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Delayed release of neurotransmitter, also called asynchronous release, is commonly observed at synapses, yet its influence on transmis-
sion of spike information is unknown. We examined this issue at endbulb of Held synapses, which are formed by auditory nerve fibers
onto bushy cells in the cochlear nucleus. Endbulbs from CBA/CaJ mice aged P6 –P49 showed prominent delayed release when driven at
physiologically relevant rates. In bushy cells from mice before the onset of hearing (P6 –P12), spikes were driven by delayed release up to
100 ms after presynaptic activity. However, no such spikes were observed in bushy cells from mice after the onset of hearing (�P14).
Dynamic-clamp experiments indicated that delayed release can drive spikes in older bushy cells provided synchronous release is absent,
suggesting that activity normally suppresses these spikes. Application of apamin or �-dendrotoxin revealed late spikes in older bushy
cells, suggesting that postsynaptic activation of KV1.x and SK channels during spiking suppresses the subsequent effects of delayed
release. The developmental upregulation of these potassium channels would be highly adaptive for temporally precise auditory process-
ing. Furthermore, delayed release appeared to influence synchronous neurotransmitter release. Enhancement of delayed release using
strontium was correlated with lower firing probability in current clamp and smaller synchronous EPSCs in voltage clamp. EGTA-AM had
the opposite effects. These effects were consistent with delayed and synchronous release competing for a single vesicle pool. Thus delayed
release apparently has negative presynaptic and postsynaptic consequences at the endbulb, which are partly mitigated by postsynaptic
potassium channel expression.

Introduction
Delayed release is the stochastic fusion of synaptic vesicles that
continues for 100s of ms after the normal, synchronous EPSC
(Barrett and Stevens, 1972; Rahamimoff and Yaari, 1973; Goda
and Stevens, 1994; Atluri and Regehr, 1998). It is a major ques-
tion whether delayed release plays a computational role at syn-
apses, or whether it is a byproduct of synchronous release.
Delayed release has been suggested to play a role at inhibitory
synapses by enhancing a tonic component of inhibition (Lu and
Trussell, 2000; Best and Regehr, 2009). However, its role at exci-
tatory synapses is unknown, and could be very different. Delayed
release could directly trigger randomly timed spikes, or interact
with synchronous synaptic activity and modulate the timing of
spikes. This could affect processing in systems where the timing
of spikes encodes information, such as in the auditory system.

We considered the function of delayed release by focusing on
the auditory system. Activity in the auditory nerve (AN) would be
expected to be ideal for generating delayed release. AN fibers are
highly active for long periods (Kiang, 1965; Sachs and Abbas,
1974; Taberner and Liberman, 2005), which would lead to a
build-up of residual calcium, which drives delayed release (Zengel
and Magleby, 1981; Atluri and Regehr, 1998). AN fibers form syn-

apses, called “endbulbs of Held,” onto bushy cells (BCs) in the
cochlear nucleus (Lorente de Nó, 1981; Limb and Ryugo, 2000).
BCs play a role in the analysis and localization of sound based on
precise timing of spikes. The quantal size at the endbulb of Held is
particularly large (Isaacson and Walmsley, 1995). These factors
suggest that delayed release could have a major impact on spik-
ing. The impact could be positive, such as by enhancing the like-
lihood of bushy cell firing, or negative, such as by reducing the
precision of evoked spiking.

We measured delayed release and found that it is, indeed, con-
siderable at the endbulb. Current-clamp experiments showed that
delayed release could disrupt the timing of evoked spikes as well
as drive spikes long after the synchronous train, in immature
synapses. However, these spikes did not occur in slices taken from
mice after hearing onset. This difference may result from the
upregulation of potassium conductances, particularly KV1.x and
SK channels. These appear to be activated during normal trains of
activity, and suppress the effects of delayed release. Furthermore,
manipulations using EGTA-AM and strontium suggested that
delayed release contributes to depletion of the synchronous
release pool during trains of activation. Current-clamp exper-
iments indicated that this depletion had a measurable impact
on firing.

Materials and Methods
Slices were cut from P6 –P49 CBA/CaJ mice as described previously
(Yang and Xu-Friedman, 2008). Briefly, brains were dissected into low-
sodium, ice-cold cutting solution containing the following (in mM): 76
NaCl, 26 NaHCO3, 75 sucrose, 1.25 NaH2PO4, 2.5 KCl, 25 glucose, 7
MgCl2, 0.5 CaCl2, bubbled with 95% O2: 5% CO2 (pH 7.8, 305 mOsm).
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Near-sagittal slices were cut and then incubated at 30°C for 40 min in
standard recording solution containing the following (in mM): 125 NaCl,
26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 20 glucose, 1 MgCl2, 1.5 CaCl2, 4
Na L-lactate, 2 Na-pyruvate and 0.4 Na L-ascorbate bubbled with 95% O2:
5% CO2 (pH 7.4, 310 mOsm). Slices were then maintained at room
temperature until recording.

Patch-clamp recordings were performed using an Axopatch 700B am-
plifier (Molecular Devices) at 34°C in the presence of 10 �M strychnine to
block glycine receptors. CPP (5 �M) (Tocris Bioscience) was also present
for current-clamp recordings to block NMDA receptors. Recordings
were made with 1–2 M� pipettes containing (in mM), for voltage clamp,
35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and 1 QX-314, and for current
clamp 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 EGTA, 10 HEPES,
4 Na2ATP, 0.4 NaGTP, and 14 Tris-CrPhos (pH 7.2, 302 mOsm). In
voltage clamp, cells were held at �70 mV, with access resistance 3–12
M� compensated to 70%. In current clamp, resting potential was main-
tained at �60 mV between trials by passing up to �300 pA. BCs were
identified in voltage clamp by EPSCs showing paired-pulse depression
and having rapid decay kinetics (� � 0.2 ms), and in current clamp by
their response to strong depolarizing current pulses with 1–2 under-
shooting spikes (Oertel, 1983). AN fibers were stimulated using a glass
microelectrode placed 30 –50 �m away. Single or paired pulses were
applied every 10 s. Train stimuli were applied every 30 s. Stimulation and
data collection were done using an ITC-18 (Instrutech Corp.) controlled
using custom-written software (mafPC) running in Igor (Wavemetrics).
Average results are reported throughout as mean � SEM.

Delayed release events were detected by their rapid rise. Quantification
of rates of delayed release during trains were corrected for the �1 ms
following stimulation when quantal events could not be detected.

Most chemicals were purchased from Sigma, with the exception of
(from Tocris Bioscience) CPP, (from Alomone Labs) �-dendrotoxin,
(from Ascent Scientific) ZD7288, XE991, apamin, and charybdotoxin,
and (from Invitrogen) EGTA-AM. Apamin and charybdotoxin were ap-
plied in the presence of 0.1% BSA. One set of current-clamp experiments
used CsMeSO3 in place of KMeSO3. EGTA-AM was applied at 20 �M for
5 min (stock 100 mM in anhydrous DMSO).

For dynamic clamp, BCs were patched with two 3–5 M� pipettes
containing the current-clamp solution. One electrode measured cell
voltage, while the other was used to pass current. The ITC-18 system
performs dynamic clamp at 50 kHz for linear conductances such as
AMPAR EPSCs. To allow better comparison between cells, the amplitude
of synaptic conductances was scaled by the conductance threshold for
each cell (Yang and Xu-Friedman, 2009). The average conductance
threshold of synapses after the onset of hearing (P14 –P49) was 21.4 � 1.5
nS (N � 21 cells). This compares with an initial EPSC amplitude of
10.3 � 3.4 nA (N � 39 cells), equivalent to a conductance of 147 � 49 nS.
Thus the average EPSC is �7 times the average conductance threshold.
To approximate this range, we set the starting conductance of each input
in dynamic clamp to 5 times threshold (Yang and Xu-Friedman, 2009).
In immature slices (P6 –P12), the average endbulb EPSC was much
smaller, 2.1 � 0.3 nA (30.4 � 4.3 nS, N � 16), but the conductance
threshold was nearly the same (24.1 � 2.7 nS; N � 8). To reflect this
difference in relative amplitude in immature slices, we set the starting
conductance of each input in dynamic clamp to 1.3 times threshold. To
allow arbitrary times for input conductances, we used a model of synaptic
depression, as set out in Yang and Xu-Friedman (2009). In these exper-
iments, we modeled four AN fibers, each with identical amplitude and
plasticity, and jitter in arrival times of SD � 0.5 ms.

For dynamic clamp of delayed release, we used a stochastic model. The
average rate of delayed release was based on the model of Atluri and
Regehr (1998), in which delayed release followed an equation of the
form: DR(t) � A[Ca 2�]i � B [Ca 2�]i

n � exp(�(t � ti)/�), where A, B, n,
and � are parameters, and ti are the times of action potentials. Residual
calcium, [Ca 2�]i, incremented at each stimulus and decayed with a single
exponential of 50 ms. We fit this equation to the delayed release profiles
from 28 cells, and used principal components analysis to select a repre-
sentative cell in the middle of the population (see Fig. 2). The delayed
release model for this cell (with parameters A � 8.9, B � 10, n � 0.7, � �
80 ms) was used to set the average delayed release rate, from which the

timing of individual delayed release events were generated randomly. To
test delayed release double the normal level, A � 17.8 and B � 20. The
timing of individual events was convolved with a fixed quantal amplitude
based on voltage-clamp measurements of average mEPSC amplitude: 1.7
nS for older synapses (�P14; mEPSC amplitude � 114 � 4 pA; N � 37),
and 0.5 nS for immature synapses (�P14; mEPSC amplitude � 33.0 �
3.2 pA; N � 7). BC spikes were discriminated in dynamic-clamp record-
ings using the derivative of the membrane potential, after subtracting off
the predicted passive response of a simple RC model cell. Spike timing
was taken as the peak of the first derivative.

Results
Effects of delayed release on firing
We examined the effects of delayed release on firing using
current-clamp recordings from BCs of different ages. We acti-
vated AN fibers in trains of stimuli at different frequencies using
an electrode placed in the neuropil of the AVCN. Figure 1A
shows responses of a BC taken from a mouse before the onset of
hearing (P10). Most spikes occurred in response to fiber stimu-
lation. After the stimulation ended, there appeared to be consid-
erable delayed release, which was accompanied by occasional
spikes (“late spikes”). We did similar experiments in slices taken
from mice after the onset of hearing (P14 –P19; example in Fig.
1B). No late spikes were observed in these older BCs, even when
delayed release was visible after the train. Average results from
before (P9 –P10; N � 5) and after (P14 –P19; N � 9) the onset of
hearing are shown in Figure 1C. Late spikes were common in
young synapses, on average 1–2 spikes/trial, with more at higher
frequencies. However, late spikes were not seen in older cells.

We also evaluated characteristics of spiking during the second
half of the train (pulses 11–20) in BCs before and after the onset
of hearing. Firing probability was slightly higher in younger BCs
than older BCs (Fig. 1D), and latency was shorter in younger BCs
(Fig. 1E). However, the variability of evoked spikes (“jitter”) was
larger in younger BCs (Fig. 1F).

These differences in response between young and old BCs could
arise from a number of sources. Late spikes could be triggered by
delayed release or a slowly inactivating conductance, which is less
effective at driving spikes in older synapses. Enhanced jitter in
younger BCs could result from delayed release modulating spiking
timing, or (more trivially) variability in the precision of triggering
action potentials in auditory nerve fibers using extracellular stimu-
lation. Another factor is that it is difficult to assess in current-clamp
recordings in immature slices whether it is single or multiple
endbulbs being stimulated, because AN inputs tend to be smaller. To
address these questions, we aimed to do dynamic clamp recordings,
so that we could more carefully control the number of activated
inputs as well as levels of delayed release.

Delayed release is significant at the endbulb at all ages
To allow realistic dynamic-clamp recordings, we first characterized
delayed release using trains of AN fiber stimulation in voltage clamp.
For 20 pulse, 200 Hz trains delayed release was considerable (Fig.
2A). We quantified rates of delayed release by detecting individual
events. Delayed release grew during trains, and decayed back to base-
line over the following �100 ms. Delayed release was a feature of
endbulbs at all ages examined (P7–P49), with variability between
endbulbs (Fig. 2B). This variability correlated with the size of the
rested EPSC (EPSC1, r � 0.24; Fig. 2C). This likely results from
variability in the number of release sites and anatomical size of the
endbulb. Systematic experiments indicated that delayed release at
the endbulb depended on the frequency and duration of stimulus
trains (Fig. 2D; supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). This is consistent with delayed release
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being driven by residual calcium, which is expected to build up with
increased presynaptic activity. These results indicate that the lack of
late spiking in older cells in Figure 1 is not a result of a downregula-
tion in levels of delayed release. On the contrary, delayed release is
present in mature synapses in response to physiologically relevant
levels of AN activity.

Dynamic clamp of delayed release
To investigate whether delayed release affects spiking in BCs, we
used the dynamic-clamp technique. Dynamic clamp is used to
mimic synaptic conductances, which are based on conductances
recorded in voltage clamp, but are otherwise set by the experi-
menter. This approach allows us to control delayed release levels
independently of synchronous release, and also to examine mul-
tiple active inputs. To deliver the synchronous component, we
used a model of EPSC conductances during trains that was de-
scribed by Yang and Xu-Friedman (2009). We mimicked 4 in-
puts, because mouse BCs normally receive input from as many as
5 endbulbs (Oertel, 1985). Each input fired at an average frequency
of 100–333 Hz, with some variability in the timing of the synchro-
nous EPSC (i.e., jitter), that was based on a Gaussian distribution
with SD � 0.5 ms. We scaled the initial amplitude of the synchro-
nous EPSCs relative to the threshold conductance, and this scaling
depended on the postnatal age (see Materials and Methods). We
based the delayed release component on a population of P14–P49
endbulbs, that we quantified and fit to the model of Atluri and Re-
gehr (1998) (Fig. 2D,E; see Materials and Methods). We used prin-
cipal components analysis to select an “average” endbulb from this
population (Fig. 2F). We refer to this level of delayed release as “1	”
or “normal.” The mEPSC and starting EPSC amplitude were set to
values reflective of the specific age of each preparation (see Materials

and Methods), but levels of delayed release and depression were held
constant to allow direct comparison.

We examined the effects of no delayed release (“0	”), nor-
mal, and double (“2	”), while keeping the synchronous compo-
nent the same. In young synapses (P6 –P11), delayed release
triggered a large number of late spikes (Fig. 3A, middle). The late
spikes were clearly not triggered nonspecifically by activity dur-
ing the train, because no spikes were observed in the absence of
delayed release (Fig. 3A, left). We quantified BC spiking more
precisely in the second half of the train (i.e., pulses 11–20). De-
layed release significantly increased the probability of spiking for
the normal condition (1	), and decreased the latency of spikes
during the train (Fig. 3C,D, left). This is consistent with delayed
release being generally excitatory. These effects were even stron-
ger when the amount of delayed release was twice normal, and
further caused the timing of evoked spikes to be more jittery.

Delayed release had weaker effects in older bushy cells (P16–
P17). No late spikes were seen in any of the cells examined (Fig.
3B–D). The probability of firing in the second half of the train in-
creased significantly, and the latency decreased significantly, but the
magnitude of the change was smaller than in younger synapses (Fig.
3C,D). No significant effect on spike jitter was observed at all.

It is particularly striking that no late spikes were observed,
even though delayed release is at quite high levels immediately
following a train. It is possible that spike threshold has shifted in
older synapses so delayed release is simply unable to trigger spikes
directly. We tested that directly by conducting dynamic clamp
experiments in which we presented only the delayed release com-
ponent in the absence of any synchronous component. We ap-
plied the amount of delayed release that would have been
contributed by 1– 4 inputs resulting from 20 pulses at 333 Hz. An

Figure 1. Spikes are triggered in BCs long after the end of a train of synaptic activation in immature synapses, but not in older synapses. A, Example responses of a BC from a P10 slice. Presynaptic
activation was done at 100, 200 and 333 Hz (vertical marks). The lower raster plots show the timing of spikes from 5 trials. These cells show the typical BC characteristic of undershooting action
potentials (Oertel, 1983). B, Similar experiments in a P16 slice, showing no late spikes. C–F, Spiking behavior was quantified in cells before (P9 –P10, N � 5) and after (P14 –P19, N � 9) the onset
of hearing. Quantified were late spikes (C), as well as spike probability (D), latency (E) and jitter (F ) for pulses 11–20 of 20 pulse trains. Asterisks mark features that were significantly different in the
older synapses ( p � 0.05).
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example response of a P20 BC is shown in Figure 4. As the
amount of delayed release built up during the “train,” it was
sufficient to cause significant depolarization, and there were oc-
casional spikes elicited. The number of spikes was only apprecia-
ble when levels of delayed release equivalent to 4 inputs were
applied. In that condition, delayed release contributed 0.5 spikes
per trial, on average (Fig. 4B). Thus, delayed release is by itself
fully capable of driving spikes.

The spikes elicited by delayed release alone occurred both
during and after the train. While 60% of the spikes occurred
during the train, 40% occurred after, which is equivalent to �0.2
spikes/trial. While that number is not large, it is striking that there

were any spikes at all when none were observed in the presence of
synchronous release in older synapses (Fig. 3), even with yet
higher levels of delayed release (4 inputs at 2	 normal, equivalent
to 8 inputs in this experiment). Furthermore, no late spikes were
observed in the current-clamp experiments of Figure 1.

Suppression of delayed spikes
The fact that in older synapses delayed release was capable of
driving spiking, but no late spikes were observed after trains,
suggested to us that the effects of delayed release were being sup-
pressed. We considered that it was possible that some conduc-
tance were being activated by the strong depolarizations triggered

Figure 2. Delayed release is prominent in endbulbs of all ages. A, Representative example of delayed release for a P49 endbulb. Ai, Sample traces in response to AN fiber stimulation in trains (20
pulses at 200 Hz). Insets are magnified views of the later part of the train. Aii, Raster plot of the timing of delayed release events (top) and poststimulus time histogram of the raster data (bottom).
Delayed release rates during and after the train are indicated by the open and shaded parts, respectively. The histogram is corrected for the period of the stimulus artifact and synchronous EPSC when
delayed release cannot be measured. B, Levels of delayed release are fairly constant over development (r � 0.04, N � 43 cells). Delayed release is quantified as the total number of events for the
400 ms following the train (shaded region in A). C, Levels of delayed release correlate with initial EPSC amplitude (r � 0.24). D, Delayed release rates for a representative endbulb plotted as a
histogram. The line is a fit to the data using the model of Atluri and Regehr (1998) (see Materials and Methods). E, Model parameters for 28 cells analyzed similarly to the cell in D. The slices were
from P14 –P49 mice. The filled circles mark the parameters for the cell in D. F, Principal components analysis of the fit parameters. The first two principal components are plotted for all 28 cells in the
dataset. These accounted for 89% of the variance. A cell near the middle of this dataset (filled circle, also shown in D) was selected as the average amount of delayed release.
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by the synchronous release component
during the train, which inhibited delayed
release from triggering spiking. We tested
this by doing dynamic clamp experiments
similar to those in Figure 3, in the pres-
ence of various antagonists against chan-
nels that could conceivably be activated
during trains. Using dynamic clamp al-
lowed us to avoid potential confounding
presynaptic effects of these drugs.

For example, to test the role of low-
voltage-activatedpotassiumchannels(KV1.x),
we applied 50 nM DTX (Fig. 5A). When no
delayed release was present (top trace and
raster), there were no late spikes. When nor-
mal and twice normal levels of delayed re-
lease were included, there were late spikes
observed. Delayed release also increased the
probability and decreased the latency of fir-
ing. These effects were similar to those
found in the absence of DTX (Fig. 5B,C),
so we do not attribute them to KV1.x chan-
nels. This suggests that KV1.x channels may
have a minor effect on how delayed release
influences firing during the train, but do
play an important role in suppressing the
effects of delayed release after presynaptic
activity ends in older cells. This difference
from younger cells is consistent with work
showing that KV1.x channels are upregu-
lated during development (Scott et al., 2005;
Bortone et al., 2006).

We further examined the effects of ad-
ditional channel antagonists. Replacing
potassium in the patch pipette with ce-
sium triggered large numbers of late
spikes (Fig. 5D). This indicates that potas-
sium channels are important in suppress-
ing delayed release, although it is difficult
to ascribe this to a particular subgroup of
potassium channels, because Cs is such a
wide-spectrum antagonist. Addition of
TEA (1 or 10 mM) or 4-AP (0.1 or 1 mM),
had no significant effect on late spikes, al-
though they had clear effects on other as-
pects of firing (supplemental Fig. 2,
available at www.jneurosci.org as supple-
mental material). This suggests that KV3.x
channels play little role. No late spikes
were seen with 50 �M ZD7288, 20 �M

XE991, or 10 nM charybdotoxin, suggest-
ing that KHCN (Ih), KCNQ (Im), and BK
channels are not involved. Late spikes were
elevated in the presence of 100 nM apamin
(blocker of SK calcium-sensitive potassium
channels). This suggests that calcium influx
during the train could activate these
channels causing a drop in sensitivity to
delayed release. These channels have not
previously been suggested to influence BC firing, and mRNA
levels for KCNN1–3 appear low in the AVCN (Lein et al.,
2007). The conditions of SK-channel activation will require
further investigation.

Manipulating delayed release from endbulbs
Our dynamic clamp results of Figure 3 suggested that delayed
release could support increased BC firing during the period of
auditory nerve activation even in cells after the onset of hearing.

Figure 3. Delayed release drives significant late spikes in immature BCs, but not in older BCs controlled in dynamic clamp. A,
Example dynamic-clamp experiment in an immature BC (P8). Dynamic clamp conductance waveforms are shown in the top traces,
with the delayed release component isolated and magnified in the gray insets. Bottom traces show the BC response. The stimulus
was 4 inputs, each active at an average rate of 200 Hz, with Gaussian-distributed jitter of SD � 0.5 ms, and EPSC amplitude based
on a model of depression (see Materials and Methods). Delayed release levels ranged from none (0	) to twice normal (2	). The
timing of BC spikes from many similar trials is shown in the rasters. B, Similar experiment in an older BC (P16). No spikes were
observed following the synchronous train. C, D, Average effects of delayed release in immature (P6 –P11; N � 15) and older
(P16 –P17; N � 7) BCs. C shows absolute data, while D shows data relative to 0	 delayed release. Points significantly different
from the 0	 condition at � � 0.05 are indicated by asterisks.
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We wanted to confirm this prediction by
making recordings in current clamp and
stimulating real AN fibers. To evaluate the
contribution of delayed release to firing,
we reduced it using EGTA-AM (Van der
Kloot and Molgó, 1993), and enhanced it
using strontium (Zengel and Magleby,
1981; Goda and Stevens, 1994; Xu-
Friedman and Regehr, 1999, 2000). Then
we measured changes in probability, la-
tency, and jitter of BC spikes. When 1 mM

SrCl2 was added to the external solution,
there was an evident increase in delayed re-
lease (Fig. 6A), but a decrease in the proba-
bility of spiking in the latter half of the train
in some conditions (Fig. 6C, top; p � 0.05
for 200 Hz, open squares). By contrast,
when the synapses were treated with 20 �M

EGTA-AM for 5 min, there was a decrease in
delayed release (Fig. 6B), and a slight in-
crease in the probability of spiking (Fig. 6C,
top). These changes were significant for
higher train frequency, which is consistent
with the higher levels of delayed release.
There were also slight shifts in spike latency
with Sr and EGTA-AM (Fig. 6C, middle;
p � 0.05 for 333 Hz, open circle; not signif-
icant for other cases). There were no signif-
icant changes in spike jitter (Fig. 6C,
bottom; p � 0.24 for all conditions).

The observed changes in firing were op-
posite to what we would have predicted
based on delayed release alone, which we
found to be excitatory in dynamic-clamp re-
cordings (Fig. 3). It is unlikely that the
changes in firing are caused by direct effects
of Sr or EGTA-AM on postsynaptic intrinsic
properties: the input resistance (Fig. 6D)
and spike threshold (Fig. 6E) in response to
current pulses appeared to be unchanged by
Sr or EGTA-AM treatment ( p � 0.12).

Presynaptic effects of delayed release
We suspected that the effects in current
clamp were opposite to those in dynamic
clamp because of a change in the synchro-
nous EPSC. To determine whether that

Figure 4. Delayed release by itself is sufficient to drive BC spiking. A, Example dynamic-clamp experiment in a P20 BC showing the effects of delayed release on firing. Normal levels of delayed
release were applied that would be observed for a 20 pulse, 333 Hz train in 0 – 4 inputs. The synchronous release component was excluded for this experiment. Top traces show conductance
waveforms. Bottom traces show BC response. B, Average results of similar experiments (N � 5 cells, P18 –P20).

Figure 5. Delayed release can trigger late spikes in post-hearing-onset synapses when KV1.x and SK channels are blocked. A,
Example dynamic-clamp experiment of a P16 BC in the presence of 50 nM DTX. Traces show individual responses to conductances
similar to those in Figure 3 (i.e., four inputs firing at 200 Hz, each with 0.5 ms jitter). Rasters indicate spike times from additional
trials. B, C, Average results from 7 experiments in P15–26 endbulbs. Absolute effects are shown in B, and changes from 0	 for DTX
are shown in C. DTX caused elevated response probability and shorter latency compared with control across all conditions. In
addition, DTX led to the occurrence of late spikes, which were especially prominent at high activation rates. Asterisks mark
significant differences from 0	 at �� 0.05. D, Summary of effects on late spikes of CsMeSO4 internal (N � 6), 1 mM TEA (N � 5),
10 mM TEA (N � 5), 0.1 mM 4-AP (N � 6), 1 mM 4-AP (N � 6), DTX (50 nM, N � 5), apamin (100 nM, N � 5), ZD7288 (50 �M, N �
3), XE991 (20 �M, N � 3) and ChTX (10 nM, N � 3). CsMeSO4 internal, apamin, and DTX caused a significant increase in late spikes,
implicating KV1.x and SK channels.

Yang and Xu-Friedman • Delayed Release at Endbulb of Held J. Neurosci., August 25, 2010 • 30(34):11466 –11475 • 11471



was the case, we examined the effects of
EGTA-AM and Sr on the synchronous
EPSC. Treatment with EGTA-AM pro-
duced a significant reduction of delayed
release (36 � 9%, p � 0.05, Fig. 7A,G) as
well as an increase in the synchronous
EPSC amplitude late in trains (2.3 � 0.1%
for pulses 11–20; N � 11 cells; p � 0.05;
Fig. 7Ci,E). Addition of SrCl2 led to a sig-
nificant increase in delayed release (22 �
5%, p � 0.05, Fig. 7B,G) as well as a de-
crease in EPSC amplitude (2.7 � 0.1% for
pulses 11–20; N � 8 cells; p � 0.05; Fig.
7Cii,E). Neither of these treatments had a
significant effect on the initial EPSC am-
plitude (Fig. 7E; EGTA-AM: 0.1 � 0.4%,
N � 11, p � 0.47; SrCl2: 1.3 � 0.5%, N �
8, p � 0.19).

We wanted to determine the mechanism
for these effects on the synchronous EPSC.
We first tested whether these changes in
EPSC amplitude resulted from changes in
the probability of neurotransmitter release
(Pr). The reduction in depression by
EGTA-AM could result from increased
buffering of the peak calcium signal that
drives release, and thereby a decrease in
Pr. The opposite effect of Sr on depression
could result from increased divalent cat-
ion levels that drive release, and thereby
an increase in Pr.

We tested whether Sr and EGTA-AM
acted through Pr by changing external cal-
cium (Cae). However these manipulations
had very different effects. When Pr was in-
creased by changing from 1.5 mM to 1.7
mM Cae, EPSC1 increased considerably,
and later EPSCs in the train showed
smaller increases (Fig. 7D,F). This con-
trasts with the effects of Sr, where EPSC1 did not increase at all,
and subsequent EPSCs decreased (Fig. 7Cii,E). When Pr was de-
creased by changing from 1.5 mM to 1.3 mM Cae, EPSC1 decreased
considerably and later EPSCs in the train showed smaller decreases
(Fig. 7D,F). This contrasts with the effects of EGTA-AM, where
EPSC1 did not decrease at all, and subsequent EPSCs increased (Fig.
7Ci,E). Thus, the effects of Sr and EGTA-AM are not consistent with
changes in Pr. The changes in Cae showed correlated effects on de-
layed release (Fig. 7G).

An alternative possibility is that delayed release affects syn-
chronous release through the number of releasable vesicles (N).
It has been suggested that delayed and synchronous release draw
on the same pool of releasable vesicles (Hagler and Goda, 2001;
David and Barrett, 2003; Otsu et al., 2004). If this is the case, then
high levels of delayed release could contribute to depletion of the
synchronous EPSC, which could affect BC firing. When delayed
release is reduced by EGTA-AM, that leaves more vesicles avail-
able for synchronous release, and EPSC amplitudes increase, but
only later in trains when delayed release is significant in control.
When delayed release is increased by Sr, that leaves fewer vesicles
available for synchronous release, and EPSC amplitudes decrease,
but only later in trains when delayed release builds up. Changing
Cae changes Pr as well as residual calcium, and therefore has quite
different effects.

This hypothesis is supported by additional observations. First,
higher levels of delayed release are correlated with greater depres-
sion in individual endbulbs (supplemental Fig. 3A, available at
www.jneurosci.org as supplemental material). Second, changes
in delayed release resulting from EGTA-AM or Sr treatment are
inversely correlated with changes in depression in individual
endbulbs (supplemental Fig. 3B, available at www.jneurosci.org
as supplemental material). Neither Sr nor EGTA-AM affected
mEPSC frequency or amplitude (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material), suggesting that
other aspects of the release apparatus are not affected.

Discussion
We investigated the role of delayed release in driving spikes at the
endbulb of Held synapse. Delayed release reaches significant lev-
els at the endbulb, and the quantal conductance is large. In im-
mature endbulbs, delayed release drove spiking long after
presynaptic activation had ended, but such late spikes were never
observed in endbulbs taken after the onset of hearing. Dynamic
clamp experiments indicated that delayed release is capable of
driving spikes even in these older cells. However, such spikes
appear to be suppressed at least in part by the activation of KV1.x
and SK channels triggered by spiking in response to synchronous
release. Furthermore, we showed evidence that, by sharing releas-

Figure 6. EGTA-AM and Sr influence BC firing. A, B, Example experiments showing effects of Sr (A, P19) and EGTA-AM (B, P19)
in response to AN fiber stimulation. Changes in delayed release are clearly visible after the train. C, Effects of Sr (P17–21, N � 7
cells) and EGTA-AM (P17–P19, N � 8) on probability (top), latency (middle), and jitter (bottom) of BC spikes during the steady-
state part of the train (pulses 11–20). Data are shown as changes with respect to control. Sr decreased the probability of firing,
while EGTA-AM increased it for higher frequency trains. EGTA-AM also decreased the latency for 333 Hz trains. Effects on jitter are
not significant. Points significant at the 0.05 level are indicated by asterisks. D, BC input resistance is unchanged by Sr (N � 4 cells)
or EGTA-AM (N � 10). Inset, Example BC response to 50 ms current injection pulses. Vm is averaged over the last 20 ms of the pulse.
Action potential threshold is indicated by the arrow. E, Action potential threshold is unchanged by Sr or EGTA-AM. Spike threshold
was identified using the first derivative of traces such as those in the inset in D.
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able vesicle pools, delayed release effectively contributed to de-
pression of the synchronous EPSC, and thereby reduced the
probability of BC firing during the train.

Development of delayed release
Our voltage-clamp results indicate that delayed release is present
in the youngest synapses and persists at roughly similar levels

long after the onset of hearing. However, its effects on postsyn-
aptic firing are developmentally regulated. In immature synapses,
delayed release appears to drive BC spikes long after synchronous
activity has ended, but these spikes are eliminated shortly after
the onset of hearing. This is not because of a decrease in the
strength of delayed release itself. We took particular advantage of
the dynamic clamp technique to show that delayed release can
cross threshold to trigger spikes, provided there is no synchro-
nous release.

The elimination of spikes driven by delayed release appears to
be highly adaptive. Before the onset of hearing, late spikes that are
poorly timed to activity in the auditory nerve may have compar-
atively little impact. At this time, AN activity is driven by sponta-
neous activity in the cochlea, which is unrelated to sound stimuli
(Tritsch et al., 2007; Tritsch and Bergles, 2010), and extra spikes
would be unlikely to disrupt the developmental processes acting
at this time. However, after the onset of hearing, the auditory
nerve carries information about sounds encoded in the precise
timing of spikes, which is further refined in BCs (Joris et al.,
1994). This timing information is used in such processes as sound
localization, which requires precision on the order of 10 �s (Carr,
1993; Oertel, 1999). The spikes triggered by delayed release are
randomly timed, and therefore would be expected to interfere
with these sorts of processes. Thus, the elimination of spikes trig-
gered by delayed release appears to be highly adaptive for enhanc-
ing the precision of sound processing.

During maturation, a number of changes take place in the
auditory pathway. One factor is the upregulation of potassium
channels (Fitzakerley et al., 2000; Caminos et al., 2005; Bortone et
al., 2006). We found that application of DTX and apamin both
revealed late spikes. Both these antagonists target channels that
would normally be activated during spiking activity, which prob-
ably explains their effects. While KV1.x channels have been im-
plicated in driving the highly rectifying nature of BCs (Rothman
and Manis, 2003; McGinley and Oertel, 2006), this is the first
suggestion that SK channels also play a role in regulating their
excitability. Further work will be needed to determine the Ca
source that drives their opening. These could include NMDA
receptors, which are present in mature BCs (Pliss et al., 2009), but
these would not have been involved in these experiments because
we conducted all experiments in the presence of CPP, to avoid
any direct effect of NMDA receptors on spiking. Therefore, there
must be additional calcium sources. Previous work in BCs has
emphasized that activation of KV1.x channels reduces the input
resistance and decreases the time constant of the cell. We have
shown that these channels have additional effects that help to
preserve timing information by eliminating late spikes triggered
by delayed release.

Vesicle pools
The idea that synchronous and delayed release draw on the same
pool of vesicles has been described at a number of synapses (Ha-
gler and Goda, 2001; David and Barrett, 2003; Otsu et al., 2004;
Hjelmstad, 2006). Our experiments at the endbulb also support
this conclusion. Manipulations of delayed release using Sr and
EGTA-AM had opposite effects on delayed and synchronous re-
lease. This was not merely due to changes in the probability of
neurotransmitter release (Pr), as changing external calcium had
markedly different effects. In addition, the amount of depression
was inversely correlated with levels of delayed release at individ-
ual endbulbs.

Our data indicate that this interaction between synchronous
and delayed release has functional consequences. During periods

Figure 7. Strontium and EGTA-AM have opposite effects on synchronous and delayed re-
lease. A, B, Voltage-clamp recordings of synchronous and delayed release before and after
incubating slices in 20 �M EGTA-AM for 5 min (A) or addition of 1 mM SrCl2 to the bath solution
(B). Insets show delayed release on an expanded vertical scale, with synchronous EPSCs trun-
cated. Stimuli are 20 pulses delivered at 200 Hz. C, Average EPSC amplitude before and after
EGTA-AM (i, N � 8) or Sr (ii, N � 11) treatment. All EPSC amplitudes are normalized within-cell
to EPSC1 in control, non-drug conditions. D Effects of changes in Cae on EPSCs during trains (N �
5 cells for all conditions). All EPSC amplitudes are normalized within-cell to EPSC1 in 1.5 Cae. E,
F, Changes in the synchronous EPSC resulting from Sr or EGTA-AM treatment (E) or from
changes in Cae (F ). This is calculated for each treatment X as 
EPSC � (EPSCi

x � EPSCi
ctrl)/

EPSC1
ctrl. The effects of changing Cae do not match the effects of Sr and EGTA-AM, suggesting

that these latter changes do not result from changes in Pr. G, Effects of the manipulations in E
and F on delayed release. The plot shows the change in total number of delayed release events
over the 400 ms following the train, as a percentage of the initial levels. All points are signifi-
cantly different from 0 ( p � 0.05).
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of high activity, delayed release increases, which contributes to
depression of the synchronous component. At the endbulb, this
appears to result in the diversion of vesicles from providing pre-
cise timing information to randomly timed excitation that lasts at
high levels for 10s of ms. BC firing was sensitive to small manip-
ulations of delayed release during fiber stimulation, and these
changes were opposite to those predicted by the delayed release
itself, but consistent with the depletion of synchronous EPSC by
delayed release (Fig. 6). The experiments described here may
underestimate the effects of delayed release on synchronous re-
lease. The experimental approaches we used to manipulate de-
layed release were rather mild to avoid nonspecific effects on the
synchronous EPSC and on activity-dependent forms of recovery
that are present at the endbulb (Yang and Xu-Friedman, 2008).
However, even these small changes appear to have measurable
effects on firing, probably because BCs have a very steep input-
output relationship (Chanda and Xu-Friedman, unpublished
observations).

Why is delayed release present?
Our data provide support for the conclusion that delayed release
does not serve a unique, positive function at the endbulb. On the
contrary, it appears to have negative consequences both presyn-
aptically (by diverting vesicles from synchronous release) and
postsynaptically (in the triggering of poorly timed spikes). At the
endbulb and BC, where spike timing and reliability seem to be of
great functional importance, one might expect significant selec-
tive pressure to reduce delayed release presynaptically, and to
suppress its effects postsynaptically.

Indeed, there are adaptations that appear suited to reduce
delayed release. Postsynaptically, as discussed above, potassium
channel upregulation as BCs develop contributes to the suppression
of poorly timed spikes. Presynaptically, AN fibers in rodents express
high levels of calretinin (Bazwinsky et al., 2008) (S. Chanda and M.
A. Xu-Friedman, unpublished observations), which would be ex-
pected to reduce residual calcium, but evidently do not eliminate
delayed release. Given the widespread prevalence of delayed release,
it seems likely either that it serves some functional role we have not
observed, or else that it is linked somehow to synchronous release.

A number of lines of evidence suggest that delayed release is
partially separate from synchronous release. A process resem-
bling delayed release is present even when synchronous release is
eliminated in synaptotagmin knock-out mice (Geppert et al.,
1994). Delayed release has different cooperativity compared with
synchronous release at the calyx of Held (Sun et al., 2007). Syn-
apses have been described that appear to naturally lack a major
component of synchronous release, yet have delayed release (Best
and Regehr, 2009). These observations suggest that it is possible
to have delayed release without synchronous release.

Yet, to our knowledge, the converse has not been described at a
normal or mutant synapse, i.e., synchronous release without delayed
release. It is possible that such an effect has been overlooked, because
most studies focus on synchronous release, especially using averaged
traces, which tend to obscure delayed release. Alternatively, one
might speculate that synchronous release may depend somehow on
the mechanisms that drive delayed release.

References
Atluri PP, Regehr WG (1998) Delayed release of neurotransmitter from cer-

ebellar granule cells. J Neurosci 18:8214 – 8227.
Barrett EF, Stevens CF (1972) The kinetics of transmitter release at the frog

neuromuscular junction. J Physiol 227:691–708.
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