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The Development of Synaptic Function and Integration in the Central

Auditory System

Dan H. Sanes

Center for Neural Science and Department of Biology, New York University, New York, New York 10003

The development of inhibitory synaptic transmission is dif-
ficult to assess because the afferents usually arise from
intrinsic neurons that are difficult to stimulate indepen-
dently. The postnatal maturation of excitatory and inhibitory
synaptic function was compared in the gerbil lateral superior
olive (LSO), where it is possible to stimulate physically dis-
crete afferent projections. Intracellular recordings obtained
in a brain slice preparation revealed that transmission was
prominent at birth. The EPSPs and IPSPs were up to 2 orders
of magnitude longer than in more mature animals. Brief trains
of electrical stimulus pulses led to a temporal summation of
postsynaptic potentials (PSPs) in 1-14 d animals resulting
in prolonged depolarizations or hyperpolarizations. in neo-
nates, the depolarization could exceed 1 sec following a 70
msec stimulus train. The IPSPs in neonates were often of
sufficient amplitude to evoke a rebound depolarization or
action potential. The number of converging afferents was
estimated from the quantized increases in PSP size. There
was a significant decrease with age, suggesting that both
inhibitory and excitatory afferents were eliminated during the
first 3 postnatal weeks. The integration of action potentials
with IPSPs was examined with conjoint stimuli to the two
afferent pathways, and demonstrated that the effective IPSP
duration decreased =~20-fold during the first 3 postnatal
weeks.

The magnitudes and durations of electrical stimulus-
evoked PSPs suggest that spontaneous discharge of affer-
ents to the LSO could have a substantial impact on their
development, even prior to the response to airborne sound
at 12 d. Furthermore, the synaptic responses obtained at
12-14 d postnatal indicated that both amplitude and tem-
poral processing remain compromised. These immature syn-
aptic properties would be expected to compound the inad-
equacies present in the cochlea and cochlear nucleus.
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The development of neuronal connections and synaptic function
derives primarily from studies on excitatory systems, even though
inhibition plays an equivalent role in the function of neural
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circuits and their maturation (Eccles, 1969; Oppenheim and
Reitzel, 1975). The onset of excitatory transmission is significant
because it provides trophic support for postsynaptic ncurons
and contributes to the stabilization of specific neuronal con-
nections (Levi-Montalcini, 1949; Hubel and Wiesel, 1965; Hu-
bel et al., 1977; Hyson and Rubel, 1989). These same issues
may also apply to inhibitory systems. For example, we have
recently demonstrated an influence of inhibitory transmission
on the maturation of postsynaptic dendrites and the refinement
of single terminal arborizations (Sanes and Chokshi, 1992; Sanes
et al., 1992b; Sanes and Takacs, in press). Furthermore, im-
provements in excitatory transmission directly affect the mat-
uration of sensory and motor integration. For neural circuits in
which inhibition plays an essential role, its improved function
is of equal relevance.

In the present study, the development of synaptic excitation
and inhibition was compared in a brainstem auditory nucleus,
the lateral superior olive (LSO). A major advantage of the LSO
1s the presence of an independent excitatory projection from the
ipsilateral cochlear nucleus (CN), and an inhibitory projection
from the medial nucleus of the trapezoid body (MNTB) that is
normally activated by the contralateral ear (Rasmussen, 1946;
Morest, 1968; Browner and Webster, 19735; Tolbert ct al., 1982;
Moore and Caspary, 1983; Glendenning et al., 1985; Spangler
et al., 1985; Cant and Casseday, 1986; Zook and DiCaprio,
1988). The LSO is the first auditory center to process sound
level differences between the two ears (Boudreau and Tsuchitani,
1970; Caird and Klinke, 1983; Harnishfeger et al., 1985; Sanes
and Rubel, 1988). An in vitro slice preparation through the
ventral auditory brainstem has previously allowed for the in-
dependent examination of central synaptic properties in the LSO
of maturc animals (Sanes, 1990).

The gerbil auditory system develops rapidly, responding to
airborne sound by approximately postnatal day 12, and reaching
functional maturity between postnatal days 16-30, depending
on the property being analyzed (Finck et al., 1972; Harris and
Dallos, 1984; Woolf and Ryan, 1984, 1985; Ryan and Woolf,
1988; Sanes and Rubel, 1988; Sanes et al., 1989). The devel-
opment of LSO neuron form is also largely achieved during the
first 3 postnatal weeks (Sanes et al., 1992a). We have previously
described several aspects of inhibitory development in this sys-
tem including its contribution to sound-evoked coding prop-
crtics, the quantitative distribution of glycine receptors, and the
specificity of single MNTB arbors along the tonotopic axis of
the LSO (Sanes et al., 1987; Sanes and Rubel, 1988; Sanes and
Siverls, 1991). All of these parameters indicate that inhibition
is more pronounced during the first 2 postnatal weeks, and
undergoes modification to reach a mature state.
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There are few studies devoted to the maturation of synaptic
properties in the central auditory system. Neurons in the mouse
CN exhibit a greater synaptic latency and more prominent fa-
tigue to repeated stimulation in animals younger than 13 d
postnatal (Wu and Oecrtel, 1986). A developmental decrease in
the number of converging afferents has also been demonstrated
electrophysiologically in the avian CN (Jackson and Parks, 1982),
and there is a developmental gradient of synaptic function in
this structure such that the basalmost projection region is the
first to respond (Jackson et al., 1982).

The following experiments demonstrated that synaptic exci-
tation and inhibition were present at birth, but exhibited a num-
ber of atypical responses during the first 2 postnatal weeks. In
particular, the temporal properties of these synaptic potentials
profoundly effected their integration by LSO neurons, suggesting
central limitations on binaural intensity difference coding during
development. The extended durations of synaptic potentials,
and the presence of IPSP-evoked rebound depolarizations in-
dicated that activity-mediated processes, such as those impli-
cated in the maturation of excitatory projections, arc feasible
for developing inhibitory afferents within the LSO.

Materials and Methods

Brain slice preparation. Gerbils (Meriones unguiculatus) aged 1-15 d
postnatal were first deeply anesthetized (hypothermia for animals 1-8
d postnatal, and 800 mg/kg chloral hydrate for animals 9-15 d post-
natal), and then decapitated. The brain was rapidly dissected free in
oxygenated artificial cerebrospinal fluid (ACSF: NaCl, 127.4 mm; KCl,
5 mm; KH,PO,, 1.2 mm; MgSO,, 1.3 mm; NaHCO,, 26 mm; glucose,
15 mm; CaCl,, 2.4 mm; pH 7.4) at 10-15°C. The brainstem was trimmed
and mounted on a piece of agar in a Petri dish with cyanoacrylate glue,
and scctioned at 400450 gm with a vibratome (TPI series 1000). The
sections were transferred to a holding chamber containing oxygenated
ACSF, and allowed to warm to room temperature for 30-60 min. The
sections were then transferred to a custom-designed recording chamber
with a flow rate of 8 ml/min, and the temperature was gradually raised
to 31-32°C.

FElectrical stimulation. Two bipolar stimulating electrodes were low-
ered to contact the brainstem at the MNTB and just lateral to the facial
nerve on the ventral surface (i.c., on afferents from the ipsilateral coch-
lear nucleus). The positions were approximately equidistant from the
recording site within the LSO. Electrical stimuli were delivered either
manually (Grass Si1) or via computer control (Everex 386, RC Elec-
tronics), both of which were isolated from ground (Intronix). Individual
pulses were 100 usec in duration, and the voltages typically ranged from
1 t0 30 V. When feasible, 200 msec current pulses were delivered through
the recording electrode, and the voltage across the membrane was mon-
itored to yield current-voltage relationships.

Intracellular recording. Intracellular pipettes were filled with 2 M po-
tassium citrate, and had resistances between 140 and 180 MQ. Elcctrodes
were positioned over the LSO and advanced (Burleigh) in 0.5 xm steps
while monitoring membrane voltage (Axoprobe 1A). The impalement
of a neuron was verified by observing whether synaptic potentials were
evoked by stimuli to the MNTB or CN afferents. Since stable recordings
are more difficult to obtain from very young animals (1-6 d postnatal),
all neurons with a resting potential greater than —45 mV were accepted
for analysis. The criteria resting potential was —50 mV for neurons from
animals 7-15 d postnatal. The present data set draws on recordings
from 70 neurons in 38 animals.

Acquisition and analysis. Stimulus-evoked responses were digitized
at 10 kHz and stored directly on a computer (33 MHz PC AT;
ComputerBoards CIO-AT16Jr-AT) for off-line analysis. The stored traces
were analyzed with custom-designed software that allowed for the sc-
lection of individual traces, and the computation of slope, duration,
latency, amplitude, and area between a postsynaptic potential (PSP) and
the resting bascline. The latter measure was used to estimate conver-
gence of afferents, as was described previously for more mature animals
(Sanes, 1990).

The algorithm for determining quantized increases in PSP size con-
sisted of grouping the traces together based upon area differences. In-

cremental stimulus amplitudes were delivered to the ipsilateral or con-
tralateral pathway to recruit a successively greater number of afferents,
producing successively large PSPs. After integrating under cach PSP,
the smallest area PSP was compared 1o the next larger one. If the arca
of the larger PSP did not exceed the average area noise that was present
just prior to the stimulus pulse, then the traces were grouped together.
The measure of area noise was multiplied by the duration of the PSPs
being compared. When the area of a PSP exceeded that of the first PSP
by a value greater than the average area noisc, a new group was started.

Results

Response to current injection

The current-voltage relationships for neonatal and mature an-
imals did not appear to differ significantly. As shown in Figure
1, there was a linear response to inward current pulses, and a
nonlincar response to outward current pulses, suggesting a de-
layed-rectifying current. In animals 1-7 d postnatal, the mean
input resistance, R, was 64 + 5 MQ, and the mean time
constant, 7, was 8.8 + 1.2 mscc (xSEM; N = 11). In animals
8-14 d postnatal, the mean R, was 42 = 8.5 MQ, and the
mean 7 was 3.8 = 0.6 msec (N = 8). There was a significant
decrease in both R, and 7 from 1-7 to 8-15d (¢t = 2.32,p =
0.033 and ¢ = 3.42, p = 0.003, respectively), and a significant
decrease for 7 from 8-151t0 17-23 d (r = 1.1l msec; N = 11; ¢
= 4.96, p = 0.0005). As indicated by the arrows in Figure 1,
there were voltage oscillations to outward current pulses in some
ncurons from younger animals. The MNTB-¢voked IPSP re-
versal potential was nearly identical to that of older animals
(Sanes, 1990), varying between —69 and —73 mV in 2-6 d
animals (N = 35).

PSPs

The most obvious change in PSPs was in their time course.
Figure 24 illustrates a family of excitatory and inhibitory re-
sponses from neurons at five different postnatal ages. Figure 2B
summarizes this data, and illustrates that there was a dramatic
decrease in maximum PSP duration from 1 to 12 d postnatal,
and a moderate decrcase thereafter. For example, the mean
maximum IPSP duration at 8-15d was 21.2 + 2.2 msec (N =
32), while the value at 17-23 d was 8.1 = 0.7 msec (N = 19;
Sanecs, 1990). It should be noted that in a few young animals
MNTB-evoked IPSPs could rapidly decline in amplitude or
actually reverse their polarity without a change in the resting
potential. Data from these neurons were not included in the
present study because the IPSP reversal could have resulted
from either injury during impalement or a fragile C1 transport
mechanism (Luhmann and Prince, 1991).

The duration of single evoked EPSPs and IPSPs led to a
profound temporal summation during brief trains of electrical
stimuli (Fig. 3). The 100 Hz stimulus trains led to a maintained
depolarization or hyperpolarization during the first postnatal
week. In contrast, discrete evoked PSPs were present by the
third postnatal week. The temporal summation in neonatal an-
imals could have obscured synaptic fatigue that was clearly pres-
ent in neurons from older animals (Fig. 3).

During the first 1-4 postnatal days, it was possible to find
excitatory responscs to pulse trains that lasted far beyond the
stimulus period. Figure 4 illustrates three cases in which the
membrane potential remained depolarized from rest for several
hundred milliseconds following the short train (=70 msec) of
electrical stimuli. An extended hyperpolarization, comparable
to this response, was never observed following a short stimulus
train to the MNTB.



20 day

The synaptically elicited action potentials were far more vari-
able in latency during the first 2 postnatal weeks. Figure 5 il-
lustrates characteristic responses at three different postnatal ages,
demonstrating the consequences of temporal summation and
fatigue. On average, the mean minimum response latency de-
creased slightly during development (Table 1), but factors such
as electrode placement cannot be ruled out as contributing to
the effect.

There was a large increase in the rising slope of both EPSPs
and IPSPs (Table 1). For example, the mean maximum rising
slope of IPSPs gradually increased from 6.5 = 0.7 mV/msec at
I-7d(N=18),108.2 £ 0.8 mV/msec at 8-15d (N = 32),and
9.8 + 1.2 mV/msec at 17-23 d (N = 20; Sanes, 1990). The
mean amplitude of EPSPs and IPSPs was examined with respect
to both age and resting potential, since the data set from younger
animals was biased toward lower resting potentials (see Mate-
rials and Methods). For ncurons with resting membrane poten-
tials in a limited range (V.. from —55 to —65 mV), the mean
maximum IPSP amplitude in animals 1-14 d postnatal (N =
14) was significantly greater than that in animals 17-23 d post-
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mv ships during development. A set of
voltage responses to current pulses, and
a plot of the relationship (right) are
shown for single neurons at four differ-
ent ages. At all ages examined, there
was a linear relationship for inward cur-
rent pulses, and a nonlinear relation-
ship for outward current pulses. Note
the oscillatory responses to outward
current injection in the recordings from
6 and 12 d animals, and the gradual
decrease in action potential duration
with age. A rebound action potential is
present in the recordings from 2, 6, and
12 d, and was also present in some re-
cordings from older animals. Arrows
indicate voltage oscillations to an out-
ward current pulse.
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natal (10.2 mV vs 6.4 mV; ¢ = 2.66, df = 20, p = 0.015). There
was no significant difference for mean resting membrane po-
tential for this subpopulation, suggesting that the amplitude
difference was of developmental origin.

There was one additional synaptic phenomenon that was ap-
parent in neurons from 1-8 d animals. As shown in Figure 6,
single stimuli or short trains delivered to the MNTB could evoke
a sizable hyperpolarization that led to a long-lasting depolar-
ization or action potential. It was extremely unlikely that this
depolarization was due to the concomitant stimulation of ex-
citatory afferents because an inward current pulse that was suf-
ficient to reverse the IPSP eliminated any sign of depolarization
at the same latency, but did itself evoke a rebound action po-
tential when the current pulse ended (Fig. 6, top).

An estimate of the number of converging MNTB or CN af-
ferents was obtained by calculating the area between each PSP
and the resting baseline (Sanes, 1990). As shown in Figure 7,
there was an apparent decrease in the number of afferents from
both sources during the first 3 postnatal weeks. For example,
there was a significant decrease in the number of quantized
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A

Figure 2. Development of PSP dura-
tion. 4, A family of excitatory and in-
hibitory synaptic responses are shown
for single neurons at five different ages.
Electric stimuli were applied to the CN
and MNTB, respectively. A stimulus
artifact occurs prior to each set of PSPs
(arrowheads). B, A summary of the
maximum EPSP and IPSP durations is
shown along with the mean value (as-
terisks) from animals aged 17-23 d
postnatal (Sanes, 1990). There was a
dramatic decrease in PSP duration from
1-12d.

increases in IPSP area from a value of 15.5 £ 1.0 (N = 15) at
1-7dt0 87 + 0.7(N=19)at 17-23d (t=5.81,df =32, p <
0.001).

Synaptic integration

The effective duration of an IPSP was evaluated by obscrving
whether it blocked a synaptically evoked action potential at
different points in its time course. The action potential latency
was successively delayed with respect to that of the IPSP. As
shown in Figure 8, the [PSPs in young animals were not only
longer in duration but, more importantly, were able to suppress
an action potential for an extended period of time. Compared
to recordings from 17-23 d animals (Sanes, 1990), the period
of suppression was 1-2 orders of magnitude longer in 1-14 d
animals.

The effect of stimulus level on synaptic integration was eval-
uated by varying the voltage pulse to either the ipsilateral ex-
citatory or contralateral inhibitory pathway. As shown in Figure
9, an increase in the contralateral stimulus led to a doubling in
the time during which the IPSP was able to suppress an ipsi-
laterally evoked action potential. Increments in stimulus level
to the ipsilateral pathway continued to evoke a single action
potential, but decreased the time during which the contralater-
ally evoked IPSP suppressed the action potential (Fig. 10).

The level-dependent increase in action potential efficacy could
limit the duration of suppression at both the onset and offset of
the MNTB-evoked IPSP, as demonstrated by a recording from
a 12 d neuron (dashed arrows in Fig. 11). In this case, the
increase in ipsilateral stimulus level led to a decrease in the
suppression time from 9.1 to 6.4 msec. In a 14 d neuron, a
slight increase in contralateral stimulus level led to a doubling
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of the suppression time, from 7.3 to 15 msec (Fig. 11). As was
true of the 12 d neuron, the duration of suppression was flexible
at both the onset and offset of the MNTB-evoked IPSP. A small
decrease in ipsilateral stimulus level from 7 to 6 V led to the
failure of a short-latency ipsilateral stimulus to evoke an action
potential at the leading edge of the IPSP (see curved arrow in
Fig. 11). Although the quantitative effect of stimulus level de-
pendence varied from neuron to neuron, the IPSPs were usually
able to suppress action potentials for a much longer period of
time in 1-14 d animals, compared to 17-23 d animals.

Discussion

Developmental improvements in an animal’s perceptual ca-
pacity are fundamentally limited by the maturity of the periph-
cral sense organ. Therefore, it is often necessary to demonstrate
a temporal disparity between the maturation of the PNS and
CNS in order to understand the contribution of each. The pres-
ent study has circumvented this difficulty by directly assessing
the synaptic properties of a central auditory circuit. The results
support the view that alterations in synaptic transmission and
integration have an impact on auditory processing in the LSO
during postnatal maturation. These signs of synaptic develop-
ment are fully consistent with previous studies demonstrating
a developmental improvement of auditory coding properties in
single LSO neurons (Romand et al., 1973; Sanes and Rubel,
1988), an alteration in the distribution of glycine receptors in
the LSO (Sanes and Wooten, 1987), a refinement of single MNTB
arborizations within the LSO (Sanes and Siverls, 1991), and a
refinement of LSO dendritic arborizations (Sanes et al., 1992a).
The immature properties noted above would be expected to
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Figure 3. Temporal summation. The excitatory and inhibitory re-
sponses to a short 100 Hz train of stimuli applied to the CN and MNTB,
respectively, are shown for single neurons at four different ages. In the
recordings from 3 and 6 d animals, the temporal summation led to a
continuous shift of the membrane potential during the stimulus train.
At 14 d, there was some indication of temporal summation, particularly
during the first three pulses to the inhibitory pathway. At 20 d, temporal
summation was extremely rare. Note that therc was a striking fatigue
of the excitatory pathway, but not the inhibitory pathway, at 14 and 20
d. Stimulus artifacts appear as short vertical lines within cach record.

degrade further the neural information passed along from the
cochlea and cochlear nuclei.

Development of inhibition and synaptic integration in the LSO

The favorable architecture of the superior olive allowed for an
independent analysis of synaptic excitation and inhibition. The
results were consistent with an early onset of synaptic function,
and a more prominent appearance in neonates. Several in vivo
studies also support the early appearance of functional inhibi-
tion in the central auditory system (Romand et al., 1973; Woolf
and Ryan, 1985; Sanes and Rubel, 1988). Stimulation of the
MNTB evoked hyperpolarizing synaptic potentials as early as
1 d postnatal. Difficulties in obtaining timed pregnant gerbils
prevented an examination of synaptic function in prenatal an-
imals.- The IPSPs were generally larger in nconates, although
these sizable potentials may have been an artifact of the lower
resting membrane potentials in younganimals. However, a com-
parison of amplitude among a subset of neurons with similar
resting potentials also rcvcaled a difference with age. It is pos-
sible that the larger amplitudes observed in neonates resulted
from a greater number of afferents per LSO neuron (Fig. 7).
There was no apparent change in the IPSP reversal potential
with postnatal age, however, indicating an equivalent driving
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Figure 4. Prolonged depolarizations in neonates. Short trains of elec-
trical stimuli (100 Hz for 70 msec) delivered to the CN resulted in
extremely long-lasting depolarizations of the LSO neuron. All traces
eventually returned to the resting baseline (dotted line), but this occurred
gradually, and could exceed 1 sec. The stimulus artifacts appear as short
vertical lines during the first 100 msec of each trace.

force for MNTB-evoked potentials. The reversal potential for
IPSPs has been shown to remain constant during cortex devel-
opment (Komatsu and Iwakiri, 1991), although it does increase
in the hippocampus (Luhmann and Prince, 1991).

The IPSPs from animals 1-15 d showed three signs of im-
maturity in the time domain. First, the duration of a single
response was up to 100 times longer at 1-7 d postnatal (Fig. 2).
While it is possible that the neurons time constant could have
contributed to longer PSP durations, it is clear that a » of 8.8
msec could not explain a PSP duration of 78 msec (the mean
values for 1-7 d postnatal). Second, both the latency to rise
above the resting baseline, and the latency to reach peak am-
plitude were two to five times longer at 1-7 d, compared to 17—
23 d animals (Table 1; Sanes, 1990). Although latency can be
related to electrode placement, the smaller size of the auditory
brainstem in younger animals (Sanes and Wooten, 1987) would
cnsure that the stimulating electrodes were closer to the record-
ing site, thus biasing the latency toward shorter values. Finally,
the rising slope increased significantly with age (Table 1; Sanes,
1990). The steeper rise time would presumably be important
for time-critical binaural integration.

Short trains of stimuli to the MNTB (e.g., 100 Hz for 70 msec)
gencerally led to a temporal summation of PSPs such that LSO
neurons were hyperpolarized for a period far exceeding the stim-
ulus train duration (Fig. 3). Fatigue of axonal conductance or
synaptic transmission was clearly overridden by this summa-
tion. It is not presently clear how realistic these short trains of
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Figure 5. Temporal ambiguity of the response. Three traces are each
shown for neurons at 3, 10, and 14 d postnatal, in response to short
trains of stimuli to the excitatory afferents. At each age, identical stim-
ulus conditions led to extremely variable latency of action potentials.
Although there was not temporal summation in the 14 d animal, the
action potentials were evoked by different stimuli in each of the three
trains. For each set of traces, one of them is shown in bo/d for clarity.

stimuli are. Although there are periods of maintained discharge
in the developing central auditory systcm prior to, or in the
absence of, a response to airborne sound (Lippe, 1984; Sancs,
1984), the maximum instantaneous discharge rate has not been
determined.

Evoked IPSPs were large enough to result in a rebound de-
polarization or action potential (Fig. 6). It was extremely un-
likely that this long-latency (e.g., > 50 msec) excitatory response
was due to a second synaptic input that was recruited by the
stimulus pulse to the MNTB. There is no known pathway con-
tained within the ventral auditory brainstem that could yield
such a long-latency response. Moreover, it was found that in-
ward current sufficient to reverse the IPSP did not enhance the
depolarizing response (Fig. 6). Although the present study does
not address the ionic basis for such a rebound excitatory re-
sponse, it is consistent with a low-threshold Ca?* current (Llinas
and Yarom, 1981).

The integration of synaptic inputs from the CN and the MNTB
was directly assessed in LSO neurons by determining whether
a synaptically evoked action potential could be suppressed at
successive times during the IPSPs time course (Coombs et al.,
1955; Curtis and Eccles, 1959). It was found that IPSPs in
younger animals were able to block action potentials for the
majority of their time course, up to 1-2 orders of magnitude
longer than in more mature animals (Fig. 8). It is known from

Figure 6. Synaptically evoked hyperpolarizations elicit an action po-
tential in neonates. Recordings from four different ncurons demonstrat-
ed that single or multiple MNTB-evoked IPSPs were often followed by
a long-latency action potential or depolarization (arrows). The top set
of traces show that inward current reversed the MNTB-evoked 1PSP
(arrowhead), and eliminated the latent depolarization rather than ac-
centuating it.

voltage-clamp studies in the spinal cord that IPSP duration
outlasts the increased conductance underlying it (Araki and Ter-
zuolo, 1962). Thus, MNTB-evoked inhibition would be ex-
pected to clamp the neuron to the IPSP reversal potential for
only a short period of time. The prolonged IPSP blockade of
synaptically evoked action potentials suggests either that the
glycine uptake system is less efficient (Zukin et al., 1975), or
that there are markedly different glycine receptor kinetics in
neonates (Akagi and Miledi, 1988).

There was a strong level dependence to the suppression of
action potentials. In general, it was found that increasing ipsi-
lateral stimulus level led to a concomitant decrease in the du-
ration of suppression (Fig. 10). When stimulus level to the MNTB
was increased there was a concomitant increase in the duration
of suppression (Fig. 9). The level dependence of inhibition was
apparent at both the onset and offset of the IPSP. For example,
an increase in the ipsilateral stimulus level limited suppression
at both the leading edge and terminal portion of the IPSP in a
12 d neuron (Fig. 11).

Development of excitation in the LSO

With few exceptions, the developmental characteristics of EPSPs
and action potentials were similar to those of IPSPs. For ex-
ample, duration and latency decreased with age, while rising
slope incrcased (Table 1; Sanes, 1990). Although peak amplitude
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Figure7. Decrease in the number of converging afferents. An estimate
of the number of converging excitatory CN afferents (4) or inhibitory
MNTB afferents (B) was made based upon quantized increases in PSP
size to stimuli of increasing voltage (see Materials and Methods). There
was a significant decrease in this value for both sets of afferents, sug-
gesting the elimination of afferents during development. The mean and
SEM are shown for each group (¥, significantly less than value for 1-7
d group at p < 0.01, and 8-15 d group at p < 0.05; **, significantly less
than value for 1-7 d group at p < 0.001, and 8-15 d group at p <
0.005).

showed a slight decline with age, this was not significant. Action
potentials significantly increased in amplitude, but this could
have been due to more stable recordings in older animals. As
with IPSPs, a short train of stimuli commonly led to temporal
summation such that the LSO neuron was depolarized for a
period exceeding the stimulus trains (Fig. 3).

There were three aspects of excitatory development in the
LSO that require discussion. First, a short stimulus train (e.g.,
100 Hz for 70 msec) could evoke an unusually long-lasting
depolarization in neurons from 1-4 d animals (Fig. 4). This
response far outlasted the decay time of a single EPSP. The
pharmacological or ionic basis of this response is unknown, but
its longevity could well have developmental repercussions at a
time when neuronal discharge is limited (Spitzer, 1991). The
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Figure8. Synapticintegration. An ipsilaterally evoked action potential
was elicited at different relative latencies to an MNTB-evoked IPSP to
determine the duration of temporal integration at different ages. The
action potential was blocked for a much longer period of time in neonatal
animals compared to mature animals. For example, in the recording
from a 1 d LSO neuron, the action potential was blocked for about 30
msec. This efficacious period gradually declined to about 1 msec in the
neuron from a 20 d animal.

second issue concerns the manner in which temporal summation
of EPSPs led to an action potential. In younger animals, there
was a large variability of action potential appearance and latency
when identical stimulus trains were applied (Fig. 5). This suggests
that equivalent stimuli, or afferent discharge patterns, do not
have a robust representation in the developing nervous system,
particularly for those computations that require some degree of
temporal acuity. The final matter concerns EPSP amplitude,
which was generally found to show greater signs of fatigue, com-
pared to IPSPs, only in older animals (Fig. 3). Although this
phenomenon will be the focus of a future investigation, its de-
velopmental emergence conveys the range of synaptic altera-
tions that may contribute to the maturation of central auditory
processing.

Comparison to inhibitory development in other systems

Synaptic inhibition is commonly accepted as a mechanism for
contouring the neural response properties set forth by excitatory
afferents. Therefore, the development of specific inhibitory con-
nections, and their activity-dependent modulation are of fun-
damental importance to neural function. The behavioral ap-
pearance of inhibition may lag only 24 hr behind excitatory
mechanisms in the chick spinal cord (Bekoff et al., 1975; Op-
penheim and Reitzel, 1975). Several electrophysiology studies
reveal a somewhat more latent appearance of neural inhibition
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Table 1. Summary of synaptic properties at 1-7 d and at 8-15d

EPSPs (SEM) IPSPs (SEM) AP+ (SEM)
Summary of synaptic properties at 1-7 d
Maximum latency to rise (msec) 5.0 £ 0.4* 6.8 + 0.6* 144 £ 2.2
Minimum latency to peak (mscc) 6.2 + 0.6* 6.8 + 0.4* 9.0+ 1.7
Maximum latency to peak (msec) 259 + 3.7* 21.0 + 1.4* 17.0 + 2.5%
Minimum duration (msec) 16.3 £ 3.2* 14.5 £ 1.3* 5.7 x1.1°
Maximum duration (msec) 78.6 + 8.1* 61.8 + 4.8* 13.4 £ 3.8
Minimum amplitude (mV) 1.9 + 0.2 2.0 +0.2 305
Maximum amplitude (mV) 10.0 £ 0.8 11.1 £ 1.0 36+5
Minimum slope (mV/msec) 1.7 +£ 0.2 1.8 +0.3 153+ 74
Maximum slope (mV/msec) 5.8 £ 0.6* 6.5+ 0.7 247 + 8.2
Summary of synaptic properties at 8-15 d

Maximum latency to rise (msec) 3.6 +0.1* 34 +02 5.6 + 0.3"
Minimum latency to peak (mscc) 3.9 + 0.2 39 +03 4.3 + 0.2¢
Maximum latency to peak (msec) 6.8 + 0.4* 8.3 +0.7* 6.1 + 0.4*
Minimum duration {msec) 4.9 + 0.9* 6.4 + 0.8* 1.4 £ 0.1°
Maximum duration (mscc) 17.0 + 2.4* 21.2 £ 2.2* 2.0 £ 0.3%
Minimum amplitude (mV) 1.6 = 0.2 2.1 +£03 40 = 2
Maximum amplitude (mV) 9.7 £ 0.6 9.5 £0.7 45 + 2
Minimum slope (mV/msec) 1.8 £ 0.2 2.1 04 544 £ 39
Maximum slope (mV/msec) 9.0 £ 0.6 8208 70.3 + 3.8

4 Action potentials

» Measures for action potentials taken at half-maximum amplitude.
* Significantly different from value in older age group at p < 0.05.

6 day

E 15V
10V

E 15V
25V
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Figure9. Theduration of inhibition is level dependent at 6 d postnatal.
An ipsilaterally evoked action potential was advanced through an MNTB-
evoked IPSP at two different contralateral stimulus levels. When the
contralateral stimulus voltage was raised from 10 to 25 V, the duration
of suppression increased from 15.5 msec to 29.5 msec (£, stimulus
voltage to ipsilateral pathway; /, stimulus voltage to contralateral path-
way).

(Maximova, 1971; Schwartzkroin and Kunkel, 1982; Komatsu,
1983; Shatz and Kirkwood, 1984; Fitzgerald and Koltzenberg,
1986; Luhmann and Prince, 1991). After neural inhibition does
appear, however, its efficacy may be elevated relative to that of
excitatory systems (Krnjevic et al., 1964; Purpura et al., 1965;
Persson, 1973; Schwob et al., 1984; Wilson and Leon, 1986;
Sanes and Rubel, 1988).

The alterations in PSP size and duration in the LSO were not
unexpected. In fact, a decrease in the duration of PSPs has been
documented in a wide variety of central neuronal systems (Naka,
1964; Purpura et al., 1965; Schwob et al., 1984; Gardette et al.,
1985; Wilson and Leon, 1986). We have previously shown that
the transmitter receptor molecule mediating neural inhibition
in the LSO, the glycine receptor, undergoes a change in distri-
bution during postnatal development (Sanes and Wooten, 1987),
and that the inhibitory arbors from the MNTB exhibit a period
of refinement during the third postnatal week (Sanes and Siverls,
1991).

The neonatal appearance of synaptic inhibition and excitation
in the LSO is obvious at birth, although it would be necessary
to record from prenatal tissue in order to determine if either
synapse type became functional prior to the other. Nevertheless,
the appearance of synaptic inhibition precedes sound-evoked
responses by approximately 2 weeks. The early appcarance and
prominence of inhibition suggest that it may have an influence
on other aspects of neural development, as has been shown for
excitatory systems (Larsell, 1931; Levi-Montalcini, 1949).

In neonatal animals, a rebound depolarization was observed
following the MNTB-evoked hyperpolarization. A long-latency
“rebound” dcpolarization following an evoked IPSP has also
been observed in the developing rat intracerebellar nuclei (Gar-
dette ct al., 1985, their Figs. 3B,D,E, 5C,D,F). The develop-
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Figure 10. The duration of inhibition is level dependent at 10 d post-
natal. An ipsilaterally evoked action potential was advanced through
an MNTB-evoked IPSP in LSO neurons from two different 10 d ani-
mals. In both cases, when the ipsilateral stimulus level was increased,
there was a concomitant decrease in the duration of time that the MNTB-
cvoked IPSP was able to suppress the action potential. In the top set of

12 day

E. 20V
L 5V

E: 30V
[ 5V

14 day
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mental significance of this response to inhibitory afferent stim-
ulation is not yet clear. However, we have recently demonstrated
that ongoing inhibitory activity does influence the maturation
of LSO dendrites (Sanes and Chokshi, 1992; Sanes et al., 1992b)
and the developmental refincment of single MNTB arbors with-
in the LSO (Sanes and Takacs, in press). I would speculate that
since Ca2+ has been implicated in process outgrowth and re-
traction (Kater and Mills, 1991; Rehder and Kater, 1992), a
rebound Ca?*-dependent depolarization resulting from glyci-
nergic transmission would allow developing inhibitory afferents
access to second messenger systems that are more commonly
associated with excitatory pathways. The Ca?* dependence of
GABAergic transmission has now been documented in mature
animals (Llano et al., 1991; Morishita and Sastry, 1991; Nish-
imoto et al., 1991). It is possible that such a synaptic mechanism
could have implications for the maturation of inhibitory afferent
specificity, as has been demonstrated for excitatory synaptic
transmission (Constantine-Paton et al., 1990).

The significance of central synaptic maturation on auditory
processing

The response of single LSO neurons to interaural intensity dif-
ferences (11Ds) has been studied immediately following ear canal
opening and in the adult gerbil (Sanes and Rubel, 1988). The
resolution of single neurons is very poor in young animals, partly
because the discharge rates are so low. In addition, some neurons
appear to have a very irregular response as IID is altered. Im-
mature functional characteristics are even more apparent in

—

traces. the suppression time decreased from 15 to 9 msec. In the bottom
set of traces, the suppression time decreased from 6.8 to 5.5 msec (E,
stimulus voltage to ipsilateral pathway; I, stimulus voltage to contra-
latcral pathway).

Figure 11. The duration of inhibition
is level dependent at 12-14 d postnatal.
An ipsilaterally evoked action potential
was advance through an MNTB-evoked
IPSP in 12 d (left) and 14 d (right) neu-
rons. In the 12 d neuron (/eft), when
the ipsilateral stimulus voltage was
raised from 20 to 30 V, the duration of
suppression decreased from 9.1 msec to
6.4 msec. The decreased suppression
was apparent at both the onset and off-
set of the IPSP (dashed arrows). In the
14 d neuron, when the contralateral
stimulus voltage was raised from 5 to
8 V, the duration of suppression in-
creased from 7.3 msec to 15 msec. A
subsequent decrease in the ipsilateral
stimulus level from 7 to 6 V led to en-
hanced suppression at the leading edge
of the IPSP (curved arrow) (E, stimulus
voltage to ipsilateral pathway; I, stim-
ulus voltage to contralateral pathway).
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single neurons recorded from the kitten inferior colliculus (Moore
and Irvine, 1981), where it is also found that irregular and
variable changes in discharge rate occur as 11D is altered. A
recent study on the emergence of single-ncuron auditory rccep-
tive fields in the guinca pig demonstrates that the orderly pro-
gression of responses to auditory space is not apparent until
postnatal day 32, even though hearing begins in utero (With-
ington-Wray et al., 1990). Before this age, individual neurons
respond diffusely to stimuli located in the contralateral hemi-
field. Presumably, the integration of several monaural and bin-
aural cues is required to attain adultlike spatial sensitivity, and
the developmental process operates over an extended period of
time.

The extended PSP durations and shallow rise times in LSO
neurons (Table 1) would be expected to have a deleterious effect
on time-critical binaural computations. Although the LSO is
commonly associated with level difference detection, it may well
play a role in time differcnce detection as well (Finlayson and
Caspary, 1991), especially for high-frequency amplitude-mod-
ulated sounds (Henning, 1974; McFadden and Pasanen, 1976;
Yost, 1976; Nuetzel and Hafter, 1981; Hafter et al., 1988). The
temporal summation of PSPs, however, would be expected to
have direct effect on level difference coding. For example, the
ambiguity introduced by temporal summation and fatigue pre-
vents the reliable occurrence of an action potential to identical
stimuli (Fig. 5). In this regard, the variability of sound-cvoked
discharge patterns in the kitten CN has recently been demon-
strated (Fitzakerly et al., 1991).

The alteration of synaptic properties reported above dem-
onstrates the contribution of central auditory maturation to bin-
aural coding. Furthermore, the prominent durations and am-
plitudes of the synaptic potentials suggest that both excitatory
and inhibitory transmissions may themselves have an influence
on the developmental process.
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