Syt2-deficient synapses was included. (2)

Synchronous Ca21-evoked fusion mode triggered by full occupancy of the five
binding sites of the synchronous release Ca21 sensor12,25. (3) Asynchronous

Ca21-evoked release triggered by occupancy of two Ca21-binding sites of an

unidentified Ca21 sensor. The Ca21-binding states can be defined by XnYm(t),

where Xn represents the state in which n binding sites of the Ca21 sensor for

synchronous release have been occupied (n 5 0–5), and Ym the state in which m

binding sites of the Ca21 sensor of asynchronous release have been occupied

(m 5 0–2). a and b represent the binding and dissociation constants, respec-

tively, of the Ca21 sensor for synchronous release; x and d the binding constants

for asynchronous release, respectively, b is the cooperativity factor, and t is the

time34. Note that X0Y0(0) 5 RRP. The kinetics of Ca21-binding states can be

described as (Fig. 5c):

when 0 , n , 5,0 , m , 2,

d(XnYm)/dt 5a3 (5 2 n 1 1) 3 Xn 2 1Ym 3 [Ca21]i 1b3 bn 3 (n 1 1) 3

Xn 1 1Ym 2 a3 (5 2 n) 3 XnYm 3 [Ca21]i 2b3 bn21 3 n 3 XnYm 1

x3 (2 2 m 1 1) 3 XnYm 2 1 3 [Ca21]i 1 d3 bm 3 (m 1 1) 3 XnYm 1 1 2

x3 (2 - m) 3 XnYm 3 [Ca21]i 2 d3 bm21 3 m 3 XnYm

when n 5 0, m 5 0,

d(X0Y0)/dt 5b3 X1Y0 2 5 3a3 X0Y0 3 [Ca21]i 1 d3 X0Y1 2

2 3x3 X0Y0 3 [Ca21]i 2 c1 3 X0Y0

when n 5 5,

d(XnYm)/dt 5a3 (5 2 n 1 1) 3 Xn 2 1Ym 3 [Ca21]i 1

b3 bn 3 (n 1 1) 3 Xn 1 1Ym 2a3 (5 2 n) 3 XnYm 3 [Ca21]i 2

b3 bn21 3 n 3 XnYm 1x3 (2 2 m 1 1) 3 XnYm 2 1 3 [Ca21]i 1

d3 bm 3 (m 1 1) 3 XnYm 1 1 2x3 (2 2 m) 3 XnYm 3 [Ca21]i 2

d3 bm21 3 m 3 XnYm 2 c2 3 (XnYm)

when m 5 2

d(XnYm)/dt 5a3 (5 2 n 1 1) 3 Xn 2 1Ym 3 [Ca21]i 1b3 bn 3

(n 1 1) 3 Xn 1 1Ym 2 a3 (5 2 n) 3 XnYm 3 [Ca21]i 2b3 bn21 3

n 3 XnYm 1x3 (2 2 m 1 1) 3 XnYm 2 1 3 [Ca21]i 1 d3 bm 3

(m 1 1) 3 XnYm 1 1 2x3 (2 2 m) 3 XnYm 3 [Ca21]i 2 d3 bm21 3

m 3 XnYm 2 c3 3 (XnYm)

The total release within Dt:

fuse(t,Dt) 5 [c1 3 X0Y0 1 c2 3 (X5Y0 1 X5Y1 1 X5Y2) 1

c3 3 (X0Y2 1 X1Y2 1 X2Y2 1 X3Y2 1 X4Y2 1 X5Y2)] 3Dt

where,

spontaneous release 5 c1 3 X0Y0 3Dt

synchronous release 5 c2 3 (X5Y0 1 X5Y1 1 X5Y2) 3Dt

asynchronous release 5c33 (X0Y2 1 X1Y2 1 X2Y2 1 X3Y2 1 X4Y2 1 X5Y2)3Dt

Miscellaneous. Immunofluorescence labelling and immunoblotting experi-

ments were performed essentially as described19. All statistical analyses were

performed using Student’s t-test.
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