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While the development of excitatory responses has been 
the focus of considerable research, the ontogeny of inhibi- 
tory connections has received relatively little attention.The 
lateral superior olive (LSO), an auditory nucleus in the ventral 
brain stem, is a favorable system in which to compare the 
maturation of an inhibitory and an excitatory input. Neurons 
in the LSO are excited by stimuli delivered to the ipsilateral 
ear and inhibited by similar stimuli to the contralateral ear. 

Single-neuron recordings were made to characterize tone- 
evoked responses at the onset of hearing and in adult Mon- 
golian gerbils. The results indicated that frequency selec- 
tivity was significantly poorer in young than adult animals. 
In several cases, neurons within the same animal were found 
to have disparate tuning properties, such that one of the 
units had “adult-like” tuning, while the other was much more 
broadly tuned. No difference existed between excitatory and 
inhibitory tuning within any age group. The degree to which 
the excitatory and inhibitory characteristic frequencies of an 
LSO neuron were correlated was used as a measure of tono- 
topic map alignment. A significant improvement of matching 
was seen with increasing age. A comparison of excitatory 
and inhibitory thresholds indicated that the inhibitory system 
was relatively more efficacious in young than adult animals. 

The ability of LSO neurons to respond to interaural inten- 
sity differences, the binaural parameter to which they are 
sensitive, indicated 3 differences between adult and young 
animals: the dynamic range was smaller, the slope was shal- 
lower, and the sample of neurons encoded a constrained 
range of interaural intensity difference values. We conclude 
that the maturation of the inhibitory and excitatory systems 
are nearly identical. 

Whereas the developmental characteristics of excitatory con- 
nections have been studied extensively in sensory and motor 
systems, relatively few investigations have carefully examined 
the ontogeny of inhibitory connections. Several investigators 
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have noted delayed functional development (Perrson, 1973; 
Armstrong-James, 1975; Saito, 1979; Schwartzkroin, 1982; Ko- 
matsu, 1983; Berardi and Morrone, 1984; Schwab et al., 1984; 
Shatz and Kirkwood, 1984; Gardette et al., 1985; Fitzgerald and 
Koltzenberg, 1986) while other reports have emphasized the 
prominence of inhibition early in development (Purpura et al., 
1965, 1968; Crain and Bomstein, 1974; Wilson and Leon, 1986). 
Several developmental properties that have received extensive 
attention with regard to excitatory connections remain entirely 
unaddressed for inhibitory systems. Examples include the initial 
overproliferation of functional contacts (Redfem, 1970; Licht- 
man, 1977; Mariani and Changeux, 1981; Jackson and Parks, 
1982) the ontogeny of functional and anatomical specificity, 
and the role of inhibitory afferent connections for maintaining 
the integrity of postsynaptic neurons. Beyond its descriptive 
importance, a comprehensive comparison of inhibitory and ex- 
citatory ontogeny will allow us to critically examine the theo- 
retical formulations (LeVay et al., 1975; Willshaw and von der 
Marlsburg, 1976; Law and Constantine-Paton, 198 1) and ex- 
perimental observations (Wiesel and Hubel, 1965; Hirsch and 
Spinelli, 1970; Olsen and Pettigrew, 1974; Keating and Feld- 
man, 1975; Singer, 1977; Pearson and Murphy, 1983; Sanes and 
Constantine-Paton, 1985a; Dubin et al., 1986) that have directly 
implicated excitatory potentials in synaptogenetic events. 

A major difficulty when studying the development of inhib- 
itory connections is that the neurons of origin are often intrinsic 
to the postsynaptic nucleus (Eccles, 1969). These intemeurons 
are ill-suited for anatomical identification, selective stimulation, 
or experimental manipulation. The mammalian superior oli- 
vary complex provides a favorable system in which to explore 
the ontogeny of an inhibitory network. Neurons in the LSO are 
excited by acoustic stimuli presented to the ipsilateral ear and 
inhibited by contralateral stimulation (Galambos et al., 1959; 
Boudreau and Tsuchitani, 1968, 1970). The ipsilateral excita- 
tory pathway originates in the anteroventral cochlear nucleus 
(AVCN) (Harrison and Warr, 1962; Wart-, 1966, 1982; van 
Noort, 1969; Glendenning et al., 1985; Cant and Casseday, 
1986) and terminates in the LSO tonotopically (Tsuchitani and 
Boudreau, 1966). The contralateral inhibitory pathway also 
originates in the AVCN. These neurons project to the contra- 
lateral medial nucleus of the trapezoid body (MNTB) (Held, 
1893; Ramon y Cajal, 1909; Morest, 1968; Tolbert et al., 1982; 
Glendenning et al., 1985). The efferent projection of MNTB 
neurons provides inhibition to the LSO (Rasmussen, 1946; 
Browner and Webster, 1975; Elverland, 1978; Glendenning et 
al., 1985; Spangler et al., 1985) and is also tonotopically orga- 
nized (Boudreau and Tsuchitani, 1970). LSO neurons are ex- 
quisitely sensitive to sound intensity differences between the 2 
ears (Boudreau and Tsuchitani, 1968, 1970; Caird and Klinke, 
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1983; Hamischfeger et al., 1985). A sound source emanating 
from the ipsilateral field would be expected to evoke a greater 
response from the excitatory system than the inhibitory system 
because of the decrement in sound level across the head. The 
graphic representation of this property plots discharge rate against 
the difference in sound level at the 2 ears and is called an in- 
teraural intensity dijkrence (IID) function. Therefore, inhibitory 
neurons to the LSO can be consistently identified, they project 
topographically as most excitatory systems do, they can be stim- 
ulated independently of an excitatory system to the same post- 
synaptic neurons, and they contribute to a neural response prop- 
erty with a likely perceptual correlate (i.e., sound localization). 

In the present study we examined the development of stimulus 
coding by LSO neurons in the Mongolian gerbil. A small number 
of reports have previously addressed the maturation of auditory 
function in this species. Most notable are a pair of studies by 
Woolf and Ryan (1984, 1985) that describe developmental 
changes in response properties at the level of the cochlea and 
the ventral cochlear nucleus. The gerbil ear begins to transduce 
airborne sound during the second postnatal week; both the co- 
chlea and cochlear nucleus exhibit sound-evoked responses at 
12 d postpartum (Finck et al., 1972; Woolf and Ryan, 1984, 
1985). Initially, the range of frequencies is limited to low and 
midrange tones, this being more obvious for single neuron re- 
sponses (Woolf and Ryan, 1985) than for the cochlea (Finck et 
al., 1972; Woolf and Ryan, 1984). One explanation for this 
progression is that the cochlea undergoes a change in its spatial 
frequency map such that a physical place along the basilar mem- 
brane transduces successively higher frequencies with age (Lippe 
and Rubel, 1983, 1985; Rubel and Ryals, 1983; Harris and 
Dallos, 1984; Ryals and Rubel, 1985; Sanes et al., unpublished 
observations). 

The cochlea and cochlear nucleus also share similar matu- 
rational timing with regard to increases in dynamic range and 
maximum response amplitude, which continue beyond 30 d 
(Woolf and Ryan, 1984, 1985). An evaluation of frequency 
selectivity at the level of the cochlear nucleus indicates that 
while tuning is poorer at hearing onset, this may be less pro- 
nounced for neurons encoding frequencies above 4 kHz than 
below (Woolf and Ryan, 1985). These findings, in addition to 
a pair of studies on the development of deoxyglucose metabo- 
lism in gerbil brain-stem auditory structures (Ryan et al., 1982, 
1985), suggest that an adultlike state is reached between days 
16 and 30, depending on the parameter being examined. 

In the present report we describe the responses of single neu- 
rons in the gerbil LSO to pure tone stimuli in adult animals and 
in animals near the age of hearing onset. Quantitative compar- 
ison of the frequency selectivity exhibited by inhibitory and 
excitatory inputs to these cells were made along with an eval- 
uation of the relative efficacies of these pathways. The degree 
of frequency matching between the 2 systems was ascertained 
by comparing the characteristic excitatory and inhibitory fre- 
quencies to one another. Finally, the response of neurons to 
IIDs was examined as a function of age. Our results indicated 
that the maturation of excitatory and inhibitory function was 
synchronous. One possible exception was a dynamic change in 
the relative efficacy of the inhibitory input. 

Materials and Methods 
Animal preparation. All gerbils (Meriones unguiculatus) used in this 
study were reared in our breeding colony to postnatal day 13 (n = 24), 
14 (n = 19) 15 (n = 15), 16 (n = 13), or 84-112 (n = 25). The colony 
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Figure 1. Representative calibration curve for the right earphone. The 
maximum output of the earphone from one experiment in an adult 
animal is shown. The system was capable of producing over 130 dB 
SPL for frequencies up to 5 kHz, and between 100-l 20 dB SPL above 
this point. The calibration curves were relatively reproducible from 
animal to animal. 

originated from commercially obtained breeding pairs (Tumblebrook 
Farms). Chlorprothixene (7 mg/kg, i.p.) or ketamine hydrochloride (15- 
40 mg/kg, i.p.) was given as a pre-anesthetic tranquilizer. Animals were 
then anesthetized with sodium pentobarbitol (40-55 mg/kg. in.) or 
chloral hydrate (350-400 mg/kg, i.p.) and given a single in&&on of 
atropine sulfate (0.08 mdkg, i.m.). Animals 13-16 d ofage were alwavs 
given chloral hydrate as-the anesthetic. Supplemental doses of both the 
tranquilizer and the barbiturate were administered as needed during the 
course of the experiment to eliminate movement and nociceptive re- 
flexes. Adult animals were tracheotomized to prevent aspiration, but 
this was not necessary for the younger animals. 

All animals were transferred to a custom-designed holder with bite- 
bar and head plate that allowed the head to be positioned at a 55” angle 
(i.e., tilted forward). A heating pad underneath the animal was auto- 
matically regulated based on core body temperature (Davis Servo Heat- 
er). Surgery was carried out at approximately 35°C; physiological re- 
cording was performed while body temperature was maintained at 37.5 + 
0.5”C. The animal’s head was immobilized, after reflecting the skin and 
soft tissue overlying the dorsal cranium, by affixing the skull to the head 
plate with cyanoacrylic glue (Aron Alpha). 

The pinnae, skin, soft tissue, and cartilage surrounding the bony ex- 
ternal meati were carefully removed. We checked the external meati for 
debris and confirmed that the typmanic membrane was intact and in 
excellent condition. The neck musculature, inserting along the dorsal 
surface below the bregma suture, was resected to expose the foramen 
magnum. Just prior to electrophysiological recording, the dura mater 
overlying the foramen was torn and a small amount of bone was re- 
moved laterally, allowing full access to the dorsal surface of the brain 
stem. 

Stimulus delivery and calibration. Sound stimuli were presented bin- 
aurally through a calibrated, closed delivery system. Sound delivery 
tubes were positioned over the bony external meati and sealed to the 
sides of the head with a 4% agar solution. Sound was generated by 
matched Beyer DT-48 (50 Q) earphones housed in aluminum casings 
that tapered into the delivery tubes. The sound pressure level at the tip 
of the delivery tube was measured with a calibrated probe tube inserted 
down the delivery tube center and connected to a Knowles microphone 
(model CA 183 1). The system was calibrated from 40 to 20,000 Hz and 
produced sounds with a peak amplitude in the range 90-140 dB SPL 
(Fig. 1). 

Prior to the beginning of each experiment, both earphones were cal- 
ibrated by monitoring the output of the probe tube microphones with 
a narrowlband spectrum analyzer (Bruel and Kjaer, type 2031). This 
information was transferred to and stored in a PDP 1 l/23 combmet 
for use in automated stimulus control. The Knowles microphones were 
previously calibrated with a Bruel and Kjaer condenser microphone 
(type 26 19 preamp, type 4 134 cartridge) in a closed coupler. 

Sine waves, generated by an arbitrary function generator (Wavetek 
model 134 and Krohn-Hite model 5910 B), were first passed through 
wave-shaping switches (Wisconsin) and then led into custom-designed 
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digital attenuators (RD Systems). The stimulus duration and repetition 
rates were controlled with a custom-designed gate (G.W. Instruments). 
The stimulus frequency and sound level were controlled independently 
to each ear. The tonal stimuli were presented for 50 msec with a 4 msec 
rise/fall and a repetition rate of I-5/set, depending on the animal’s age. 
White noise was produced by a Grason-Stadler noise generator (model 
901B). 

Electrophysiological procedures. Extracellular single-neuron record- 
ings were obtained with glass micropipettes (5-l 5 MO) filled with 2 M 

NaCl and 1% Fast greenFCF dye. The electrodes were mounted on a 
remote-controlled microdrive (Mike Walsh Electronics, model D-101) 
and positioned such that they ‘were at a 75” angle with respect to the 
physiology table. This angle, in conjunction with the angle at which the 
animal’s head was placed, allowed for maximal rostrocaudal access to 
the LSO in any single electrode penetration. The electrical signal was 
amplified (Grass Pl5D or WPI DAM-SA), bandpass-filtered at 300 and 
5000 Hz (Krohn-Hite 355OR). disulaved on an oscilloscope (Tektronix 
5 103N), and monitored with’an audib speaker (Grass AMI). The am- 
plified unit activity was also led to a window discriminator (WPI model 
12 1) whose TTL output pulses were used for on-line data analysis. 

Physiological recordings were performed inside a double-walled, sound- 
attenuated chamber (Industrial Acoustics Corporation). The electrode 
was advanced from outside the chamber while bursts of white noise 
were presented as a search stimulus. When sound-evoked neural activity 
was encountered, we determined which of the superior olivary nuclei 
had been entered. For example, if multi- or single-unit activity was 
driven exclusively by contralateral stimulation, it was assumed that the 
recording site was in MNTB, and the electrode was moved laterally 
prior to the next pass. Only single units with signal-to-noise ratios of 
3: 1 or greater were analyzed in the present study. 

After a unit had been isolated and determined to be ipsilaterally 
excited and contralaterally inhibited by sound (EI neuron), a fairly stan- 
dard stimulus paradigm was presented. The approximate excitatory 
frequency range and approximate threshold were first manually deter- 
mined. Then under computer control, the discharge rate was monitored 
as progressively higher-frequency probes were presented at a single in- 
tensity. At the end of each frequency “sweep,” the sound pressure was 
incremented by 5 or 10 dB and the procedure repeated. Each frequency- 
intensity pair was presented 5-9 times and the discharge rates averaged. 
In this way, the unit’s excitatory response area was determined. 

Spontaneous activity was severely depressed, as has been noted by 
other authors (Tsuchitani and Boudreau, 1966; Hamischfeger et al., 
1985) presumably due to anesthetic state (Brownell et al., 1979). In 
order to ascertain the inhibitory response area, a consistent discharge 
rate was evoked with a single frequency and intensity presented to the 
ipsilateral ear. Pilot data indicated that neither the frequency nor the 
intensity of this probe stimulus altered the general characteristics of an 
inhibitory response area. On the few occasions when significant spon- 
taneous activity was present, and we could assay inhibition in the ab- 
sence of excitatory stimulation, the response area was identical to that 
obtained in the presence of an excitatory stimulus. Therefore, we used 
an ipsilateral stimulus frequency set at the excitatory characteristic fre- 
quency and 5-35 dB above the neuron’s threshold. The evoked discharge 
rates were found to be quite consistent after the first 5-10 presentations, 
when some adaptation or habituation was seen. The inhibitory response 
area was documented with the same stimulus paradigm used for the 
excitatory pathway. An ascending progression of frequencies was pre- 
sented at a fixed sound level and then repeated after a 5 or 10 dB 
increment in sound level. The on-line analysis also consisted of post- 
stimulus time histogram (PSTH) construction. 

The threshold of a neuron was defined as the lowest intensity at which 
any frequency elicited a reliable increase or decrease in discharge rate 
(i.e., a change of > 10 spikes/set). The characteristic frequency was 
defined as that frequency which elicited the greatest change in discharge 
rate at threshold. The measure of tuning (frequency selectivity) was 
based on the frequency bandwidth at 5 and 15 dB above the threshold 
sound level. It should also be noted that rate-intensity (R-I) and IID 
functions could be extracted from the response areas. That is, at any 
given frequency, the discharge rate associated with each sound pressure 
level was obtained. For IID functions, the IID was computed using the 
constant sound level delivered to the ipsilateral ear. Statistical analyses 
were done by one-way analysis of variance followed by pairwise com- 
parisons. 

To permit the unambiguous identification of each recording site, Fast 
green was iontophoretically ejected (Grass SD9 stimulator) from the 

electrode (3-20 PA, 5-20 min, continuous cathodal). The tonotopic map 
constructed from these data, and its ontogeny, are considered in a sep- 
arate report (Sanes et al., unpublished observations). Only neurons iso- 
lated within the anatomical boundaries of the LSO are included in the 
present study. EI neurons were rarely located outside of the LSO bound- 
aries. 

Histologicalprocedures. At the end of each experiment, the gerbil was 
given a lethal injection of sodium pentobarbital and perfused through 
the heart with 10% buffered formalin (pH 7.4). The brain was removed, 
immersed in the same solution for l-7 d, blocked, and then embedded 
in Frank-Harris medium. Serial frozen sections were cut at 60 pm and 
mounted on gelatin-subbed glass slides. The sections were allowed to 
drv ovemiaht before being raoidlv stained in a 0.25% thionin solution. 
All Fast green dye marks were localized prior to Nissl staining because 
of potential loss of the dye due to water solubility. An example of dye- 
marked recording site is shown in Figure 2. 

Results 
General characteristics 
The present data set draws upon 78 units from 13-14 d animals, 
70 units from 15-l 6 d animals, and 85 units from adult animals 
(i.e., L 12 weeks). The animal body weights (8 + SD) for these 
groups at the time of recording were 11.9 + 1.2, 13.1 + 1.4, 
and 76.9 f 9.9 gm, respectively. 

Several basic differences between neurons in young and adult 
animals were apparent. Figure 3A shows the average latency of 
the first discharge evoked by a stimulus at characteristic fre- 
quency (CF) delivered at lo-20 dB above threshold to the ip- 
silateral ear. The average values (*SD) were 10.9 + 3.6 msec 
at 13/14 d, 8.5 + 2.8 msec at 15-16 d, and 4.7 + 1.6 msec for 
adult animals. Spontaneous activity was low (i.e., l-5 dis- 
charges/set) or absent from the vast majority of EI units at all 
ages, but inhibitory sidebands could be observed when activity 
was present. Figure 3B shows the maximum discharge rates 
evoked by an excitatory stimulus at CF. The rates increased 
dramatically between 15-16 d and adult from 116 -+ 54 dis- 
charges/set (8 f SD) to 35 1 f 144 discharges/set, respectively. 
The amplitude and duration of the extracellularly recorded ac- 
tion potentials were also monitored (Fig. 3, C, D). The mean 
peak-to-peak amplitude of the biphasic discharges did not differ 
significantly between groups (F2,80 = 2.9, p > 0.05). The mean 
duration of these discharges, measured from the most negative 
to the most positive voltage deviation, decreased with age: 0.42 
msec in 13-14 d animals, 0.36 msec in 15-16 d animals, and 
0.26 msec in adults (F2,82 = 25.76, p < 0.001). 

Representative PSTHs to increasing intensity at CF are shown 
for the 3 age groups in Figure 4. The proportion of primary, 
onset, and other response patterns was not quantified because 
of the limited sample sizes, and in some experiments, the res- 
olution of the histograms did not allow us to discern their fine 
structure. Our subjective impression was that the younger an- 
imals exhibited a preponderance of onset responses, while adult 
animals showed “primary-like” or “chopper” responses. The 
bottom-most PSTH in each column of Figure 4 was obtained 
with stimuli presented to both ears, thus introducing the effects 
of inhibition. It can be seen that the inhibitory influence covers 
the entire stimulus time window but is less effective at the very 
onset. A spontaneous rhythmic bursting activity that continued 
during stimulation was occasionally present in 13-14 d animals, 
but this was not fully characterized. 

Excitatory and inhibitory response areas 
The most general feature of inhibitory and excitatory response 
areas was the degree of matching in the frequency domain. Not 
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Figure 3. Comparison of discharge latency, maximum rate, action 
potential amplitude, and duration for 3 age groups. A, Latency of first 
discharge to CF at 15-25 dB above threshold, B, Maximum discharge 
rate to CF. C, Amplitude of the extracellularly recorded action potential 
measured from negative- to positive-going peak. D, Duration of the 
extracellularly recorded action potential as measured from negative- to 
positive-going peak. 

only were the characteristic inhibitory and excitatory frequen- 
cies well matched (see below), but the entire range of effective 
stimuli corresponded at all ages. Representative response areas 
from 2 neurons are shown for each age group in Figure 5. The 
examples were chosen to illustrate that the best response areas 
from 13-l 6 d animals closely resembled the form of those from 
adult animals. 

In order to gain a more objective impression of the differences 
and similarities in the age groups, several properties of each 
neuron’s excitatory and inhibitory responses were quantified. 
These included thresholds, characteristic frequencies, and tun- 
ing. In addition, excitatory R-I functions and IIDs were com- 
pared across age groups. 

Frequency selectivity 

The frequency bandwiths at 5 and 15 dB above threshold for 
each inhibitory and excitatory response area were converted to 
a value independent of CF (Calford et al., 1983). This involved 
a square-root transformation such that the square root of the 
lower frequency limit (F,) was subtracted from the square root 
of the higher frequency limit (FJ. The values generated range 
between 0 and 2, with larger values representing broadly tuned 
neurons. 

A plot of square-root transformation values at 5 dB above 
threshold for adult animals is shown in Figure 6 (A and D). The 
range of values appeared fairly uniform across frequency, the 
mean for the excitatory bandwith (6A) being 0.46 + 0.16 (8 f 
SD), and the mean for the inhibitory bandwidth (60) being 
0.53 + 0.17. If one divides the population in Figure 6A into 2 
groups, those with CF above 4 kHz and those with CF below 
4 kHz, then the mean values were 0.49 +- 0.18 and 0.41 f 0.13, 

respectively. These were not significantly different (F,,6, = 4.30, 
p > 0.05), demonstrating the relative utility of the square-root 
transformation in making developmental comparisons. 

The values from 15-16 d animals (Fig. 6, B, E) exhibited 
complete overlap with adult values. However, there appeared 
to be several neurons with broader tuning than any of those 
observed in adults (e.g., values > 1.0). The mean values for 
excitatory and inhibitory tuning at 15-16 d were 0.59 f 0.28 
and 0.64 & 0.28, respectively. At 13-14 d the majority of neu- 
rons displayed tuning characteristics that were considerably 
broader than those of adult animals (Fig. 6, C, F). The mean 
values for excitatory and inhibitory tuning were 0.87 + 0.36 
and 0.80 -t 0.4 1, respectively. Although the values for excitatory 
and inhibitory tuning did not differ from each other within any 
age group (t tests; p’s > 0.05), there were significant differences 
between age groups. The tuning of neurons in 13-l 4 d animals 
was broader than in 15-l 6 d and adult groups, and units in the 
15-16 d group were broader than those of adults (F2,202 = 38.70, 
p < 0.001). 

An identical analysis was performed on frequency bandwidths 
at 15 dB above threshold (Fig. 7). The frequency tuning for 
neurons of 15-l 6 d animals overlapped that seen in adults, yet 
there were several neurons with broader frequency tuning (Fig. 
7, B, E). The 13-l 4 d group exhibited much broader excitatory 
and inhibitory tuning. Again, there were no reliable differences 
between the excitatory and inhibitory bandwidths at any age (t 
tests; p’s > 0.05). However, the frequency tuning was signifi- 
cantly sharper in the 15-16 d group than the 13-14 d group, 
and sharper in the adult group than in the 15-l 6 d group (F2,,89 = 
54.82, p < 0.001). 

Although the comparison of populations gives some indica- 
tion of changes in tuning during development, it was instructive 
to describe the relationship between excitatory and inhibitory 
tuning for the same neuron and then to compare the frequency 
selectivity between neurons recorded within an animal. In Fig- 
ure 8, each neuron’s excitatory and inhibitory tuning at 15 dB 
above threshold are plotted, illustrating that the tuning of the 
2 pathways was as well correlated in young animals as in adult 
animals. A comparison of the tuning characteristics within an- 
imals, where more than one neuron was characterized, revealed 
that dramatic disparities were possible at 13-l 6 d of age. That 
is, neurons with very sharp frequency tuning could be found 
along with those having very broad tuning in the same animal. 
The numbered points in Figure 7, B, C, E, and F, refer to neurons 
that were recorded in the same animals. For example, there are 
9 examples of disparities in excitatory tuning in 15-l 6 d animals 
(Fig. 7B). In each case at least one of the units had a tuning 
value > 1.1, the high end of the adult range (see Fig. 7A). Ad- 
ditional examples were found at 13-14 d for both excitatory 
tuning (n F 7; Fig. 7B) and inhibitory tuning (n = 4; Fig. 7E), 
and at 15-16 d for inhibitory tuning (n = 4; Fig. 7F). These 
observations suggest that, although the cochlea was capable of 
generating mature frequency selectivity, at least for the 15-l 6 
d examples, the neural responses could be quite immature. There 
was no consistent relationship between threshold and frequency 
tuning (e.g., in 11 of 21 cases the neuron with lower threshold 
exhibited broader tuning). 

A number of response areas with unusual frequency ranges 
were found in animals 13-l 6 d of age. A common characteristic 
of these response areas was the presence of a second discrete 
range of frequencies capable of eliciting responses from the neu- 
ron. A total of 24 neurons exhibited response areas of this sort, 
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Figure 4. Representative poststimulus time histograms from 3 age groups. A-C, Top 3 PSTHs in each column show the excitatory response of a 
neuron to CF at increasing sound level. Bottom PSTH shows the response of the neuron when both excitatory (i.e., ipsilateral) and inhibitory (i.e., 
contralateral) pathways were stimulated. The sound levels at both ears are indicated for each PSTH. A, Response of a neuron in an adult animal. 
The CF of this unit was 10.0 kHz. II, The response of a neuron in a 15-16 d animal. The CF of this unit was 1.3 kHz. C, Response of a neuron 
in a 13-14 d animal. The CF of this unit was 1.9 kHz. Stimuli were delivered for 50 msec. Each PSTH was the sum of 50 stimulus repetitions, 
and events were collected in 0.1 msec bins. 

and 5 examples are shown in Figure 9 (A-E). Since the stimuli 
were often presented at high sound pressure levels to 13-l 6 d 
animals, the possibility existed that harmonic distortion could 
account for these response areas. Several observations make this 
explanation unlikely, however. First, a calibration of our sound 
system revealed all harmonics were below the neurons’s thresh- 
olds. Second, in 11 of these response areas the lower frequency 
range was effective at equal or lower threshold than the high 
frequency range (see Fig. 9c), which would have necessitated 
that high frequencies produced low frequency distortions. Sub- 
harmonic distortions were not found in our system at the in- 
tensities used. Third, in 10 cases, one, but not both, of the 
excitatory and inhibitory response areas was irregular, whereas 
the other was of normal shape. Finally, in 5 cases, another 
neuron was recorded from the same animal sharing one fre- 
quency range with the unusual neuron but not responding to a 
second frequency range. Although these response areas were not 
generally seen in adult animals, there were 9 examples of a 
diminished response to an extended range of excitatory fre- 
quencies (Fig. 90. 

Alignment of tonotopic maps 
In adult animals, binaural neurons respond optimally to the 
same frequencies delivered to either ear. The degree to which 
the inhibitory and excitatory inputs were functionally matched 
was quantified by comparing the inhibitory and excitatory char- 
acteristic frequencies to one another for each unit in each age 
group. Figure 10 (top) shows a scatter plot of these data from 
adult animals, and illustrates the remarkable precision of align- 
ment. The correlation coefficient computed from these data 
points was 0.993 and the slope of the linear regression was 1 .O 1. 

The alignment of tonotopic maps was apparent in neurons 
from the youngest animals (Fig. lo), although not with the pre- 
cision found in adults. Since there were so few neurons sampled 
with CFs >4 kHz in the 13-14 d group, separate r values were 
calculated considering only those units with CFs ~4 kHz. This 
analysis revealed that, for units with CF I 4 kHz, there was a 
lower correlation between excitatory and inhibitory CFs in units 
from 13-14 d animals than 15-16-d-olds (p < 0.05) or adults 
(p < O.Ol), and in neurons from the 15-16 d group than in 
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Figure 5. Excitatory and inhibitory response areas from 3 age groups. Top sets of curves are the excitatory response areas from 2 neurons with 
different frequency ranges. Below each excitatory response area is the inhibitory response area from the same neuron when the excitatory stimulus 
was CF presented at 15-25 dB above threshold. The stimulus sound level at 15 dB above threshold is indicated in dB SPL for each response area. 
Isointensity curves are 10 dB apart for adult response areas, and 5 dB apart for 15-l 6 and 13-l 4 day response areas. 

adults (p < 0.05). Comparing the 15-16 d and adult groups, 
where all data were included, it was again found that the younger 
group showed reliably lower correlations (p < 0.01). 

Thresholds 

A comparison of the sound levels that first evoke a change in 
discharge rate for the inhibitory and the excitatory pathway is 
a useful measure of their relative efficacy. Therefore, the differ- 
ence in threshold between the 2 pathways was examined as a 
function of age. The excitatory threshold (in dB SPL) was sub- 
tracted from the inhibitory threshold, yielding a positive value 
if the excitatory pathway was more efficacious than the inhib- 
itory pathway. A summary of the mean difference values for 
each frequency range is shown in Figure 11. In adult animals, 
mean values were $7 to + 10 for units with CFs ~7 kHz, and 
- 5 to +5 for units with CF >7 kHz. In contrast, all mean 
values were less than 0 for units in 13-l 6 d animals, regardless 
of CF. Statistical analyses of these sample means revealed a 
significant difference between units with CFs above and below 
7 kHz (F, ss = 3.79, p < 0.05) in adult animals. There is also a 
reliable difference between both the 13-14 and the 15-16 d 
groups and the adult group for units with CF ~7 kHz (F2,89 = 
12.34, p < 0.00 1). The inhibitory pathway therefore appears to 
have an equivalent threshold as the excitatory pathway in 13- 
16 d animals. In adult animals, however, the excitatory thresh- 
old tends to be lower for units with CF ~7 kHz. 

R-I functions: dynamic range and resolution 

A more complete description of the excitatory pathway’s efficacy 
considers the dynamic range and resolution of LSO neurons. 
Representative R-I functions are shown in Figure 12. The most 
obvious differences between the R-I functions from adults (Fig. 
12A) and those from young animals (Fig. 12, B, C) are the 
maximum discharge rate and the range of sound levels encoded. 

Both dynamic range and resolution were relatively poor in 
13-16 d animals. The dynamic range in young animals was 
approximately 50-60% that of the adults, as was the resolution 

(Table 1). There were several R-I functions with very low max- 
imal discharge rates (e.g., ~60 spikes/set) in 13-16 d animals 
that also displayed a very shallow slope. That is, the “resolution” 
(i.e., change in discharge rate/dB) for these neurons was ex- 
tremely poor. Although these values were unrelated to CF (data 
not shown), they were correlated with maximum discharge rate 
(Fig. 13). Neurons from animals of all ages had overlapping 
distributions of dynamic range and resolution values for a given 
discharge rate. Therefore, the developmental discrepancy results 
from the absence of units with low maximum discharge rates 
in adult animals. In addition, there was a trend for neurons to 
have greater resolution values (i.e., change in discharge rate for 
a given change in sound level) for the excitatory process than 
the inhibitory process (Table 1). 

IID functions: dynamic range and resolution 

IID functions may be thought of as R-I functions for the inhib- 
itory pathway. That is, from an initial discharge rate evoked by 
stimulation of the excitatory (ipsilateral) ear, one observes a 
sequential decrement in this rate with increasing sound level 
presented to the contralateral ear. A representative sample of 
IID functions from animals of each age is shown in Figure 14. 
IID functions from 13-l 6 d animals were often very shallow or 
somewhat irregular in shape. 

The sample of neurons recorded in adult animals encoded a 
greater range of intensity differences than those in young animals 
(Fig. 15). In addition, the majority ofneurons in 13-l 6 d animals 
were restricted to those IIDs where the ipsilateral sound level 
is greater than the contralateral sound level. The midpoints of 
the IID range from each neuron were compared across age groups 
and a reliable difference was found (F2,, ,9 = 737, p < 0.0 1). The 
average midpoint values were - 14.4 f 8.2 at 13-14, - 15.6 + 
10.0 at 15-16, and -5.6 f 17.9 d in adult animals. Pairwise 
comparisons indicated that there was a significant difference 
between the 13-14 d and adult groups and the 15-16 d and 
adult groups (p < 0.01). 

The dynamic range and resolution of the IID functions were 
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Figure 6. Frequency selectivity at 5 dB above threshold. A-F, Plots of frequency selectivity as measured with the square-root transformation (see 
text) for excitatory (A-C) and inhibitory (D-F) response areas. The mean and SD are shown for each graph. Values for excitatory tuning in the 
adult (A), in 15-l 6 d animals (B), and in 13-14 d animals (C’). Values for inhibitory tuning in adult animals (D), in 15-16 d animals (E) and in 
13-14 d animals (F). Dotted line in each graph represents the mean value for adult neurons. 

similar to those of R-I functions in that they were highly cor- 
related with the initial discharge rate (Fig. 16). The dynamic 
range in animals 13-l 6 days was 60-70% that seen in adults, 
while the resolution in young animals was approximately 50% 
of the adult value (Table 1). This was true regardless of the 
relative sound level presented to the ipsilateral (i.e., excitatory) 
ear to elicit a fixed discharge rate. Figure 17 plots the resolution 
values as a function of the sound level delivered to the ipsilateral 
ear. It is clear that resolution values derived from neurons in 
adult animals were consistently greater than those from 13-l 6 
d animals, regardless of excitatory sound level. 

Discussion 
The major developmental trends observed in LSO neurons were 
quite similar for the excitatory and the inhibitory pathways. 
This was the case for response parameters such as frequency 

selectivity, tonotopic alignment, dynamic range, and resolution. 
However, two findings suggest that the inhibitory pathway was 
relatively more efficient than the excitatory pathway at the onset 
of hearing: the relative threshold difference (Fig. 11) and the 
range of IID values encoded (Fig. 15). In this discussion, we 
first compare the data on mature LSO function to previously 
published reports and then examine developmental changes in 
light of findings from related developmental studies. Finally, 
the relationship to maturation in other neural systems, especially 
with respect to inhibition, is considered. 

Coding properties of adult LSO neurons 

The majority of analyses conducted in the present study were 
previously used by Boudreau and Tsuchitani (1968, 1970) in 
their elegant studies of LSO neurons in the adult cat. Perhaps 
the most dramatic difference between the cat and gerbil auditory 
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points obtained from the same animal. Excitatory tuning in adults (A), in 15-16 d animals (B), and in 13-14 d animals (C). Inhibitory tuning in 
adults (D), in 15-l 6 d animals (E), and in 13-l 4 d animals (fl. Dotted line in each graph represents the mean value for adult neurons. 

systems is the predominance of low-frequency responsiveness 
in the latter. Despite this distinction, the general response prop- 
erties of LSO neurons in the 2 species are similar. The mean 
latency of the first discharge was 4.7 msec in the gerbil, 2-4 
msec in the bat (Harnischfeger et al., 1985), and 7-10 msec in 
the cat for tonal stimuli at CF 20 dB above threshold (Boudreau 
and Tsuchitani, 1968). The temporal discharge patterns were 
also quite similar. The initial portion of the PSTHs exhibited 
a chopper response (Boudreau and Tsuchitani, 1968; Hamisch- 
feger et al., 1985), which often appeared to become a sustained 
response. Other units simply displayed primary-like PSTHs. 
Whereas the inhibitory pathway suppressed discharges during 
all portions of the PSTH in cats and gerbils (Boudreau and 
Tsuchitani, 1968; Caird and Klinke, 1983) the onset spike could 
rarely be inhibited in bats (Hamischfeger et al., 1985). The 
precise matching of excitatory and inhibitory CFs is also quite 
similar in the gerbil (Fig. 1OA) and cat (Boudreau and Tsuchi- 
tani, 1968). 

Frequency selectivity cannot be directly compared across 

studies because of differences in response criteria. However, 
once the effect of CF has been discounted, either by measuring 
the bandwidth in octaves (Boudreau and Tsuchitani, 1970) or 
using the square-root transformation, it is clear that frequency 
selectivity does not vary greatly across species. There does ap- 
pear to be a disagreement on the relative frequency selectivity 
of the excitatory and inhibitory systems in adult animals, how- 
ever. Boudreau and Tsuchitani (1970) showed that tuning of 
the inhibitory process is, on average, broader than that of the 
excitatory process. This was not the case in the present study 
(Fig. 8); the measures of tuning for excitation (0.69 + 0.2) and 
inhibition (0.75 + 0.2) were virtually identical. One possible 
explanation for this discrepancy is the way in which bandwidth 
data was obtained. In the present study, inhibitory tuning was 
assessed by competing the contralateral stimulus against the 
discharge rate evoked by a CF tone delivered ipsilaterally at 20 
dB above threshold. In the cat, inhibitory bandwidths were 
determined by competing the contralateral stimulus against the 
ipsilateral stimulus that evoked a single action potential. Given 
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this disparity in the magnitude of the excitatory response to be 
suppressed, it is plausible that a greater range of frequencies 
would be effective against the smaller evoked response. 

Measurement of excitatory and inhibitory thresholds in the 
gerbil revealed a nonuniformity across frequency; units with 
lower CFs tended to have relatively lower thresholds for exci- 
tation (Fig. 11). Although Boudreau and Tsuchitani (1970) did 
not analyze their threshold data with respect to CF, they did 
note that 5 of 10 cells that could not be inhibited had CFs < 1 
kHz. In fact, their reports include only a few EI neurons with 
a CF < 5 kHz, and the majority were tuned to 10 kHz or above. 
The threshold difference for neurons with low CFs (i.e., 16 kHz) 
may be related to the density of terminal arbors from the in- 
hibitory projection nucleus, MNTB (Glendenning et al., 1985). 
In agreement with this hypothesis, we have recently demon- 
strated a 4-fold difference in glycine receptor concentration along 
the frequency axis of the gerbil LSO, such that the low-frequency 
region contains the smallest amount (Sanes et al., 1985, 1987). 

The R-I and IID functions are also qualitatively similar across 
species. The mean dynamic range for R-I functions was 30.8 
dB in adult gerbils, which is similar to data presented for bats 
(Hamischfeger et al., 1985) and cats (Boudreau and Tsuchitani, 
1970), although summary statistics were not presented for these 
species. Comparison of the IID functions we obtained with those 
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Figure 8. Comparison of inhibitory and excitatory tuning. The square- 
root transformation for the bandwidth at 15 dB threshold of each units 
inhibitory and excitatory response area was plotted. 
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Figure 9. Bigeminal response areas. A-E, Excitatory (top) and inhibitory (bottom) response areas from 5 single units recorded in 13-16 d animals. 
The sound level for the threshold response curve is indicated in dB SPL. F, Excitatory and inhibitory response area from a neuron in an adult that 
exhibited an extended response to high frequencies. Isointensity curves are 5 dB apart. 
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Figure II. Relative thresholds for excitation and inhibition. Individ- 
ual values were obtained by subtracting the unit’s excitatory threshold 
(in dB SPL) from its inhibitory threshold. Therefore, positive values 
represent lower excitatory thresholds. The mean threshold difference 
values, along with their SDS, are plotted for units from the 3 age groups 
binned according to CF. It can be seen that excitatory and inhibitory 
thresholds are nearly equivalent for 13-16 d animals, independent of 
the unit’s CF. In adult animals, units with CF < 7 kHz have relatively 
lower excitatory thresholds. 

from cats and bats yield similar conclusions. The mean dynamic 
range of the inhibitory process (when the ipsilateral stimulus is 
presented at 15-25 dB above threshold) was 28.2 dB, similar 
to the value for R-I functions. The mean value for resolution 
of IID functions, 7.5 spikes/sec/dB, was smaller than that for 
the excitatory R-I functions. 

The characteristics of IID functions have been described for 
a number of auditory centers (Rose et al., 1966; Geisler et al., 
1969; Goldberg and Brown, 1969; Brugge et al., 1970; Stillman, 
1972; Schlegel, 1977; Moore and Irvine, 198 1). Most investi- 
gators report that IID functions are linear over a 20-30 dB range 
and appear to represent intensity differences within the same 
limits as those we report. A significant question is whether the 
gerbil IID functions have the appropriate response character- 
istics to represent the location of sound (Feddersen et al., 1957). 
We found that the majority of LSO neurons are best able to 
resolve intensity differences that fall between +20 and - 20 dB 
(Fig. 15). There is, as yet, no published information on the 
naturally occurring pressure differences between the 2 ears for 
free-field sound stimuli, but such a range is not unreasonable 
for a rodent (Saunders and Garfinkle, 1983). It has been pointed 
out that an IID function which is also sensitive to average bin- 
aural intensity would provide an ambiguous code for sound 
localization (Stillman, 1972; Schlegel, 1977). In the gerbil LSO, 
37% of the neurons shifted the absolute intensity difference 
encoded by more than 5 dB when the ipsilateral intensity was 
increased 10 dB (data not shown). If the ipsilateral stimulus was 
increased by 20 dB, then 69% of the LSO neurons shifted by 
more than 5 dB. With stringent criteria, then, it is difficult to 
see how single LSO neurons can unambiguously represent an 
azimuthal sound location based on discharge rate. If single neu- 
rons are incapable of this task, then future study should inquire 
whether there are unambiguous activity patterns across the LSO 
for each IID. The average binaural intensity and frequency spec- 
trum of the stimulus would have to be accounted for by such a 
mechanism. 

The gerbil LSO presents a rather puzzling characteristic, con- 
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taining numerous low-frequency EI neurons. Generally, it has 
been accepted that low frequencies (i.e., ~4 kHz) are of little 
use for determining the azimuth of sound since the head does 
not serve as an effective acoustic shadow (Feddersen et al., 1957). 
It may be that the small IIDs from low frequencies are encoded 
by a large number of neurons, and useful information is ex- 
tracted from an “averaged” response. It is important to note 
that interaural time differences, which were not assayed in the 
present study, may also be encoded by these neurons (Caird and 
Klinke, 1983). Behavioral analyses will be necessary to deter- 
mine whether low-frequency neurons in LSO are of use in sound 
localization or other perceptual tasks or are functionally vestig- 
ial. 

Development of frequency selectivity 
Several previous studies have shown that the range of frequen- 
cies encoded by a neuron in the CNS decreases during matu- 
ration (Aitkin and Moore, 1975; Brugge et al., 1978, 198 1; Wil- 
lott and Shnerson, 1978; Shnerson and Willott, 1979; Saunders 
et al., 1980; Woolf and Ryan, 1985). Since the coding of fre- 
quency is a sensitive functional measure of a neuron’s afferent 

Figure 12. Representative rate-inten- 
sity functions for 3 age groups. The in- 
crease in each unit’s discharge rate is 
plotted against the sound level (in dB 
SPL) that CF was presented at to elicit 
the response. A, Adult; B, 15-16 d; C, 
13-14 d. 

connections, it is useful to determine whether the process of 
sharpening entails cochlear mechanisms, central mechanisms, 
or both (Rubel, 1985). Tone-on-tone masking of compound 
action potentials (Carlier et al., 1979; Shnerson and Pujol, 1982) 
and single-fiber recordings from VIIIth nerve axons (Romand, 
1983) demonstrate sharpening of tuning curves for several days 
following hearing onset. Noting the close temporal association 
between the VIIIth nerve and cochlear nucleus tuning for units 
with low CFs, Brugge et al. (198 1) attributed the entire process 
to the cochlea. Therefore, should a central mechanism exist, its 
elucidation would depend on dissociation from cochlear events. 

The present results show that both excitatory and inhibitory 
frequency selectivity are relatively poor near the time of hearing 
onset (Figs. 6 and 7). While the ensuing changes are at least 
partially attributable to maturation of the transducing system, 
two observations suggest that changes in synaptic connections 
in the cochlea or central nervous system may also contribute. 
First, units with similar CFs, recorded within the same animal, 
had disparate tuning properties. In 13-14 d animals there were 
7 such cases for excitatory tuning (Fig. 7C) and 5 cases for 
inhibitory tuning (Fig. 7fl. In over half of these examples (Fig. 
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Figure 13. Dynamic range and reso- 
lution of rate-intensity (R-I) functions. 
A, Dynamic range of each unit as a 
function of the maximum discharge rate 
that could be evoked by the excitatory 
pathway. B, Resolution of each R-I 
function as a function of the maximum 
discharge rate that could be evoked by 
the excitatory pathway. 
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7C: 5, 6, 7, and 7F: 1,4, 5) the better tuned neuron was clearly 
within the adult range of values, while in the remaining units 
the better tuned neuron was near the upper limit of adult values 
and the poorly tuned unit fell well outside the adult range. For 
15-16 d animals, there was much greater overlap in tuning 
values with adults. Nevertheless, there were 9 examples of ex- 
citatory tuning disparities and 4 cases of inhibitory tuning dis- 
parities. In all of these cases, one unit had a tuning value within 
the adult range, while the other fell outside this range. The 
existence of such pairs suggests that the cochlea was capable of 
endowing all central neurons with mature frequency selectivity, 
and poor tuning was a function of central immaturity or receptor 
cell differences. 

The second observation concerns the shape of several re- 
sponse areas found in young animals. In 23 cases, either the 
excitatory or inhibitory response area, or both, exhibited more 
than one discrete range of effective frequencies (Fig. 9). While 
adult response areas could be found with slight irregularities of 
shape, they were infrequent. It is difficult to explain these ir- 

MAXIMUM DISCHARGE RATE 
(spikedsec) 

regular response areas on the basis of cochlear immaturity. One 
alternative is that functionally inappropriate afferents, which 
are later eliminated, may innervate certain LSO neurons in 
young animals. Zakon (1983) reported the existence of neurons 
responding to 2 discrete frequency ranges in the superior olivary 
nucleus of frogs during regeneration of the VIIIth nerve, but not 
in normal animals. Neurons with 2 discrete frequency ranges 
also have been described in the mouse inferior colliculus at 
relatively later ages (Shnerson and Willott, 1979; Sanes and 
Constantine-Paton, 1985a). In the latter study, the second 
range of effective frequencies had a much higher threshold (i.e., 
an average of 48 dB higher), which may represent a later stage 
of maturation when the second range of effective frequencies is 
being functionally eliminated. 

Development of intensity coding 

The parameters that best describe the ability of LSO neurons 
to encode intensity, either monaurally or binaurally, are the 
dynamic range (dB), the maximum possible output (discharge 
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Figure 14. Representative interaural intensity difference functions (IID) for each age group. Each unit’s discharge rate is plotted against the intensity 
difference between the 2 ears. Positive values indicate that the contralateral sound level is greater than the ipsilateral sound level. In each case, the 
stimulus was the unit’s CF and the sound level to the ipsilateral ear was held constant at 15-25 dB above threshold. A, Adult; B, 15-l 6 d; C, 13- 
14 d. 

rate), and the resolution of the response (discharges/dB). The 
ontogeny of excitatory intensity coding has been reported for 
the cat (Brugge et al., 1978, 1981) and the gerbil (Woolf and 
Ryan, 1984, 1985). In the cat cochlear nucleus, the dynamic 
range increases from approximately 15 to 30 dB, while the max- 
imum discharge rate increases from about 60 to 176 discharges/ 
set (Goldberg and Brownell, 1973; Brugge et al., 1978, 1981). 
In the gerbil cochlear nucleus, the average dynamic range in- 
creases from 27 dB, at 14 d, to 42 dB in the adult, while the 
maximum discharge rate changes from 130 to 335 discharges/ 

set over this same period (Woolf and Ryan, 1985; discharge 
rates were converted from the original “discharges per 100 stim- 
uli” values using the total amount of stimulus on time). In the 
present study, the maximum discharge rate and dynamic range 
(Fig. 3B, Table 1) were quite similar to those found in the cat 
and gerbil cochlear nucleus. In addition, the maturational change 
in the maximal discharge rate exceeded the increase in dynamic 
range, leading to an enchanced resolution of intensity coding by 
the excitatory system. 

The development of intensity coding by the inhibitory system 

Table 1. Summary of R-I and IID function parameters in each of the age groups examined 

Interaural intensity difference 
Rate-intensity (R-I) functions (IID) functions 

Resolution Number Resolution Number 
Dynamic range (discharges/ of Dynamic range (discharges/ of 
W-9 Adb) neurons WV Adb) neurons 

Adult 32.8 + 10.9 9.2 f  3.6 60 28.2 k 10.3 1.9 f  2.1 42 
15-16 d 21.6 k 7.1 5.0 + 2.2 57 19.2 zt 7.0 3.8 + 2.4 47 
13-14 d 15.6 + 5.7 4.7 2 2.3 70 18.0 k 4.8 3.6 t 1.5 28 
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Figure 15. Linear portion of each 
unit’s IID function. The region ofgreat- 
est resolution is plotted for IID func- 
tions from animals in the 3 age groups. 
In all cases, the IID function was ob- 
tained when the ipsilateral (i.e., exci- 
tatory) stimulus was CF at 15-25 dB 
above threshold. Units in adult animals 
are more likely to encode intensity dif- 

Mpsilateral >contralateral 
ferences when the contralateral sound 
level is greater than the ipsilateral level. IID RANGE W) 

Adult 

15-16 da Y 

13-14 day 

of LSO was examined as well. The average dynamic range of 
IID functions expanded from 18 dB, in 13-14 d animals, to 
28.2 dB in adults. Over this same period, the resolution in- 
creased from 3.6 to 7.5 discharges/sec/dB, or approximately 
100%. The change in these values from 13-l 4 to 15-l 6 d was 
minimal, indicating that maturation of IID functions occurs 
after 16 d of age in the gerbil. In addition, the population of 
neurons characterized at 13-16 d was considerably more con- 
strained with respect to the IIDs they encoded. As maturation 
progressed, LSO neurons began to encode binaural stimuli in 
which contralateral intensities were greater than ipsilateral in- 
tensities (Fig. 15). 

Two previous studies have described the development of in- 
teraural intensity coding in the auditory midbrain. Moore and 
Irvine (198 1) report that high-frequency EI neurons in the kitten 
exhibit quite irregular IID functions up to 4 weeks after birth. 
Interestingly, low-frequency neurons (i.e., CF < 2 kHz) exhib- 
ited IID functions that closely resembled those of adult cats. 
These results are qualitatively different from those in the present 
study, as we observed very “mature looking” IID functions from 
the onset of hearing (Fig. 14). Our quantitative observations, 
however, indicate that coding properties continue to mature 
after 16 d of age. A second study followed the maturation of 
IID resolution using evoked potentials recorded from the bat 
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inferior colliculus (Brown et al., 1978). These results seem to 
indicate that neurons are poorly tuned for azimuthal location 
through postnatal day 2 1, and thereafter increase in resolution. 
Since the number of afferent connections to the LSO are far 
simpler than those to the inferior colliculus, it may be that the 
generation of IID coding requires a greater amount of time in 
the latter structure. Sequential development of function has been 
described for certain properties as one ascends the auditory 
pathway (Ryan et al., 1982; Sanes and Constantine-Paton, 
1985b). 

Development of topographic alignment 
An orderly representation of the frequency axis is present in 
central auditory nuclei from the onset of hearing, even though 
the frequency range is limited (Aitkin and Moore, 1975; Lippe 
and Rubel, 1985; Sanes et al., unpublished observations). A 
related characteristic of binaural auditory nuclei is the corre- 
spondence of 2 cochleotopic projections. To assess the precision 
of binaural frequency matching we compared the excitatory CF 
and the inhibitory CF of LSO neurons. The present results sug- 

460 500 

~ RATE 

Figure 16. Dynamic range and reso- 
lution of IID functions for the 3 age 
groups. A, Dynamic range ofeach unit’s 
IID as a function of the maximum dis- 
charge rate that could be evoked in the 
absence of inhibition. B, Resolution of 
each unit’s IID as a function ofthe max- 
imum discharge rate that could be 
evoked in the absence of inhibition. 

gest that CF matching is somewhat less precise in animals at 
hearing onset (13-14 d) than in adults (Fig. 10). On the other 
hand, examination of the excitatory and inhibitory response 
areas revealed a great degree of overlap at all ages (Fig. 5). 
Therefore, it is difficult to determine either the means by which 
CFs become well matched or the functional implications of 
immature alignment. One possible explanation is that the 2 
cochleas, which are each undergoing a change in their own ton- 
otopic maps (Lippe and Rubel, 1983, 1985; Rubel and Ryals, 
1983; Harris and Dallos, 1984; Sanes et al., unpublished ob- 
servations), are not maturing in synchony. An alternative ex- 
planation is that the lower discharge rates, common in young 
animals, did not allow us to determine CF with the same pre- 
cision as in adults. A fine-grained quantitative analysis of CF 
would be necessary to resolve this issue. 

Previous studies have not quantitatively assessed the devel- 
opmental alignment of tonotopic maps, but at least 2 experi- 
mental systems address the issue. Following unilateral transec- 
tion of the frog auditory nerve, the sequence of functional 
reinnervation has been followed by recording from single neu- 
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Figure 17. IID resolution of each unit as a function of the excitatory 
sound level. The sound level to the ipsilateral ear is given in dB above 
threshold (abscissa). The difference in resolution between units from 
young and adult animals was independent of the ipsilateral sound level 
employed. 

rons in the superior olivary nucleus (Zakon, 1983). Although 
the anatomical projection has regenerated by 6 weeks postop- 
erative, the two CFs are not correlated with normal precision 
until 12 weeks postoperative. These results from a regenerating 
system indicate that changes in nerve connections may underlie 
an improvement in tonotopic alignment. A second series of 
experiments has examined the alignment of more complex prop- 
erties, visual and auditory spatial receptive fields in the owl 
optic tectum (Knudsen, 1983; Knudsen et al., 1984). After an 
earplug is inserted into one ear of a young barn owl, disrupting 
both time and intensity cues for sound localization, one class 
of neurons in the tectum adjusts to respond optimally to the 
same portion of auditory and visual space. When the earplug is 
removed (after several months), however, auditory and visual 
space are misaligned. Apparently, the normal configuration of 
nerve connections was altered to keep the auditory and visual 
worlds aligned in the presence of monaural attention. 

Development of inhibition 
Maturation of inhibitory connections has been described in a 
number of neural structures. There appears to be at least one 
general conclusion: Inhibitory function is usually observed a 
short time after the onset of excitation. Intracellular recordings 
from neurons in brain slice preparations of the deep cerebellar 
nuclei (Gardette et al., 1985), striate cortex (Komatsu, 1983), 
and hippocampus (Schwartzkroin and Kunkel, 1982; Schwartz- 
kroin, 1985) all reveal a time lag in the appearance of inhibitory 
postsynaptic potentials (ipsp). 

These direct measurements of inhibitory synapses are sup- 
ported by extracellular single-unit and evoked potential studies. 
For example, unlike the adult, neurons in the 7-d-old rat so- 
matosensory cortex do not exhibit receptive fields with surround 
inhibition, but rather may have extensive excitatory fields (Arm- 
strong-James, 1975). Likewise, in adult cat lateral geniculate 
nucleus, neural discharge is evoked by electrical stimulation of 

one optic nerve and inhibited by stimulation of the other optic 
nerve. However, the inhibitory influence is not evident before 
embryonic day 59, whereas the excitatory influence ofboth optic 
nerves is already present by embryonic day 40 (Shatz and Kirk- 
wood, 1984). The postnatal development of center-surround 
inhibition in the cat dorsal lateral geniculate nucleus occurs over 
several weeks, gradually becoming stronger (Tootle and Fried- 
lander, 1986). Finally, descending inhibition of a tactile-evoked 
responses in the rat lumbar dorsal horn develops from postnatal 
day 9 to 22, yet the salient anatomical projection is present by 
day 6 (Fitzgerald and Koltzenburg, 1986). There are other ob- 
servations that suggest a late onset of inhibition in the spinal 
cord (Saito, 1979), piriform cortex (Schwab et al., 1984), and 
lateral geniculate nucleus (Daniels et al., 1978; Barardi and Mor- 
rone, 1984). 

The ontogenetic events we have observed in LSO neurons do 
not evidence delayed development of inhibitory function. How- 
ever, a delay in synaptogenesis per se may have been missed 
since we began our study near the time of hearing onset, 13 d 
after birth. In any case, with regard to the ontogeny of coding 
properties, instead of delayed or ineffective inhibition, we found 
that it was relatively robust at the earliest ages examined. In 
fact, comparison of excitatory and inhibitory thresholds in 13- 
16 d and adult animals revealed that, for units with CF < 7 kHz, 
the inhibitory system in young animals was relatively more 
efficient than the excitatory system (Fig. 11). 

The difference in thresholds was mirrored by the relative 
position of IID functions at 13-l 6 d and in adult animals (Fig. 
15). While adult IID functions encoded a wide range of intensity 
differences and had an average midpoint of -5.6 dB (i.e., ip- 
silateral re contralateral), those from 13-l 6 d animals encoded 
a relatively narrower range, the average midpoint being ap- 
proximately - 15 dB. If the inhibitory pathway is relatively 
stronger in young animals, then one might predict relatively 
steeper IID slopes since a given change in intensity should de- 
crease discharge more rapidly. While in most cases this differ- 
ence was overshadowed by limited maximum discharge rates, 
a few units from young animals had maximum evoked discharge 
rates of 50-lOO/sec. It appeared that such cells from young 
animals had steeper IID functions than adult neurons (Fig. 16B). 
However, too few neurons with low discharge rates were char- 
acterized in adult animals, preventing a quantitative compari- 
son. The presence of a relatively stronger inhibitory pathway at 
hearing onset is difficult to reconcile on the basis of cochlear 
immaturity, and is most likely due to central mechanisms. A 
companion study, describing the development of the presump- 
tive receptor molecule that mediates inhibition in the LSO, the 
glycine receptor, demonstrated a relatively greater concentration 
of receptor in just that region of the LSO where functional 
inhibition is preponderant at 13-l 6 d (Sanes and Wooten, 1987). 

There have been a number of reports demonstrating pro- 
nounced inhibition in very young animals. Purpura and co- 
workers (1965, 1968) using intracellular techniques, observed 
hippocampal and neocortex ipsp’s of much greater duration in 
kittens, than in adult cats. Similarly, extended periods of func- 
tional inhibition are transiently observed in the olfactory bulb 
(Wilson and Leon, 1986) and piriform cortex (Schwab et al., 
1984) of the rat. These reports suggest that, in systems where 
inhibition has a developmental lag, there may be a period of 
maturation during which adult levels are exceeded. Given the 
strong inhibitory drive in the LSO of young animals, it will be 
important to chart its ontogeny prior to hearing onset. 
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