
Maturation of Synaptic Transmission at End-Bulb Synapses of the
Cochlear Nucleus

Stephan Brenowitz1,2 and Laurence O. Trussell2

1Neuroscience Training Program, University of Wisconsin, Madison, Wisconsin 53706, and 2Oregon Hearing Research
Center and Vollum Institute, Oregon Health Sciences University, Portland, Oregon 97201

Neurons of the avian nucleus magnocellularis transmit phase-
locked action potentials of the auditory nerve in a pathway that
contributes to sound localization based on interaural timing
differences. We studied developmental changes in synaptic
transmission that enable the end-bulb synapse to function as a
synaptic relay. In chick, although the auditory system begins to
function early in embryonic development, maturation of audi-
tion around the time of hatching suggested that synaptic trans-
mission in the cochlear nucleus of young chicks may undergo
further developmental changes. Synaptic physiology was in-
vestigated via patch-clamp recordings from bushy cells in
brainstem slices during stimulation of auditory nerve fibers at
35°C. Compared with embryonic synapses (embryonic day 18),
post-hatch chicks (post-hatch days 1–11) exhibited high prob-

ability of firing a well timed postsynaptic action potential during
high-frequency stimulation of the auditory nerve. Improvements
in reliability and timing of postsynaptic spikes were accompa-
nied by a developmental increase in steady-state EPSCs during
stimulus trains and a decline in the extent of synaptic depres-
sion. Synchrony of EPSCs during stimulus trains improved with
age. An increased pool of synaptic vesicles, lower release
probability, larger and faster transmitter quanta, and reduced
AMPA receptor desensitization contributed to these changes.
Together, these factors improve the ability of cochlear nucleus
magnocellularis neurons to faithfully transmit timing information
encoded by the auditory nerve.
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Localization of sound based on differences in phase or arrival
time of sounds at the two ears requires accurate preservation of
timing information by neurons of the auditory system. In the
chick, such temporal resolution necessitates accurate and reliable
transmission of auditory nerve activity by the end-bulb synapse in
the cochlear nucleus magnocellularis (nMag). Preservation of
timing information by specialized auditory synapses results from
physiological and anatomical specializations (Oertel, 1999;
Trussell, 1999). In the chick, such features appear early in devel-
opment. Initial formation of the nMag end-bulb synapse occurs by
embryonic day (E) 11 when responses in nMag neurons to audi-
tory nerve stimulation (Jackson et al., 1982) or sound (Saunders
et al., 1973) first arise. Retraction of dendrites (Jhaveri and
Morest, 1982), synapse elimination (Jackson and Parks, 1982),
and maturation of end-bulb morphology (Jhaveri and Morest,
1982; Rubel and Parks, 1988) appear complete by E18. Tuning
properties of auditory nerve fibers achieve mature values before
hatching (Rebillard and Rubel, 1981; Manley et al., 1991). EPSCs
in nMag at late embryonic stages have large amplitudes and rapid
kinetics but also exhibit strong synaptic depression during stim-
ulation at frequencies expected of the auditory nerve in vivo. Such
EPSPs fall subthreshold after several stimuli at frequencies of 200
Hz (Brenowitz et al., 1998). Although activation of presynaptic
GABAB receptors on auditory nerve terminals improved reliabil-

ity of signaling during short bursts of activity, the probability of
spike firing after the 10th stimulus of a 200 Hz train remained low
(�50%).

Such findings in embryos, however, are not consistent with in
vivo recordings from older animals that indicate sustained activity
at higher rates. In post-hatch day 10–28 (P10–28) chicks, in vivo
firing rates of nMag neurons caused by spontaneous auditory
nerve activity alone were 31–231 Hz and increased to 110–480
Hz with acoustic stimulation (Warchol and Dallos, 1990). Im-
provements in high-frequency responses in auditory neurons be-
tween P4 and P14 have also been reported in rat and mouse
medial nucleus of the trapezoid body (MNTB) (Chuhma and
Ohmori, 1998; Taschenberger and von Gersdorff, 2000; Futai et
al., 2001) and mouse cochlear nucleus (Wu and Oertel, 1987).
Thus, it might be expected that reliability of signal transfer at the
nMag end-bulb synapse improves significantly after hatching.

Developmental changes in patterns and levels of activity in the
auditory system further predict that maturation of transmission in
nMag occurs around the time of hatching. Sound-evoked re-
sponse thresholds in the auditory nerve and cochlear nucleus
decline and reach adult values between E19 and P1, resulting
from clearance of middle ear fluids and improved transduction by
the cochlea (Saunders et al., 1973; Rebillard and Rubel, 1981).
Behavioral studies indicate a decline in auditory thresholds be-
tween hatching and P4 (Gray and Rubel, 1985). Patterns of
spontaneous auditory nerve firing change around E19, when
rhythmic bursts of action potentials are replaced by the sustained
Poisson-like firing observed in adults (Lippe, 1994; Jones and
Jones, 2000). Spontaneous activity is thought to play an important
role in synaptic modification during development of sensory sys-
tems (Katz and Shatz, 1996). Thus, increased spontaneous and
sound-evoked auditory nerve activity occurring around the time
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of hatching may be a driving force for further maturation of
synaptic function in nMag.

In this study, by comparing transmission in late embryos (E18)
and young hatchlings (P1 through P11), we examined develop-
mental changes in transmission at a morphologically mature syn-
apse that is experiencing increased activity levels. During this
time, synapses exhibited marked improvements in their ability to
reliably generate well timed postsynaptic action potentials during
trains of high-frequency auditory nerve stimulation. Experiments
were conducted to determine the mechanisms underlying this
developmental transition.

MATERIALS AND METHODS
Physiology. Brainstem slices (250–300 �m) were prepared from E18 and
P1–11 chicks. Dissections were performed in ice-cold oxygenated saline
containing (in mM): 140 NaCl, 20 glucose, 10 HEPES, 5 KCl, 3 CaCl2,
1 MgCl2, pH 7.35. Slices were then maintained at 34°C for 30 min.
During recordings (34–36°C) slices were perfused at 2–4 ml/min in a 1
ml chamber. Neurons were viewed with a Zeiss Axioskop and Olympus
60� water immersion lens using differential interference contrast optics
and infrared illumination. For measurement of AMPA-mediated EPSCs,
saline was supplemented with (in �M): 100 DL-2-amino-5-
phosphonovalerate (APV), 10 7-Cl-kynurenate, 10 SR-95531, and 2
strychnine. In some experiments, GYKI-52466 (20 �M), a noncompeti-
tive AMPA receptor antagonist, was added to bath solutions to reduce
EPSC conductance. Neurons were voltage clamped with an Axopatch
200B amplifier (Axon Instruments, Foster City, CA) at �30 mV (for
recording AMPA receptor-mediated EPSCs) or �60 mV [for recording
miniature EPSCs (mEPSCs)]. Electrode series resistance (2–8 M�) was
compensated 80–95%. Pipettes were filled with an intracellular solution
containing (in mM): 125 Cs-methanesulfonate, 15 CsCl, 10 HEPES, 5
BAPTA, 1 MgCl2, pH 7.25. During current-clamp experiments, pipettes
contained (in mM): 140 K-gluconate, 5 NaCl, 1 MgCl2, 10 HEPES, 1
EGTA, pH 7.3. Synaptic responses were obtained by positioning a
stimulus electrode (1.5–3 M�) onto nearby myelinated fibers 20–100 �m
from the postsynaptic cell body. Individual afferent auditory nerve axons
were stimulated by 100–200 �sec, 5–50 V pulses delivered via an isolated
stimulus unit (AMPI Iso-flex). Currents were filtered at 5–10 kHz and
sampled at 20–50 kHz. Aniracetam stocks (0.5 M, 100�) were prepared
in DMSO and added to extracellular solutions immediately before use.
The final working concentration of aniracetam was 5 mM, and
aniracetam-containing solutions included 1% (v/v) DMSO. For all ex-
periments using aniracetam, control extracellular solutions were also
supplemented with 1% DMSO. Means are reported as � SE. Chemicals
and drugs were obtained from Sigma (St. Louis, MO), RBI (Natick,
MA), and Tocris Cookson (Ballwin, MO).

To assess the quality of voltage clamp, the current-voltage relationship
of EPSC amplitudes was measured at holding potentials ranging from
�40 to �20 mV. The relationship obtained was linear (r � 0.99; n � 4
neurons), suggesting minimal voltage error. However, bath application of
20 �M GYKI-52466, a noncompetitive AMPA receptor antagonist, suf-
ficient to block EPSCs by 64 � 2% (n � 14), caused a small but consistent
increase in paired-pulse depression, as expected if large EPSCs are
limited by clamp error. The ratio of EPSC2/EPSC1 (with a 5 msec
interval) was 0.40 � 0.07 and 0.36 � 0.06 (n � 6) in control and 20 �M
GYKI, respectively ( p � 0.05; t test). Although this effect was small,
GYKI was added to bath solutions in some experiments to maximize
voltage control.

Measurement of mEPSCs. Spontaneous mEPSCs were obtained at a
holding potential of �60 mV. Currents were filtered at 10 kHz and
sampled at 50 kHz. Events were detected using a template detection
algorithm implemented in Axograph software (Axon Instruments).

RESULTS
Action potentials during synaptic trains
In embryos, depression at the nMag end-bulb synapse caused
synaptic responses to become subthreshold during high-frequency
trains (Brenowitz et al., 1998). To determine reliability of signal
transfer in nMag in young hatchlings, we recorded EPSPs and
action potentials in current-clamp configuration during stimula-
tion of presynaptic auditory nerve fibers (Fig. 1A). The criterion
for spike detection was the biphasic rising phase of a differenti-
ated trace (Fig. 1B). In response to 100 and 200 Hz stimulation,
neurons consistently fired spikes throughout stimulus trains of
20–40 stimuli. For P2–3 synapses, mean spike probability for
stimuli 16–20 was 1.0, 1.0, and 0.81, at 100, 200, and 333 Hz,
respectively (Fig. 1C), compared with probabilities of 0.69, 0.02,
and 0 for E18 synapses (Brenowitz et al., 1998). Thus, develop-
mental changes occurring around the time of hatching greatly
enhance reliability of signal transmission at the end-bulb synapse.

Improvement in spike timing during trains
Because temporally accurate transmission of auditory nerve ac-
tivity by the cochlear nucleus is essential for detection of inter-
aural timing differences used in sound localization, we compared
temporal jitter in postsynaptic action potentials during stimulus
trains in embryos and young hatchlings. Stimulus trains at 100 Hz
were repeated 10 times at 20–30 sec intervals, and SDs of the time
of action potential peaks were determined for each response of

Figure 1. Improved suprathreshold
transmission in post-hatch synapses.
A, Trains of 20 stimuli delivered at 200
Hz to an E18 (lef t trace) and a P4
synapse (right trace). At 200 Hz, action
potential failures were not observed in
P4 synapses. B, Action potentials were
defined as responses showing an in-
flection (arrow, top traces) that was de-
termined by the presence of a biphasic
rise in the differentiated trace (arrow,
bottom traces). C, Probabilities of ac-
tion potential firing during stimulus
trains was measured as the fraction of
suprathreshold EPSPs for each stimu-
lus during 10 repetitions delivered at
30 sec intervals. Data shown are for
P2–4 synapses (circles; n � 6 neurons)
and E18 synapses (squares; n � 4–7
neurons).
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the train. A frequency of 100 Hz was chosen so that action
potentials were reliably generated in embryos (Brenowitz et al.,
1998). Stimuli that produced subthreshold responses were not
analyzed. Figure 2, A and B, shows the 1st and 10th responses
from an E18 and P3 synapse. The first response is well timed at
both ages. During the train, depression of EPSPs in the E18
synapse causes variability in the time at which threshold is
reached, producing jitter in the timing of the action potential
(Chuhma and Ohmori, 1998; Taschenberger and von Gersdorff,
2000). In embryos, the SD in the time of the action potential peak
increased from 18 � 3 �sec for the first stimulus to 83 � 8 �sec
(average of last five stimuli of the train). In P2–3 synapses,
temporal jitter increased from 19 � 2 �sec on the first stimulus to
24 � 2 �sec (average of last five action potentials) during 100 Hz
stimulus trains. These values are similar to those reported by
Golding et al. (1995), who reported temporal jitter of 20 �sec in
auditory nerve-evoked action potentials in octopus cells of ma-
ture mouse cochlear nucleus. These results indicate that changes
in transmission at the end-bulb synapse around the time of
hatching allow more accurate temporal coding of auditory nerve
activity by the cochlear nucleus.

Reduction in synaptic depression with age
Further experiments were performed to examine the mechanisms
that account for improvements in the reliability and temporal
precision of high-frequency transmission. Under voltage clamp,
transmission at the embryonic synapse in nMag is characterized
by strong depression of synaptic currents (Zhang and Trussell,
1994a; Brenowitz et al., 1998). Therefore, we examined depres-
sion of EPSCs during stimulus trains at different ages. Trains of
EPSCs were recorded during stimulation of single auditory nerve
fibers at a holding potential of �30 mV. Responses to 200 Hz
stimulation in E18, P2, and P10 synapses are shown in Figure 3A.
A progressive reduction in the amount of synaptic depression and
an increase in steady-state EPSCs during trains are apparent
during this developmental period. Average EPSC amplitudes
during stimulus trains delivered at 100, 200, and 333 Hz are
shown in Figure 3B. Trains of 20 stimuli were delivered in
post-hatch synapses. Shorter trains of 10 stimuli were routinely
delivered in embryonic synapses because greater depression
made EPSC measurements unreliable during longer high-
frequency trains. Data from post-hatch synapses were combined
in two age groups of P2–3 and P6–11. At these three frequencies,
average steady-state EPSC amplitudes (EPSCSS; the average of
the last three EPSCs in trains of 10 or 20 stimuli) showed
progressive and significant increases in the age groups tested
(ANOVA; p � 0.001; Tukey post hoc comparison). For example,
at 200 Hz, EPSCSS was 0.52 � 0.02, 2.53 � 0.02, and 3.49 � 0.04
nA at ages E18, P2–3, and P6–11, respectively (Fig. 3B). Between
E18 and P6–11, EPSCSS increased 4.0-, 6.7-, and 6.8-fold at 100,
200, and 333 Hz, respectively.

Synaptic depression was also examined after normalization of
the initial EPSC amplitude of each train (Fig. 3C). Normalized
depression declined progressively in the three age groups. Paired-
pulse depression (PPD; EPSC2/EPSC1) with a 5 msec interval
changed from 0.25 � 0.03 to 0.36 � 0.03 to 0.61 � 0.06 at ages
E18, P2–3, and P6–11. The decline in synaptic depression was
most apparent at the highest frequencies tested (333 Hz). Also, a
slow phase of depression in E18 synapses that was apparent after
two to three stimuli was reduced in older chicks (Fig. 3C, asterisk).

Developmental changes in EPSC size and shape
Amplitude and time course of EPSCs were compared in synapses
from three age groups: E18, P2–3, and P6–11 (Fig. 4A,C). Be-
tween E18 and P2–3, EPSC amplitudes increased 68%, from
8.4 � 0.9 to 14.1 � 0.9 nA ( p � 0.001; ANOVA; Tukey post hoc
comparison). Mean EPSC amplitude for P6–11 synapses was
12.3 � 1.1 nA, not significantly different from for P2–3 synapses.
Changes in EPSC time course are illustrated by scaling and
superimposing EPSCs from synapses of different ages (Fig. 4B).
Rise times (10–90%) became faster between E18 and P2–3 but
did not change significantly between P2–3 and P6–11. Fits of
double-exponential functions to the decay phase of EPSCs indi-
cated that the fast exponential component became faster by 50%
between ages E18 and P6–11, causing a reduction of 41% in
EPSC half-widths during this time (Fig. 4B,C). The observed
increase in the overall amplitude of EPSCs therefore could ex-
plain part of the increase in synaptic strength during trains (Fig.
1) but cannot account for the dramatic reduction in synaptic
depression with age (Fig. 3).

Time course of EPSCs during trains
Rapidly rising and decaying synaptic conductance serves an im-
portant function in nMag (Trussell, 1999). Brief EPSCs are

Figure 2. Improvement in action potential timing with older synapses. A,
First and 10th responses are shown for 10 repetitions of a 100 Hz train in
an E18 synapse. Action potentials show temporal jitter during the 10th
stimulus. B, First and 10th responses for 10 repetitions of a 100 Hz train
in a P3 synapse. Timing of action potentials during the 10th stimulus is
improved. C, SD of peaks of action potentials were calculated for each
stimulus of 100 Hz trains in E18 (squares; n � 9) and P2–3 (circles; n � 5)
synapses. Progressive increase in variation of action potential timing seen
in embryos is not present in P2–3 hatchlings.
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necessary for accurately timed postsynaptic action potentials that
enable sound localization. Indeed, the presence of a low-
threshold potassium conductance makes rapidly rising synaptic
conductance necessary for generation of spikes (Brew and For-
sythe, 1995; Rathouz and Trussell, 1998). We therefore investi-
gated developmental changes in time course of EPSCs during
repetitive stimulation (Fig. 5). Rise times and half-widths of
EPSCs were determined during 200 Hz trains at different ages
(E18, P2–3, and P6–11). Rise times of EPSCs in E18 synapses
increased progressively during 10-stimulus trains by 66%, from
0.20 � 0.01 to 0.33 � 0.03 msec (Fig. 5A). In post-hatch synapses,
rise times increased by a much smaller amount (Fig. 5B). At ages
P2–3, increase in rise time during 20 stimulus trains was 28%, and
at ages P6–11 a 24% increase was measured (Fig. 5C). Notably,
EPSC rise times in P6–11 hatchlings after 20 stimuli at 200 Hz in
P6–11 synapses are as fast (0.19 � 0.01 msec) as rise times of the
first EPSCs of trains at age E18 (0.20 � 0.01 msec).

Progressive broadening of EPSCs during trains also declined
with age (Fig. 5D). A large decrease in EPSC half-width was
always seen between the first two EPSCs of a train associated
with amplitude depression, so comparisons were made between
the second and last EPSCs. The broader first EPSC is a result of
its larger quantal content and consequent delayed clearance of
transmitter from the synaptic cleft (Otis and Trussell, 1996). In
E18 synapses, half-widths increased 33%, from 0.59 � 0.02 to
0.79 � 0.05 msec. In P2–3 hatchlings, half-widths increased from
0.40 � 0.01 to 0.49 � 0.02 msec, an increase of 22%. In P6–11
hatchlings, half-widths increased by only 8%, from 0.42 � 0.02 to

0.45 � 0.02 msec. Thus, not only are EPSCs at older synapses
larger, but the time course of signaling remains more stable
during high-frequency activity.

Changes in mEPSCs with age
To account for developmental changes in EPSCs and synaptic
depression, further experiments were performed to measure
quantal size (q), vesicle pool size (N), transmitter release prob-
ability (PR), and the time course of recovery from synaptic de-
pression (�REC). First, we recorded spontaneous mEPSCs in
embryos and hatchlings to determine the contribution of changes
in quantal size and kinetics to the changes we observed in evoked
EPSCs. Average mEPSCs from an E18 neuron (average of 277
events) and a P3 neuron (average of 421 events) are illustrated in
Figure 6A. Double-exponential functions were fit to the decay
phase of the mEPSC and are superimposed on the averaged
events in Figure 6A. Data from eight embryos (E18) and 11
hatchlings (P2–3) were analyzed (Fig. 6B). Amplitudes were
significantly larger, and rise times and �FAST were significantly
faster at P2–3 compared with E18 ( p � 0.01; Student’s t test). The
increase in mEPSC amplitude between E18 and P2–3 was 34%,
sufficient to account for part, but not all, of the developmental
increase in EPSC amplitudes (Fig. 4). mEPSCs in P2–3 hatchlings
were strikingly rapid, with a major exponential decay time con-
stant of 0.120 msec. No significant differences in any parameters
were seen in a comparison between mEPSCs obtained at P2–3
(n � 11) and P6–11 (n � 6). Thus, developmental changes in

Figure 3. Reduction of synaptic depression during development. A, Trains of 20 EPSCs were evoked at 200 Hz in brain slices obtained from animals
at different ages. Top trace, E18; middle trace, P2; bottom trace, P10. Averages of three to five traces are shown. Vm � �30 mV. B, Absolute amplitudes
during 200 Hz stimulus trains. Trains of 10 and 20 stimuli were delivered to embryos and hatchlings, respectively. Summarized data from E18 (n � 12),
P2–3 (n � 15), and P6–11 (n � 10) are shown. C, Depression during 200 Hz trains was compared by normalizing each EPSC to the first EPSC of each
train. Data in B and C are from the same cells. Asterisks indicate a slow phase of depression present in embryos.
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quanta are responsible in part for developmental changes in
evoked EPSCs.

We next compared in hatchlings and embryos the effects on
mEPSCs of aniracetam, a modulator of AMPA receptors that
reduces desensitization (Vyklicky et al., 1991; Raman and
Trussell, 1995; Partin et al., 1996). In addition to providing
information about quantal size in the presence of aniracetam for
vesicle pool measurements (see below), assaying sensitivity of
mEPSCs to aniracetam could provide evidence for changes in
AMPA receptor subunit composition during development (Partin

et al., 1996). However, no significant differences with respect to
changes in amplitude or decay time course were seen in the effect
of aniracetam on mEPSCs in E18 versus P2–3 synapses (data not
shown).

Figure 4. Developmental changes in
EPSC kinetics. A, EPSCs at indicated
ages were recorded at a holding poten-
tial of �30 mV. Averages of five traces
are shown. Stimulus artifacts have
been removed. B, Traces from A are
superimposed and scaled to illustrate
developmental changes in EPSC ki-
netics. C, Summarized data from E18
(n � 12 neurons), P2–3 (n � 12 neu-
rons), and P6–11 (n � 7 neurons).
Different letters above bars indicate
statistically significant differences
( p � 0.01; ANOVA; Tukey post hoc
comparison).

Figure 5. EPSC kinetics during trains stabilize with age. A, EPSCs from
an E18 synapse during 200 Hz stimulation were superimposed to illustrate
changes in rise times and half-widths. B, Superimposed EPSCs from a P2
synapse during 200 Hz stimulation. C, Progressive increase in 10–90%
rise times of EPSCs during trains is reduced with age. D, Half-widths of
EPSCs increase during trains in embryos but remain stable in post-hatch
synapses.

Figure 6. Increase in quantal size with development. A, Spontaneous
mEPSCs were recorded in an E18 and a P3 neuron. Double exponential
fits are superimposed on the decay of each averaged trace ( gray lines). B,
Averaged results from E18 (n � 8) and P2–3 (n � 12) neurons. Between
75 and 2148 events were averaged from each cell. Asterisks indicate
statistically significant differences ( p � 0.01; Student’s t test).
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Reduction of AMPA receptor desensitization in
hatchlings during trains
To determine the contribution of desensitization to synaptic
depression in hatchlings, trains of EPSCs were recorded in con-
trol conditions and in the presence of aniracetam. Individual
EPSCs were increased by aniracetam (5 mM) from 12.4 � 1.1 to
14.9 � 0.6 nA (n � 9), an increase of 25 � 8% (data not shown).
This effect of aniracetam on EPSC amplitudes at age P2–3 was
not significantly different from the effect seen at age E18 (35 �
5%; n � 18).

To determine the effect of aniracetam on synaptic depression,
trains of EPSCs were normalized to the amplitude of the first
peak (Fig. 7A). After normalization, depression was reduced in
the presence of aniracetam compared with controls, an effect
attributable to relief of desensitization. Normalized EPSCSS (av-
erage of the last five EPSCs of trains) were larger in aniracetam
at 100, 200, and 333 Hz (Fig. 7B) ( p � 0.0001; Mann–Whitney U
test). At 100, 200, and 333 Hz, respectively, aniracetam enhanced
EPSCSS by 26 � 3, 38 � 4, and 73 � 10%, respectively [calculated
as 100 � (EPSCANI � EPSCCON)/EPSCCON]. Thus, the amount
of desensitization is dependent on stimulus frequency (Fig. 7C).
Enhancement of EPSCSS by 38% indicates that 28% of synaptic
AMPA receptors are desensitized during 200 Hz trains. By con-
trast, aniracetam enhancement of EPSCs in E18 synapses was
104 � 1% at 200 Hz (Brenowitz and Trussell, 2001), indicating
that 51% of AMPA receptors are desensitized. Thus, the contri-
bution of desensitization to synaptic depression during trains
declines with age. Aniracetam does not completely block desen-
sitization to a long pulse of a high concentration of glutamate
(Raman and Trussell, 1995). However, it was most likely effective
here, because the estimate of maximal desensitization in E18
synapses (51%) made using aniracetam was similar to that pro-
vided through direct measurement of depression of quantal size
(Brenowitz and Trussell, 2001).

Measurements of vesicle pools and release probability
To investigate presynaptic mechanisms that may contribute to the
observed developmental changes in synaptic depression during
stimulus trains, estimates of vesicle pool size and PR were made
at ages E18 and P2–3. This approach relied on a plot of the
cumulative EPSC as a function of stimulus number during high-
frequency trains (Schneggenburger et al., 1999; Wu and Borst,
1999; Bollmann et al., 2000). Because desensitization contributes
to depression of EPSCs during trains (Fig. 7), pool size measure-
ments were made in the presence of aniracetam. In some exper-
iments on P2–3 hatchlings, 15–20 �M GYKI-52466, a noncom-
petitive AMPA receptor antagonist, was added to improve
voltage clamp by reduction of EPSCs (see Materials and Meth-
ods). No effects of GYKI were seen on pool size measurements
or on estimates of release probability, so pool size data from 12
neurons in aniracetam and 12 neurons in aniracetam and GYKI
were combined for analysis. Quantal content of EPSCs was de-
termined by dividing the peak synaptic currents by the quantal
size. Quantal size was measured in the presence of 5 mM anirac-
etam in E18 and P2–3 synapses at �60 mV and corrected for a
holding potential of �30 mV at which EPSCs were recorded. At
�60 mV, mEPSC amplitudes in 5 mM aniracetam for E18 and
P2–3 synapses, respectively, were 129 � 9 pA (n � 8) and 180 �
14 pA (n � 11). To determine quantal size in 20 �M GYKI, these
values were further scaled by 64%, the effect of 20 �M GYKI on
EPSC amplitudes. Using the steady-state region of the cumulative
EPSC plot to extrapolate back to time 0 (stimulus 1), the initial
size of the vesicle pool can be determined, under the assumption
that EPSC recovery rates are uniform during the train (see
below). With this method we find that the size of vesicle pools
increased 44%, from 209 � 14 to 291 � 19 between ages E18 and
P2–3 (data not shown). This change was highly significant ( p �
0.001; Student’s t test). Release probability was determined by

Figure 7. Effects of aniracetam on synaptic
depression. A, Stimulus train delivered at 333
Hz in control conditions and with 5 mM
aniracetam. Traces were normalized to the
amplitudes of the first peak in each train.
Averages of three to five traces are shown.
Inset shows EPSCs 14–17 of the stimulus
train. B, Normalized peak amplitudes during
stimulus trains delivered at 100 Hz (n � 9
neurons), 200 Hz (n � 8), and 333 Hz (n � 4)
Circles, Control (con); triangles, aniracetam
(ani). Depression was significantly reduced by
aniracetam for stimulus 2 through 20 of
trains. C, Relative enhancement of EPSC am-
plitudes by aniracetam throughout stimulus
trains at 100 Hz (triangles), 200 Hz (circles),
and 333 Hz (squares), calculated as 100% �
(EPSCANI � EPSCCON )/EPSCCON.
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calculating the ratio between the quantal content of the first
EPSC of the train and the total pool size. PR declined 17%, from
0.69 � 0.01 to 0.53 � 0.03 during this developmental period ( p �
0.001; Mann–Whitney U test).

Using a related method based on a plot of the relationship
between quantal content of the EPSC and cumulative quantal
content of the train (Elmqvist and Quastel, 1965; Christensen
and Martin, 1970; Lu and Trussell, 2000), similar results were
obtained (data not shown). Although both methods use similar
approaches, relying on extrapolation of plots based on EPSC
trains, the regions of the trains used for extrapolation differ
between the two methods. Unlike the cumulative EPSC plot used
above, the method of Christensen and Martin (1970) relies on
data points during the initial (pre-steady-state) portion of the
stimulus trains and is insensitive to effects of a slow phase of
depression (Fig. 3C, asterisk). Using this approach, the estimated
increase in the vesicle pool size was 69%, and release probability
declined by 26%. These changes were highly significant ( p �
0.001; Mann–Whitney U test for PR, Student’s t test for pool size).
Increased vesicle pool size and reduced PR are expected to
reduce synaptic depression and thereby improve sustained high-
frequency transmission at the nMag end-bulb synapse.

The developmental decline in PR suggests that transmitter
release should become more sensitive to decreases in extracellu-
lar calcium (i.e., a rightward shift in the dose–response relation-
ship between calcium and release). Therefore we predicted that
lowering extracellular calcium should cause a larger reduction of
EPSC amplitudes in hatchlings compared with embryos. Consis-
tent with this hypothesis, we found that lowering bath calcium
from 3 to 1.5 mM had a greater effect in hatchlings, reducing
EPSCs by 26 � 4% in E18 synapses (n � 3) and by 37 � 2% in
hatchlings (n � 11; p � 0.05; Student’s t test).

Developmental changes in quantal parameters are summarized
in Table 1. Quantal sizes were scaled for a holding potential of
�30 mV. Values of N and PR were obtained from the cumulative
EPSC plots (Fig. 7A–C). EPSC amplitudes were determined in a
population of 8 embryos (E18) and 11 hatchlings (P2–3) from
which mEPSCs were also recorded.

Close agreement was observed between EPSC amplitudes pre-
dicted by the product N � PR � q and experimentally measured
values.

Recovery from synaptic depression
An additional factor that determines the amplitudes of synaptic
responses during repetitive stimulation is the rate of recovery
from synaptic depression (O’Donovan and Rinzel, 1997; Dittman
and Regehr, 1998). Therefore we performed a series of experi-
ments to monitor recovery rates (determined by recovery of

EPSC amplitudes), under different conditions. These experiments
were designed to investigate developmental changes, as well as
effects of conditioning stimuli and calcium on rates of recovery
from synaptic depression.

Recovery from single conditioning stimuli was compared in
E18 and P2–3 synapses (Fig. 8). To determine the amount and
time course of desensitization after a single conditioning stimu-
lus, these experiments were conducted in the absence and pres-
ence of aniracetam. In the continuous presence of GYKI-52466
(see Materials and Methods), recovery was monitored between 5
msec and 5 sec. Recovery from 5 to 50 msec is shown for E18 and
P2 synapses in Figure 8, A and B, respectively. EPSCs recorded in
control conditions and in aniracetam were normalized and super-
imposed. Average recovery data for E18 and P2–3 synapses is
shown in Figure 8, C and D, respectively. Recovery for E18 and
P2–3 synapses is superimposed for comparison in Figure 8E,F.
The EPSC2/EPSC1 ratio in GYKI-52466 at a 5 msec stimulus
interval was 0.12 � 0.02 at E18 and 0.37 � 0.04 at P2–3. Thus,
paired-pulse depression with a 5 msec stimulus interval was
reduced by a factor of 3 in P2–3 versus E18 synapses.

When recovery was monitored in the presence of aniracetam, a
large difference in the amount of desensitization between em-
bryos and hatchlings became apparent (Fig. 8C,D, insets), in
agreement with previous results using train stimulation (Fig. 7).
In E18 synapses (Fig. 8C) aniracetam significantly reduced de-
pression at intervals of 5–30 msec ( p � 0.006; Wilcoxon signed
rank test), but with stimulus intervals �30 msec, depression in
control and aniracetam were not significantly different. In P2–3
synapses, significant effects of aniracetam on depression persisted
through the 5 and 10 msec recovery intervals, but with a 20 msec
interval, PPD was not affected by aniracetam (Fig. 8D). Thus
desensitization is greater and more persistent in embryos than in
hatchlings. At both ages, recovery from desensitization contrib-
uted to the fast component of EPSC recovery but did not affect
the slow component. However, the effect of aniracetam on the fast
component was greatest in embryos (Fig. 8C,D). Reduced desen-
sitization after hatching is consistent with our earlier measure-
ment of lower PR because we have shown previously that desen-
sitization is minimal when release probability is lowered
(Brenowitz and Trussell, 2001). Recovery from desensitization,
measured as decay in the enhancement of EPSC2/EPSC1 by
aniracetam, is shown in Figure 8G. At near-physiological record-
ing temperatures (34–36°C), recovery from effects of aniracetam
proceeded with a time course of �10 msec in E18 and P2–3
synapses, suggesting rapid unbinding and clearance of glutamate.

Figure 8E illustrates recovery from synaptic depression that
consists of both presynaptic and postsynaptic components. By
blocking desensitization with aniracetam, presynaptic compo-
nents of recovery could be observed in isolation (Fig. 8F). A fast
component of presynaptic recovery persisted in hatchlings and
embryos. The rate and amplitude of slow recovery components
and the rate of the fast component did not change appreciably
with age (Fig. 8, see legend). The main developmental change in
recovery after a single stimulus was the magnitude of the fast
recovery component, which decreased from 59 to 36% between
E18 and P2–3 (Fig. 8E,F). The remaining fast component of
recovery in the presence of 5 mM aniracetam is unlikely to result
from residual desensitization that is resistant to aniracetam, be-
cause in a group of four hatchling neurons that did not show any
effects of aniracetam on depression (“nondesensitizing”), a fast
component of recovery was still present (data not shown). More-
over, the rate of this component (	35 msec) is more than three-

Table 1. Developmental changes in EPSC parameters

E18 P2-3

q (�30 mV) 57 � 5 pA 80 � 3 pA
N 209 � 14 291 � 19
PR 0.69 � 0.01 0.53 � 0.03
Predicted EPSC (N�PR�q) 8.2 nA 12.3 nA
Measured EPSC 8.4 � 0.9 nA 12.5 � 0.9 nA
Steady-state desensitiza-

tion at 200 Hz 51% 28%
EPSCSS at 200 Hz 0.52 � 0.02 nA 2.53 � 0.02 nA
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fold slower than recovery of aniracetam-sensitive depression (Fig.
8G). The multiple components of recovery may indicate the
presence of multiple vesicle pools or multiple kinetic steps in-
volved in replenishment of a releasable pool. Mechanisms of
depression other than depletion, such as refractoriness of release,
may also contribute to recovery rates.

Recovery of EPSCs after multiple conditioning stimuli
Because the auditory nerve exhibits both spontaneous and acous-
tically driven activity, we examined recovery from multiple con-
ditioning stimuli to determine how ongoing activity may affect
recovery rates. After 10 stimuli at 200 Hz, test EPSCs were
evoked at recovery intervals ranging from 5 msec to 5 sec. Data
from a P3 neuron are shown in Figure 9A. In P2–3 synapses,
although the total amount of depression was increased threefold
by the conditioning train, the time course of recovery was not
affected, as indicated by superposition of scaled recovery curves
(Fig. 9E). However, in E18 synapses the conditioning train caused
a twofold slowing of the fast component of recovery, from 26 to
53 msec (Fig. 9D). A small increase in the contribution of the fast
component to recovery was also seen (Fig. 9F).

To summarize, EPSC recovery after trains was bi-exponential
and exhibited a fast (�100 msec) component at both ages. This
fast recovery component resulted from both presynaptic recovery
and recovery from AMPA receptor desensitization. Improved
high-frequency transmission in hatchlings is thus achieved in part
by acquisition of “stable” recovery rates that do not exhibit
activity-dependent slowing during repetitive stimulation. In em-

bryonic synapses, a slowing of �FAST caused by activity is pre-
dicted to underlie the slow phase of depression (Fig. 3C, asterisk).
In addition, the contribution of desensitization to the fast com-
ponent of depression and recovery declines with age.

Recovery in reduced extracellular calcium
Calcium entry into the presynaptic terminal has been shown to
affect rates of vesicle cycling in other synapses (Dittman and
Regehr, 1998; Wang and Kaczmarek, 1998; Wang and Zucker,
1998), suggesting that the fast phase of recovery seen at the nMag
synapse may be induced by elevated presynaptic calcium. If so, we
predicted that recovery would be slowed if extracellular calcium
were reduced. However, when we measured recovery from de-
pression in low extracellular (1.5 mM) calcium after conditioning
trains of 1, 5, and 16 stimuli delivered at 333 Hz (data not shown),
a fast component of recovery remained. The time constant of
recovery after conditioning trains of 1, 5 and 16 stimuli was 22, 24,
and 27 msec, respectively. The contribution of the fast component
to recovery (percentage fast) after 1, 5, and 16 conditioning
stimuli was 39, 58, and 59%. Thus, fast recovery persisted under
the lowest levels of presynaptic calcium influx that were tested.

Membrane properties of post-hatch neurons
Current-clamp experiments were conducted to examine re-
sponses of post-hatch nMag neurons to current steps. The mem-
brane response in hatchlings is very similar to that in embryos,
being characterized by generation of a single spike and strong
outward rectification (Reyes et al., 1994; Zhang and Trussell,

Figure 8. Time course of recovery from synaptic depression after a single stimulus. A, Recovery was monitored by test pulses at intervals of 5 msec to
5 sec after one conditioning stimulus in an E18 synapse. Traces showing recovery in the presence GYKI (peaks indicated by dots) and in GYKI �
aniracetam were normalized and superimposed. For these experiments, 20 �M GYKI was used to improve voltage clamp. B, Recovery in GYKI
(indicated by dots) and GYKI � aniracetam is shown for a P2 synapse. C, Summary of recovery data for E18 synapses (n � 10), in GYKI (squares) and
GYKI � aniracetam (circles). Data points were fit with double-exponential functions. Inset shows recovery from 5 to 100 msec on an expanded time scale.
For recovery of E18 synapses in GYKI, �fast � 26 msec, �slow � 1.5 sec, and %fast � 65%. For recovery of E18 synapses in GYKI � aniracetam, �fast �
33 msec, �slow � 1.4 sec, and %fast � 59%. D, Recovery in P2–3 synapses (n � 11) in GYKI (squares) and GYKI � aniracetam (circles). Inset shows
recovery from 5 to 100 msec on an expanded time scale. For recovery of P2–3 synapses in GYKI, �fast � 35 msec, �slow � 1.8 sec, and %fast � 47%. For
recovery of P2–3 synapses in GYKI � aniracetam, �fast � 35 msec, �slow � 1.5 sec, and %fast � 36%. E, Comparison of depression and recovery in E18
and P2–3 synapses in GYKI. With a 5 msec recovery interval, EPSC2 /EPSC1 ratio was 0.12 � 0.02 and 0.37 � 0.04 at ages E18 and P2–3, respectively.
F, Comparison of recovery in E18 and P2–3 synapses in GYKI � aniracetam. With a 5 msec recovery interval, EPSC2 /EPSC1 ratio was 0.31 � 0.05 and
0.48 � 0.04 at ages E18 and P2–3, respectively. G, Relative enhancement of EPSCs by aniracetam is plotted versus recovery interval. Enhancement is
calculated as (EPSCGYKI-ANI/EPSCGYKI )/EPSCGYKI.
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1994b). The current–voltage relationship was measured for a
group of eight neurons of ages P2–3 (data not shown). Our results
indicate that input resistance of nMag neurons in P2–6 neurons
declined threefold compared with E18 neurons (Zhang and
Trussell, 1994b). Membrane capacitance also increased with de-
velopment. CM increased from 11.9 � 0.5 pF at E18 (n � 31) to
14.8 � 0.7 pF in P2–11 hatchlings (n � 31), a change of 24% ( p �
0.001; Student’s t test).

Action potential generation required larger current injections
in post-hatch nMag neurons. Threshold was reached with current
injections of 1.05 � 0.06 nA (n � 20; data not shown), compared
with 0.43 � 0.12 nA in embryos (Zhang and Trussell, 1994b).
This suggests that larger synaptic conductances would be re-
quired for action potential generation in older animals. Thus,
despite the increase in spike threshold and shorter duration of
synaptic currents (Fig. 4), developmental increases in EPSCSS

during trains enable sustained high-frequency transmission.

Effects of GABAB receptors on synaptic transmission
in hatchlings
Previously we demonstrated in embryonic nMag that GABAB

receptors enhance EPSC amplitudes during high-frequency trains
(Brenowitz et al., 1998), attributable to relief of AMPA receptor
desensitization (Brenowitz and Trussell, 2001). Because desensi-
tization was reduced in hatchlings compared with embryos, we
performed experiments to examine effects of GABAB receptor
activation on synaptic depression in hatchlings during trains (Fig.
10). EPSCs were recorded under control conditions and in the
presence of a saturating concentration of baclofen (100 �M), a
GABAB receptor agonist. Single EPSCs were reduced by 84 �
3% in E18 synapses (n � 6) (Brenowitz and Trussell, 2001) and
by 76 � 6% in P3–6 synapses (n � 6). These effects of baclofen

on embryos versus hatchlings were not significantly different ( p �
0.05; Mann–Whitney U test).

Next, we delivered trains of stimuli at 200 Hz to P3–6 synapses
in control conditions and in baclofen (Fig. 10A). Amplitudes of
EPSCs recorded in both conditions converged on the same
steady-state value after two to three stimuli (Fig. 10A,C), and
amplitudes maintained the same values for the remainder of the
20-stimulus trains, suggesting equivalent levels of AMPA recep-
tor desensitization in baclofen and control conditions. When
stimulus rates were increased to 333 Hz, however, EPSCs in
baclofen became larger than control EPSCs after two to three
stimuli and remained larger for the duration of the train (Fig.
10B,C). By contrast, baclofen enhanced by more than twofold
EPSCs evoked at 200 Hz in E18 synapses (Fig. 10D).

Because enhancement of synaptic strength by GABAB receptor
activation was observed in post-hatch synapses only at high fre-
quencies that are in the upper range of chick auditory nerve firing
rates, we investigated alternative roles of GABAB receptors in
auditory signal processing. Because deterioration of rapid EPSC
kinetics during trains will limit temporal accuracy and maximum
rates of postsynaptic action potential firing, we examined effects
of baclofen on EPSC rise times and half-widths during 200 Hz
trains (Fig. 10E,F). Rise times were significantly faster in ba-
clofen compared with control for stimuli 2–20 of trains ( p � 0.05;
paired t tests). Half-widths of EPSCs were also significantly
reduced by baclofen ( p � 0.01; paired t tests). Thus, GABAB

receptors at the nMag end-bulb synapse in hatchlings may accel-
erate the time course of the EPSC during high-frequency repet-
itive firing. At frequencies approaching the maximum reported
firing rates for avian auditory nerve fibers (200–300 Hz) (Manley
et al., 1991; Salvi et al., 1992), GABAB receptor activation will

Figure 9. Recovery from synaptic depression after trains of stimuli. A, Recovery was monitored after conditioning by 1 (lef t) or 10 (right) stimuli
delivered at 200 Hz. Stimuli delivered to monitor recovery are indicated by dots above traces. B, Summary of recovery from 1 stimulus (circles; n � 16
neurons) and 10 stimuli (squares; n � 15 neurons) in GYKI, from 5 msec to 5 sec in P2–3 hatchlings. For recovery after 10 stimuli in GYKI, parameters
of a double-exponential fit to the data points were �fast � 46 msec, �slow � 1.9, and %fast � 48%. For recovery after 10 stimuli in GYKI � aniracetam,
parameters were �fast � 39 msec, �slow � 1.5, and %fast � 43%. C, Data from B on an expanded time scale. Also shown is recovery from 10 stimuli in
GYKI � aniracetam (triangles; n � 5 neurons). D, Recovery from depression in E18 synapses after 1 (squares; n � 10) and 10 stimuli (circles; n � 7)
at 200 Hz. For recovery of E18 synapses after 10 stimuli in GYKI, double-exponential fit parameters were �fast � 53 msec, �slow � 2.1, and %fast � 71%.
E, Double-exponential fits of hatchling recovery data from B were normalized and superimposed to illustrate that relative time course of recovery did
not change. F, Double-exponential fits of embryo recovery data from D were scaled and superimposed to illustrate that trains increased and slowed the
fast component of depression. Dashed line in E and F indicates recovery after trains. Solid line in E and F indicates recovery after single stimulus.
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also serve to enhance synaptic strength and promote suprathresh-
old transmission.

DISCUSSION
In this work we have described physiological changes at the nMag
end-bulb synapse that occur around the time of hatching and
result in dramatic improvement in reliability and timing of high-
frequency synaptic transmission. These changes include an in-
crease in EPSC amplitude, faster rise and decay kinetics of
EPSCs, reduced synaptic depression during stimulus trains, and
lower input resistance. Contributing to these changes are larger
and faster mEPSCs, a larger pool of transmitter vesicles, lowered
probability of transmitter release, and reduced AMPA receptor
desensitization during trains, as summarized in Table 1. Rates of
recovery from synaptic depression during repetitive stimulation
are also more stable in older synapses. The improved reliability
and timing of postsynaptic action potentials during stimulus trains
promote suprathreshold transmission at frequencies reaching the
upper limit of auditory nerve activity.

Improvements in high-frequency transmission during develop-
ment have been observed at other synapses of the auditory
pathway. In rodents, the onset of hearing occurs between P10 and
P14 (Mikaelian and Ruben, 1964), but auditory nerve responses
do not appear adult-like until P18–36 (Sanes and Constantine-
Paton, 1985; Blatchley et al., 1987).

Various changes at auditory synapses have been described that
accompany the onset of neural activity in the auditory system. Wu
and Oertel (1987) reported a developmental decrease in input
resistance and improved responses to repetitive stimulation be-
tween P7 and P22 in the mouse cochlear nucleus, consistent with
findings of this study. Bellingham and Walmsley (1997) report
increased mEPSC and evoked EPSC amplitudes in the rat coch-
lear nucleus between P4 and P18, also consistent with our re-
sults. In contrast, no changes in mEPSC or evoked EPSC ampli-
tudes were found in rat MNTB (Taschenberger and von Gers-
dorff, 2000; Iwasaki and Takahashi, 2001). However, at the mouse
calyx of Held, Futai et al. (2001) report a severalfold increase in
EPSC amplitudes between P5 and P27. Acceleration of EPSC
kinetics at auditory synapses during development has also been
reported by Taschenberger and von Gersdorff (2000), Futai et al.
(2001), and Iwasaki and Takahashi (2001). Acquisition of rapid
AMPA-mediated EPSC kinetics may result from postsynaptic
alterations in receptor subunit composition (Lawrence and
Trussell, 2000) and faster presynaptic action potential waveforms
(Taschenberger and von Gersdorff, 2000). In the embryonic avian
nMag, NMDA receptors do not contribute substantially to syn-
aptic signaling (Zhang and Trussell, 1994b) and were not in-
vestigated in this study. Larger vesicle pools and reduced PR

also contribute to maturation of transmission at the calyx of Held

Figure 10. Effects of GABAB receptor acti-
vation on synaptic depression in P3–6 neu-
rons. A, Top traces, Stimulus trains were de-
livered to a P6 synapse at 200 Hz in the
absence (con) or presence (bac) of 100 �M
baclofen. Bottom traces, EPSCs 11–20 were
superimposed and displayed on an expanded
time scale to illustrate convergence of steady-
state EPSC amplitudes. B, Top traces, Trains
at 333 Hz in control (con) and baclofen (bac).
Bottom traces, EPSCs 11–20 are superim-
posed and displayed on an expanded time
scale to illustrate enhancement of EPSC am-
plitudes by baclofen at 333 Hz. C, Ratios of
EPSCs in baclofen versus control (bacN /
conN ) for each stimulus of trains delivered at
100 Hz (triangles), 200 Hz (squares), and 333
Hz (circles) in P3–6 neurons (n � 6). At
steady state, bacN /conN was 0.66, 1.0, and 1.45
at 100, 200, and 333 Hz, respectively. D, Com-
parison of (bacN /conN ) ratio at 200 Hz at
P3–6 and E18. For E18 synapses, the steady-
state value of bacN /conN (average of last 3
stimuli) at 200 Hz was 2.0 � 0.2 (n � 8). E,
Rise times (10–90%) of EPSCs during 200
Hz stimulus trains in P3–6 neurons in control
conditions (con, triangles) and in the presence
of baclofen (bac, squares). Rise times remain
faster during trains in the presence of ba-
clofen. F, Half-widths of EPSCs during 200
Hz trains are narrower in baclofen (squares)
compared with control (triangles).
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(Taschenberger and von Gersdorff, 2000; Iwasaki and Takahashi,
2001). In hippocampus, reduced PR also occurs during develop-
ment (Chavis and Westbrook, 2001). Acquisition of rapid EPSC
kinetics and stable high-frequency transmission as auditory activ-
ity increases during development appear to be common features
of auditory synapses. Recent work (Lawrence and Trussell, 2000;
Futai et al., 2001) provides evidence that these changes may result
from intrinsic developmental processes as well as from increased
synaptic activity.

Developmental changes in recovery from synaptic depression
included a decline in the overall magnitude of depression and a
decrease in the relative amount of the fast recovery component.
Thus, changes in recovery time course were apparent only at
intervals up to 50 msec. This suggests that a developmental
decline in the amount of synaptic depression should be present
with high stimulus rates but should not be apparent during low-
frequency stimulation (less than 	20 Hz). In fact, such an effect
was apparent in our results (Fig. 3C), which indicate that the
decline in synaptic depression between E18 and P6–11 was more
pronounced at 333 Hz than at 100 Hz. Because PR is higher in
embryos, such findings may indicate a population of vesicles that
is more “releasable” and recovers more readily but declines in
size with age. The dramatic reduction in synaptic depression (Fig.
3) and trend toward smaller EPSCs (Fig. 4) between P2–3 and
P6–11 suggest that further changes in PR and vesicle recovery
rates may occur between these ages. In this study recovery was
not examined in older (P6–11) hatchlings.

Although a fast component of recovery from depression (�100
msec) was present in nMag, at the rat calyx of Held in the MNTB
(P8–10) only a slow phase of recovery was apparent (Schneggen-
burger et al., 1999; Wu and Borst, 1999). In mouse (P12–15),
Wang and Kaczmarek (1998) also report a single, slow recovery
time constant (5.0 sec at room temperature) after 100 Hz stimu-
lation. However, when stimulus rates were increased to 300 Hz,
elevated calcium levels in the presynaptic terminal induced a fast
(84 msec at room temperature, 43% fast) phase of recovery. A
calcium-dependent fast component of recovery (100 msec at room
temperature, 44 msec at 34°C) after a single stimulus was also
present at the climbing fiber–Purkinje cell synapse, but in low (1
mM) calcium, recovery was monoexponential with a time course
of 3.6 sec at room temperature (Dittman and Regehr, 1998).
Recently, Iwasaki and Takahashi (2001) reported in rat MNTB
that no developmental change occurs in the time course of recov-
ery from depression after 10 Hz stimulation. However, with
low-frequency stimulation, fast components of recovery are not
apparent at the calyx of Held (Wang and Kaczmarek, 1998). Our
findings indicate a developmental decrease in the fast component
of recovery after both single stimuli and trains.

Recovery in nMag differs from these examples in that a fast
component of recovery was present after single or multiple con-
ditioning stimuli in standard (3 mM) or reduced (1.5 mM) calcium.
The persistence of a fast recovery component in 1.5 mM calcium
suggests that a calcium-dependent recovery mechanism may be
saturated by low levels of presynaptic calcium and therefore may
not influence recovery with realistic activity rates. Mechanisms
for fast recovery, whether constitutively active or calcium depen-
dent, may be a common feature of auditory synapses, enabling
sustained and rapid signaling.

The values obtained in this study for quantal parameters N, PR,
and q, as well as the rate of recovery from synaptic depression,
allow comparison between experimentally measured EPSCs and
predictions of a depletion model of synaptic depression (Dittman

and Regehr, 1998; Weis et al., 1999; Brenowitz and Trussell,
2001). As shown in Table 1, both E18 and P2–3 synapses show
agreement between measured EPSCs and predicted amplitudes
on the basis of parameters obtained in this study. Moreover,
experimentally measured PPD agrees closely with predictions
based on a depletion model, as described in Brenowitz et al.
(2001). For P2–3 synapses, PPD in aniracetam with a 5 msec
stimulus interval was 0.44 � 0.05 (Fig. 7) compared with a
prediction of 0.46 when parameters from this study were used.
Close agreement between observed and predicted EPSCs and
PPD was also seen with embryonic synapses. However, experi-
mentally measured steady-state EPSCs during trains were con-
sistently larger than predictions of a depletion model (Brenowitz
and Trussell, 2001), using recovery rates measured in this study,
by a factor of 2. The developmental increase in observed steady-
state EPSC amplitudes can be attributed to lower PR, less desen-
sitization, and disappearance of a persistent slow component of
depression seen in embryos (Fig. 3B,C) (Brenowitz and Trussell,
2001, their Fig. 4). Discrepancies between the predicted and
observed amplitudes may indicate that activity-dependent recov-
ery mechanisms are present but were not revealed when recovery
was monitored with single test pulses (Fig. 9). Previous studies at
the calyx of Held (Weis et al., 1999) also indicated that measured
recovery rates predict smaller EPSCs than observed experimen-
tally, and these authors also failed to observe evidence for
calcium-dependence of recovery. Such findings may demonstrate
shortcomings of using depletion models to describe synaptic
transmission (Kraushaar and Jonas, 2000; Matveev and Wang,
2000). Alternatively, these observations may provide evidence for
activity-dependent enhancement of recovery from synaptic de-
pression that operates by a calcium-independent mechanism.
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