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Delayed, Frequency-Specific Inhibition in the Cochlear Nuclei of
Mice: A Mechanism for Monaural Echo Suppression

Robert E. Wickesberg and Donata Oertel

Department of Neurophysiology, University of Wisconsin—-Madison, Madison, Wisconsin 53706

To understand how auditory information is processed in the
cochlear nuclei, it is crucial to know what circuitry exists and
how it functions. Previous anatomical experiments have
shown that neurons in the deep layer of the dorsal cochlear
nucleus (DCN) project topographically to the anteroventral
cochlear nucleus (AVCN) (Wickesberg and Oertel, 1988).
Because interneurons in the DCN and their targets in AVCN
are excited by the same group of auditory nerve fibers, the
projection is frequency-specific. Here we report that mi-
croinjections of glutamate in the DCN evoke trains of IPSPs
in individual, impaled AVCN neurons in brain slices of the
cochlear nuclear complex. Only injections along a rostro-
caudal band in the DCN, matching the anatomical projection
of tuberculoventral neurons, evoke IPSPs; elsewhere, there
were no responses to the glutamate. The inhibition is blocked
by 0.5 um strychnine. Both bushy and stellate cells are targets
of the inhibitory projection. Inhibition in the AVCN is delayed
by an additional synaptic delay with respect to the excitation.
Delayed, frequency-specific inhibition allows the first wave-
front to be transmitted to higher auditory centers by bushy
and stellate cells, while following inputs encoding signals of
similar frequencies are attenuated at least for the duration
of an IPSP. These findings are consistent with results from
psychoacoustic experiments and suggest that this circuit
provides a source of monaural echo suppression.

Echo suppression is an important function in the processing of
auditory information in mammals (Wallach et al., 1949; Haas,
1951; Gardner, 1968; McFadden, 1973; Blauert, 1983). In an
enclosed area, animals receive sound information directly from
the source first, followed by other, somewhat softer and distorted
versions of the same sound that have been reflected off the
surfaces of the enclosure. We perceive distinct echoes only when
they arise from distant surfaces, that is, when their delay is longer
than about 30 msec. Echoes from nearer surfaces with shorter
delays, between 0.6 and about 30 msec, are suppressed in the
central nervous system. The suppression is not total. Even echoes
with short delays, while not altering the localization of the pri-
mary sound, do contribute to the perception of spaciousness
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(Blauert, 1983). Some of the longer-lasting suppression is binau-
ral. In a relatively large lecture hall, covering one ear unmasks
some echoes. In a relatively small room, however, echoes are
clearly suppressed even when one ear is covered, showing that
echo suppression is in part monaural. One psychoacoustic study
(Harris et al., 1963) has proposed the cochlear nuclear complex
as a site for monaural echo suppression. The present experi-
ments show that a frequency-specific projection from the deep
layer of the dorsal cochlear nucleus (DCN) to the anteroventral
cochlear nucleus (AVCN; Wickesberg and Oertel, 1988) is in-
hibitory. This inhibitory circuit through the DCN could mediate
a monaural component of echo suppression.

In the cochlear nuclei, the timing information that is carried
in firing patterns of auditory nerve fibers, important for sound
localization and speech perception, is conveyed through bushy
cells in the AVCN. These are principal neurons in the AVCN
specialized to preserve and sharpen the temporal firing patterns
of their inputs from auditory nerve fibers (Pfeiffer, 1966; Rhode
etal., 1983; Wuand Oertel, 1984; Oertel, 1985; Yinetal., 1988).
The other principal cells in the AVCN, the stellate cells, integrate
the information from auditory nerve fibers spatially and tem-
porally (Molnar and Pfeiffer, 1968; Rhode et al., 1983; Wu and
Oertel, 1984; Oertel, 1985). The processing of auditory nerve
inputs in the AVCN depends on the shaping of synaptic re-
sponses by the electrical characteristics of cochlear nuclear cells
(Oertel et al., 1988) and on neuronal circuits that impinge on
the principal cells.

The innervation of the cochlear nuclear complex by auditory
nerve fibers is tonotopic (Lorente de N6, 1933; Rose et al., 1959;
Osen, 1970). In each subdivision, fibers that encode high fre-
quencies terminate dorsally and fibers that encode low frequen-
cies terminate ventrally. The large, myelinated auditory nerve
fibers contact bushy and stellate cells in the AVCN (Cant and
Morest, 1979; Cant, 1981; Tolbert and Morest, 1982). They
also terminate in the deep layer of the DCN on fusiform cells
and presumably on the tuberculoventral neurons (Kane, 1974),
which project to AVCN (Lorente de N6, 1933, 1981; Feng and
Vater, 1985; Wickesberg and Oertel, 1988).

The anatomical organization of the projection from DCN to
AVCN was determined with extracellular injections of HRP in
the AVCN (Feng and Vater, 1985; Wickesberg and Oertel, 1988).
The injections labeled nerve fibers that passed through the in-
jection site. In the midst of the band of labeled auditory nerve
fiber terminals in the deep DCN, an isofrequency lamina, a band
of cell bodies whose axons passed to the AVCN through the
lateral ventral tubercular tract, was also labeled. Since these
neurons and their targets in AVCN received inputs from the
same auditory nerve fibers, they encode the same frequencies.
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Afferent field in the DCN for a globular bushy cell in AVCN. The traces show the intracellular voltage changes recorded from a single

bushy cell located in AVCN (filled circle) and evoked by microinjections of 20 mm glutamate at various locations (circles) in the DCN. For the
locations marked with filled circles, the pulse of glutamate produced trains of IPSPs. These sites lie in a band running rostrocaudally across the
DCN. For locations marked with open circles, dorsal and ventral to this band, there was no response to the glutamate at any depth. One longer
(50 msec) pulse evoked trains of IPSPs which summed to produce a hyperpolarizing shift in the membrane potential that lasted 4 sec. Inset shows
responses to depolarizing and hyperpolarizing current pulses (+0.5 nA, 30 msec). Intracellular HRP injections into physiologically characterized
cells have shown that a single, small action potential and strong rectification in the depolarizing voltage range are consistently recorded from bushy
cells (Wu and Oertel, 1984). The location of the bushy cell in the posterior part of AVCN implies that it is a globular bushy cell. The resting

potential of the neuron was —61 mV.

As expected from the tonotopic organization of the AVCN and
DCN, dorsal injections in the AVCN label bands of cells located
dorsally and ventral injections label bands of neurons located
ventrally in the deep DCN. Each tuberculoventral neuron in-
nervates a long stretch of an isofrequency contour in AVCN.
The goal of the current experiments was to activate tubercu-
loventral neurons selectively in order to determine their action
and their targets.

Materials and Methods

Mice of the strain CBA, between 18 and 22 d old, were decapitated,
and the brains removed from the skull in a saline bath. Slice preparations
of the most lateral portions of the cochlear nuclear complex were made
with a single, approximately parasagittal cut as described previously
(Oertel, 1983). The slices were held in a sandwich of gauze in a recording
chamber, whose volume was about 0.3 ml, in which warm (34.3°C),
oxygenated saline was continuously superfused at a rate of 10 ml/min
(Oertel, 1985). The composition of the saline was 124 mm NaCl, 5 mm
KCl, 1.2 mm KH,PO,, 2.4 mMm CaCl,, 1.3 mm MgSO,, 26 mm NaHCO,,
3 mm HEPES, and 10 mm glucose; its pH was 7.4 when saturated with
95% O, and 5% CO,. Intracellular recordings were made using standard
techniques with glass microelectrodes which were filled with 4 m po-
tassium acetate and had resistances between 100 and 200 MQ.

DCN neurons were activated by pressure ejections of 20 mm gluta-
mate (pH 7.0) from micropipettes using a Picospritzer. Micropipettes
had tip diameters of about 10 um; a 30 msec, 30 psi pressure pulse
ejected approximately 70 nl. Micropipettes were inserted into the DCN;
microinjections were made at 2 or 3 depths at each position. Positions
were marked on sketches of the slice preparations using the covering
gauze as a landmark. In one experiment 200 um kainate in saline was
used instead of glutamate. All drugs were obtained from Sigma.

Results

By injecting pulses of glutamate into the DCN at various lo-
cations while recording intracellularly from a single AVCN neu-
ron, we determined the positions of DCN neurons which are
connected, either directly or indirectly, to the impaled cell in
the AVCN. We call that area where glutamate produces a re-
sponse in the impaled cell its “afferent field.” In 5 slices we were
able to map afferent fields for 1 bushy cell and 5 stellate cells
in AVCN and 1 stellate cell in the rostral posteroventral cochlear
nucleus (PVCN). We found that both the bushy and the stellate
cells, identified by their electrical properties (Wu and Oertel,
1984), were inhibited by the activation of neurons in the DCN.
All showed the same pattern of afferent fields. All cells tested
were targets of inhibitory input from the DCN.

The afferent field for a bushy cell is shown in Figure 1. The
cell’s rectification in the depolarizing voltage range (upper right)
identifies it as a bushy cell (Wu and Oertel, 1984). Activation
by pulses of approximately 70 nl of 20 mm glutamate of smail
groups of cells in a restricted area of the DCN produced a deluge
of IPSPs. One longer pulse, approximately 110 nl, evoked a
steady hyperpolarization. When the stimulating pipette was
moved rostrocaudally, inhibitory responses were observed; when
it was moved ventrally or dorsally, no responses were observed.
The width of the field along the tonotopic axis in the DCN is
about 175 um. The latency of the glutamate-evoked IPSPs was
variable, probably as a result of variability in the distances from
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Figure 2. Afferent fields in the DCN
for 2 stellate cells in AVCN reveal the
topographic organization of the inhib-
itory connection between DCN and
AVCN. The inhibitory afferent field for
the more dorsally located AVCN stel-
late cell 2 (squares) was dorsal to the
afferent field for the more ventrally lo-
cated AVCN stellate cell 1 (circles).
Filled symbols mark sites where the
pulse of glutamate evoked a cascade of
IPSPs, while the partially filled symbols
indicate that only a few IPSPs were
present. In this slice a cut was made
across the PVCN which interrupted
connections through the PVCN. Inset
shows responses of each stellate cell to
injected current (£0.5 nA, 30 msec).
The regular firing produced by depo-
larizing current pulses identifies each of
these as stellate cells (Wu and Oertel,
1984). Resting potentials were —58 mV
and —57 mV.

the pipette tip to connected interneurons across which glutamate
had to diffuse.

Two results indicate that chemical stimulation with glutamate
activates cell bodies and dendrites without activating fibers of
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Figure 3. Inhibition from DCN to VCN is probably glycinergic. Trains
of IPSPs elicited by a pulse of glutamate (fop) in the DCN were blocked
by addition to the superfusing saline of 0.5 uM strychnine (middle). The

block was reversible (bottom). Traces are from stellate cell 1, represented
with circles in Figure 2.
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passage. First, the result that only IPSPs, no EPSPs, were ac-
tivated by the pressure pulses shows that glutamate excited in-
terneurons in the deep DCN without activating the terminals
of auditory nerve fibers which lay intermingled with the inter-
neurons. Had auditory nerve fibers been activated antidromi-
cally, EPSPs would have been recorded in the bushy cell. Second,
if axons of tuberculoventral neurons had been activated, then
glutamate application ventral to the afferent field would have
evoked IPSPs because these fibers travel ventrally to reach the
VCN. Since the afferent fields are restricted not only dorsally
but also ventrally, the glutamate does not activate tuberculoven-
tral fibers.

The locations of the afferent fields followed the tonotopic
organization of the cochlear nuclear complex. Figure 2 shows
the afferent fields for 2 stellate cells in a single slice. The stellate
cells were identified by their responses to injected current (Wu
and Oertel, 1984). Again, a microinjection of glutamate within
a narrow band in the DCN produced a barrage of IPSPs in each
of the stellate cells. The inhibitory afferent field of stellate cell
1 (filled circles) ran approximately rostrocaudally across the
DCN, and was about 150 um wide along the tonotopic axis in
the DCN. Stellate cell 2 (squares) was located dorsal to stellate
cell 1 (circles); presumably it encoded sounds of higher fre-
quencies. As expected, the afferent field of stellate cell 2 (filled
squares) was located more dorsally than that of stellate cell 1.
A pulse of glutamate excited only a small group of neurons with
dendrites near the tip of the electrode. The excitation was re-
stricted to an area on the order of 100 um in diameter, because
movements of the pipette of about 100 um could result in very
different responses. In this slice, a cut was made through the
PVCN which interrupted any connections between DCN and
AVCN through the PVCN. The fibers mediating the inhibition
must have passed through the only remaining route, the lateral
ventral tubercular tract.

The projection from the DCN to the ventral cochlear nucleus
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Figure 4. Timing of inhibition through the DCN to the AVCN. A cut through the PVCN (right) allowed the descending branch of the auditory
nerve to be stimulated independently of the ascending branch. As shown in a drawing of the slice from which the traces were recorded, the tissue
of the PVCN spread apart after the cut was made. The top trace (left) shows an IPSP recorded from a bushy cell in AVCN (filled circle) in response
to stimulation of the PVCN. The IPSP is likely to arise by the excitation of an interneuron in the DCN by the descending branch of the auditory
nerve. This record shows that activation of the auditory nerve evokes inhibition that can suppress later auditory nerve inputs. The bottom trace
shows a suprathreshold response of the same bushy cell to stimulation of the ascending branch of the auditory nerve and it is displayed to show

that inhibition is most effective for signals following after a 2-msec interval.

(VCN) s probably glycinergic. Figure 3 shows that IPSPs evoked
by chemical activation of cells in the DCN are reversibly blocked
by 0.5 uM strychnine, a blocker of glycinergic inhibition (Choi
and Fischbach, 1981).

In one experiment, microinjections of 100 um kainate in saline
were used to map the afferent fields. The results were the same
as when glutamate was used for the mapping. Trains of IPSPs

evoked by the kainate lasted longer, sometimes several minutes,
than those evoked by glutamate.

The timing of the inhibition through the DCN is shown in
Figure 4. The descending branch of the auditory nerve was
separated from the ascending branch by a cut through the PVCN.
While recording in AVCN, stimulating electrodes on the PVCN
could activate connections through the DCN, but not circuits
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Figure 5. Circuitry in the cochlear nuclear complex. 4, Camera lucida reconstruction of the slice in which HRP was injected in AVCN (from
Wickesberg and Oertel, 1988) showing the locations of labeled fibers and cell bodies. The labeled neurons in the DCN are found in the band of
labeled auditory nerve terminals in the deep DCN. Dashed lines indicate the boundary between the DCN and the VCN and outline the root of the
auditory nerve (VIII N.), which separates the anteroventral (4VCN) from the posteroventral cochlear nucleus (PVCN). The anatomical projection
of tuberculoventral neurons matches the afferent fields mapped for the VCN neurons. B, Diagrammatic representation of circuitry in the cochlear
nuclear complex. The auditory nerve fibers from the base of the cochlea, which encode high frequencies, innervate the dorsal portions of the AVCN,
PVCN, and DCN, while fibers from the cochlear apex, which encode low frequencies, innervate the ventral portions of these subdivisions. Thus,
in each subdivision the cochleotopic map represents high frequencies (4) dorsally and low frequencies (/) ventrally. Isofrequency axes follow the
path of the auditory nerve fibers. The DCN, unlike either the AVCN or PVCN, is layered. The outermost is the molecular layer (ML), next is a
densely cellular fusiform cell layer (FCL), and most medial is the deep layer, where the auditory nerve terminates. Tuberculoventral neurons (square)
all along an isofrequency band in the deep layer send axons through the lateral ventral tubercular tract (/vtf) to innervate that part of the AVCN
that receives input from the same auditory nerve fibers, making the projection frequency-specific and topographic. Both bushy (circle) and stellate
(star) cells in AVCN are inhibited by tuberculoventral fibers.
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intrinsic to the AVCN. The top trace shows an IPSP recorded
in a bushy cell in AVCN in response to a shock to the PVCN.
The IPSP began about 2 msec after the PVCN stimulation.
Stimulation of the auditory nerve root produced an EPSP with
a latency of 0.7 msec (bottom trace). The bottom trace has been
shifted so that the stimulus artifacts are 2 msec apart. The peak
of the suprathreshold EPSP then occurs at the same time as the
trough of the IPSP. A simple interpretation of this experiment
is that action potentials in auditory nerve fibers evoke IPSPs
that can suppress later inputs from auditory nerve fibers.
Suppression is maximal when the interval between signals in
auditory nerve fibers is 2 msec; at smaller intervals the suppres-
sion has not developed and at larger intervals the suppression
is less than maximal.

Discussion

With mapping of afferents to single cells, the present experi-
ments have shown that the location, orientation, and extent of
afferent fields match the anatomical organization of the projec-
tion from the deep layer of the DCN to the AVCN (Fig. 54).
These experiments also show that both bushy and stellate cells
are targets of projections from the DCN. Afferents to both stel-
late and bushy cells were without exception inhibitory. The
pulses of glutamate used to map the afferent fields were found
to excite just cell bodies and dendrites in the DCN. In other
parts of the brain, glutamate also fails to activate fibers of pas-
sage and terminals (Goodchild et al., 1982; Christian and Du-
dek, 1988). These results indicate that tuberculoventral neurons
in the deep DCN inhibit neurons in the AVCN.

The mapping experiments demonstrate that the connection
from the DCN to the AVCN is inhibitory but do not show
whether the connection is direct or through interneurons. If
IPSPs had arisen through a polysynaptic pathway, mediated by
excitatory interneurons, then there are 2 alternative possibilities:
glutamate might activate excitatory interneurons in the DCN
which contact tuberculoventral neurons, or glutamate might
activate tuberculoventral neurons, which in turn excite inhibi-
tory interneurons in the VCN. Within the constraints of the
anatomical and physiological findings, both hypothetical cir-
cuits would function much like the one we have proposed but
an additional synaptic delay would be interposed. The simplest
explanation for the correspondence between the anatomically
and physiologically demonstrated connection is that they are
identical (Fig. 5B).

The present results show that in the mouse the inhibition
from the deep DCN affects globular bushy cells. Globular bushy
cells carry timing information to the superior olivary complex
(Harrison and Irving, 1966; Warr, 1972; Tolbert et al., 1982),
which is involved in comparing binaural time and intensity
information (Goldberg and Brown, 1968; Caird and Klinke,
1983). The inhibition also affects stellate cells, another principal
cell type in AVCN. Stellate cells are a heterogeneous group of
neurons (Osen, 1969; Brawer et al., 1974; Webster and Trune,
1982; Wu and Oertel, 1984; Smith and Rhode, 1989), some of
which project to the DCN (Adams, 1983), the olivary complex
(Tolbert et al., 1982), and the inferior colliculi (Osen, 1972;
Roth et al,, 1978; Adams, 1979; Ryugo et al., 1981; Cant, 1982;
Willard and Ryugo, 1983; Oliver, 1987). Although every cell
tested in the AVCN was a target of inhibition from the DCN,
it is possible that there are subclasses of stellate or bushy cells
that do not receive this inhibition.

Inhibition from the DCN to the AVCN can be blocked re-

versibly by 0.5 um strychnine, indicating that the inhibition is
probably glycinergic. At low concentrations strychnine blocks
glycinergic inhibition (Wu and Oertel, 1986). Strychnine binds
with high affinity (K, = 4-10 nm) to the glycine receptor (Betz
and Becker, 1988). At high concentrations (= 100 um) strychnine
can block GABA receptors (Choi and Fischbach, 1981) and
nicotinic acetylcholine receptors (Gilman et al., 1980), receptors
whose amino acid sequences have considerable similarity with
those of the glycine receptor subunits (Grenningloh et al., 1987a,
b). Immunocytochemical staining has shown that many boutons
in the VCN contain glycine (Wenthold et al., 1987) and that
VCN neurons have glycine receptors (Wenthold et al., 1988).
The deep DCN is not the only source of glycinergic inhibition,
however (Godfrey et al., 1977). The finding that disynaptic IPSPs
can be recorded in the absence of the DCN shows that some
inhibitory interneurons lie within the AVCN. A bushy cell (cell
#14, Wu and Oertel, 1984) labeled with HRP in a slice that
contained no DCN responded to shocks to the auditory nerve
with late IPSPs and early EPSPs. Late IPSPs are consistently
blocked by micromolar strychnine, indicating that there are also
inhibitory interneurons in the VCN, like those in the DCN,
which are glycinergic (Wu and Oertel, 1986).

Inhibition from the DCN to the VCN can produce monaural
echo suppression. The tuberculoventral neurons in the circuit
shown in Figure 5B produce an on-frequency inhibitory input
to the 2 principal classes of neurons in AVCN. This inhibition
occurs after one synaptic delay, minimally 600 usec (Oertel,
1983) and lasts for the duration of an IPSP, about 5 msec. The
onset of the representation of an acoustic event will not be
affected by the negative feedback. Under conditions that activate
the interneurons in the DCN, the circuitry allows the first wave-
front to be transmitted to higher auditory centers, while follow-
ing inputs encoding signals of similar frequencies, including
echoes, are attenuated.

The responses to sound of the tuberculoventral association
cells in vivo are probably of type II (Evans and Nelson, 1973;
Young and Brownell, 1976; Young, 1984). Tuberculoventral
neurons provide inhibitory inputs to the VCN and they have
terminal collaterals within an isofrequency lamina in the DCN
(Oertel and Wu, 1989). Type Il neurons can be driven antidrom-
ically by stimulating electrodes in the VCN (Young, 1980) and
they inhibit nearby fusiform cells in the DCN (Voigt and Young,
1980). In the absence of anesthetic, type II cells are activated
by tones over a narrow range of frequencies at all sound pressure
levels. Firing rates first increase and then decrease with increases
of sound pressure level at the characteristic frequency. Tones
with frequencies below or above the characteristic frequencies
inhibit type II cells, and broadband noise fails to activate these
cells (Young and Brownell, 1976; Young and Voigt, 1982). Cells
that do not respond to broadband noise are well suited for
mediating echo suppression since they would not generally be
activated in noisy environments, leaving their targets maximally
sensitive to perceive signals over noise.

The existence of circuits in the cochlear nuclei to produce
effects similar to echo suppression has been proposed on the
basis of results from psychoacoustic experiments. Harris et al.
(1963) showed that in a binaural localization experiment, the
second of a pair of clicks presented monaurally is suppressed.
They argued that this suppression did not occur along the coch-
lear partition nor was it due to a neural refractory period. They
proposed that the suppression was due to a neural gating mech-
anism that “would have to occur before the place of binaural



interaction. It seems probable that its position must be at or
previous to the superior-olivary complex. In particular, it could
occur at the level of the cochlear nucleus.”

The timing measured in this psychoacoustical experiment is
exactly what would be predicted from our results. Harris et al.
(1963) presented double clicks to one ear and asked listeners to
adjust the timing of a single click to the contralateral ear so that
the image of the sound source was centered. When the first of
the double clicks suppressed the second, the timing of the click
to the contralateral ear was consistently adjusted to the first.
Click intervals of 2 and 4 msec resulted in suppression of the
second; intervals of 1 msec or less and of 8 msec, the longest
interval tested, resulted in no measurable suppression. The tim-
ing of inhibition of neurons in the AVCN by tuberculoventral
neurons follows the same pattern (Fig. 4). The second of a pair
of shocks to the auditory nerve evokes an EPSP in neurons of
the AVCN which can be suppressed by an IPSP that was evoked
by the first shock. The suppression is most effective when the
interval between shocks is about 2 msec. It becomes less effective
at intervals between about 4 and 6 msec. EPSPs that follow at
intervals of 0-1 msec cannot be affected by the inhibition.

The timing of suppression has also been measured by Zurek
(1980) and by Hafter and co-workers (Hafter and Dye, 1983;
Hafter et al., 1988). In an investigation of the precedence effect,
Zurek (1980) found that interaural time and intensity sensitivity
are degraded for a period from approximately 0.5 to 10 msec
after onset, with the lowest sensitivity at delays of 2-3 msec.
Hafter and co-workers measured the thresholds of detection of
interaural time differences for trains of clicks as a function of
the number of clicks and the interclick interval. Thresholds were
greatest with interclick intervals of 1 and 2 msec, reflecting
suppression of later clicks in a train at these intervals. Thresh-
olds were lowest with interclick intervals of 5 msec or longer.

Echo suppression is within frequency bands and not across
frequency bands. Hafter and his colleagues (Hafter and Wenzel,
1983; Hafter et al., 1988) found that trains of bandpass-filtered
clicks of a single center frequency carry less information when
presented at 2.5-msec intervals than at 5-msec intervals, as if
one suppresses the next. Clicks of alternating center frequencies
carry as much information when presented at 2.5-msec intervals
as click trains of either frequency alone at 5-msec intervals.
They also concluded that this frequency-specific suppression
“takes place in the monaural auditory system at a location pe-
ripheral to binaural interaction.” Similarly, Divenyi and Blauert
(1987) found that echo suppression occurred when the primary
sound and the echo had overlapping spectra. These results would
be expected from on-frequency inhibition, not sideband inhi-
bition.

The inhibitory feedback from the DCN onto VCN neurons
must, by its nature, contribute to the monaural component of
echo suppression because inhibition through frequency-specific
interneurons driven by primary sounds coincides with excita-
tion by the inputs that encode echoes. Whether echo suppression
is the primary function of the circuit cannot be determined by
these experiments. Furthermore, echo suppression clearly re-
sults from the action of multiple neuronal circuits; echoes can
be suppressed monaurally in the cochlear nuclei but binaural
echo suppression probably occurs higher up in the auditory
pathway (Blauert, 1983).

A projection from the deep DCN to the AVCN has been
shown to exist in horseshoe bats (Feng and Vater, 1985). If this
circuit is inhibitory and active during echolocation, then bats
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would be unable to echolocate. It seems, therefore, that the
inhibitory circuit through the DCN is inactive during echolo-
cation. Echo suppression might, however, be useful to bats for
interpreting communication sounds in caves. Birds, which lack
a structure that is homologous to the mammalian DCN (Boord,
1969), generally use auditory information in relatively open
environments.
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