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Spectral Integration in the Inferior Colliculus of the Mustached Bat
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Acoustic behaviors including orientation and social communica-
tion depend on neural integration of information across the
sound spectrum. In many species, spectral integration is per-
formed by combination-sensitive neurons, responding best when
distinct spectral elements in sounds are combined. These are
generally considered a feature of information processing in the
auditory forebrain. In the mustached bat’s inferior colliculus (IC),
they are common in frequency representations associated with
sonar signals but have not been reported elsewhere in this bat’s
IC or the IC of other species. We examined the presence of
combination-sensitive neurons in frequency representations of
the mustached bat’s IC not associated with biosonar. Seventy-
five single-unit responses were recorded with the best frequen-
cies in 10-23 or 32-47 kHz bands. Twenty-six displayed single
excitatory tuning curves in one band with no additional responsive-
ness to a second signal in another band. The remaining 49 re-

sponded to sounds in both 10-23 and 32-47 kHz bands, but
response types varied. Sounds in the higher band were usually
excitatory, whereas sounds in the lower band either facilitated or
inhibited responses to the higher frequency signal. Interactions
were usually strongest when the higher and lower frequency stimuli
were presented simultaneously, but the strength of interactions
varied. Over one-third of the neurons formed a distinct subset; they
responded most sensitively to bandpass noise, and all were com-
bination sensitive. We suggest that these combination-sensitive
interactions are activated by elements of mustached bat social
vocalizations. If so, neuronal integration characterizing analysis of
social vocalizations in many species occurs in the IC.
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Acoustically guided behavior requires analyses of spectrally and
temporally complex signals. The auditory system first decomposes
sounds into their spectral components at the cochlea and then
transmits the results of these analyses through frequency-tuned
neurons of the auditory nerve. Further information processing of
complex sounds uses the reverse of this spectral analysis, involving
neuronal integration across spectral elements in sounds. For com-
plex vocal signals, such neuronal integration is characterized by
temporally sensitive facilitatory or inhibitory interactions between
responses to distinct spectral elements. Sometimes called combina-
tion sensitive, these responses have been described in a variety of
vertebrates from frogs to birds to mammals and are thought to
contribute to selective responses to complex vocalizations (Suga et
al., 1978, 1983; Fuzessery and Feng, 1983; Schuller et al., 1991b;
Margoliash and Fortune, 1992; Olsen, 1992; Rauschecker et al.,
1995; Ohlemiller et al., 1996; Doupe, 1997). It has been further
suggested that combination-sensitive neurons underlie the encod-
ing of phonemic elements of speech sounds (Suga, 1996; Sussman
et al., 1998). Neural interactions that create these response prop-
erties are generally thought to originate in the auditory forebrain
(Olsen, 1992; Winer et al., 1995; Rauschecker, 1998).

In the auditory cortex of the mustached bat (Pteronotus parnel-
lit), combination-sensitive responses occur commonly among neu-
rons tuned to frequency ranges of the bat’s sonar vocalizations (see
Fig. 14). Most display facilitated responses to combinations of
elements in the sonar call and returning echoes that may extract
information about target features such as distance and movement
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(O’Neill and Suga, 1979; Suga et al., 1983). Recently, it has become
clear that such neurons are abundant in the mustached bat’s infe-
rior colliculus (IC) (Mittmann and Wenstrup, 1995; Yan and Suga,
1996; Portfors and Wenstrup, 1999a). Their presence in the audi-
tory midbrain may be understandable in the context of sonar
behavior, in which flight adjustments in response to target move-
ment must be made within the 1-2 sec duration of an interception
sequence. Projections of the IC to premotor centers could provide
highly processed information useful for rapid changes in vocaliza-
tion or flight (Schweizer, 1981; Frisina et al., 1989; Schuller et al.,
1991a; Wenstrup et al., 1994; Casseday and Covey, 1996).

Is the presence of these sonar-related neurons in the IC an
exception, or does similar spectral integration occur among neu-
rons analyzing other types of complex acoustic signals? This report
examines whether combination-sensitive responses occur in fre-
quency representations of the mustached bat’s IC outside those
used in biosonar (see Fig. 14). We found that the majority of
neurons responding to these frequency bands (10-23 and 32-47
kHz) displayed combination-sensitive responses. This indicates
that the integration of information from distinct spectral elements
in sounds is performed by a wide range of IC neurons and is not an
exclusive property of neurons analyzing biosonar information. We
suggest that many of these response properties are well suited for
analyses of the mustached bat’s social vocalizations (Kanwal et al.,
1994). If so, neuronal integration characterizing analysis of social
vocalizations in many species occurs in the auditory midbrain, not
just in the auditory cortex as is commonly supposed.

MATERIALS AND METHODS

Single-unit recordings were obtained from the IC in awake greater mus-
tached bats (P. parnellii parnellii). Thirteen bats, captured in Jamaica, West
Indies, provided the data used in this report. All procedures on the bats
followed protocols approved by the Institutional Animal Care and Use
Committee of the Northeastern Ohio Universities College of Medicine.
Surgical preparation. At least 1 d before surgery, bats were placed in a
holding cage with tetracycline in their drinking water. For surgery, the bats
were anesthetized with methoxyflurane (Metofane; Pitman-Moore, Inc.,
Mundelein, IL) in combination with sodium pentobarbital (5 mg/kg, i.p.;
Nembutal; Abbott Labs, Irving, TX) and acepromazine (2 mg/kg, i.p.;
Med-Tech, Inc., Buffalo, NY). A midline incision was made over the dorsal
surface of the skull, and the skin and muscles were retracted laterally. A
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tungsten ground electrode was then cemented into the skull over the
cerebral cortex on the side opposite to the exposed IC. A metal pin was
glued to the skull to hold the head in the stereotaxic apparatus and ensure
the proper position of the brain during experiments. After a topical
antibiotic and local anesthetic (lidocaine; Elkins-Sinns, Cherry Hill, NJ)
were applied to the wound, the bat was returned to the holding cage and
allowed to recover for at least 1 d before physiological recording.

Acoustic stimulation and physiological recording. On the first day of
recording, bats were anesthetized with methoxyflurane, and a small piece
of the skull (<0.5 mm in diameter) was removed to expose the IC. During
recording sessions, the animals were placed in a stereotaxic apparatus to
orient the head in a standard position. The apparatus was housed in a
heated and humidified sound-attenuating chamber, lined with polyure-
thane foam to reduce echoes. In addition, the surface of the stereotaxic
apparatus was covered with cotton to reduce echoes. If a bat struggled or
showed other signs of discomfort, it was returned to its holding cage.
Between electrode penetrations, the bats were given water, and the ex-
posed brain tissue was covered with petroleum jelly to keep it moist.
Recording sessions generally lasted 4—6 hr.

Stimulus generation and data acquisition were computer-controlled.
Two different tone or noise bursts (duration varied; 0.5 msec rise—fall time;
3—4/sec) were separately generated (WaveTek model 395), switched
(Tucker-Davis Technologies model SW2), and attenuated (Tucker-Davis
Technologies model PA4). The signals were combined (Tucker-Davis
Technologies model SM3) and then sent to a power amplifier (Parasound
model HCA-800II) and a speaker (Technics leaf tweeter) placed 10 cm
away from the bat and 25° into the sound field contralateral to the
recording electrode.

The acoustic system was calibrated several times over the course of the
experiments. A calibrated microphone (Briiel and Kjaer model 4135) was
placed in the position of the bat’s head during experiments. There was a
smooth, consistent decrease of 2.7 dB per 10 kHz from 10 to 120 kHz. The
microphone output was digitized (National Instruments model NB-
A2000), and a fast Fourier transform was computed. Distortion compo-
nents were not detectable 60 dB below the peak signal level.

Single-unit activity was recorded with micropipette electrodes filled with
3 M KCI and having resistances of 8—15 M(). In many experiments,
multiunit responses were also recorded to compare the single-unit re-
sponses with the surrounding population. Electrodes were positioned for
recording in the IC by the use of surface landmarks and advanced with a
hydraulic micropositioner (David Kopf Instruments model 650). Extracel-
lular action potentials were amplified and then sent through a bandpass
filter (500-6000 Hz) and a window discriminator (Frederick Haer and
Company model 74-60-3). The output of the discriminator was then
digitized at 10 kHz for analysis of spike times (National Instruments model
NB-MIO-16X). The laboratory software generated histograms, raster
displays, and statistics on neural responses within a 100 msec peristimulus
window for 32 stimulus presentations. Usually, spike counts were based on
the entire 100 msec window. The duration of the window was reduced to
50 or 60 msec if there was high spontaneous activity that obscured differ-
ences in response magnitude or for display purposes (e.g., see Figs. 3, 7).
In no case did shortening the window duration eliminate an observable
response. The output of the window discriminator was also sent to an
oscilloscope and a speaker for audiovisual display and estimates of re-
sponse thresholds (see below).

Neurons were stimulated with tone bursts or bandpass noise bursts
(roll-offs exceeded 100 dB per octave). Signal duration was typically 30
msec but was changed for neurons that responded better to shorter (as
short as 3 msec) or longer (up to 70 msec) stimuli. When a single unit was
isolated, we obtained its best frequency, threshold, and tuning curve by
monitoring the oscilloscope and audio monitor, i.e., audiovisually. We
defined best frequency as the frequency requiring the lowest intensity to
elicit stimulus-locked spikes and threshold as the lowest intensity required
to elicit a consistent spike response. For units that were excited by sounds
within two different frequency bands, we tuned the response in each
frequency band and refer to a best high-frequency response and a best
low-frequency response. For some neurons that responded poorly to tones,
frequency tuning was tested with 5-kHz-wide noise bands.

By the use of a two-stimulus paradigm, single units were tested for
sensitivity to combinations of tone or noise bursts as described previously
(Portfors and Wenstrup, 1999a; Wenstrup, 1999). Sensitivity to delay
between the low- and high-frequency signals was initially assessed audio-
visually by varying the delay, usually in steps of 2 msec. If we noted a
detectable change in response as a function of delay, quantitative data
were collected at the delay that evoked the largest change in response. This
was compared with the unit’s response magnitude to the two stimuli
presented separately. Quantitative data were then obtained as a function
of delay. The range of delays tested included those in which the low-
frequency signal was presented first and the high-frequency signal was
delayed and also those in which the high-frequency signal was presented
first and the low-frequency signal was delayed. The delay between the low-
and high-frequency signals that elicited the greatest response (or the least
response in the case of an inhibited combination-sensitive effect) was
defined as the neuron’s best delay.

We then tuned the facilitated or inhibited response. For facilitated
neurons, we tuned both the low- and high-frequency sounds. To assess the
low frequencies that elicited a facilitated response, the high-frequency
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signal was held constant, and the low frequencies eliciting a facilitated
response (a detectable change in the response rate evaluated audiovisu-
ally) at various intensities were recorded. Then the low-frequency signal
was held constant, and the responses to the high frequencies were tuned
across intensities. For inhibited neurons, we determined the range of low
frequencies that inhibited the high-frequency response while the high-
frequency sound was held constant. For both facilitated and inhibited
responses, the sound held constant was typically presented at 10 dB above
threshold.

Single-unit responses were considered to be combination sensitive if they
met three criteria: (1) the response to the two signals presented together
was 20% more (for facilitation) or 20% less (for inhibition) than the sum
of responses to the signals presented separately, (2) the facilitatory or
inhibitory interactions were tuned to clearly distinct frequency bands
(separated by a half octave or more), and (3) the facilitatory or inhibitory
interaction displayed temporal sensitivity as revealed in delay tests. The
degree of facilitation or inhibition was quantified as the index of interac-
tion (), according to the following formula: / = (Rc — Rl — Rh)/(Rc +
R1 + Rh), where Rc, Rl, and Rh are the neuron’s responses to the
combination of the low- and high-frequency signals, the low-frequency
signal alone, and the high-frequency signal alone, respectively. An inter-
action index value of 0.09 corresponds to 20% facilitation, the criterion for
combination-sensitive  facilitation. =~ Negative = numbers indicate
combination-sensitive inhibition. Interaction index values of 1 and —1
indicate maximum facilitation and inhibition, respectively. These criteria
are identical to those used in similar studies of sonar-related combination-
sensitive neurons in the IC (Portfors and Wenstrup, 1999a) and medial
geniculate body (MGB) (Wenstrup, 1999).

To test for combination sensitivity unrelated to the processing of sonar
signals, we recorded from the 10-23 and 32-47 kHz representations of the
IC. Among Jamaican mustached bats, the frequency range of the sonar
fundamental emitted by resting bats is ~24-31 kHz (see Fig. 14), differing
slightly among individuals (Kobler et al., 1985; Suga et al., 1987). In flight,
sonar echoes are shifted upward in frequency as a function of the bat’s
flight speed toward the echo source. Mustached bats compensate for
upward Doppler frequency shifts by lowering the frequency of emitted
signals (Schnitzler, 1970; Keating et al., 1994). In the laboratory, flight
velocities are <5 m/sec (Schnitzler, 1970; Lancaster et al., 1992). Although
these bats may fly faster in natural habitats, speeds >10 m/sec are unlikely
(Norberg, 1987). Even if mustached bats compensated completely for
frequency shifts introduced by a flight velocity of 10 m/sec, the lower
frequency of the emitted signal would extend down only to 22 kHz for the
fundamental and 44 kHz for the second harmonic. This suggests that
neural responses tuned <22 kHz and between 33 and 44 kHz are not
involved in the analysis of sonar signals.

Histological procedures. In some electrode penetrations, a tracer was
deposited to mark recording sites. Electrodes were filled with dextran
conjugates (dextran-rhodamine or biotin dextran amine; Molecular
Probes, Eugene, OR) in 0.9% NaCl, iontophoresed with pulsed current
(+5 pnA; 7 sec on and 7 sec off) for at least 6 min, or 1% Fluoro-Gold
(Fluorochrome, Inc., Englewood, CO) in 0.9% NaCl, iontophoresed with
pulsed current (+1 pA; 7 sec on and 7 sec off) for 5 min. In all but one
animal, each marked penetration used a different tracer.

The animals were perfused within 12 d of deposits. After the bat was
deeply anesthetized with Nembutal (75 mg/kg, i.p.) and reflexes were
eliminated, the chest was opened, and the bat was perfused through the
heart with phosphate buffer and 10% Formalin. The head was removed,
blocked, and refrigerated overnight in 30% sucrose. The brain was sec-
tioned with a freezing microtome, usually at 40 um. The sections were
collected in chilled 0.1 M phosphate buffer and rinsed in 0.05 M phosphate
buffer before mounting on slides. At least one of the three series was
stained with cresyl violet to reveal cytoarchitecture.

The majority of single units described in this report responded to sounds
in both the 10-23 and 32-47 kHz bands. Because most units were not
histologically localized, we used physiological and depth criteria to deter-
mine whether a unit was located within the 10-23 or 32-47 kHz frequency
band representations of the tonotopically organized IC. This analysis is
based on previous studies in mustached bats showing that frequencies in
the ~10-59 kHz range are represented in the anterolateral division of the
IC (Zook et al., 1985; O’Neill et al., 1989). Here, anatomically defined
fibrodendritic laminae (Zook et al., 1985) and physiologically defined
frequency-band laminae (O’Neill et al., 1989) extend dorsoventrally and
mediolaterally, their edges curving rostrally. There is an orderly progres-
sion from the highest frequencies located more caudally (59 kHz) to lower
frequencies represented more rostrally. Our penetrations, which were
angled 5-25° dorsocaudal to ventrorostral, are expected to encounter
decreasing best frequencies with increasing depth, as have other studies
using similar electrode orientations (Wenstrup et al., 1994; Wenstrup and
Grose, 1995). All single units in the present study were recorded at depths
of 125-1975 um, consistent with IC recordings of 10-50 kHz responses in
these previous studies using similar electrode angles.

To localize a single-unit response within the physiological tonotopic
organization, we required the penetration to show a descending progres-
sion of best frequencies combined with the presence of singly tuned
responses (single unit or multiunit) to 24-31 kHz, the frequency represen-
tation that intervenes between the 10-23 and 32-47 kHz bands. Thus, if a
combinatorial unit responding to both the 10-23 and 32-47 kHz bands



Leroy and Wenstrup ¢ Spectral Integration in the Inferior Colliculus

120+ /—\
g 90 1 /—\
o=,
&
c 607 ’—\
@
o= |
g 32-47 kHz [
L 307 -
10-23 kHz [
0- Ll Ll L}
0 15 30

Time (ms)

J. Neurosci., November 15, 2000, 20(22):8533-8541 8535

C

Figure 1. A, Schematic sound spectrogram of the mustached bat’s biosonar call. The frequency bands labeled by the brackets (10-23 and 32-47 kHz) are
analyzed by neurons in the present report. B, C, Schematic illustration of the organization of the mustached bat’s central nucleus of the inferior colliculus
(ICC) in transverse sections. Numbers at the bottom right of the sections indicate fractions of the caudal-to-rostral dimension of the IC; the section in B
is more caudal than the section in C. Numbers below abbreviations indicate the frequency representation (in kiloHertz) of each ICC subdivision. In the
present study, single units were recorded from the anterolateral division (4 LD) of the ICC (blackened region). In ALD, tonotopic representation advances
from ~10 kHz at the rostral tip to frequencies up to 59 kHz more caudally (Zook et al., 1985; O’Neill et al., 1989). bic, Brachium of the inferior colliculus;
CG, central gray; D, dorsal; DC, dorsal cortex of the inferior colliculus; DPD, dorsoposterior division or the ICC; Ex, external nucleus of the inferior
colliculus; M, medial; MD, medial division of the ICC; SC, superior colliculus.

occurred more superficially in the penetration than did a 24-31 kHz
response, we concluded that the combinatorial unit was in the 32-47 kHz
representation. If it had occurred deeper, we would conclude that the
combinatorial unit was in the 10-23 kHz representation. A similar analysis
was performed for neurons responding to only one of the 10-23 or 32-47
kHz frequency bands. By the use of these criteria, 38 of 75 single-unit
responses were localized within the physiological tonotopic organization of
the IC.

RESULTS

The anterolateral division of the mustached bat’s IC represents
frequencies in the 10-59 kHz range (Fig. 1B,C). This range in-
cludes frequency bands used in biosonar (24-31 kHz, first sonar
harmonic; 48-59 kHz, second harmonic of the frequency-
modulated sonar component) as well as frequency bands below and
above the first sonar harmonic (10-23 and 32-47 kHz, respectively)
(Fig. 1A). This report describes single-unit recordings of 75 neu-
rons tuned to signals in either the 10-23 or 32-47 kHz frequency
bands; we examined tuning to multiple frequency bands and sen-
sitivity to combinations of tonal or noise stimuli. Multiunit re-
sponses and single units tuned to other frequency bands were also
examined to establish the location of the single-unit responses
described here within the tonotopic map of the IC.

Of the 75 single units, 26 (35%) displayed a single excitatory
tuning curve with their best frequencies in either the 10-23 kHz
(n = 6) or 32-47 kHz (n = 20) frequency bands (Fig. 2). Further-
more, in the presence of a sound at their best excitatory frequency,
these neurons showed no additional tuned responsiveness, either
facilitatory or inhibitory, to sounds over a wide range of frequen-
cies, even when tested over a range of delays between the two
sounds. On the basis of our definition (see Materials and Methods),
these neurons were not combination sensitive. In contrast, the
majority of neurons in our sample (49 of 75, 65%) had excitatory
responses tuned to one or both of the 10-23 or 32-47 kHz bands
but in addition showed facilitatory or inhibitory interactions when
stimuli in the two frequency bands were presented together (Fig.
2). Single units with facilitatory interactions (57%) were slightly
more common than were those with inhibitory interactions (43%).

Facilitatory and inhibitory
combination-sensitive interactions

Responses of a single unit in Figure 34-C illustrate fundamental
properties of combination-sensitive facilitation. In response to sin-
gle tone burst stimuli, this unit displayed a sensitive excitatory
tuning curve, centered at 40.4 kHz with the threshold at 19 dB
sound pressure level (SPL). Its responses to signals in the 10-23
kHz band were weak and insensitive, with threshold responses near
20 kHz obtained only at levels exceeding 80 dB SPL (Fig. 34,
unfilled circles and dashed lines). However, the combination of high-
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Figure 2. Categories of response to combinations of tone or noise bursts
among single units tuned to 10-23 and 32-47 kHz frequency bands. Singly
tuned neurons had an excitatory response tuned to only one frequency band.
Facilitatory neurons responded to the combination of two signals from the
10-23 and 32-47 kHz bands at a level higher than the sum of responses to
the separate signals (see Materials and Methods). Inhibitory neurons
showed an excitatory response to one of these frequency bands that was
inhibited by signals in the other band. Tone-responsive and Noise-responsive
refer to single units that displayed better responses (lower threshold or
more spikes) to tone bursts or bandpass noise bursts, respectively.

and low-frequency stimuli revealed a low-threshold, facilitating
input that was sharply tuned to 19.2 kHz (Fig. 34, filled circles and
solid lines). The drop in the threshold response to the lower fre-
quency signal, when presented together with the facilitating higher
frequency signal, was substantial, 61 dB for the neuron in Figure
3A4. The facilitated response to the high-frequency signal, also
sharply tuned, decreased in threshold but only by 10 dB. The unit
did not respond to signals in the 24-31 kHz band, the frequency of
the first sonar harmonic, in either single- or two-tone presentations.
In addition to its effect on response threshold, the facilitation also
increased response magnitude. The response to combined tone
bursts was 123% greater than the sum of responses to the higher
and lower frequency signals presented separately (Fig. 3B), corre-
sponding to a facilitation index value of 0.38. This facilitation was
also dependent on the relative timing of the two signals. Strong
facilitation was only obtained when the higher frequency signal was
presented simultaneously with or 2 msec after the lower frequency
signal (Fig. 3C). The frequency- and time-dependent facilitation
shown for the neuron in Figure 34-C satisfies the criteria for
combination sensitivity described in Materials and Methods.

For 21 units, the effect of signals in one of the 10-23 or 32-47
kHz frequency bands was to inhibit responses to signals in the other
band (Fig. 2). The unit in Figure 3D-F had a sensitive excitatory
tuning curve in the higher frequency band, tuned to 34.9 kHz (Fig.
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3D). Excitatory responses to the 10-23 kHz band were tuned near
13 kHz but only obtained at intensities >70 dB SPL. The combi-
nation of low-intensity signals in both frequency bands revealed a
low-frequency inhibitory effect, sharply tuned at 13.2 kHz with a
low threshold, which reduced the excitatory response to the high-
frequency stimulus. At an intensity 9 dB above the threshold for
inhibition, the lower frequency signal suppressed the response to
the higher frequency signal by 41%, with an index of inhibition of
—0.37 (Fig. 3E). As with facilitatory interactions, the inhibitory
interactions were sensitive to the timing of the two signals. In the
unit in Figure 3D-F, the inhibitory effect was maximal when the
high-frequency signal followed the lower frequency signal by 4
msec (Fig. 3F). However, most inhibitory units showed the greatest
suppression when the inhibitory stimulus was presented simulta-
neously with the excitatory stimulus (see Temporal sensitivity).

A substantial number of single units (29 of 75, 39%) responded
well to bandpass noise (5-20 kHz). For these neurons, responses to
tonal stimuli either alone or in combination were poor. Among 15
neurons for which tone and noise thresholds were compared,
thresholds to tones were on average >38 dB higher than thresholds
for noise stimuli, on the basis of decibel attenuation values. The
average difference in the threshold was probably higher, because no
tone threshold could be obtained in 11 of the 15 tested neurons.
Responses to noise stimuli and combinations of noise stimuli could
nonetheless be tuned in frequency. Figure 4 shows the tuning
properties of two such neurons, obtained by presenting 5-kHz-wide
noise bands at different center frequencies. As with combination-
sensitive neurons that responded well to tones, these neurons
showed either facilitatory (Fig. 44) or inhibitory (Fig. 4B) effects of

Delay of High Frequency Signal (ms)

..+1 3.2 kHz

8 -5 0 5 10
Delay of High Frequency Signal (ms)

5 10

the lower frequency stimulus. For the facilitated neuron in Figure
4A, the facilitatory interaction reduced the threshold to the low-
frequency stimulus by 46 dB, whereas the decrease in threshold for
the high-frequency response was smaller (8 dB). A striking feature
of noise-responsive neurons is that all displayed combination-
sensitive interactions between signals in the 10-23 and 32-47 kHz
bands; 18 units showed facilitatory interactions, and 11 units
showed inhibitory interactions (Fig. 2).

Frequency sensitivity

Tuning curves in Figures 3 and 4 show that these neurons displayed
two distinct frequency sensitivities that did not overlap, except
possibly at high sound levels. Figure 54 shows the best low and high
frequencies for neurons responding to signals in both frequency
bands. Low best frequencies ranged from 12 to 23 kHz, whereas
high best frequencies ranged from 32 to 47 kHz. Only one neuron
was tuned to exact harmonics, although several were tuned very
close to a harmonic relationship. For the majority, the best high-
frequency response was tuned more than an octave above the best
low-frequency response. One implication of these results is that few
of these combination-sensitive interactions would be activated by
signals within the frequency bands of biosonar signals.

In most neurons, the response to sounds in the higher frequency
band was greater than that to sounds in the lower frequency band.
At the sound levels tested, in which the lower frequency signal was
usually more intense, 21 of 28 facilitated neurons responded more
strongly to the higher frequency signal, 4 neurons responded to the
lower and higher frequencies at the same magnitude, and only 3
facilitated neurons responded more strongly to the lower frequency
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Figure 4. Tuning curves for combination-sensitive single units that re-
spond best to noise stimuli. Thresholds were obtained with 5-kHz-wide
noise bands, indicated in the figure by the circles (center frequency) and
horizontal lines (bandwidth). Dashed lines and unfilled circles indicate re-
sponses to single noise bursts. Solid lines and filled circles indicate tuning
curves obtained in the presence of a second noise burst, the center fre-
quency and intensity of which are indicated by the X placed within the other
tuning curve. The blackened curve shows tuning of an inhibitory response as
described in Figure 3. A, Single unit facilitated by signals in the 10-23 and
32-47 kHz frequency bands. B, Single unit excited by signals in the higher
frequency band but inhibited by signals in the lower frequency band. For
both units, combination effects were documented when signals were pre-
sented simultaneously (0 msec delay). The units did not respond to tonal
stimuli in the 10-50 kHz range at levels as high as 80 dB SPL, the highest
tested.

signal. For inhibited neurons, 18 of 21 neurons were excited by the
higher frequency signal and suppressed by the lower frequency
signal. The greater excitatory responses to the higher frequency
signal may be related to the probable location of these neurons in
the ICC representation of the higher frequency band (see below).

Strength of interactions

The strength of combination-sensitive interactions, as expressed by
facilitation or inhibition indexes, varied among the population (Fig.
5B). For 28 facilitatory neurons, the average facilitation index was
0.32 (SD, 0.24), corresponding to a facilitated response that was
95% greater than the sum of responses to the low- and high-
frequency stimuli presented separately. Strengths of facilitation
ranged from 20 to 1200% (facilitation index values of 0.09-0.98).
For 21 inhibitory neurons, the average inhibitory index was —0.36
(SD, 0.21), corresponding to suppression of the excitatory response
by 53%. Strengths of inhibition ranged from 20 to 97% (inhibitory
index values of —0.11 to —0.94). However, inhibitory index values
do not indicate the maximum effect of inhibition on these neurons,
because the inhibiting stimulus was typically presented at 10 dB
above the threshold for inhibition. Comparing the noise- and
tone-responsive units, there was no significant difference in the
mean facilitatory index (unpaired ¢ test; df = 26; p > 0.5) or the
mean inhibitory index (unpaired ¢ test; df = 19; p > 0.5). However,
all noise-responsive neurons showed combination sensitivity,
whereas many tone-responsive units were singly tuned (Fig. 2).

Temporal sensitivity

The facilitatory interactions in responses to the two frequency
bands showed clear selectivity for the timing of the two signals
(Figs. 3C, 6). Most facilitatory responses were best when the two
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Figure 5. Aspects of combinatorial interactions among the recorded pop-
ulation of single units. A, Frequency tuning of combination-sensitive inter-
actions. Tone indicates tone-responsive units, whereas Noise indicates units
responding better to bandpass noise. The line plots an exact fundamental-
second harmonic relationship. Most noise-sensitive units are not included
because their best frequencies were not measured. These were stimulated
with noise bursts including most of the 10-23 or 32-47 kHz bands. B,
Strength of interaction, as measured by the interaction index. Only units
with index values of 0.09 and greater (facilitation) or —0.11 or less (inhibi-
tion) are shown. C, Best delays among single units showing combination-
sensitive facilitation (fop) or inhibition (bottom).

signals were presented simultaneously, e.g., 0 msec delay (Fig. 5C).
However, the sharpness of this temporal selectivity, or delay tun-
ing, was variable. Figure 6 offers a particularly sharp contrast. The
unit in Figure 64 responded well only when the two 50 msec,
narrowband noise bursts were presented within 2 msec of each
other. In contrast, the unit in Figure 6B, likewise stimulated with
relatively long-duration (30 msec) signals, responded well as long as
some overlap occurred between the high- and low-frequency sig-
nals. Such results suggest a range of temporal integration proper-
ties across the population of facilitated units.

Inhibitory combination-sensitive interactions were also sensitive
to timing (Figs. 3F, 7). Most inhibitory units showed the greatest
suppression when the inhibitory stimulus was presented simulta-
neously with the excitatory stimulus (Fig. 5C). As with facilitated
units, there was variability in the width of the inhibitory delay
function. The unit in Figure 7 showed very sharp temporal sensi-
tivity of inhibition, whereas that in Figure 3F was broader.
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Topographic features

Tracer deposits placed in some penetrations showed that both
tone- and noise-responsive combination-sensitive neurons were
located in the ICC (Fig. 8). For 38 of the 75 single units in our
sample, there were sufficient data from other responses in the same
penetration to determine the unit’s location within the tonotopic
organization of the IC (see Materials and Methods). To make this
determination, we required the penetration to show a descending

0 20 40 60 80 100
Time (ms)

progression of best frequencies in the dorsocaudal to ventrorostral
penetration, combined with the presence of singly tuned responses
(single unit or multiunit) to 24-31 kHz, the frequency representa-
tion that intervenes between the 10-23 and 32-47 kHz bands (Fig.
8). For singly tuned neurons, 17 of 18 localized single units were in
the tonotopic representation of 32-47 kHz (e.g., Fig. 84). For
combination-sensitive responses, all 20 localized units were in the
32-47 kHz representation (e.g., Fig. 8). These results show that
combination-sensitive responses are common in the 32-47 kHz
representation. Because so few neurons were localized to the 10-23
kHz representation, it is unclear whether it too contains
combination-sensitive response properties. All combination-
sensitive neurons localized to the 32-47 kHz tonotopic represen-
tation in the IC had higher magnitudes of response to signals in that
frequency band than to signals in the 10-23 kHz frequency band, at
the sound intensities used to assess combinatorial properties.

DISCUSSION

This study describes integrative neurons in the IC of mustached
bats responding to combinations of acoustic signals in two fre-
quency bands, 10-23 and 32-47 kHz. Previous studies showed that
combination-sensitive neurons are common in IC frequency repre-
sentations analyzing biosonar vocalizations (Mittmann and Wen-
strup, 1995; Yan and Suga, 1996; Portfors and Wenstrup, 1999a).
The present results show that the type of frequency—time integra-
tion performed by combination-sensitive neurons is widespread
throughout the mustached bat’s IC and is not a feature unique to
the analysis of biosonar signals. We suggest that some combination-
sensitive response properties in the IC are well suited for analyses
of social vocalizations.

Spectral integration in ascending auditory pathways

The spectral integration documented here differs from other forms
of integration described previously in the auditory brainstem and
midbrain. For instance, in comparison with auditory nerve fibers,
some cochlear nucleus neurons display narrower frequency tuning,
whereas others show broader frequency tuning, noise sensitivity, or
facilitatory—inhibitory frequency interactions (Rhode and Green-
berg, 1992a,b; Young et al., 1992; Jiang et al., 1996). In the IC, most
neurons have frequency tuning curves that differ significantly in
shape from those of auditory nerve fibers (Ehret and Moffat, 1985a;
Ehret and Merzenich, 1988; Ramachandran et al., 1999). Among
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Figure 8. Locations of tone-responsive and noise-responsive recording
sites in the ALD of the ICC. All deposits of tracer shown here were made
at single-unit recording sites indicated by filled circles in this figure and had
frequency responses indicated in bold numbers to the left of the section.
Most other responses illustrated in this figure were multiunit responses. For
combination-sensitive responses, both the higher and lower best frequencies
are reported. The number in the bottom right corner of each section indicates
the location of the section along the caudal-to-rostral dimension of the IC.
A, In the more caudal section, neurons tuned to the 32-47 kHz band
were tone responsive (7). B, In the more rostral section, neurons tuned
to this frequency band were noise responsive (N) and combination
sensitive. PAG, Periaqueductal gray.

IC neurons, local application of antagonists to inhibitory neuro-
transmitters alters frequency tuning and selectivity for frequency
sweeps (Vater et al., 1992; Yang et al., 1992; Fuzessery and Hall,
1996), suggesting that mechanisms of spectral integration act in the
IC as well as the cochlear nucleus. These studies generally demon-
strate frequency integration that involves either integration of
excitatory and/or inhibitory inputs tuned to relatively closely re-
lated frequencies or broad integration across a continuous band of
frequencies that supplies inhibition on either side of an excitatory
tuning curve. One exception is the multipeaked tuning curve, which
may reflect dual excitatory inputs. However, such tuning curves are
quite rare in the IC (Ehret and Moffat, 1985a; Casseday and Covey,
1992).

In contrast, the integration documented here is specific for
widely separated frequency bands, usually an octave or more,
suggesting input from two neural populations tuned to widely
separated frequencies. These combinatorial properties, character-
ized by excitation, facilitation, or inhibition activated by distinct
frequency bands of sounds, have typically been described in areas
of the auditory forebrain (cortex or thalamus) outside of tonotopi-
cally organized regions (Suga et al., 1978, 1983; Fuzessery and
Feng, 1983; Margoliash and Fortune, 1992; Olsen, 1992; Raus-
checker et al., 1995; Ohlemiller et al., 1996; Doupe, 1997). This has
supported the view that higher-order processing of complex sounds
performed by combinatorial neurons is characteristic of forebrain
auditory centers, particularly nontonotopic regions (Olsen, 1992;
Winer et al., 1995; Rauschecker, 1998).

Although spectral combinatorial responses may be more com-
mon or more highly organized in nontonotopic auditory cortical
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areas, they also occur in tonotopically organized auditory cortex. In
mustached bats, combination-sensitive responses are common in
primary auditory cortex (Fitzpatrick et al., 1993; Kanwal et al.,
1999). Increasingly, similar spectral combinatorial properties in-
volving facilitation or inhibition have been described in primary
auditory cortices of cats and primates. These properties include
multipeaked excitatory tuning curves (Sutter and Schreiner, 1991),
multiple inhibitory tuning curves (Sutter et al., 1999), and time-
dependant facilitatory and inhibitory interactions between different
spectral elements (Brosch et al., 1999; Kadia et al., 2000). Viewed
across species, the data suggest that many neurons in the primary
auditory cortex use facilitatory and/or inhibitory interactions be-
tween distinct spectral sensitivities to analyze complex acoustic
signals.

Do spectral combinatorial properties originate in the primary
auditory cortex? In most species, observations of cortical combina-
torial responses are not matched by similar observations in the
auditory midbrain or thalamus. However, these latter regions have
not been systematically examined using unanesthetized or lightly
anesthetized preparations, test paradigms, or natural stimuli that
may be related to recent observations of combinatorial properties
in the primary auditory cortex. Application of these methods may
reveal additional spectral combinatorial responses. For example,
previous studies of cat and monkey MGB found that the complexity
of frequency tuning curves and frequency organization increased
when obtained from unanesthetized or lightly anesthetized animals
(Allon et al., 1981; Morel et al., 1987). Recent studies of the ventral
division of the MGB support the presence of complex inhibitory
frequency tuning (Imig et al., 1997).

In the mustached bat, previous studies and the current results
show that combinatorial response properties are created within the
tonotopically organized ascending pathway below the auditory
forebrain. In IC representations of frequencies within higher har-
monics of the bat’s biosonar signal, ~75% of neurons display
combination-sensitive response properties (Portfors and Wenstrup,
1999a). There are many similarities in combination-sensitive re-
sponses between those populations and the neurons described here.
All are characterized by neural interactions activated by sound in
two distinct frequency bands. These interactions are sensitive to
the relative timing of two signals in the range of milliseconds or
tens of milliseconds. Finally, each of the IC populations of
combination-sensitive neurons displays facilitatory and inhibitory
interactions between two frequency inputs, with a range in the
strength of interactions.

Most combination-sensitive responses in the mustached bat ap-
pear to originate in one nucleus, the ICC. Thus, patterns of inputs
to combination-sensitive IC neurons from the cochlear and lateral
lemniscal nuclei, the lack of combination-sensitive responses in the
lateral lemniscal nuclei, and the ability of strychnine to eliminate
combination-sensitive facilitation in IC neurons all favor the hy-
pothesis that most sonar-related combination-sensitive properties
are constructed in the ICC (Leroy and Wenstrup, 1999; Portfors
and Wenstrup, 1999b; Wenstrup et al., 1999, 2000). On the basis of
the similarities among combination-sensitive response properties,
we hypothesize that nonsonar neurons also originate in the ICC
and depend on similar neuronal mechanisms.

Despite physiological and possible mechanistic similarities with
sonar-related combination-sensitive neurons, we believe the
present results have broader significance. Although sonar-related
combination-sensitive neurons may function in other behavioral
contexts such as social communication (Ohlemiller et al., 1996;
Esser et al., 1997), their functional roles are closely linked to
analyses of information about sonar objects, e.g., distance and
movement (O’Neill and Suga, 1982; Suga et al., 1983; Olsen and
Suga, 1991a,b). Their presence in the IC might be regarded as a
specialized neural feature unique to a highly specialized behavior.
The combination-sensitive response properties described here do
not function in biosonar behavior. We conclude that the presence
of combination-sensitive properties in the IC is not a sonar-related
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specialization. Instead, such response properties may be a general
feature of analyses of complex sounds in the IC.

Possible roles of combination-sensitive
response properties

The nonsonar neurons described here do not analyze sonar echoes
but may instead analyze other complex acoustic signals of interest
to mustached bats. These signals include social vocalizations of
mustached bats (Kanwal et al., 1994), sonar and social vocalizations
of other bat species (Goodwin, 1970), clicks produced by moths to
deter bat predation (Dunning and Roeder, 1965; Goldman and
Henson, 1977), and other animal-generated sounds. The complex
spectral responses of nonsonar neurons could participate in both
identification and localization of these signals. However, this dis-
cussion focuses on their potential role in discriminating among the
mustached bat’s social vocalizations because there is a striking
correspondence between the dual frequency sensitivities of the
neurons and spectral peaks occurring in several mustached bat
social vocalizations [Kanwal et al. (1994), their Fig. 13].

We predict that spectral and temporal response properties of
nonsonar combination-sensitive neurons should provide selectivity
among the mustached bat’s repertoire of social vocalizations. In
this regard, the most obvious response property is dual frequency
selectivity, which will restrict strong responses to those calls with
significant energy in the 10-23 and 32-47 kHz bands. Additional
selectivity could result from the harmonic relationship between
lower and higher best frequencies of nonsonar neurons. For exam-
ple, in some neurons the two best frequencies are tuned near a
fundamental-second harmonic (1:2) relationship, so these neurons
would respond well to constant frequency (CF) signals with their
fundamental at the neuron’s lower best frequency. Other neurons,
not tuned in a 1:2 harmonic relationship, should respond better to
social vocalizations that have low-frequency fundamentals with
many harmonics [e.g., short, quasi CF signals (Kanwal et al., 1994)]
or have broad bands. Finally, a major source of variation among
social vocalizations of the same category is a call’s fundamental
frequency (Kanwal et al., 1994). A population of such neurons,
tuned to different frequency combinations, could distinguish
among different versions of the same call, possibly emitted by
different individuals.

A distinctive feature of many nonsonar combination-sensitive
neurons is their requirement for bandpass noise in each of the
10-23 and 32-47 kHz bands. These neurons may respond prefer-
entially to a class of mustached bat vocalizations containing noise
bursts (Kanwal et al., 1994). One such call, a rectangular broadband
noise burst used in agonistic interactions among individual mus-
tached bats (Gupta et al., 1998), should effectively stimulate noise-
sensitive facilitated neurons. These communication signals may
elicit fixed behavioral responses and thus on theoretical grounds
may be most appropriate for processing within the IC (Casseday
and Covey, 1996).

The above considerations suggest that nonsonar neurons may
show selectivity among social vocalizations, something that has
been examined rarely in the IC (Ehret and Moffat, 1985b; Aitkin et
al.,, 1994). Direct studies of responses of nonsonar, combination-
sensitive neurons to the mustached bat’s repertoire of social vocal-
izations will be required to test this prediction.
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