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The development of synaptic function was examined at auditory nerve synapses in the rostromedial region of the cochlear nucleus
magnocellularis of the chick. EPSCs were studied beginning at embryonic day 12 (E12), when synaptic transmission was first observed,
through E19. The amplitude of evoked EPSCs produced by AMPA receptor (AMPA-R) increased 30-fold over this age range, whereas
NMDA receptor (NMDA-R)-mediated transmission peaked at E14 and then declined almost completely. At E12, �80% of the miniature
EPSCs exhibited both receptor components, and �10% were NMDA-R only. With age, the contribution of NMDA-R to miniature EPSCs
steadily declined, suggesting that NMDA-R number is gradually reduced at individual postsynaptic sites. Between E12 and E16, the
number of axonal inputs to each cell reduced by half. In simultaneous recordings from adjacent neurons, synchronous EPSCs were
observed that resulted from spontaneous firing of the same presynaptic fiber. The difference in amplitude of the EPSCs in the two cells was
greater in E14 than E12, whereas at E16 synchronous events were no longer observed, suggesting that the weaker input was destined for
elimination. The relative amplitude of the NMDA-R component, compared with the AMPA-R component, was larger for the weaker
inputs. When elimination was underway, AMPA-R quantal size was much reduced for the weakest terminals. Thus, elimination of
auditory nerve terminals and pruning of axonal branches is preceded by a reduction in quantal efficacy.
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Introduction
Formation and refinement of glutamatergic synapses begins dur-
ing embryogenesis and continues at a high rate until just after
birth. Several themes appear almost universal during this time.
After an initial period of excessive growth, synapses are pruned
back during a process termed synapse elimination (Lichtman and
Colman, 2000) and often show marked changes in the types of
receptor subunits that mediate transmission (Mishina et al.,
1986; Tovar and Westbrook, 1999; Cathala et al., 2000; Kumar et
al., 2002). Analysis of these developmental events is complicated
by the large number of inputs that single cells receive, the diverse
positions of synapses on the dendritic tree, the varied sources of
inputs, and the different timescales over which different types of
input lay down their synapses. As a result, synaptogenesis and
elimination is not well described for single axonal inputs, with
respect to both the synapses they make on a given cell and the
contacts a given branched axon makes on different cells.

The giant synapses between auditory nerve and neurons of the
chick nucleus magnocellularis (NM) have been a valuable prep-
aration for analysis of neuronal differentiation and survival, as
well as synapse formation and elimination (Rubel and Parks,
1988). Auditory nerve axons are found in NM by embryonic day

10 (E10), and the first signs of synapse formation are seen at
E11–E12 (Saunders et al., 1973; Jackson et al., 1982; Jhaveri and
Morest, 1982a,b). Neurons in NM undergo a dramatic pruning of
dendrites and axonal inputs, resulting by E16 in two to three large
endbulb terminals on each nearly adendritic cell body in a one
axon-to-one NM cell ratio (Parks, 1981; Jackson and Parks, 1982;
Jhaveri and Morest, 1982a). By the time of hatching (E21), the
morphological maturation is nearly complete, and the endbulbs
are powerful enough to drive high-fidelity, phase-locked activity
(Parks, 1981; Brenowitz and Trussell, 2001). Two types of iono-
tropic glutamate receptor, the AMPA and NMDA receptors
(AMPA-R and NMDA-R, respectively), are expressed in NM,
and proportions of different subunits are altered during develop-
mental reorganization (Zhou and Parks, 1992; Lawrence and
Trussell, 2000; Sugden et al., 2002).

We monitored transmission by single auditory nerve fibers
from the time chemical transmission can be first recorded (E12),
contrasting the relative contributions of AMPA-R and NMDA-R,
through the period of synapse elimination and formation of ma-
ture endbulbs. Our focus was on the high best-frequency region
of NM, representing cells with the earliest maturation and highest
physiological demands for phase locking to acoustic input (Jack-
son et al., 1982). The results indicate that throughout the period
of synaptogenesis and pruning, NMDA-R and AMPA-R were
differentially regulated. At E12, these receptors were coactivated
at most synapses, but by E19, NMDA-R were nearly absent. By
recording from pairs of coinnervated neurons just before axon
branches were pruned, we found that very weak synapses, which
were most likely to be eliminated, had a higher proportion of
NMDA-R, and a sharply reduced AMPA-R quantal size. The
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strength of the remaining synapses varied primarily in quantal
content rather than quantal size.

Materials and Methods
Slice preparations and retrograde labeling of NM. The 250-�m-thick
brainstem slices were prepared from chick embryos aged 11–19 d (E11–
E19) according to the protocols described previously (Zhang and
Trussell, 1994). The oxygenated and warm (30°C) saline for dissecting
and incubating the slices contained the following (in mM): 143 NaCl, 5
KCl, 3 CaCl2, 1 MgCl2, 1.8 Na-pyruvate, 1 NaH2PO4, 10 HEPES, 22
D-glucose, pH adjusted to 7.4 with NaOH. To assist in the positive iden-
tification of NM neurons in slices from E12 or younger embryos, a ret-
rograde labeling protocol described previously (Lawrence and Trussell,
2000) was adapted. First, 3–10 kDa tetramethylrhodamine dextran was
dissolved in 0.1 M NaH2PO4 and allowed to dry completely. During the
dissection, the freshly blocked brainstem was glued to the slicing plat-
form; a particle of the dextran-phosphate crystal was then inserted into
the tissue at midline directly ventral to the fourth ventricle, at the dorsal
acoustic commissure. The brainstem was then submerged in oxygenated
saline at room temperature for 1 h before being sliced as usual. Approx-
imately one-half of the principal neurons in NM were positively labeled
and visible under the fluorescent microscope. After a series of early ex-
periments using the retrograde labeling, we achieved a high degree of
consistency in identifying NM neurons, and the labeling was only con-
ducted sporadically later.

Electrophysiological recordings. Whole-cell patch recordings were made
with an Axopatch 200A (Molecular Devices, Sunnyvale, CA); an Axo-
patch 200B was also used when dual recordings were needed. The oxy-
genated saline for perfusing slices in recording chamber was the same as
the dissecting saline, except that the temperature was maintained at 35 �
1°C, and the Mg 2� was normally omitted. GABAA or glycine receptors
were routinely blocked with 10 �M SR 95531 (Gabazine) and 0.5 �M

strychnine in the bath. The internal solution for filling the recording
pipettes contained the following (in mM): 108 CsMeSO3, 5 CsCl, 1
MgCl2, 15 phosphocreatine-Tris2, 8 BAPTA-Cs4, 10 HEPES, 3 QX-
314.Cl, 4 MgATP, 0.4 Tris2GTP, pH adjusted to 7.3 at 35°C with TrisOH.
On the day of experiments, 50 U/ml creatine phosphokinase was added
from freshly thawed stock solution. The recording pipettes, pulled from
thick-wall borosilicate glasses (World Precision Instruments, Sarasota,
FL), typically gave a series resistance of 4 –10 M� before 80% compen-
sation. A junction potential of �4 mV was corrected for during voltage-
clamp experiments. Evoked EPSCs were locally elicited through a bipolar
extracellular electrode fabricated from a glass theta-pipette (Sutter In-
struments, Novato, CA) with a tip diameter of 5 �m. Compared with
single-ended stimulus electrodes, with a return current path in the bath,
the bipolar electrode permitted higher current density and more effective
local stimulation and reduced the risk of losing recordings from strong
electrical stimulation. Once the optimal location for stimulation was
found, typically within 100 �m of the cell, the stimulation voltage was set
to 30 –90 V, while the stimulation duration was varied systematically
between 10 and 250 �s at an interval of 10 �s, as specified in acquisition
software (see below), to recruit every and all excitatory inputs. Miniature
EPSCs (mEPSCs) were recorded with 1 �M tetrodotoxin in the bath.
Although young NM neurons have dendrites, we believe these did not
compromise the control of membrane voltage. mEPSC 10 –90% rise
times were quite rapid, averaging 167 � 22 �s (n � 4 cells, E12), 162 � 43
�s (n � 6, E13–14), and 111 � 16 �s (n � 4, E16). Moreover, amplitude/
rise-time plots showed no correlation at any age (mean correlation coef-
ficient 0.08 � 0.06, n � 13).

Data analyses. The data were filtered at 10 kHz, digitized with Digidata
1200 and acquired through pClamp 9 (Molecular Devices). Counting the
number of inputs was usually done by counting the number of discrete
steps in EPSC amplitude with increasing stimulation durations. Occa-
sionally, the EPSC amplitude measurements were analyzed with a cluster
analysis program, KlustaWin 3.1 [W. J. Heitler (University of St. An-
drews, St. Andrews, UK), algorithm by K. D. Harris (Rutgers University,
Newark, NJ)] for objective, unsupervised classification, and the number
of classes with the best scores corroborated the manual count. Most
off-line analyses were performed in Axograph 4 (Molecular Devices).

The mEPSCs containing a fast-rising AMPA component were detected
using the derivative-threshold method, whereas those without a signifi-
cant AMPA component were detected using a moving template whose
decay kinetics resembled that of a typical NMDA-R-mediated mEPSC
(Clements and Bekkers, 1997). To avoid missing a significant number of
miniature EPSCs, the detection threshold was set relatively low so that
�20% of the detected events were false positive and were later removed
manually. NMDA-R-mediated events were also detected by eye from
long periods of recordings and aligned along their rising phases. In all
cases tested, these slow, irregularly rising events were eliminated by APV.
To further classify mEPSCs, the ratio of areas under each event for 0 –1 to
0 –10 ms after onset was determined. The events were then classified as
“AMPA-only” if the ratio �0.5 and “NMDA-only” if the ratio �0.1; the
remainder were considered “mixed.”

Student’s t tests were used unless otherwise indicated [freeware ver-
sion of KyPlot from Koichi Yoshioka (KyensLab, Tokyo, Japan)]. All of
the data in the text and figures are shown as mean � SEM, unless speci-
fied otherwise. In the figures, *p � 0.05, **p � 0.01, and ***p � 0.001.
Other analyses were performed with Origin 6.1 (OriginLab, Northamp-
ton, MA) and Igor 5.0 (Wavemetrics, Lake Oswego, OR).

Reagents. APV, 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline
(NBQX), GYKI 52466 [1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-
5H-2,3-benzodiazepine hydrochloride], SR 95531, and ifenprodil were
from Tocris Bioscience (Bristol, UK). Tetrodotoxin and QX-314 were
from Alomone Labs (Jerusalem, Israel). All other salts and chemicals
were from Sigma-Aldrich (St. Louis, MO).

Results
Amplitude and time course of evoked EPSCs
Recordings were restricted to the rostromedial region of NM,
�25% of the nucleus, to avoid issues related to developmental
gradients and tonotonic variation in synaptic properties. This
region contains cells responding best to higher-frequency sound.
We were unable to detect EPSCs in E11 animals, whereas from
E12 onwards, EPSCs were reliably evoked. These had two distinct
kinetic components, a fast phase blocked by antagonists of
AMPA-R and a much slower phase blocked by NMDA-R antag-
onists (Fig. 1A,B). Generally, the decay phase of these compo-
nents were fit with a sum of two exponentials; the time constants
and their weighted time constant are plotted in Figure 1, C and D,
as a function of age. AMPA-R EPSCs were dominated by a fast
phase of �0.5 ms; a slow phase of variable duration contributed
5 � 1% of the fit (Fig. 1C) (n � 40 terminals) and did not vary
with age. Increases with age in decay rate were seen for both fast
and slow components, but these were generally small. NMDA-R
EPSCs showed no change in decay rate with development, and
their overall fast phase was 60 � 4% of the fit (Fig. 1D) (n � 53
synapses). This relative stability of the kinetics is in contrast to the
marked changes in EPSC amplitude described below.

Previous studies have emphasized that NMDA-R components
of EPSCs show striking developmental regulation of kinetics, an
effect accounted for by reduced expression of NR2B subunits and
increase in NR2A subunits (Tovar and Westbrook, 1999; Cathala
et al., 2000). Ifenprodil (10 �M), a selective antagonist of NR2B-
containing receptors, blocked NMDA-R EPSCs by nearly 60% at
both E13–E14 and E18 (Fig. 2A,C). Because the composition of
synaptic and extrasynaptic NMDA-R might be different, we also
examined the ifenprodil sensitivity of the response to 500 �M

NMDA applied by pressure ejection over the entire cell body. The
degree of block was identical to that of synaptic receptors (Fig.
2B,C) at the two ages. Together with the uniformity of decay
kinetics between E12 and E19, these data argue against develop-
mental regulation of NMDA-R composition during develop-
ment in NM.

To examine the amplitude of EPSCs with development, we

Lu and Trussell • Endbulb Development J. Neurosci., January 24, 2007 • 27(4):808 – 817 • 809



wished to focus on the responses to activation of single presyn-
aptic axons. Graded increase in either the amplitude or duration
of the stimulus resulted in a clear step-like increase in the ampli-
tude of EPSCs (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material), as reported by Jackson and Parks
(1982); the number of such increments showed a significant de-
cline between E12 and E16. To examine the amplitude of single-
axonal EPSCs, we used a subtractive procedure in which the
mean of EPSCs of a given amplitude were subtracted from the
mean amplitude after recruitment of the next input. Examples of
EPSCs at different ages are shown in Figure 3A. The peak of the
initial fast phase was taken as the AMPA-R component, whereas
the amplitude 5–10 ms after onset was taken as the NMDA-R
component. The mean of these amplitudes at each age is plotted
in Figure 3B. Between ages E12 and E19, the AMPA-R EPSC
increased over 30-fold. The NMDA-R component initially in-
creased at a similar rate, but by E19 it declined to one-tenth the
value at E14. Thus, the ratio of the NMDA-R to AMPA-R ampli-
tudes started out close to one at E12 and declined to near zero by
E19 (Fig. 3C). This decline in NMDA-R components is consistent
with the results of Zhou and Parks (1992), who found that the
ability of exogenous NMDA-R to inhibit auditory nerve trans-
mission declined during embryogenesis. In some experiments,
we examined the amplitude of EPSCs at the caudolateral end of
NM, which is reported to mature later and have smaller EPSCs
(Jackson et al., 1982; Fukui and Ohmori, 2004). As shown with
red triangles in Figure 3, B and C, at E19 the AMPA-R EPSCs were
indeed smaller than in the rostral end; however, the NMDA-R
component was larger, resulting in a larger NMDA/AMPA ratio.

Figure 1. The time course of AMPA-R and NMDA-R EPSCs during development. A1, EPSCs
from an E12 NM neuron comprised AMPA-R and NMDA-R components, separable with specific
antagonists, 100 �M APV and 20 �M NBQX, respectively. A2, AMPA-R and NMDA-R EPSCs (gray
lines) isolated by subtraction of current after receptor block from control records. Decays were
generally best fit with the sum of two exponentials or, in a few cases such as the NMDA-R EPSC
in this example, a single exponential. The exponential fits (black thin lines) are superimposed on
the EPSC decay. B, EPSC recorded from an E18 NM neuron was dominated by the AMPA-R
component. C, The developmental profile of decay kinetics for AMPA-R EPSC. n � 5–9 termi-
nals for each age. D, Decay kinetics for NMDA-R EPSC during the same development period. C, D,
Data from single-axon EPSCs (see Fig. 3). n � 7–18 terminals for each age.

Figure 2. The sensitivity of the NMDA-R to ifenprodil remained unchanged during develop-
ment. A, Ifenprodil (10 �M) reversibly blocked �60% of the NMDA-R EPSC. The synaptic re-
sponse was evoked with electrical stimulation; each trace is the average of three to five sweeps.
B, Ifendprodil (10 �M) reversibly blocked about half of the whole-cell response to NMDA puff
application (500 �M, 1 s) in another E14 neuron. C, The bar graph summarizes ifenprodil inhi-
bition of NMDA-R EPSC (n � 3– 6 cells) and whole-cell response (n � 3–13 cells) at different
ages. No significant difference was detected between the two age groups or between the two
types of response mediated by NMDA-R.
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It should be noted that, in our experiments, no evoked EPSC at
E12 lacked an AMPA-R component.

Spontaneous EPSCs triggered in 4-AP
Estimation of EPSC amplitude and input number by graded
stimulus duration is limited by the possibility that fibers may
have similar spike thresholds. To avoid this potential confound,
we examined spontaneous EPSCs (sEPSCs) that occurred in the
presence of 30 –100 �M 4-aminopyridine (4-AP). Under these
conditions, presynaptic fibers began firing at low rates (Fig. 4A).
Data were recorded continuously and EPSCs were extracted and
aligned by an event-detection routine using a threshold ampli-
tude of 20 pA. sEPSCs were characterized by a flurry of delayed
release events after the initial EPSC, probably an effect of 4-AP on
the presynaptic Ca 2� transient. In this way, occasional, small
sEPSCs could be distinguished from miniature EPSCs (see be-
low). As seen in the right panel of Figure 4A, events occurred in
characteristic groupings of amplitude, suggesting that we could
use these groupings to estimate the number of inputs in each cell,
with the limitation that inputs producing EPSCs of similar am-
plitude would be indistinguishable. Estimating the number of
inputs in each cell by this method gave values similar to those seen
with grading stimulus duration, with values of 4 inputs at E12 to
1.8 inputs at E16 (Fig. 4D). Figure 4B shows the amplitudes of
discrete components seen in different cells at three ages. The data
show that at an intermediate age (E14), the range of amplitudes
was widest; some EPSCs were as large as those seen in E16, but
much smaller ones also occurred in some cells. Figure 4C plots
the amplitudes in terms of cumulative percentage of all events for

these three ages. At E12, most events
spanned the range from 100 to 600 pA. By
E16, although the mean amplitude was
much larger, the log range was similar,
from 1 to 8 nA. However, at E14, the
EPSCs clearly comprised two classes, one
spanning a range similar to that seen in
E16 but another spread between �30 and
1000 pA, similar to that seen in E12. The
amplitude of NMDA-R components for
the EPSCs in 4-AP also described a pattern
similar to that seen in evoked events, with
mean amplitudes increasing between E12
and E14 and declining thereafter (Fig.
4E,F). Thus, these data support the obser-
vation that NMDA-R components and in-
put number decline developmentally in
NM and that, at E14, when NMDA-R
components are largest, cells receive con-
tact from terminals with widely differing
synaptic strengths. It is likely therefore that
most axonal inputs are laid down by E12
and that subsequent events involve either
the elimination or further growth of these
terminals.

Paired recordings
The differences in the amplitudes of
EPSCs at E14, and the decline in input
number with age, suggest that smaller in-
puts could reflect inputs that are destined
for, or in the process of, elimination. We
examined this possibility by recording
from adjacent cells, with the expectation

that, before establishment of a one-to-one innervation ratio,
branches of single axons may innervate neighboring neurons.
4-AP was used to trigger spontaneous firing. An event detection
routine was used in which EPSCs from one cell triggered off-line
acquisition of sweeps in both cells. In this way, we searched for
EPSCs that occurred synchronously (within 1 ms) in both cells.
Figure 5A illustrates one such recording from an E12 animal. The
events marked by triangles show a fiber that produced large
EPSCs in cell 2 and tiny EPSCs in cell 1, whereas squares mark
EPSCs of comparable level, which we presume was elicited by
spikes in another fiber. We interpret these results as indicating
that at least two axons contacted the same pair of neurons, be-
cause synchronous EPSCs occurred repeatedly with characteris-
tic size and shape (n � 18 for EPSC pairs marked by triangle and
n � 9 for EPSC pairs marked by the square). Figure 5B shows a
recording from an E14 embryo in which very large EPSCs in cell
1 were matched to much smaller events in cell 2. In an E16 pair
(Fig. 5C), synchronous EPSCs were not found, which suggests
that these cells did not share inputs. The convergence of these
events was also examined by constructing cross-correlations of
activity in the two sets of traces; these showed peaks consistent
with the by-eye observations of synchronous events in the event-
detection routine (data not shown).

The number of apparent dual innervations and the chance of
finding them during development provided another index of
synapse elimination. Using the shape and amplitude of EPSCs to
identify distinct inputs, we plotted the number of paired connec-
tions (i.e., the number of branched axons ending on the same pair
of cells) at E12, E14, and E16. This number declined from �2.5 at

Figure 3. Developmental changes in the strength of single-axon EPSCs mediated by AMPA-R or NMDA-R. A, Single-axon EPSCs
recorded in neurons from different ages, with the average responses (red lines) superimposed. Note the changing relative
amplitudes of the slower NMDA-R component and faster AMPA-R component. B, Summary of the amplitude of single-axon
AMPA-R and NMDA-R EPSCs during development. The AMPA-R EPSC almost continuously grew in strength, whereas the NMDA-R
EPSC displayed a bell-shaped growth curve. In neurons from the caudal end of NM (red triangles), the difference between AMPA-R
and NMDA-R EPSCs was less. Note log scale. C, The relative strength of single-axon EPSCs mediated by NMDA-R or AMPA-R
declined throughout the developmental period. A more modest reduction in the relative strength was seen in caudal neurons (red
triangle).
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E12 to zero at E16 (Fig. 5D). Similarly, the success rate of finding
pairs of cells with common innervation also declined, from 100%
at E12 to zero at E16 (Fig. 5E). These data are consistent with
those of Figure 4 and supplemental Figure 1 (available at www.
jneurosci.org as supplemental material), showing a 50% decline
in the number of inputs per cell, and suggest that overall loss of
synaptic inputs to each cell is attributable to pruning of axonal
branches. The relative amplitude of the AMPA-R components of
the two EPSCs produced by single axons in the pair varied widely
(Fig. 5F) and could be nearly identical or differ by a factor of 40.
At E14, the relative amplitude of NMDA-R and AMPA-R com-

ponents revealed that the weaker of the two inputs had larger
NMDA-R/AMPA-R ratios (Fig. 5G). This observation for inputs
of the same developmental age reinforces the earlier observation
that NMDA-R component declines as AMPA-R components
grow between ages E14 and E19 (Fig. 3B).

Receptor composition in mEPSCs
To track the contribution of AMPA-R and NMDA-R over devel-
opment at single synaptic sites, we recorded mEPSCs in the pres-
ence of TTX. Figure 6A shows continuous traces in control and
APV-containing solutions; APV eliminated small, slow tails on
the decay phase of a portion of the mEPSCs, whereas NBQX
blocked all fast rising and decaying events (data not shown). Fig-
ure 6B shows events in control solutions in the same E14 cell,
categorized by the magnitude of the initial and late components.
Events were sorted into three classes, AMPA only, NMDA only,
and mixed (see Materials and Methods). Between E12 and E18,
the overall mEPSC frequency increased approximately fivefold, a
smaller increase than that of the peak amplitude of the evoked
EPSC (Fig. 6C). The average peak amplitude of mEPSCs medi-
ated by AMPA-R changed little over this time period, increasing
from 60 pA at E12 to 105 pA at E18 (Fig. 6D). The amplitude of
NMDA-R components of mixed or NMDA-only mEPSCs de-
scribed a progression somewhat different from the amplitude of
the NMDA-R component of evoked EPSCs (Fig. 3B). Between
E12 and E14, the mEPSCs mediated by NMDA-R hovered at �30
pA, with no significant change in amplitude, whereas by E15 and
E16, the amplitude dropped suddenly to a few picoamperes (Fig.
6E). Looking at the relative fraction of all events in the three
categories, we observed a steady decline in the proportion of
mixed events with age. NMDA-only and AMPA-only events each
comprised only �10% of events at E12. The former remained
rare, eventually disappearing after a few days, whereas the latter
increased to 100% of all events by E18. These data suggest that,
initially, NMDA-R and AMPA-R share most individual synaptic
sites and that the density of NMDA-R at each site gradually de-
clines with development.

Regulation of quantal size
The data in Figure 6D indicate that the average peak amplitude of
mEPSCs changed modestly during development, despite enor-
mous changes in the amplitude of the evoked EPSC. However, we
also showed that at any one age, and particularly near E14, the
sizes of different inputs to single cells can vary widely; such vari-
ation might obscure input-specific difference in quantal proper-
ties. We therefore asked if quantal size might vary with input
strength, by comparing the size of the spike-triggered EPSC to
that of the mean of delayed-release events that follow the EPSC.
Delayed release events were taken to reflect the quantal size for
that terminal (Bekkers and Clements, 1999). Figure 7A shows
synchronous EPSCs in a paired recording; to the right are the
delayed events extracted with a template-matching routine. The
sEPSCs differed by 17-fold in amplitude, and the quantal cur-
rents associated with the stronger inputs were twofold larger than
those of the weaker input. To confirm that these differences were
apparent for the AMPA-R component alone and did not reflect
differences in the summation of AMPA-R and NMDA-R compo-
nents, the experiment was repeated in APV, and similar results
were obtained (Fig. 7A, red traces). Indeed, because APV had
little effect on the time course of delayed events, these quantal
currents were mediated primarily by AMPA-R. Data like these for
the intermediate ages E13–E15 are summarized in Figures 7C–E.
Figure 7C shows the quantal size plotted against the peak EPSC

Figure 4. Single-axon EPSCs induced with 4-AP. A, Left, Spontaneous EPSCs (sEPSCs) in an
E14 neuron after bath application of 30 �M 4-AP. Right, sEPSCs from the same cell overlaid. Four
distinct amplitude groups can be discerned corresponding to four inputs. B, sEPSC amplitudes
seen in each cell at three ages. For each cell, mean amplitudes in each size group are connected
by a vertical line. Thus, the number of points along each line is the number of inputs. Note log
scale. C, Cumulative percentage plot of the data from B, preserving the grouping according to
age (‚ for E12, red E for E14, and � for E16). D, Summary of the estimated number of inputs
at various ages. Significant decrease was detected between the consecutive age groups. E, The
average amplitude of NMDA-R component in the sEPSCs changed with age. The development of
NMDA-R component was bell-shaped, peaking at E14. F, The relative strength of NMDA-R over
AMPA-R component of the sEPSCs declined continuously during development.
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size for E13–E15 embryos (black symbols); Figure 7D is an ex-
panded version showing the smallest events. The data reveal an
initial fast increase in quantal size with sEPSC followed by shal-
lower linear phase. Thus, although in general smaller sEPSCs had
smaller quantal size, this relationship was particularly sharp for
the very weakest sEPSCs. Given the ages represented by these
data, it is likely that these weakest EPSCs were generated by ter-
minals that were nearly eliminated. Is their smaller quantal size a
special feature of eliminating synapses, or instead a feature of any
immature terminal? The data in green in Figure 7, C and D, are
from five terminals taken from E12 embryos. These generated
sEPSCs of amplitude comparable with the weakest inputs in the
older embryos but with a larger quantal size. Indeed, for E13–E15
sEPSCs � 400 pA, the mean quantal size was 36 � 6 pA, whereas
for the E12 data set, the mean quantal size was 79 � 9 pA ( p �
0.002). The mean sEPSC for the older and younger group were
quite similar, at 160 � 40 pA and 145 � 30 (not significant),
respectively. Thus, it is likely that the quantal size is reduced in a
subpopulation of weak terminals during the period of
elimination.

Using this estimate of quantal size, we were also able to esti-
mate the quantal content (sEPSC/quantal current) for E13–E15

embryos and found a steep, linear relation with sEPSC size (Fig.
7E). E12 terminals also fell along this relation (green symbols)
and thus showed very low quantal content; indeed, one E12 EPSC
was apparently generated by a single quantum. A linear relation-
ship was also observed between quantal size and stimulus-evoked
EPSCs (Fig. 7B,F); here we did not observe very small quantal
sizes, which we attribute to the low probability of stimulating
extremely weak inputs in isolation. Together, these data indicate
that variation in the strength of auditory nerve transmission,
across development or at a single age, reflects both change in the
quantal size and quantal content.

Discussion
Receptor composition at single synaptic sites
We recorded EPSCs in NM as early as E12. Saunders et al. (1973)
and Jackson et al. (1982) reported field potential responses from
E11 chicks; however, these recordings were apparently rare, and
synapses would likely have been missed using single-cell sam-
pling. This timing is also consistent with morphological observa-
tions, which show auditory nerve fibers proliferating in NM at
E11–E13 and synaptic profiles visible at E12 (Jackson and Parks,
1982; Jackson et al., 1982). Moreover, Hendricks et al. (2006)

Figure 5. Dual recordings of spontaneous EPSCs. A, Top and bottom traces in the left panel show spontaneous EPSCs simultaneously recorded from adjacent E12 neurons, in the presence of 30
�M 4-AP. Pairs of synchronous events with similar shape or relative amplitudes were presumed to be generated by the same axon. Examples from two such axonal inputs, labeled � and f, are
overlaid and displayed in the right panel. For the pair on the left (�), the sEPSC in cell 1 is tiny when compared with that in cell 2, whereas for the pair on the right (f), both sEPSCs are comparable
in size. B, Similar dual recording from adjacent E14 neurons revealed only one pair of synchronous sEPSCs. Note the vertical scale differs by tenfold between the top and bottom traces. C, Another dual
recording from adjacent E16 neurons gave no synchronous sEPSCs, as demonstrated on the right by the random misalignment of sEPSCs in bottom traces when the sEPSCs in top traces were aligned.
D, The average number of instances of paired connections found in all of the dual recordings made at various ages. A significant decrease was detected, consistent with the reduction in axon
bifurcation during development. E, The success rate of finding any common innervation for all of the dual recordings at a given age. The number of dual recordings were 3 for E12, 16 for E14, and 4
for E16. F, Peak AMPA-R amplitude of sEPSCs, with the horizontal line connecting EPSCs produced by the same axon in adjacent neurons. G, At E14, the NMDA-R component is significantly more
prominent in the weaker sEPSCs than in the stronger ones when each two synchronous sEPSCs were compared side-by-side.
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described the synaptic marker SV2 in NM
as “faint” at E9 but “increasing” by E12.
Given the relative size of AMPA-R EPSCs
and quantal current, auditory nerve termi-
nals form fewer than six synaptic sites on
each NM cell between E11 and E12. The
changes that follow are remarkable.
Within 1 week, one-half of the contacts are
withdrawn, whereas each remaining ter-
minal grows into one of the most powerful
inputs in the brain, with hundreds of re-
lease sites and a quantal size larger than
that at most central glutamatergic syn-
apses (Trussell, 1999). Our data show that
this process involves distinct phases of
postsynaptic regulation.

Synapse elimination and pruning of
axon branches
These results are consistent with the obser-
vations of Jackson and Parks (1982), who
recorded multiple steps in EPSP amplitude
and morphologically identified multiple
innervation in chick, demonstrating that
loss of preterminal branches paralleled the
reduction of function multiple innerva-
tion. Our study is the first to monitor
physiologically the strength of contacts
both during development and at different
branches of the same axon. By E14, we
found evidence for two populations of ter-
minal on each cell: one similar in strength
to that seen at E16, and another closer in
strength to the weaker terminals of E12
(Fig. 4). It seems reasonable that, between
these two populations, it is the weaker syn-
apses that will be eliminated. An alterna-
tive possibility is that the weakest inputs at
E13–E15 have only just formed; this is
made less likely by the steady progression
in synapse elimination from E12 (i.e., in-
puts are only lost, not added) and the dif-
ferences in quantal properties discussed
below. Given that this period of develop-
ment is also marked by almost total den-
dritic removal, it may be that many or
most eliminating terminals are found on
dendrites and not cell bodies.

Our study suggests that terminals on
the verge of elimination undergo a sharp
reduction in quantal size. Although a pos-
itive relationship between quantal size and
the EPSC was found for all synapses be-
tween E12 and E15, this correlation was
steepest for the weakest terminals during
the period of elimination. Terminals from younger embryos were
also weak but did not feature such a reduced quantal size. This
change in quantal size could reflect differences in either the num-
ber of AMPA-R, the properties of those receptors, or the gluta-
mate content of vesicles. The more gradual increase in quantal
size across the whole population could reflect changes in
AMPA-R subunit composition. Lawrence and Trussell (2000)
showed that AMPA-R in NM undergo a switch in properties

during development, resulting in faster desensitization and less
association with the glutamate receptor 2 (GluR2) subunit. De-
sensitization, though not playing a role in the mEPSC decay,
could account in part for the slight speeding of the evoked EPSC
(Otis et al., 1996). GluR2 is associated with lower channel con-
ductance, and thus a reduction in GluR2 itself would be expected
to lead to larger quanta (Swanson et al., 1997). For the weak,
eliminating synapses, it is probable that reduction in AMPA-R

Figure 6. mEPSCs showed varied contribution from NMDA-R and AMPA-R. A, Examples of mEPSCs recorded in the one E14
neuron in the presence of 1 �M tetrodotoxin. The addition of 100 �M APV helped confirm the existence of predominantly
AMPA-only mEPSCs, NMDA-only mEPSCs, or those with mixed contribution from AMPA-R and NMDA-R (“Mixed”). Right, Portions
of the recording on the left on an expanded time scale, highlighting the apparent effect of APV. B, From the same neuron in A,
overlaid mEPSCs classified as AMPA only, NMDA only, or mixed. C, Average frequency of mEPSCs shows a fivefold increase during
development ( p � 0.02, ANOVA), consistent with an increase in the number of release sites or release probability. D, The average
peak amplitude of mEPSCs showed only a modest (less than twofold) but significant increase during development ( p � 0.0002,
ANOVA). E, The average amplitude of NMDA-R component (excluding AMPA only events) decreased significantly between E14 and
E15 ( p � 0.005, ANOVA), consistent with the removal of NMDA-R from postsynaptic sites. F, The relative fraction of all events in
the three categories and linear fits. During development, the relative fraction of AMPA-only or mixed events changed significantly
( p � 0.0002, ANOVA), whereas NMDA-only mEPSCs remained rare ( p � 0.05, ANOVA).
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number or glutamate content of vesicles underlies the reduced
quantal size. If the latter, however, it is clear that a reduced avail-
ability of glutamate or vesicular glutamate transporters would
have to be bouton specific, because the terminal on the other,
noneliminating branch of the same axon generated a normal
quantal size. We therefore favor the hypothesis that withdrawal of
terminals is preceded by removal of AMPA receptors. The rela-

tively higher proportion of NMDA-R at
the weaker inputs (Fig. 5G) would be con-
sistent with this hypothesis.

Physiological analysis of synapse elimi-
nation has been performed for several
other CNS regions (Chen and Regehr,
2000; Hashimoto and Kano, 2003; Kim
and Kandler, 2003). Chen and Regehr
(2000) observed an increase in quantal size
with age but did not distinguish between
different classes of terminal at a given age.
Hashimoto and Kano (2003) were able to
differentiate between climbing fiber ter-
minals that were most likely to be elimi-
nated based on their strength. They found
that these exhibited a reduced glutamate
transient attributable to less multivesicu-
lar release and reduced release probability.
However, in their study, the quantal size,
determined as delayed release events after
replacement of bath Ca 2� with Sr 2�, was
not different for weak and strong inputs. It
is possible that the weakest terminals were
not functional in the presence of Sr 2�.
Rather, our results are consistent with the
events underlying synapse elimination
at the neuromuscular junction (Rich
and Lichtman, 1989; Balice-Gordon and
Lichtman, 1993; Colman et al., 1997), in
which quantal size and content both de-
cline before withdrawal of axon branches.
Thus, elimination at peripheral and central
synapses may employ similar mechanisms.

Development of giant terminals has
also been examined in the mammalian au-
ditory system. At the calyx of Held synapse
in mammals, functional innervation has
been documented as early as postnatal day
1 (Hoffpauir et al., 2006), �10 d before
hearing onset. Unlike in chick NM,
postsynaptic medial nucleus of the trape-
zoid body (MNTB) neurons receive only
one calyx, although branchlets from the
calyx may contact neighboring cells (Hoff-
pauir et al., 2006; Rodriguez-Contreras et
al., 2006). Presynaptic axons, however, do
branch to produce calyces on several
nearby cells (Rodriguez-Contreras et al.,
2006). In NM, such branches were com-
mon at early stages of synaptogenesis, and
their pruning appears to be the basis of
synapse elimination. Similar information
is not available for mammalian endbulb
development, specifically for the large ter-
minals on spherical bushy cells. However,
given that a small number of endbulbs,

perhaps one to three (Nicol and Walmsley, 2002), contacts each
spherical bushy cell, it may be that pruning takes place there in a
similar manner.

Function and regulation of NMDA receptors
Before completion of synapse elimination, the chances that an
axon sends branches to nearby NM cells is relatively high. One of

Figure 7. Delayed releases after spike-triggered EPSCs at intermediate age. A, Left, Spontaneous EPSCs (sEPSCs) and numerous
delayed-release events in the presence of 50 �M 4-AP. Data in this example are from paired recordings in adjacent E14 neurons.
Note the tenfold difference in vertical scales. The addition of 100 �M DL-APV blocked all NMDA-R, which had only minor contri-
bution to the peak response (red line). Right, Overlaid delayed releases collected from the tails of sEPSCs, with (red) or without
APV, and the smaller delayed releases were preceded by the weaker sEPSC. B, In an alternative protocol, delayed releases were
collected in another E14 neuron after the electrically evoked EPSCs, in the presence of 3 mM SrCl2. C, The quantal size, as measured
with the average peak amplitude of delayed releases, shows strong positive correlation to the amplitude of sEPSC for data from
E13–E15 chicks (black symbols). The fitted line was of the following form: quantal size � (63 pA � 0.014 � EPSC) � (1 	
exp(	EPSC/134 pA)) (r � 0.79, p � 0.0001). This curve has an exponential rise followed by a linear slope. Data were pooled from
19 neurons aged E13–E15, with each neuron contributing data at 1– 4 distinct sEPSC amplitudes. Open symbols are recordings in
control solutions, whereas filled symbols are from APV-containing solutions to block NMDA-R. Green symbols are data from five
E12 synapses. D, Same as C but different scale. E, the quantal content, the ratio of sEPSC amplitude over average quantal size, is
linearly correlated with the amplitude of sEPSC (r � 0.93, p � 0.0001). Black symbols are P13–P15 cells, whereas green symbols
are from E12. F, The correlation also appears between the average quantal size and the amplitude of stimulus evoked EPSC
recorded in 3 mM SrCl2 plus 3 mM CaCl2 (0.86, p � 0.0002), indicating that it is not an artifact related to the 4-AP used in triggering
sEPSCs. Data were pooled from seven neurons aged E14. When multiple axons were stimulated, averaged amplitude of EPSC was
used.
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these branches is destined to be eliminated, and indeed we ob-
served that the strength of contacts made by each branch could
differ widely, particularly at E14, when synapse elimination is
imminent. Moreover, the smaller inputs at a given age tended to
have a higher contribution of NMDA-R to their synaptic re-
sponse. Overall, NMDA-R content peaked at about the time that
synapse elimination was nearly complete. These results are con-
sistent with a model in which transmission by either very young
or dying terminals is dominated by NMDA-R. One interpreta-
tion of this is that synaptic weakening and loss is triggered by
excessive NMDA-R activity (Rabacchi et al., 1992; Kakizawa et
al., 2000). Although AMPA-R in NM are Ca 2� permeable, their
much briefer open times would permit much less Ca 2� entry
than NMDA-R (Lawrence and Trussell, 2000). Although analysis
of the expression of the NR1 subunit of NMDA-R shows little
developmental downregulation in NM (Tang and Carr, 2004),
expression of other subunit components of the NMDA-R could
be rate limiting for its expression at synapses in NM. Another
possibility is that it is the failure to recruit AMPA-R that causes
synaptic, or even dendritic, withdrawal (Haas et al., 2006). Ge-
netic alteration in the expression of AMPA-R or NMDA-R sub-
units could provide a tool to test these hypotheses.

The downturn in NMDA-R expression is similar to that seen
in other large synapses, with some exceptions. For example, at
mammalian endbulbs of the ventral cochlear nucleus and at the
calyx of Held in the MNTB, NMDA-R EPSCs also decline during
postnatal development (Bellingham et al., 1998; Taschenberger
and von Gersdorff, 2000; Joshi and Wang, 2002). However, the
decline there is accompanied by a change in receptor kinetics and
pharmacology consistent with a switch from NR2B to NR2A sub-
units in the NMDA-R. For the chick, the lack of change in ifen-
prodil block and in the NMDA-R EPSC decay time suggests that
only one combination of subunits is employed in NM develop-
ment. Moreover, the speed of EPSC decay and its partial sensitiv-
ity to ifenprodil is consistent with characteristics of NR2B con-
taining receptors at all ages that we have examined.

In our studies of evoked EPSCs at E12, we did not detect
axonal inputs that only used NMDA-R, i.e., “silent synapses.”
Analysis of AMPA and NMDA components in mEPSCs revealed
only a small population of NMDA-R-only synaptic sites. Thus, it
does not appear that auditory nerve synaptogenesis in NM is
initiated with formation of a silent synapse in contrast to obser-
vations made at some synapses (Durand et al., 1996; Wu et al.,
1996; Isaac et al., 1997). Rather, our data indicate that auditory
nerve synapses are “born” with both receptor subtypes, and the
contribution of NMDA-R to each synaptic site then falls off grad-
ually with age. As the terminal is strengthened, new sites must
undoubtedly form, particularly as dendrites are removed and the
endbulb coalesces. These appear either to be entirely free of
NMDA-R right from the beginning or to lose them so fast that
they were not detectable.
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