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S U M M A R Y A N D C O N C L U S I O N S 
/ . Coincidence-detection of excitatory synaptic potentials has 

long been considered to be the mechanism by which medial supe
rior olivary (MSO) neurons compute interaural time differences. 
Here we demonstrate the contribution of synaptic inhibition in 
this circuit using a gerbil brain slice preparation. 

2. Nearly all cells exhibited excitatory postsynaptic potentials 
(EPSPs) and action potentials (APs) after stimulation of either 
the ipsilateral or contralateral afferent pathway. In 44% of cells, 
the latency of APs depended on stimulus amplitude, exhibiting 
shifts of 0.25-2 ms. 

3. Nearly all neurons (89%) exhibited stimulus-evoked synap
tic inhibition. The inhibitory effects were enhanced at greater stim
ulus amplitudes and were usually able to block synaptically 
evoked APs. In addition, APs and EPSPs were reversibly blocked 
by delivering the inhibitory transmitter glycine in almost all tested 
cells (91%). 

4. In the presence of the glycine antagonist strychnine, the ef
fects of synaptic inhibition were suppressed. 

5. The stimulus level-dependent inhibitory potentials in
fluenced the probability that an MSO neuron would fire an AP, as 
well as the precise timing. Therefore, the present results have im
plications for the processing of interaural time differences by the 
MSO and at higher auditory centers. 

I N T R O D U C T I O N 
The medial superior olivary (MSO) nucleus has been 

considered the primary site for processing interaural time 
differences (ITDs) by coincidence-detection of synaptic ex
citation (Casseday and Neff 1973; Jeffress 1948; Jenkins 
and Masterton 1982). The supporting data include con
verging afferents from both cochlear nuclei (Goldberg and 
Brown 1968; Stotler 1953; Warr 1966), with identical types 
of synapses from either side (Clark 1969; Perkins 1973) and 
a majority of neurons that are excited by sound stimulation 
of either ear (Caird and Klinke 1983; Goldberg and Brown 
1969; Langford 1984; Yin and Chan 1990). 

Anatomic results now suggest that MSO does receive in
hibitory afferents, mainly from the ipsilateral medial nu
cleus of the trapezoid body (MNTB; Grothe et al. 1992; 
Kuwabara and Zook 1991; Spangler et al. 1985). The 
MNTB is known to provide glycinergic inhibition to neu
rons in the lateral superior olive (LSO; Moore and Caspary 
1983; Sanes et al. 1987; Wu and Kelly 1992). There is also a 
second presumed inhibitory projection to MSO neurons 
from the lateral nucleus of the trapezoid body (LNTB; Cant 
and Hyson 1992). 

Goldberg and Brown (1969) demonstrated a decrease of 

the MSO neuron response at certain interaural phase dis
parities similar to that shown previously in the inferior col
liculus (Rose et al. 1966). This and other response proper
ties of cat MSO neurons were recently studied in great de
tail by Yin and Chan (1990) . In such cases, the number of 
spikes drops below the level due to monaural stimulation 
and, in some cases, even below the spontaneous activity 
level. The out-of-phase inhibition could be due to time-sen
sitive inhibitory projections, analagous to the ITD-sensitive 
excitatory-inhibitory (EI) and inhibitory-excitatory (IE) 
neurons in the auditory brain stem (Goldberg and Brown 
1969; Hall 1965;Harnischfegeretal. 1985). However, Col-
burn et al. (1990) have presented a mathematical model 
that is able to explain this out-of-phase inhibition in MSO 
neurons without any inhibitory inputs. For example, non-
inhibitory mechanisms such as N a + inactivation could also 
contribute to a suppression of discharge (Hodgin and Hux
ley 1952). Thus the role of inhibition for ITD coding within 
the MSO remains unclear. 

A functional description of inhibitory interactions within 
the MSO has been obtained in the mustached bat. The 
MSO in this species clearly has a different function than 
ITD detection because of a reduced projection from the 
ipsilateral ventral cochlear nucleus, leading to an MSO with 
predominantly monaural properties. There is a profound 
effect of glycinergic inhibition on the temporal properties of 
MSO neurons in this species (Covey et al. 1991; Grothe 
1990; Grothe et al. 1992). 

In the present study, we investigated synaptic integration 
by MSO neurons with intracellular recordings obtained 
from a gerbil brain slice preparation to determine the im
pact of synaptic inhibition. 

M A T E R I A L S A N D M E T H O D S 

The methods used were previously described in some detail 
(Sanes 1990). Briefly, gerbils (Meriones unguiculatus) aged 17-
25 days postnatal were anesthetized with chloral hydrate (400-
500 mg/kg ip) and decapitated. The brain was rapidly dissected 
free in an oxygenated artificial cerebrospinal fluid (ACSF) at 15°C 
and vibratome sectioned at 350-400 ^m. 

For recordings, the slices were placed in a custom chamber and 
perfused with oxygenated ACSF (8 ml /min ; 31°C). Electric stim
uli were delivered with two bipolar stimulating electrodes posi
tioned lateral to the LSO (ipsilateral pathway) and medial to the 
MNTB, near the midline (contralateral pathway). Stimuli were 
presented manually (Grass Instruments SI I) with bipolar Teflon-
coated platinum electrodes or under computer control (RC Elec-
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FIG. 1. Distribution of inhibitory postsynaptic potentials (IPSPs) in 
the gerbil medial superior olive (MSO) in the brain slice preparation {n = 
80) . Notice that only 11% of tested neurons failed to exhibit inhibition. 

tronics; Everex 386). The stimuli consisted of 100-^s pulses at 
0-65 V. 

Intracellular recordings were obtained with glass electrodes 
filled with 2 M potassium citrate and having a resistance of 130— 
200 Mß. The voltage signals (Axoprobe 1-A) were digitized 
(ComputerBoards) and stored for off-line analyses. Electrodes 
were positioned in the MSO cell body region under visual control. 
Recordings could rarely be obtained outside of this region. The 
mean resting potential for all analyzed neurons was - 5 6 ± 4 (SD) 
mV(« = 80). 

Glycine, 7-aminobutyric acid (GABA), and strychnine were 
prepared at relatively high concentrations (50-100 m M ) , and 
small volumes (5-200 iA) were added to the superfusate in ad
vance of the recording well. A minimum effective dosage was rap
idly ascertained by adding small aliquots, thus assuring that each 
agent could be washed out as rapidly as possible. 

R E S U L T S 
The vast majority of MSO neurons (89%; n = 80) exhib

ited synaptic inhibition. These responses were evoked with 
exclusively contralateral stimulation in 49% of neurons, 
with exclusively ipsilateral stimulation in 9% of neurons, 
and with stimulation of either pathway in 31% of neurons 
(Fig. 1). The remaining 11% of neurons failed to exhibit 
synaptic inhibition. In the majority of cells, the synaptically 
evoked excitatory postsynaptic potentials (EPSPs) were 
able to trigger an action potential (AP) at sufficient stimu
lus levels. This occurred in 81% of MSO neurons to ipsilat
eral stimulation and in 65% of MSO neurons to contralat
eral stimulation. In four neurons, it was necessary to coacti-
vate both pathways to elicit an AP. 

The effect of synaptic inhibition was level dependent in 
all cells, increasing with greater stimulus voltages (Fig. 2 A). 
In 94% of MSO neurons, the APs were blocked as stimulus 
amplitude was increased (Fig. 2B). In a few extreme cases, 
the AP amplitude appeared to gradually decrease until it 

was completely suppressed (Fig. 2C) . In experiments using 
monolateral stimulation, the inhibitory postsynaptic po
tentials (IPSPs) that were recruited at higher stimulus levels 
were often sufficient to suppress an AP. This was true for 
60% of neurons tested with ipsilateral stimulation and 82% 
of neurons tested with contralateral stimulation. In the neu
rons receiving synaptic inhibition exclusively from the con
tralateral side, the IPSPs were strong enough to block even 
bilaterally evoked action potentials in 85% of the cases. In 
the five neurons exhibiting exclusively ipsilateral inhibi
tion, the bilaterally evoked AP could be blocked by increas
ing stimulus level in only one case. 

The inhibitory effects mediated by each pathway usually 
summated, resulting in lower stimulus amplitudes neces
sary to block the AP. In two of four neurons with bilateral 
inhibition, where monolateral stimuli were insufficient to 
block the AP, bilateral stimulation did suppress the AP. 

The synaptically evoked APs displayed relatively small 
(<0.25 ms) latency shifts with increasing stimulus ampli
tudes in 56% of neurons, but exhibited a rather dramatic 
latency decrease ( < 2 ms) in 44% of neurons (Fig. 2 B). The 
latency shift was independent of the inhibitory inputs. For 
example, within the group of neurons that did not exhibit 
any IPSPs, three of seven neurons revealed prominent la
tency shifts. 

In most neurons (81%), the apparent refractory period 
that followed a synaptically evoked AP was prolonged as 
stimulus amplitude increased (Fig. 2D), presumably be
cause of the recruitment of inhibition. The addition of a 
glycine receptor antagonist, strychnine (50 m M , 200 [A), 
shortened the apparent refractory period for a given stimu
lus level in three of five neurons tested. 

The inhibitory transmitter glycine (100 m M , 5-50 iA) 
completely suppressed EPSPs and synaptically evoked APs 
in 28 of 32 neurons tested (Fig. 3 A). The synaptically 
evoked APs that were blocked by IPSPs at high stimulus 
levels reemerged in the presence of strychnine in 9 of 10 
neurons (Fig. 3B). The APs were again suppressed as the 
strychnine was eliminated from the brain slice. In contrast, 
the inhibitory transmitter GABA (100 mM, 20-100 /il), 
had no effect on AP amplitude in 17 of 18 MSO neurons. In 
a single cell, GABA completely blocked all EPSPs and APs, 
as did glycine. 

D I S C U S S I O N 

The main result of this study was that most MSO neu
rons displayed synaptic inhibition after stimulation of one 
or both afferent pathways. Furthermore, the neurotransmit
ter that mimicked synaptic inhibition was found to be gly
cine. These results are consistent with anatomic and immu-
nohistochemical studies from other laboratories (Adams 
and Mugnaini 1990; Cant and Hyson 1992; Glendenning 
and Baker 1988; Kuwabara and Zook 1991; Spangler et al. 
1985; Wenthold et al. 1987), as well as the observations of 
out-of-phase inhibition in the superior olive (Goldberg and 
Brown 1969; Yin and Chan 1990). 

The results are also consistent with the neuropharmaco-
logical results obtained in vivo within the mustached bat's 
MSO. In this system, the contralateral glycinergic projec-
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tion contours the sustained neuronal responses to pure 
tones into phasic responses, depending on its relative tim
ing to the contralateral excitatory projection (Grothe 1990; 
G r o t h e e t a l . 1992). 

The present results revealed that inhibition was depen
dent on the stimulus amplitude delivered to either afferent 
pathway. There was a dramatic enhancement of synaptic 
inhibition as stimulus voltage was raised. This finding is 
consistent with the stimulus level dependence of inhibition 
in the dorsal cochlear nucleus (Hirsch and Oertel 1988). 
This was best demonstrated by the fact that APs could al
ways be elicited at lower stimulus amplitudes from those 
that recruited synaptic inhibition (Fig. 2, B and C ) . A hy-
perpolarizing potential was not always evident at those stim
ulus levels where the AP was blocked. Given the placement 
of our stimulating electrodes (see METHODS) , it is likely that 
excitatory fibers of passage were activated first, followed by 
synaptic recruitment of the glycinergic projections from the 
MNTB or LNTB (Cant and Hyson 1992; Kuwabara and 
Zook 1991). 

Synaptic inhibition prolonged the apparent refractory pe
riod that followed an evoked AP (Fig. 2D). The prolonga
tion occurred for stimulus amplitudes greater than those 
that produced shifts of the AP latency. The probability that 
a second AP can be triggered (in response to a 2nd EPSP) 
with a short latency relative to the first AP will impact on 
the precise coding of time patterns over tens of milliseconds 
by MSO neurons. 

Glycine was able to mimic the effect of ipsilateral and 
contralateral synaptic inhibition in most neurons (Fig. 
3 A). This was evidenced by a decrement in the synaptically 
evoked AP amplitude in the presence of glycine. The effect 
of the glycine receptor antagonist strychnine was consistent 

FIG. 2. Stimulus-evoked inhibition in the medial 
superior olive (MSO). A: example of the interaction of 
an excitatory postsynaptic potential (EPSP) and an in
hibitory postsynaptic potential (IPSP) in an MSO neu
ron, evoked by stimulation of the ipsilateral pathway. 
As shown in the 3 traces, the IPSP was enhanced with 
increasing stimulus amplitude. Arrow, stimulus arti
fact. Resting potential, - 5 6 mV. B: effect of increasing 
stimulus amplitude on action potential (AP) latency 
and inhibition. An increase of stimulus amplitude first 
led to an AP latency decrease of 1.8 ms. As stimulus 
amplitude was increased further, the AP was com
pletely suppressed. Arrow, stimulus artifact. Resting 
potential, - 4 8 mV. C: example of the attenuation of 
an AP by increasing stimulus amplitude. The 4 traces 
show the recruitment of synaptic inhibition as stimu
lus amplitude was raised from 10 to 40 V (contralat
eral stimulation only) . A hyperpolarizing transient be
comes evident at 40 V ( »). Resting potential, - 5 4 mV. 
D: in some neurons, the apparent refractory period 
was prolonged at greater stimulus amplitudes. In the 
top trace, the ipsilateral stimulus (1st arrow) was 5 V 
and evoked an AP. The contralateral stimulus (10 V) 
was delayed and also evoked an A P. In the bottom 
trace, the 1st stimulus was increased to 10 V, whereas 
the 2nd stimulus remained unchanged. The more in
tense 1st stimulus prolonged the period during which 
contralateral^' evoked APs were suppressed. Arrow, 
stimulus artifact. Resting potential, - 5 4 mV. 

with this finding. Strychnine reversed the effects of synaptic 
inhibition such that APs could be evoked in its presence 
regardless of stimulus intensity (Fig. 3B). 

Stimulus-evoked inhibition usually blocked the AP with
out first decreasing its amplitude. However, stimulus-
evoked inhibition, glycine, or strychnine sometimes led to 
an attenuated AP amplitude before full suppression (Figs. 
2C and 32?). This phenomenon has apparently been ob
served previously, but the mechanism remains obscure 
(Curtis et al. 1968;Krnevicetal . 1966; W e r m a n e t a l . 1968; 
Wu and Kelly 1992). For example, Curtis et al. (1968) 
have noted that the amplitude of extracellularly recorded 
APs decreased in the presence of glycine. Presumably, gly-
cine-gated CI" channels lower the input resistance of the 
neuron at the recording site, thereby decreasing the size of 
the evoked AP (Coombs et al. 1955; Curtis and Eccles 
1959). If the AP is generated at a site that is electrotonically 
distant from our recording electrode and the glycinergic 
synapses, as suggested by Yin and Chan (1990) , the inhibi
tory synaptic currents may be attenuating a passively con
ducted signal. It should be noted that a role for attenuated 
action potentials has been considered previously (Lorente 
de No and Condouris 1959). 

That GABA blocked an AP in one neuron is consistent 
with immunocytochemical data showing sparse GABAer-
gic terminals within the MSO (Adams and Mugnaini 
1990). However, GABAergic inhibition was much less 
prominent than would be expected from the G A D immuno
cytochemical staining pattern in gerbils (Roberts and Ri-
bak 1987). Our results are more consistent with in vivo 
pharmacological results from the mustache bat's MSO, 
where GABA failed to have an effect during sound stimula
tion (Grothe 1990). 
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FIG . 3. Pharmacology of the inhibitory response. A: glycine com
pletely blocked excitatory postsynaptic potentials (EPSPs) and action po
tentials (APs) in most cells. Top: control trace. Middle: in the presence of 
glycine, the AP is blocked (100 mM; 20 Bottom: after recovery for 1 
min. Arrow, stimulus artifact. Resting potential, - 6 2 mV. B: bilateral stim
ulation with 30 V ipsilateral and 25 V contralateral resulted in a weak 
EPSP only {bottom line). In the presence of strychnine (50 mM, 200 
an AP gradually emerged. The effect was fully reversible. Arrow, stimulus 
artifact. Resting potential, - 5 4 mV. 

The present results demonstrate that stimulus coding by 
MSO neurons involves the integration of a fairly powerful 
synaptic inhibition. This suggests that coincidence-detec
tion of EPSPs may be an incomplete model of time differ
ence coding in mammals. However, it is possible that excit
atory convergence alone may account for ITD coding in 
avian species (Carx and Konishi 1990; Overholtet al. 1992; 
Sullivan and Konishi 1986). In mammals, it appears that a 
convergence of binaural inhibition is superimposed on the 
well-studied binaural excitatory pathway. Our results indi
cate that synaptic inhibition is recruited at greater stimulus 
levels. Therefore, binaural inhibition may lead to discrete 
activity patterns across the MSO population when excit
atory drive is maximal. Finally, we must remain open to the 
possibility that inhibition subserves a role unrelated to ITD 
coding in the MSO, as is true in the bat (Grothe et al. 
1992). We are currently determining the effect that glycin
ergic transmission has on bilateral time difference coding in 
vitro. 
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