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An in vitro Analysis of Sound Localization Mechanisms in the Gerbil

Lateral Superior Olive

Dan H. Sanes

Departments of Otolaryngology, and Physiology and Biophysics, New York University Medical Center, New York,
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One way in which animals localize sounds along the horizon
is by detecting the level differences at the 2 ears. Neurons
in the lateral superior olive (LSO) encode this cue by inte-
grating the synaptic drive from ipsilateral excitatory and con-
tralateral inhibitory connections. This synaptic integration
was analyzed in 400-500-um brain slices through the gerbil
superior olive. Intracellular recordings from LSO neurons were
obtained during the application of independent or conjoint
electrical stimuli to the excitatory afferent and inhibitory af-
ferent pathways. Stimulation of ascending fibers from the
ipsilateral cochlear nucleus reliably evoked EPSPs and ac-
tion potentials. Stimulation of the medial nucleus of the trap-
ezoid body (MNTB) consistently evoked IPSPs. The evoked
postsynaptic potentials differed in that IPSPs were 2 times
the duration of EPSPs. An electrophysiolagical estimate of
convergence indicated approximately 10 excitatory and 8
inhibitory afferents per LSO neuron. MNTB stimulation sup-
pressed synaptically evoked action potentials. When stim-
ulus amplitude was increased to the excitatory pathway, it
was generally found that a greater MNTB stimulus was nec-
essary to suppress the action potential. A similar commen-
surate rise in ipsilateral and contralateral acoustic stimula-
tion was also found to be necessary to give the same criterion
response. These results confirm that the LSO can integrate
evoked action potentials and IPSPs to encode interaural lev-
el. Increasing stimulus voltage was found to decrease both
action potential and IPSP latency, suggesting that intensity
information may be encoded with temporal cues in the ner-
vous system. it was also found that an evoked burst of action
potentials could be inhibited in such a way as to yield in-
termediate discharge rates, dependent on contralateral
stimulus level. Taken together, these results suggest that
certain properties related to level-difference coding may be
available for intracellular analysis using the brain-slice prep-
aration. Several temporal characteristics of the synaptic po-
tentials, including latency and duration, may play a critical
role in this simple computation.

Received Mar. 21, 1990; revised June 6, 1990; accepted June 6, 1990.

I wish to thank Mr. Frank Liou for expert design of the software for acquisition
and analysis of the data, Dr. Robert Baker for valuable discussions, Dr. Chris-
topher Leonard for technical advice, Ms. Veronica Siverls for technical assistance,
and Drs. Noel L. Cohen and Rodolfo Llinas for providing an extremely supportive
environment. The in vivo single-neuron recordings were obtained in Dr. E. W.
Rubel’s laboratory, then at the University of Virginia Medical Center. This work
was supported in part by the Mendik Research Fund, a Whitehead Fellowship,
and NIH grant 1R29 DC00540-01A1. D.H.S. is a Sloan Foundation Fellow.

Correspondence should be addressed to Dan H. Sanes, Department of Physi-
ology and Biophysics, New York University School of Medicine, 550 First Avenue,
New York, NY 10016.

Copyright © 1990 Society for Neuroscience 0270-6474/90/113494-13$03.00/0

One of the fundamental ways that animals are able to localize
sound stimuli in the horizontal plane is by computing the level
difference between 2 ears. This perceptual task is ideal for neu-
rophysiological analyses because a great deal of information is
now available about the psychophysical and cellular correlates
of sound localization. However, the underlying synaptic mech-
anisms have yet to be examined in any detail. With the advent
of the brain-slice preparation, it is now possible to extract the
key elements of the auditory pathway that first compute binaural
sound-level differences and to explore the synaptic and ionic
mechanisms.

Psychophysical and acoustical analyses have determined that
2 principal cues are used by mammals when determining azi-
muthal location: interaural time differences and interaural level
differences (Rayleigh, 1945; Feddersen et al., 1957; Mills, 1958;
Durlach and Colburn, 1978). For high-frequency stimuli, a
sound’s position may be predicted by the difference in sound
level at each ear. The general clarity of this psychophysical data
has led to many studies of related central auditory coding prop-
erties (Rose et al., 1966; Brugge et al., 1969, 1970; Goldberg
and Brown, 1969; Harnischfeger et al., 1985; Fuzessery and
Pollak, 1985; Wenstrup et al., 1986; Semple and Kitzes, 1987).
Recordings from the ventral auditory brain stem, where inputs
from the 2 ears first converge, demonstrate that lateral superior
olivary (LSO) neurons are predominantly excited by acoustic
stimuli presented to the ipsilateral ear and inhibited by contra-
lateral stimulation (Boudreau and Tsuchitani, 1968).

The ipsilateral afferent pathway to the LSO originates in the
cochlear nucleus (Warr, 1982; Cant and Casseday, 1986) and is
arranged tonotopically. The contralateral pathway differs in that
the inhibitory neurons of the medial nucleus of the trapezoidal
body (MNTB) are interposed between the cochlear nucleus and
the LSO (Rasmussen, 1946; Morest, 1968; Browner and Web-
ster, 1975; Tolbert et al., 1982; Glendenning et al., 1985; Span-
gler et al., 1985; Zook and DiCaprio, 1988).

LSO neurons are quite sensitive to sound level differences
between the 2 ears. The evoked discharge rate of a neuron is a
consequence of the difference between ipsilateral excitatory and
contralateral inhibitory synaptic drives (Boudreau and Tsuchi-
tani, 1970; Caird and Klinke, 1983; Harnischfeger et al., 1985;
Sanes and Rubel, 1988). Neurons in the adult gerbil LSO mod-
ulate their discharge rates over a mean level-difference range of
28 dB and have maximal resolution at distinct interaural level
differences (i.e., at distinct azimuthal loci). Behavioral experi-
ments have demonstrated that gerbils can localize sound cues
through level differences, with a resolution of not less than 14°
(Heftner and Heflner, 1988).

High-frequency sounds can also be localized using interaural
time differences if the signal is modulated at a low frequency



and presented several times (Henning, 1974; McFadden and
Pasanen, 1976; Yost, 1976). Therefore, temporal cues may be
of general importance to LSO neurons for computing the azi-
muthal location. In fact, it has been demonstrated in several
auditory centers that the response to interaural level differences
may be modulated by varying stimulus latency to the 2 ears
(Brugge et al., 1969; Kitzes et al., 1980; Caird and Klinke, 1983;
Yin et al., 1985; Pollak, 1988). Yin and coworkers (1985) have
proposed that there is a common neural mechanism for com-
putations of interaural time and level that involves temporal
coincidence of afferent discharge.

The following experiments demonstrate that electrical stimuli
delivered to the 2 major afferent pathways to the LSO evoke
appropriate synaptic responses. The integration of these syn-
aptic potentials yield response properties that bear some resem-
blance to those seen in vivo. The amount of convergence onto
LSO neurons and several temporal properties of the evoked
responses are proposed as contributing to level-difference cod-
ing.

Materials and Methods

Brain-slice preparation. Gerbils (Meriones unguiculatus), aged 17-23 d
postnatal, were used to produce brain slices through the ventral auditory
brain stem. An animal was decapitated, and the brain was rapidly dis-
sected free in oxygenated artificial cerebrospinal fluid (ACSF: NaCl,
127.4 mm; KCl, 5 mm; KH,PO,, 1.2 mm; MgSO,-7H,0, 1.3 mm;
NaHCO,, 26 mm; glucose, 15 mmMm; CaCl,-2H,0, 2.4 mm; pH = 7.4) at
10-15°C. The pia mater was removed and the cerebellum trimmed
before mounting the brain stem onto a piece of 4% agar with cyano-
acrylate glue. The tissue was then sectioned with a vibratome (TPI Series
1000) in ACSF at 400-500 um, and the sections were incubated in a
holding chamber for 30—45 min.

A tissue slice was placed in the recording chamber (Medical System
Instruments) and held in place on a nylon mesh with small platinum
pins. The oxygenated ACSF was perfused at a rate of 9 ml/min, and
the temperature was gradually increased to 31-32°C. Two concentric
bipolar stimulating electrodes (Rhodes) were lowered to contact the
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Figure 1. A schematic of gerbil brain-
slice preparation. The brain stem is sec-
tioned in the transverse plane and con-
tains the lateral superior olive (LSO),
the medial nucleus of the trapezoid body
(MNTB), and afferent fibers from the
ipsilateral anteroventral cochlear nu-
cleus (4VCN). Intracellular recordings
(V) were obtained from LSO neurons
while electrical stimuli () were deliv-
ered to afferent pathways from the
AVCN and/or the MNTB.

ipsilateral afferent pathway at the level of the facial nerve and the con-
tralateral afferent pathway at the lateral edge of the medial nucleus of
the trapezoid body (Figure 1). Electrical stimuli consisted of 100-usec
pulses delivered at 0-60 V through an isolated source (Grass Instruments
S11 and SIUS).

Intracellular recording. Electrodes were fabricated (Sutter Instru-
ments) and filled with 2 M potassium citrate to give resistances in the
range of 120-180 MQ. The electrode holder was mounted to a microd-
rive (Burleigh Inchworm) for stable movement through the tissue in 1-
pum steps. Periodic sinusoidal current pulses were applied to facilitate
penetration. When a neuron was impaled, as evidenced by a rapid drop
in potential across the electrode, stimulus pulses were delivered with
the stimulating electrodes to verify that synaptic transmission was pres-
ent. The criteria for selecting a neuron required that the resting potential
be at least —50 mV, that ipsilateral stimuli elicit EPSPs and action
potentials, and that contralateral stimuli elicit IPSPs. There were a small
number of neurons that were responsive to stimuli from only 1 electrode
or were excited by stimuli to either electrode, but such responses could
have been an artifact of cut afferents or stimulus-current spread and are
not included in the present analysis. When feasible, 200-msec current
pulses were delivered through the electrode, and the voltage across the
membrane was monitored. The mean resting potential for all analyzed
neurons was —54 mV (N = 37).

Data acquisition and analysis. The voltage signal was fed from an
clectrometer (Axon Instruments Axoprobe A-1) to an oscilloscope (Tek-
tronix 5116) and recorded on magnetic tape (Neurocorder DR-384 and
Panasonic VHS) for off-line analysis or entered directly into the com-
puter (33 MHz PC-AT with Data Translation 2828 D/A board) for on-
line analysis. Digital and analog data were analyzed using custom-de-
signed software. The intracellular recordings were digitized with the
D/A converter sampling at 10 kHz using an on-board clock reference
and were stored along with the relevant stimulus parameters.

Figure 2 shows the basic analyses that were performed on the evoked
synaptic potentials. The acquired synaptic potentials were analyzed for
latency by determining the time at which the signal increased above the
baseline noise level and the time at which a maximum amplitude was
obtained. The duration was determined from the rising latency to the
time at which the signal returned to the baseline noise level. The slope
was defined as the maximum slope over any 0.5-msec interval before
a maximum amplitude was obtained. The area (mV - msec) between each
synaptic potential and baseline was also computed in order to estimate
the number of excitatory or inhibitory afferents that innervated each
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Figure 2. Analyses performed on synaptic potentials. All excitatory
and inhibitory synaptic potentials were characterized for maximum and
minimum delay to rise and peak (top), maximum and minimum du-
rations (middle left), maximum slope (middie right), maximum and
minimum amplitudes (bottom leff), and the area (mV-msec) between
potential and baseline (bottom right). The average values are summa-
rized in Table 1.
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LSO neuron. The reasoning was as follows: It has commonly been found
that stimulus-evoked synaptic potentials appear as quantal increases in
amplitude as additional afferents are recruited to discharge (Redfern,
1970; Lichtman, 1977; Mariani and Changeux, 1981; Jackson and Parks,
1982). When there are a relatively large number of afferents present,
the quantal increases may be difficult to discriminate from one another.
Therefore, integrating each potential should provide a more sensitive
estimate of potential size. A computer-directed process discriminated
between potential sizes using the expected level of noise from the pretrial
interval.

Auditory neurophysiology. The delivery of acoustic stimuli and re-
cording of single neuron response properties have been described in
detail previously (Sanes and Rubel, 1988). Adult gerbils, aged 84-112
d, were studied under ketamine and pentobarbital anesthesia such that
nociceptive reflexes were eliminated. Sound stimuli were presented bi-
laterally through a calibrated, closed delivery system within a sound-
attenuated chamber. Single neurons were isolated with glass micropi-
pettes, and responses to tonal stimuli of 50-msec duration with a 4-msec
rise/fall time were led into a window discrimator for on-line data anal-
ysis. A neuron was first determined to be ipsilaterally excited and con-
tralaterally inhibited, and the discharge rate was monitored as the in-
teraural stimulus level was systematically varied.

Results

Response to current injection

The current-voltage characteristics of one LSO neuron are shown
in Figure 3. Graded inward current pulses produced propor-
tional increases in the hyperpolarizing electrotonic potential.

B

Figure 3. Current—voltage relationships. 4, The response to 200-msec current pulses delivered through the intracellular electrode. Current levels
were 0.1, 0.2, 0.3, 0.4, 1.0, —0.1, —0.2, —0.3, —0.4, —0.5, and —0.6 nA. The resting potential was ~61 mV. B, Current-voltage relationships for
8 representative neurons. The bold line is the I-V curve for the neuron shown in 4. C, An IPSP was evoked while delivering current through the

electrode. Reversal potential, —76 mV.



The Journal of Neuroscience, November 1990, 10(11) 3497

Table 1. Summary of synaptic properties

Action potential

EPSPs (X * o) IPSPs (X + o) (X £ 0)

Minimum latency to rise (msec) 2203 1.8 £ 0.5 2.9 +0.7¢
Maximum latency to rise (msec) 3.1+0.5 3.0+ 1.0 4.1 + 1.0¢
Minimum latency to peak (msec) 30+0.5 32+1.0 3.1 £0.7¢
Maximum latency to peak (msec) 4.0+09 49+20 4.3 + 1.0°
Minimum duration (msec) 1.5+ 0.8 32+ 1.7° 0.7 £ 0.4«
Maximum duration (msec) 42+ 28 8.1 £2.9 0.9 £ 0.5
Minimum amplitude (mV) 1.5+ 0.8 1.6 £ 0.7 41 = 14
Maximum amplitude (mV) 8.7+ 39 83+29 50 = 13
Minimum slope (mV/msec) 1.8 £ 1.0 20+0.8 74 + 35
Maximum slope (mV/msec) 109 £ 5.4 9.3+5.0 102 + 34
Convergence 9.6 £28 8.2+ 3.5

< Measures for action potentials were taken at ¥z maximum amplitude.
’ Significantly greater than EPSP value (p < 0.001; ¢ = 4.28; df = 40).

Outward current pulses generally produced a depolarization that The mean input resistance, R,,,,, was 42 + 21 MQ, and the mean

declined in amplitude, indicating delayed rectification. The out-
ward current pulses often elicited a large number of action po-
tentials, though this was not always the case. Some neurons
discharged only a single time at the onset of the current pulse.

time constant, 7, was 1.1 & 0.4 msec (X *+ o; N = 15). It was
also possible to reverse the contralaterally evoked IPSPs by
hyperpolarizing the neuron. As shown in Figure 3, the reversal
potential for IPSPs was generally —75 mV.

—_ Latency Duration Slope
Z 10 10f 10
3 E
L b L
e Wl 1|||J|
2 4 1 2 10
nsec nsec nU/nsec
% Latency Duration Slope
@ 18 18 10
=1
E
2 4 3 4 18
nsec nsec nU/msec

nsec

Figure 4. Typical synaptic responses and analyses. Leff, A family of EPSPs/action potentials (top) and IPSPs (bottom) evoked by incremental
stimuli to either the ipsilateral or contralateral pathway, respectively. Right, Analyses of latency to rise, duration, and rising slope are shown for
both sets of traces. It was commonly found that larger amplitude potentials had shorter latencies, longer durations, and greater rising slopes.
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Figure 5. Response to sound-level differences. 4, The response of a single LSO neuron to interaural level difference is shown for 3 ipsilateral
levels. In order to decrease the discharge rate to 20% of the maximal rate (e.g., to approximately 40 discharges/sec), it was necessary to increase
the contralateral level for each increase in ipsilateral level. B, For neurons recorded in vivo, the ipsilateral sound level used to elicit a burst of action
potentials from an LSO neuron is plotted against the contralateral sound level that was necessary to reduce discharge rate to criterion (i.e., 20% of
maximal discharge rate). Note the positive correlation between stimulus levels.

Response to electrical stimuli

Stimulus-evoked postsynaptic potentials (PSPs) were recorded
and subjected to 5 simple analyses (Fig. 2). Electrical stimuli
delivered to the ipsilateral pathway commonly evoked EPSPs
and action potentials, and electrical stimuli delivered to the
contralateral pathway commonly evoked IPSPs. An example of
each response is shown in Figure 4, in which latency, duration,
and slope are graphically summarized. For both sets of poten-
tials, there was a consistent relationship between these 3 param-
eters and maximum PSP amplitude. The largest amplitude po-
tentials commonly had the shortest latencies, the longest
durations, and the steepest slopes. The parametric analyses of
EPSPs, IPSPs, and action potentials are shown in Table 1. For
example, the minimum latency to rise was 2.2 msec for EPSPs
and 1.8 msec for IPSPs. The measures of latency and slope were
nearly identical for EPSPs and IPSPs.

There was, however, one major difference between excitatory
and inhibitory synaptic events: the duration of IPSPs was twice
that of EPSPs. The mean maximum duration for EPSPs was
4.2 msec, while that for IPSPs was 8.1 msec (p < 0.001, ¢ =
4.28). This duration could lead to significant temporal sum-
mation at afferent discharge rates above 150 Hz.

Although the amount of synaptic convergence onto each LSO
neuron was quite large, it was possible to estimate the number
of afferents innervating a single LSO neuron based on physio-
logical criteria. The area between each PSP and the resting po-
tential baseline was computed for incremental stimuli, and the
number of quantal increases in area was determined (see Ma-
terials and Methods). The mean number of subthreshold EPSPs
was estimated to be 9.6, and the mean number of IPSPs was
estimated to be 8.2.

Sound stimuli: binaural integration

The basic response of LSO neurons to sound-level differences
was analyzed in vivo. Single LSO neurons produced lower dis-

charge rates as the contralateral sound level increased relative
to the ipsilateral sound level (Fig. 5). In the example shown,
when an ipsilateral sound level of 30 dB sound pressure level
(SPL) stimulus was used, a contralateral sound level of 30 dB
SPL was necessary to inhibit most action potentials. When the
ipsilateral level was increased to 40 dB SPL, it was also necessary
to increase the contralateral level to 40 dB SPL to yield the same
discharge rate.

This property was examined for several LSO neurons, and
the contralateral sound level that decreased discharge to 20%
of its maximal rate was determined for increasing ipsilateral
levels. As shown in Figure 5, there was a commensurate rise in
ipsilateral and contralateral sound level to yield the same dis-
charge rate. The average slope for all neurons examined was
085 + 0.4 (X £ o; N=24).

Electrical stimuli: integration of bilateral electrical stimuli

In order to determine whether LSO neurons /x vitro were able
to integrate the 2 afferent pathways in a manner similar to that
seen in vivo, conjoint stimuli were used. First, the ipsilateral
voltage pulse was adjusted until an action potential was elicited.
Concurrent stimuli were then delivered to the contralateral path-
way to determine whether the action potential could be blocked.
An example of such an experiment is shown in Figure 6. An
action potential, elicited by a 12-V stimulus, was inhibited when
a 6-V stimulus was delivered to the contralateral pathway. When
the action potential was elicited by a 25-V stimulus, the con-
tralateral stimulus was raised to 11 V in order to inhibit it.

The contralateral voltage necessary to block an action poten-
tial that was evoked by each ipsilateral stimulus voltage was
plotted for several LSO neurons (Fig. 7). In 20 of 22 neurons,
there was a commensurate rise in the ipsilateral and the con-
tralateral stimulus voltage to yield the same response (i.e., block-
ade of the evoked action potential).

An LSO neuron commonly responds to sound stimuli with
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Figure 6. Integration of 2 pathways by LSO neurons: intracellularly recorded responses of LSO neuron to electrical stimuli. Each panel shows a
stimulus-evoked response for ipsilateral stimuli alone or with a conjoint stimulus to the contralateral pathway. The first panel shows that a 12-V
stimulus evoked an action potential. The stimulus amplitude to the contralateral pathway was adjusted to reveal the threshold for inhibiting this
action potential: 6 V. When the ipsilateral stimulus amplitude was raised to 25 V (row 7), the evoked action potential was only inhibited if the
contralateral stimulus amplitude was also raised to 11 V.
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Figure 7. Correlation of excitatory and inhibitory stimuli. For neurons recorded in vitro, the ipsilateral stimulus voltage used to elicit a single
action potential is plotted against the contralateral stimulus voltage that was necessary to suppress the single discharge. Note the positive correlation

between stimulus levels. Symbols represent different cells.

several action potentials, depending on the stimulus duration.
The discharge rate varies directly with the interaural level dif-
ference (Fig. 5). In order to mimic this integration of bilateral
stimuli over time, repetitive stimuli were delivered concurrently
to both pathways. As shown in Figure 8, it was possible to evoke
a burst of action potentials without appreciable fatigue. With
the addition of submaximal stimuli to the contralateral pathway,
it was found that a fraction of the evoked action potentials could
be suppressed. With the addition of maximal contralateral stim-
uli, it was possible to suppress all evoked action potentials.
Therefore, intermediate discharge rates emerged when contra-
lateral stimulus voltage was gradually increased.

As shown in Figure 9, intermediate discharge rates were ap-
parent in all neurons tested. In 4 cases, it was possible to repeat
the stimulus regimen for 2 ipsilateral stimulus voltages. It was
found for 3 of these neurons that the larger ipsilateral voltages
necessitated an increase in contralateral voltage to yield the same
discharge rate. The contralateral stimuli initially inhibited the
latter-occurring evoked action potentials in a burst (Fig. 10). As
the contralateral voltage was increased still further, the first
action potential was also blocked.

Temporal characteristics of the synaptic response

The integration of evoked action potentials and IPSPs depend-
ed, partially, on 2 temporal parameters: the shift in latency with

stimuli of increasing amplitude and the total time during which
an IPSP was able to suppress a discharge. The latency to rise
and to peak was examined for action potentials and IPSPs elic-
ited by stimuli of increasing amplitude. As illustrated in Figure
11, it was commonly found that the latency to rise was shortened
as the stimulus voltage was raised. The difference between min-
imum and maximum latencies is shown in Table 1. There was
an approximate 1-msec differential for both action potentials
and IPSPs as the stimulus level was raised.

The time range during which an IPSP was able to suppress
an action potential was determined by varying the stimulus
latency to each pathway in 0.1-msec increments. As shown in
Figure 12, when one stimulus was delayed relative to the other,
it was possible to determine the discrete time during which
inhibition was effective at suppressing an action potential. Al-
though it was beyond the scope of the present study to quantify
this parameter, inhibitory potentials were generally efficacious
for at least %2 their total duration.

Discussion

Almost every central neuron integrates several synaptic inputs
to calculate the characteristics of its response. In the central
auditory system, one of the best-studied response properties is
the correlation of neuron discharge rate to sound stimulus lo-
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Figure 8. Effect of stimulus duration. Multiple action potentials were evoked by a stimulus rate of 50 pulses/sec delivered to the ipsilateral pathway
for 60 msec. In the fop left panel, 4 action potentials were evoked by 45-V stimulus pulses delivered to the ipsilateral pathway. The fourth and
Sifth row of panels show that most of these action potentials were blocked by coincident contralateral stimuli of 35 V, also delivered at 50 pulses/
sec. At intermediate contralateral voltages, only a fraction of the action potentials were blocked. Therefore, the 1ntegrat10n of excitatory and
inhibitory responses may produce a graded change in discharge rate when longer-duration stimulus regimens are used. This is reminiscent of the
gradual change in discharge rate seen in vivo as interaural level difference is modulated.

cation (Suga, 1984; Yin and Kuwada, 1984; Konishi et al., 1988;
Middlebrooks, 1988). A major objective of this study was to
examine the integration of excitatory and inhibitory synaptic
potentials in LSO neurons that encode binaural level differences
(Boudreau and Tsuchitani, 1970; Sanes and Rubel, 1988). The

brain-slice preparation is advantageous in that one can selec-
tively assay specific elements in a complex pathway. In the
present study, functional characteristics of LSO neurons cannot
be attributed to the cochlear nuclei, because these elements were
bypassed with the stimulating electrodes.
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Figure 10. Latter action potentials are first to be inhibited. A plot of
discharge rate versus contralateral stimulus voltage is shown for 2 ip-
silateral stimuli at 15 V (broken line) and 17 V (solid line). An increase
in the ipsilateral voltage caused a concomitant increase in contralateral
voltage to yield the same discharge rate. Stimuli were delivered at a rate
of 100 Hz for 60 msec, and ipsilateral pulses evoked up to 6 action
potentials. Histograms of the average discharge rate for representative
stimuli are shown. When stimuli to the contralateral pathway were given
concurrently, it was found that the latter-occurring action potentials
were the first to be inhibited.

Synaptic properties

The predominant synaptic potentials evoked with electrical
stimuli were identical to those seen in vivo (Finlayson and Cas-
pary, 1989). Electrical stimuli delivered to the ipsilateral afferent
pathway emerging from the anteroventral cochlear nucleus were
found to evoke EPSPs or an action potential (Fig. 4). Electrical
stimuli delivered to the contralateral pathway emerging from
the ipsilateral MNTB were found to evoke IPSPs (Fig. 4). There
were a modest number of synaptic responses that did not con-
form to this classification. Because higher-level stimulus volt-
ages were often found to yield these sorts of responses, it was
possible that current spread from the stimulating electrode may
have recruited remote afferents. However, it is likely that some
of these responses reflect in vivo mechanisms (Brownell et al.,
1979).

There were several distinct characteristics of the evoked syn-
aptic potentials (Table 1). The latency to rise and peak was nearly
identical for EPSPs and IPSPs. Although latency to rise was
primarily a consequence of electrode placement, the stimulating
electrode positions were equidistant from most recording sites.
Therefore, the propagation velocity and synaptic delay from the
points of stimulation to the LSO neuron appear to be quite well
matched for the 2 pathways.
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Figure 11. Effect of stimulus voltage on latency. The latencies of both
ipsilaterally evoked action potentials and contralaterally evoked IPSPs
were decreased with greater stimulus voltage. The integration of these
2 pathways is shown in Figure 6 for this neuron. It was found that action
potentials evoked by 12-20-V stimuli were blocked by 6-V stimuli to
the contralateral pathway. However, action potentials evoked by 25—
30-V stimult were only blocked when contralateral stimuli were in-
creased to 11 V. Therefore, it is possible that the short action-potential
latency (25-30-V stimuli) was temporally removed from inhibition.

It was generally found, as stimulus voltage was elevated and
PSP amplitude increased, that there was a concomitant decrease
in the latency and increase in the duration and rising slope (Fig.
4). These relationships were found for both EPSPs and IPSPs.
When considering the manner in which LSO neurons integrate
EPSPs and IPSPs, one must take these dynamic temporal prop-
erties into account. That is, a large stimulus voltage (or high-
level sound source) does more than evoke a larger amplitude
PSP. It also changes the time at which an action potential occurs
or the time at which a hyperpolarizing potential is attained (Fig.
11).

A significant difference existed in the duration of EPSPs and
IPSPs. The inhibitory potentials were, on average, 2 times that
of excitatory potentials. A relatively longer period of inhibition
has previously been noted in studies on central auditory neurons
(Erulkar, 1959; Nelson and Erulkar, 1963; Aitkin and Dunlop,
1968; Kitzes et al., 1980; Yin et al., 1985). The extended du-
ration of IPSPs may allow for significant temporal summation
at MNTB discharge rates greater than approximately 150 Hz
(e.g., at higher sound levels). The duration of IPSPs varies greatly
between neural systems. For example, the amplitudes and du-
rations of IPSPs in trochlear motoneurons are several-fold great-
er than those in abducens motoneurons (Precht and Baker, 1972;
Spencer et al., 1989). The cellular basis of this IPSP diversity
may involve a voltage dependence of glycine-activated Cl- chan-
nels (Faber and Korn, 1987).

The current—voltage curves obtained for LSO neurons showed
a linear relationship for inward current pulses and a delayed
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Figure 12. Effect of timing on synaptic integration. The excitatory
stimulus was triggered at increasing latencies relative to the inhibitory
stimulus. In this way, the effective duration of an IPSP was determined.
Top, When a 20-V stimulus was used to evoke an action potential, a
15-V stimulus to the contralateral pathway was barely able to suppress
the discharge. Bottom, When a 20-V stimulus was used to evoke an
action potential, a 20-V stimulus to the contralateral pathway was suf-
ficient to suppress a discharge for about 1 msec. The stimulus artifacts
were removed for clarity.

rectification for outward current pulses (Fig. 3B). Some neurons
responded to 200-msec outward current pulses with a contin-
uous burst of action potentials, while others responded with a
single action potential. Until a large sample size is accumulated
and compared to in vivo recordings, it will be difficult to deter-
mine whether subtle differences in biophysical characteristics
are due to the in vitro conditions or reflect genuine differences.
The passing of hyperpolarizing current demonstrated that the
IPSP reversal potential was approximately —75 mV (Fig. 3C).
This is consistent with the inhibitory receptor being a glycine-
gated chloride channel (Moore and Caspary, 1983; Sanes et al.,
1987; Wenthold and Altschuler, 1987).

There exists a possibility that gerbil central auditory function
is compromised by the accumulation of extracellular vacuoles
in several brain-stem nuclei (Ostapoff and Morest, 1989). How-
ever, all in vivo assays of auditory function indicate that coding
properties and psychophysical abilities are fully intact (Finck et
al., 1972; Ryan, 1976; Smith, 1977, 1979; Ozdamar and Dallos,
1978; Goodman et al., 1982; Frisina et al., 1982, 1985, 1989a,b;
Ryan et al., 1982; Harris and Dallos, 1984; Melzer, 1984; Woolf
and Ryan, 1984, 1985; Dolan et al., 1985; Semple and Kitzes,
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1985, 1987; Heffner and Heffner, 1988; Sanes and Rubel, 1988;
Sanes et al., 1989).

Binaural integration

Neurons in the gerbil LSO demonstrated 2 simple response
properties in vivo to acoustic stimuli that were amenable to in
vitro analysis. First, it was commonly found that ipsilateral and
contralateral sound levels had to be increased simultaneously
in order to yield the same response criterion (Fig. 5). A similar
commensurate rise in ipsilateral and contralateral stimulus level
has been reported for neurons in the cat LSO (Boudreau and
Tsuchitani, 1970; see their figure 44). This attribute favors bin-
aural level differences rather than changes in average level.
Therefore, there must be a cellular mechanism for representing
incremental sound levels in both the excitatory and the inhib-
itory pathway to the LSO.

A second characteristic of LSO neurons was the correlation
of intermediate discharge rates in response to binaural level
differences (Fig. 5). The generation of intermediate discharge
rates was a function of stimulus duration. Similarly, the detec-
tion of interaural level and time differences by humans improves
with stimulus duration (Hafter et al., 1979). Therefore, it is likely
that intermediate discharge rates are a consequence of both the
number of afferents recruited (i.e., sound level) and the history
of afferent discharge.

Bilateral integration in vitro

LSO neurons in vitro exhibited 2 response properties to electrical
stimulation that strongly resembled acoustically evoked char-
acteristics. First, when a discharge was evoked with incremental
stimuli to the ipsilateral pathway, it was also necessary to in-
crease the contralateral stimulus voltage required to suppress
the action potential (Figs. 6, 7). This suggests that the synaptic
current underlying the action potential has increased, that the
latency to discharge has changed, or both. In order to inhibit
the action potential evoked by large-amplitude stimuli, there
must be a concomitant change in the amplitude and/or latency
of synaptically evoked hyperpolarizations. A good correlation
between stimulus voltage and latency has been found (Fig. 11),
and its contribution to bilateral integration is now being tested.

The positive correlation between the ipsilateral and contra-
lateral stimulus levels required to yield a criterion response was
consistent for both in vivo and in vitro recordings. This property
may be related to the number of excitatory and inhibitory af-
ferents that innervate each LSO neuron. An estimate of these
values, based on electrophysiological criteria, indicated that there
were roughly 10 excitatory and 8 inhibitory afferents per LSO
neuron (Table 1). Because the estimate of excitatory afferents
did not include those above the neurons’ threshold to discharge,
it is likely that there are more excitatory afferents per LSO
neuron than inhibitory afferents. As more afferents were re-
cruited by incremental voltage stimuli, the synaptic current in-
creased, and the latency to rise decreased. The shortening of
contralateral inhibitory latency with increases in sound stimulus
level has previously been demonstrated with acoustic stimuli
in the cat LSO (Tsuchitani, 1988a). It is important to note that
the order in which afferents are recruited by sound stimuli may
lead to response properties that are far more refined than those
described for electrical stimuli. For this reason, the response
properties obtained from the brain-slice preparation appear to
be particularly robust.

The second in vitro response property that resembled an in

vivo phenomenon was the generation of intermediate discharge
rates. The neural response to longer-duration sounds was mim-
icked by evoking action potentials with a burst of electrical
stimulus pulses to the ipsilateral pathway. A range of incre-
mental contralateral voltages blocked an increasing fraction of
the evoked action potentials (Figs. 8, 9). This resembled the
intermediate discharge rates produced by varying interaural
sound level (Fig. 5).

The discharge rate was determined by averaging several trials,
just as single-neuron poststimulus-time histograms are gener-
ated in vivo. In general, the latter-occurring action potentials
were the first to be inhibited by contralateral stimulation (Fig.
10). This implies that the efficacy of inhibition becomes rela-
tively greater than that of excitation as stimulation proceeds. It
is now possible to test whether this emergent property is a result
of IPSP duration and spatial summation, or due to the rate of
fatigue in each afferent pathway. These parameters are presently
being evaluated.

Relevance to sound localization

The results from in vitro recordings suggest 2 general mecha-
nisms by which binaural level differences may initially be com-
puted in the LSO. First, there is a substantial convergence of
afferents from each pathway. The sequential recruitment of af-
ferents may lead to a simple summation of synaptic currents
and a discharge rate commensurate with the resulting membrane
potential. The relative insensitivity of LSO neurons to average
binaural level may also depend on this convergence. As average
sound level increases, a greater number of afferents and larger
synaptic currents are recruited from both pathways.

The second mechanism is suggested by the temporal changes
in synaptic potentials as stimulus level is raised: The latencies
decreased and the rising slopes increased (Figs. 4, 11). It is
possible that increases in sound level serve to sequentially re-
cruit afferents, and the spatial summation of the synaptic cur-
rents produce action potentials and IPSPs with shorter latencies.
In this case, the probability that an action potential can be
inhibited is dependent on its temporal position with respect to
the evoked IPSP (Fig. 11).

It has been shown that the responses of binaural neurons that
are maximally sensitive to interaural level differences are mod-
ulated with brief interaural time differences (Brugge et al., 1969;
Kitzes et al., 1980; Caird and Klinke, 1983; Yin et al., 1985;
Pollak, 1988). These interaural time differences are larger than
those that would be produced by free-field acoustic stimuli.
Rather, they reflect the relative latency of afferent discharge from
the excitatory and inhibitory pathway to the binaural neuron.
For example, an increase in sound level to the excitatory ear
changes the effective interaural time difference that modulates
the response. Therefore, sound level is converted into a temporal
cue by the central auditory system.

These temporal coding properties may also contribute to the
localization of high-frequency stimuli that are amplitude mod-
ulated at 50-600 Hz (Henning, 1974; McFadden and Pasanen,
1976; Yost, 1976; Nuetzel and Hafter, 1981; Hafter et al., 1988).
It has previously been shown that some neurons in the inferior
colliculus with high characteristic frequency are able to encode
interaural time differences (Yin et al., 1984).

The integration of sound stimuli clearly improves with longer
stimulus durations (Tobias and Zerlin, 1959; Hafteretal., 1979).
Because the temporal structure of an LSO neuron response to
interaural level differences is dynamic, it may provide additional



information about binaural level differences and average level
(Tsuchitani, 1988a,b). The present results suggest that temporal
discharge is partially dependent on the history of afferent dis-
charge. The latter-occurring evoked action potentials were most
susceptible to inhibition by any given stimulus voltage, and
larger voltages resulted in the suppression of the first discharge
(Fig. 10). This emergent property of bilateral integration may
be obtained from either the temporal summation of IPSPs or a
difference between excitatory and inhibitory synaptic fatigue.

The present results indicate that some aspects of binaural
interaction are amenable to cellular analysis in vitro. The relative
contribution of specific temporal mechanisms to bilateral in-
tegration may now be evaluated. To the extent that in vitro
response properties reflect the synaptic integration performed
invivo, it is now possible to examine the ontogeny of a relatively
simple computational circuit.

Note added in proof: This article was completed prior to the
publication of a relevant review article (Glickstein and Yeo,
1990).
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