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Encoding Features of Single Units in

Inferior Colliculus of Horseshoe Bats:
Functional Implications for Prey Identification

GEORGE D. POLLAK anD GERD SCHULLER

Arbeitsgruppe Neuro- und Rezeptorphysiologie Fachbereich Biologie, Universitat Frankfurt,

D-6000 Frankfurt, West Germany

SUMMARY AND CONCLUSION

1. Current ideas hold that the specializa-
tions in the auditory systems of horseshoe
bats are important for the detection and
recognition of prey. To evaluate this hy-
pothesis more thoroughly, the response pat-
terns of neurons in the inferior colliculus of
horseshoe bats were investigated with tone
bursts and sinusoidally frequency-modu-
lated (SFM) signals. The SFM signals rep-
resent approximations to the frequency-
modulation patterns in the constant-fre-
quency (CF) component of the echoes that
are created when the long CF component
first strikes and is then reflected from the
beating wings of a small insect.

2. The best frequencies (BF) of collicular
neurons were divided into three frequency
bands: a) the filter frequencies, which cor-
respond to the frequencies of the CF com-
ponent of the emitted cries and echoes (i.e.,
78-88 kHz); b) the frequencies of the final
FM portion of the biosonar cries (i.e., 65-77
kHz); and ¢) the nonecholocation frequen-
cies (i.e., frequencies below 65 kHz). The
probability that a neuron would fire in reg-
istry with the moduldtion waveform of an
SFM signal was highly correlated with the
unit’s BF. Eighty-one percent of the neurons
tuned to the filter frequencies (i.e., 78—88
kHz) showed time-locked responses to SFM
signals, whereas only 35% of the neurons
tuned to the final FM portion of the cries
and 34% of neurons having BFs below 65
kHz exhibited time-locked discharges.
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3. The tonotopic organization of neurons
tuned to the filter frequencies is different
from that of the rest of the inferior colliculus
(IC). The tonotopy in the central, filter re-
gion is highly unusual and is characterized
by a quasi-cortical appearance where almost
all neurons along a particular vertical axis
have the same BFs.

4. The influence of signal intensity on the
discharge registration evoked by SFM sig-
nals was examined in 42 units. Two general
types of neurons were found. The first type
had discharge registrations that were about
equally secure at all intensities above thresh-
old and had firing rates that increased mon-
otonically or slightly nonmonotonically with
intensity. The second type of neuron exhib-
ited the most vigorous responding and sharp-
est locking only at low or moderately low
intensities and had a significant decline or
complete absence of locking at higher inten-
sities.

5. Many collicular neurons also exhibited
preferences for certain ranges of modulation
rates but other neurons would respond with
discharges synchronized to the modulation
waveform over a very wide range of modu-
lation rates. Similar characteristics were ob-
served for neurons when the depth of mod-
ulation was systematically varied. The lowest
modulation depths that would evoke time-
locked discharges were +10—40 Hz.

6. The locking behavior of 34 units was
investigated when the carrier frequency was
systematically moved in and around the
unit’s tuning curve. In about a third of the

0022-3077/81/0000-0000$01.25 Copyright © 1981 The American Physiological Society



INFERIOR COLLICULUS OF BATS

units, there were sharp changes in discharges
that were symmetric around the BF and
agreed closely with the extent to which the
SFM signal encroached on the tuning curve;
the greater the encroachment, the more vig-
orous the response. In the remainder of the
neurons the vigor with which the neurons
would discharge to the SFM signal was
asymmetrically related to the BF. In these
units the amplitudes of the peaks in the his-
tograms were superior for carrier frequen-
cies below or, in other units, for carrier fre-
quencies above the BF of the neuron.

7. The tonotopic organization and the
SFM excitatory properties suggest that the
spatial extent of neural activity evoked by
an echo reflected from an insect should be
sharply confined within the anterior-poste-
rior axis of neural space. Within the active
region, the frequency-modulation pattern in
the echo CF component is coded by the tem-
poral sequence of discharges. Moreover, due
to changes in position, orientation, and speed
of either the bat or its target, each echo will
differ more or less in carrier frequency, mod-
ulation pattern, and intensity from the pre-
vious echoes. The preferences of many filter
neurons for selective ranges of intensity as
well as modulation depth and rate seem im-
portant in this regard. These features should
endow the system with the ability to encode
the perturbations imposed on the echo CF
component with the sum total of spatiotem-
poral activity being a dynamic pattern,
which differs from echo to echo.

INTRODUCTION

Several species of bats emit echolocation
cries where the most prominent feature is a
long constant-frequency (CF) component
followed by a less conspicuous brief, down-
ward sweeping, terminal frequency-modu-
lated (FM) portion. The greater horseshoe
bat, Rhinolophus ferrumequinum, is one of
these so called long CF-FM bats and emits
an 80- to 84-kHz CF component having a
duration of 10-100 ms (11, 15, 16, 22).

Each horseshoe bat has its own private
emission frequency, which is regulated with
remarkable precision (15, 18, 22). When no
echoes are heard or when the echo has the
same frequency as the cry, these bats emit
successive CF components that vary by only
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+100 Hz from pulse to pulse. However,
under most conditions echoes reflected from
an object will be Doppler shifted upward due
to the approach of the bat toward its target.
In response to the upward shift in echo fre-
quency the horseshoe bats lower the fre-
quency of their emitted CF signals by an
amount almost equal to the Doppler shift in
the echo. This maneuver, called Doppler-
shift compensation (15, 22, 24), allows the
bat to hold the frequencies of the subsequent
echoes to within a narrow frequency band
only 50-100 Hz wide.

The auditory system of the horseshoe bat
has a number of impressive specializations
for processing the CF component. In the co-
chlea, the portion of the basilar membrane
devoted to the frequencies of the CF portion
of the emitted cries and Doppler-shifted
echoes is greatly elongated (2—4, 9). Fur-
thermore, the elongated region is demar-
cated from the more apical regions of the
basilar membrane by a number of pro-
nounced structural adaptations. The struc-
tural features create a highly resonant hy-
dromechanical system, which is responsible
for producing the high degree of frequency
selectivity seen in many auditory neurons
(2, 3, 8,9, 19, 29).

The population of auditory neurons can
be divided into two categories on the basis
of tuning. Neurons in the first category have
best frequencies (BF) between 78 and 88
kHz and are referred to as “filter neurons”
(8, 10, 30) because of their sharp tuning
curves. The degree of tuning is indicated by
the Qo 4s value, which is defined as the unit’s
BF divided by the bandwidth of the tuning
curve at 10 dB above the minimum threshold
(i.e., threshold above the BF). The Qy 4
values of filter neurons are typically 50-200,
with some as high as 300400, and are the
most sharply tuned neurons observed in the
auditory systems of any animal studied so
far. Neurons in the second category have
BFs below 78 kHz and have much broader
tuning curves. The Q¢ 4p values of these non-
filter neurons rarely exceed 20 and in this
respect they are similar to the tuning curves
seen in auditory neurons of other animals.

The specialized features of both the emit-
ter and receiver of horseshoe bats have con-
siderable functional significance. The system
is exquisitely sensitive to motion that is
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thought to be important for the detection
and recognition-of prey (5, 17, 18, 20, 21,
23). The emission of a long CF component
together with neurons having high Q values
are both seemingly well suited for these pur-
poses. Even very small Doppler shifts in the
echo CF component are easily detected by
the sharply tuned filter neurons and the per-
ception of a Doppler shift alerts the bat to
a target in its acoustic environment. If the
target is a flying insect the echo CF com-
ponent will also have amplitude and fre-
quency modulations (AM and FM), which
are produced as the long CF component first
strikes and is then reflected from wings hav-
ing a more or less high rate of periodic mo-
tion. Furthermore, since insects differ in
size, wingspread, and wingbeat frequency,
the profile of modulations in the echo CF
component contains considerable informa-
tion about the target. If the auditory system
can encode the profile of modulations in the
echo CF component, the bat should be able
to resolve a number of target features and
utilize that information for target identifi-
cation.

Preliminary information concerned with
response features of peripheral auditory neu-
rons in the long CF-FM bats, reported by
Suga and his co-workers (28, 30), suggests
that both AM and FM are encoded with
precision. A more recent and comprehensive
study by Schuller (21), of single neurons in
the inferior colliculus (IC) of the horseshoe
bat, confirmed and greatly extended Suga’s
original observations. Schuller simulated the
variety of frequency-modulation patterns
that occur in echoes reflected from insects.
He accomplished this by utilizing acoustic
signals that had sinusoidal frequency mod-
ulation (SFM) patterns and he found that
many neurons respond with firings tightly
locked to the modulating waveform. Here
we present data that compliment Schuller’s
earlier study. In this report particular atten-
tion is directed toward an analysis of the
differences existing among the population of
filter neurons with regard to their response
features when the depth or the rate of the
frequency-modulation patterns was varied.
We also examined the influence of stimulus
intensity and variations in carrier frequency
on the coding security for these signals. Fi-
nally, we obtained data concerning the ton-
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otopic organization of the horseshoe bat’s
IC. The tonotopy proved to be considerably
different from that of other mammals and
has an important bearing on the functional
organization of the horseshoe bat’s IC.

METHODS

Surgical Procedures

Eleven greater horseshoe bats, Rhinolophus
ferrumequinum, were prepared under Metofane
anesthesia (Pitman-Moore, Washington Crossing,
N.J.). In each animal, a long incision was made
along the midline of the skull and the underlying
musculature was reflected. The skull was dried
and dental cement applied to the anterior and
posterior portions of the cranium. Small wisps of
cotton soaked in procaine were placed on all open
wounds. An indifferent tungsten electrode was
placed in the skull overlaying the cerebellum or
cortex and cemented in place. A small screw was
mounted on the anterior portion of the cranium
with dental cement. Each animal was then placed
in a Plexiglas holder that restricted gross move-
ments and the screw was locked onto a rigid metal
bar above the head. This procedure immobilized
the bat’s head and allowed a clear sound field to
the animal’s ear. Small holes, approximately 200
300 um in diameter, were drilled over the inferior
colliculus with a Narishige stereotaxic drill (model
SD-101). Holes were systematically placed to per-
mit us to sample much of the rostrocaudal extent
as well as the mediolateral extent of the colliculus.
The Metofane was then removed and the animals
were allowed to recover. The animals appeared
to be comfortable in that they remained calm and
quiet throughout the experiment sessions. As a
precautionary measure, the local anesthetic was
reapplied to the wound margins once every 3—4
h. Under these conditions the bats occasionally
exhibited spontaneous movements of the shoul-
ders, wings, or feet but rarely was there any in-
tense struggling indicative of pain. In such cases,
refreshing the cotton wisps with additional pro-
caine resulted in a cessation of struggling move-
ments.

Prior to being placed in the holder, three bats
were given injections of a neuroleptic agent (4
mg/kg droperidol). The other eight bats were not
given any drugs other than the Metofane and top-
ically applied local anesthetic. All animals were
fully awake during the experiment and no differ-
ences in response properties could be detected
between the bats given neuroleptic agents and
those given no drugs.

Stimulation

Acoustic stimuli were presented under free-
field conditions by a condenser loudspeaker lo-
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cated 10 cm from the ear contralateral to the col-
liculus from which we monitored activity. The
loudspeaker was calibrated with a 0.25-inch Bruel
and Kjaer microphone that had a flat free-field
response (+2 dB) from 50 to 100 kHz.

The acoustic signals consisted of tone bursts and
sinusoidally frequency-modulated (SFM) signals
having durations of 60—1C0 ms and rise-fall times
of 2.0 ms. Tone bursts were produced by shaping
the output of a Wavetek oscillator (model 136),
hereafter called the tone-burst oscillator. The
SFM signal that was presented to the bat was
generated in the following way. An SFM wave-
form was obtained from a phase-locked Wavetek
oscillator (model 112), which was triggered by the
same sync pulse that initiated tone bursts. Con-
sequently, the SFM waveform was phase-locked
to the beginning of each stimulus and always
started with a precise phase angle relative to the
envelope of the tone burst. The SFM waveform
was then sent to a set of calibrated attenuators,
which determined the amplitude of the waveform.
The waveform was then fed to the VCG input of
the tone burst oscillator. When an SFM waveform
was at the input of the tone burst oscillator, the
output was an SFM signal. Three parameters of
the SFM signal were of interest and were under
our control: /) the carrier or center frequency, 2)
the modulation frequency or the frequency at
which the FM pattern was repeated within each
signal, and 3) the modulation depth or the amount
by which the frequency of the signal oscillated
around the carrier frequency (Fig. 1). The carrier
or center frequency of the SFM signal was set by
the Wavetek 136 tone-burst oscillator, whereas
the modulation frequency was controlled by the
frequency setting of the phase-locked oscillator.
All frequencies were measured with an electronic
frequency counter (Eldorado 325B). The modu-
lation depth was determined by the calibrated
attenuators. We used modulation frequencies that
varied from 30 to 500 Hz and modulation depths
that ranged from +10 Hz to +£5 kHz.

The spectrum of a frequency-modulated signal
contains an infinite series of side frequencies (f,
+ kfms k =1,2,3,...), where f, is the carrier
frequency and f,, is the modulating frequency. The
distribution of energy to the side frequencies de-
pends on the modulation index, which is defined
as the ratio of the maximum instantaneous fre-
quency deviation, df, of the signal to the modu-
lating frequency, f;,. If the frequency modulation
depth is small compared to the modulating fre-
quency, fn (i.e., the modulation index is much
smaller than 1), only the first two side frequencies
contain considerable energy. Whenever the mod-
ulation index is greater than 1, p spectral com-
ponents (f, £ kfm k =1, 2, 3, . . .) contribute
significant energy to the frequency-modulated sig-
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FIG. 1. Relation of the signal enveiope to the SFM
waveform. The carrier frequency in this case would be
80.6 kHz and would be frequency modulated by +Af
at the rate of 100 Hz. The value of Af is determined by
the amplitude of the SFM waveform that is fed to the
VCG input of the tone-burst oscillator. The SFM wave-
form always has the same phase relationship to the sig-
nal envelope.

nal, where p = 1 + df/dm. For example, a fre-
quency modulation of =200 Hz at a modulation
frequency of 100 Hz yields 13 spectral compo-
nents on each side of the carrier frequency whose
relative amplitudes are above 0.1 of the amplitude
of the unmodulated carrier frequency. Most en-
ergy, however, is distributed to the frequencies
around f, £ df.

Recording and histological procedures

Single units were recorded with micropipettes
filled with 3 M KCl and 3% alcian blue dye (8-
20 MQ), which allowed electrophoretic marking
in each penetration (6). Prior to recording, the
tips of the electrodes were positioned within about
+200 um of the collicular surface with the aid
of a Zeiss operating microscope. The electrodes
were attached to a Wells microdrive unit having
a stepping motor and digital display. The micro-
pipettes were advanced in steps of 1 um and when
a unit was encountered, the depth was recorded.
In general, the electrodes were driven to a depth
of 2,000-2,500 um, which corresponds to the ven-
tral extent of the horseshoe bats’ IC. On com-
pleting a penetration we deposited a small amount
of alcian blue dye by passing 1 uA of current for
3 min at one or two electrode locations along the
electrode tract. The depths of the dye depositions
were recorded and carefully chosen to facilitate
tract identification and to avoid any confusion
with penetrations made earlier or subsequently in
different parts of the bat’s IC. At the end of each
experiment the animals were killed with an over-
dose of anesthesia and the brains fixed in For-
malin. Frozen sections, 40-60 um thick, were then
prepared and stained with cresyl violet. Each elec-
trode tract was identified and the appropriate po-
sition of each unit along the tract was determined.

Data analysis

Spikes were amplified and processed with con-
ventional methods and fed on-line to a PDP 11/
40 laboratory computer that generated poststim-
ulus time (PST) histograms. The spikes were
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timed relative to the stimulus onset, and all his-
tograms had a bin width of 0.1 ms. The computer
programs for acquisition and processing spike in-
formation were written by H. Zoller. In addition,
the tone-burst frequency for which the lowest
sound pressure was needed to evoke a just no-
ticeable change in firing rate from the background
activity was determined audio-visually. We shall
refer to this frequency as the unit’s best frequency
(BF). Since the majority of units had very low
rates of spontaneous activity, or no spontaneous
activity at all, we were able to determine the BFs
with considerable accuracy. We routinely evalu-
ated the BFs of filter units to an accuracy of
+50 Hz and, when necessary, we increased the
accuracy to =10 Hz. Tuning curves of 87 units
were determined audio-visually by raising the sig-
nal level in steps of 10 dB above threshold at the
BF and carefully assessing the upper and lower
frequency limits to which the neuron would re-
spond. In experiments where we needed to relate
the SFM carrier frequency to the limits of the
tuning curve (see RESULTS), PST histograms gen-
erated by tone bursts at a particular frequency
and SFM signals having the same carrier fre-
quency and intensity were obtained and com-
pared.

RESULTS

General response features evoked by tone
bursts and SFM stimulation

In this section we first describe the re-
sponse patterns elicited by tone bursts. We
then consider whether any relation exists
between the firing pattern evoked by a tone
burst and the ability of a unit to follow SFM
signals with spike trains in registry with the
phase of the modulation waveform (i.e.,
locked or synchronized firings). Unless oth-
erwise stated, the tone-burst frequency and
the carrier or center frequency of the SFM
stimulus were set at the unit’s BF.

Activity evoked by tone bursts was eval-
uated in 444 neurons. In 378 of the units
tone bursts evoked one of three types of fir-
ing patterns (Fig. 2): /) a phasic response
pattern where the neuron fired only to the
onset, only to the offset, or to both the onset
and offset of the signal (154 units, 35%); 2)
a tonic or sustained pattern where firings
occurred throughout the duration of the sig-
nal presentation (160 units, 36%); 3) an in-
hibitory pattern where the response was a
prominent inhibition of the spontaneous ac-
tivity, which lasted for the duration of the
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signal (64 neurons, 14%). The remaining 66
neurons (14%) failed to respond to tone
bursts at any frequency-intensity combina-
tion.

Of the 444 neurons encountered, 282 units
were tested with both tone bursts and SFM
signals having modulation depths of from
+500 Hz to +2,000 Hz at intensities rang-
ing from 40 to 70 dB SPL. About half of the
neurons tested with SFM stimulation re-
sponded with discharges tightly locked to the
modulation waveform. In general, there was
a relationship between a unit’s discharge
pattern evoked by tone bursts and its ability
to fire in registry with the SFM envelope.
Neurons having a tonic pattern to tone
bursts were more likely to lock to the SFM
waveform than were phasic units. Inhibitory
neurons and neurons that were unresponsive
to tone bursts were least likely to fire in syn-
chrony with SFM envelope; 73% of the tonic
units, 50% of the phasic units, and 25% of
the inhibitory neurons had locked firing, pat-
terns to the SFM signals. Examples of each
type are shown in Fig. 2. In addition, only
23% of the neurons that were unresponsive
to tone bursts responded with brisk, syn-
chronized firings to SFM stimulation.

Filter neurons compared to
nonfilter neurons

RESPONSE PROPERTIES. The probability that
a neuron would fire in registry with the mod-
ulation waveform of an SFM signal was
highly correlated with the unit’s BF. The
collicular neurons were grouped into neurons
with BFs equal to: 1) the filter frequencies
(i.e., 78-88 kHz), 2) the frequencies of the
final FM portion of the biosonar cries (i.e.,
65-77 kHz), and 3) the nonecholocation fre-
quencies (i.e., frequencies below 65 kHz).
A much larger percentage (81%) of neurons
tuned to the filter frequencies showed time-
locked responses to SFM signals than did
neurons tuned to the frequencies of the FM
portion of the cries (35%) or to frequencies
below 65 kHz (34%).

The tendency for a much higher propor-
tion of filter neurons to lock to SFM was

_also found within the populations of phasic

units, tonic units, as well as units that were
unresponsive to tone bursts but that re-
sponded to SFM. Of the 50 phasic units that
had firings in registration with the SFM
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FIG. 2 Firing patterns elicited by SFM signals in three types of phasic neurons (top), a tonic neuron, and an
inhibitory neuron. The BF of each neuron is shown above each of the histograms generated by tone bursts. The
tone bursts and SFM carrier frequencies were always set at the BF for each neuron. The signal duration was 80

ms, as indicated by the bar in the lower left.

waveform, 41 were filter units, 7 were FM
units, and 2 were tuned to nonecholocation
frequencies (Fig. 3), a finding in agreement
with Schuller’s (21) earlier report. A similar
distribution was found for tonic neurons al-
though a larger number of nonfilter neurons
locked to SFM in this population than were
found for the population of phasic neurons
(Fig. 3). Another striking result was ob-
tained for the neurons that were unrespon-
sive to tone bursts but that locked to SFM.
Of the 15 neurons in this category, 12 had
their best SFM frequencies between 78-86
kHz (the best SFM is the carrier evoking
the highest number of discharges per SFM
cycle at 10-20 dB above threshold). The
three other neurons had best SFMs of from
76.0 to 76.5 kHz while none of the cells had
best SFMs in the nonecholocating frequency
range (Fig. 3).

The trend for neurons responding with an
inhibitory pattern to tone bursts was differ-
ent from the trend of the other neuronal
types described above. The feature to note
is the lack of any pronounced tendency for
the inhibitory filter neurons to lock to SFM
stimulation (Fig. 3), although some units of
this type did show locking (Fig. 2). Fur-
thermore, there seemed to be a paucity of

neurons tuned to the filter frequencies within
this population. Although the sample size
was small (e.g., 26 inhibitory neurons were
tested with SFM signals), only 23% (six
units) were tuned to the filter frequencies.

TONOTOPIC ORGANIZATION. The finding
that filter neurons have characteristics that
distinguish them from nonfilter neurons is
also reflected in the tonotopic organization
of the IC. The tonotopy reveals that the filter
neurons are both segregated from and are
arranged in a manner different from the
neurons tuned to the FM portion of the
orientation sounds and neurons tuned to the
lower, nonecholocation frequencies. These
features are especially evident in the middle
or central portion of the IC. This region of
the colliculus is functionally divided into a
dorsal region, where the BFs of neurons
range from 9 to 76-77 kHz, and a ventral
region, where the filter frequencies are rep-
resented (Fig. 4).

The tonotopic arrangement in the dorsal,
nonfilter region is, in principle, similar to the
tonotopy found in all other mammals that
have been studied (1). Proceeding from the
dorsal aspect of the IC to a depth of ap-
proximately 800-1,200 um, the BFs of the
neurons encountered increased progressively
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FIG. 3. Bar histograms showing the number of neurons that had time-locked discharges to SFM signals (above)
and the number of units that would not lock to SFM signals (below). Each set of histograms is divided up according
to the response pattern evoked by tone bursts (e.g., phasic, tonic, or inhibitory) and further subdivided into filter
units (crosshatched), FM neurons (white), and nonecholocation neurons (stippled). Notice the large number of
filter units that locked to SFM in both the phasic and tonic categories. See text for further explanation.

from about 10 kHz or below to the mid to
upper 70-kHz range (Figs. 4 and 5). At that
point there was an abrupt change in the to-
pographic mapping of the cochlea on the IC.
For the final 1,000-1,200 um of depth the
tonotopy assumed a quasi-cortical appear-
ance where almost all neurons along a par-
ticular vertical axis had the same or nearly
the same BFs (Figs. 4 and 5).

It is important to note that only the filter
frequencies are represented in the ventral
region of the IC. We, therefore, refer to this
area as the filter region of the IC. Further-
more, the tonotopic organization of the filter
region is in the anterior-posterior axis. In
this part of the IC, vertical arrays of neurons
tuned to the low filter frequencies (i.e., 77—
80 kHz) are represented in the anterior por-
tion while arrays of neurons having pro-
gressively higher BFs (i.e., 81-86 or 87 kHz)
are represented in the more posterior regions
(Fig. 4).

.The tonotopic arrangement described
above holds true only for the central portion
of the IC. A very different organization is
found in both the medial and lateral margins
of the IC. The tonotopy in the most medial

edge of the colliculus is somewhat of a com-
promise between the dorsal and filter re-
gions. The BF's of neurons in this region pro-
ceed from low to high with increasing depth
but, with few exceptions, only the filter fre-
quencies are represented. Here the range of
BF's extends only from 78 to 91 kHz and the
lower, nonfilter, frequencies are noticeably
absent (Fig. 6).

The most lateral region of the IC has yet
a different organization. In this margin there
is also a systematic progression of BFs with
depth, from low to high, but the filter fre-
quencies are only sparsely represented (Fig.
6). Typically, the neurons in the most dosal
portion have BFs around 20 kHz, or lower,
and the BFs systematically increase with
depth to a maximum of about 77 kHz, the
highest BF we have recorded in this part of
the colliculus. However, the distinguishing
feature of the lateral margin is the large
number of inhibitory neurons, which are by
far the most prevalent variety. -

Responses to SFM stimuli

In the above analyses neurons were treated
in a categorical manner in that they were
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FIG. 4. Sagittal sections through the inferior colliculus of a horseshoe bat showing BFs of neurons encountered
in two electrode penetrations. The position of each neuron encountered and its BF are shown. The depth in
micrometers within the colliculus is also shown next to each penetration. Regions in the anterior-posterior axis
from which these sections were obtained can be seen in the lower sagittal section from one entire brain. Note the
progressive increase in BFs from the dorsal surface to a depth of 700-900 um and the relatively constant BFs for
neurons at lower depths. Also note that BFs in the filter region were all 77-79.5 kHz in the anterior electrode
tract, whereas in the posterior tract BFs were 83.4-83.9 kHz. All electrode tracts were retraced from alcian blue
dye marks deposited from the electrode. Neurons that could not be driven with any acoustic stimulation are

labeled ND.

classified either as filter, FM, or nonecho-
location neurons, which either locked or did
not lock to SFM stimulation. Such analyses
showed that the probability of having neuron
respond with locked firings to SFM signals
is much greater if the neuron is tuned to the
filter frequencies than if it is tuned to other
frequencies. Moreover, the filter neurons are
spatially segregated from other neurons and
occupy a disproportionate amount of neural
space. The filter neurons are of particular
interest because they constitute the neuronal
population that processes the modulation

patterns in the CF portion of the echo. How-
ever, a categorical assessment tells little
about how.filter neurons process these sig-
nals; specifically, how discharge synchrony
and vigor are affected by variations in signal
intensity or by variations in modulation
depth and rate. These features are important
because during echolocation bats receive
echoes reflected from targets having a va-
riety of shapes and sizes situated at various
distances and: at various angles with respect
to the bat. Each of these factors has an im-
portant influence on the echo intensity as
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FIG. 5. Change in best frequencies with depth for three penetrations made in the inferior colliculi of two
horseshoe bats. The three curves represent penetrations made in the anterior (filled circles) and progressively more
posterior portions (open circles and crosses) of the colliculus. Note how similar the best frequencies in the filter

region are within a given electrode tract.

well as on the modulation profile. Below we
present data that provide some insights into
how neurons respond to variations of SFM
parameters. We shall first consider the in-
fluence of signal intensity on discharge reg-
istration and then present data pertaining to
the effects of modulation rate and depth,
with special attention devoted to filter neu-
rons.

INFLUENCE OF INTENSITY ON FIRING PAT-
TERNS EVOKED BY SFM SIGNALS. The signal
intensity was varied systematically in 42
units. Two general types of neurons were
found based on the way in which intensity
influenced the discharges synchronized to
the SFM waveform. The first type of neuron
had discharge registrations that were about
equally secure at all intensities above thresh-
old. Furthermore, the height of the histo-
gram peaks evoked by SFM signals in-
creased monotonically or slightly non-
monotonically with intensity. The neuron
shown in Fig. 7 and one of the neurons shown
in Fig. 8 (unit 17-4-17 on the far right) il-
lustrate locking behavior of the first type.
For the second type of neuron the peaks
of the PST histograms were highest only at

low or moderately low intensities and there
was a significant decline or complete absence
of locked discharges at higher intensities.
Curiously, we never observed any unit that
locked only at high intensities and not at
lower intensities. If a neuron exhibited syn-
chronized firings to SFM, that synchroni-
zation was always apparent within 20 dB of
the unit’s threshold.

The preference for a small intensity range
is illustrated by three neurons in Fig. 8. As
an example of such behavior consider unit
15-5-16 (Fig. 8). This neuron responded to
10-dB SPL signals with a firing registration
that was, at best, poorly locked to the mod-
ulation waveform but at 20 and 30 dB SPL
the peaks were well synchronized. Locking
was still present at 40 and 50 dB SPL, al-
though it was much reduced, and it almost
disappeared completely at higher intensities
(60 dB SPL). Of particular importance, two
of the other cells shown in Fig. 8 also dis-
played a deterioration of locked responses
at higher intensities but the preferred inten-
sity range differed slightly from cell to cell.
This was due in part to the differences in
threshold to the SFM signals. The popula-
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FIG. 6. Frontal sections through the inferior collic-
ulus of a horseshoe bat showing the arrangement of BFs
in the lateral and medial margins of the colliculus. In
the two top sections, the BF of each neuron and the
neuron’s depth are shown. Note the orderly increase in
filter frequencies, from 79.1 to 91.0 kHz, for the pen-
etration made in the medial margin of the colliculus.
This tonotopy contrasts with that seen in the lateral
margin where BFs increased from 4.9 kHz to only 71.8
kHz. INH indicates that the neuron had an inhibitory
firing pattern and neurons labeled ND could not be
driven with any of the acoustic signals at our disposal.

tion of locking neurons, then, apparently
forms a continuum where some cells are se-
lective and encode the modulation pattern
“best” when the signal falls within a narrow-
intensity slot (neurons of the second type)
whereas other neurons are less selective and
encode the modulation pattern about equally
well over a wide range of intensities (neurons
of the first type).

An important feature of many, but not all,
units having a preferred intensity range for
locked firings is that their spike-count func-
tions to tone bursts at the BF were mono-
tonic. This is shown in Fig. 9 where the re-
sponses to tone bursts and SFM signals that
had various intensities are displayed, side by
side, for unit 43-5-18 (the histograms for
this unit are also shown in Fig. 8). Notice
that the discharges evoked by SFM signals
were well locked to the modulating wave-
form at signal intensities of from 10 to 40
dB SPL but that the locking, as well as the
number of discharges per stimulus, deteri-
orated markedly at 50 dB SPL. The re-
sponses to tone bursts at the BF shows, how-
ever, that the spike-count function was
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FIG. 7. An example of the effect of intensity on the
response patterns of neurons of the first type. Notice
that the discharges were well synchronized to the mod-
ulation waveform at all intensities. Signal duration is
indicated by bars under each histogram. Unit 15-5-17.

monotonic and did not decrease with inten-
sity.

EFFECTS OF MODULATION RATE. As was the
case for intensity, many units exhibited pref-
erences for certain ranges of modulation
rates while other neurons responded with
discharges synchronized to the modulation
waveform over a wide range of modulation
rates. Figure 10 illustrates the differences
in the ability to encode progressively higher
modulation rates in four neurons. One neu-
ron (unit 36-5-16) could accurately encode
modulation rates up to, and probably be-
yond, 500 Hz. However, most other neurons
reached their limitations at lower modula-
tion rates. For example, each of the three
other neurons in Fig. 10 had an upper rate
limit that it could follow; unit /3-3-13 could
follow rates up to 400450 Hz, while unit
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15-5-17 could only follow rates up to about
250 Hz or slightly lower. The limiting rate
for unit 28-3-22 was less than 100 Hz.

EFFECTS OF MODULATION DEPTH. The ma-
jority of units responding with locked firings
to SFM signals exhibited reasonably good
synchronization to at least some modulation
depth between +500 to +£2,000 Hz. A few
filter neurons locked to depths as low as
+20 or =40 Hz. These depths approach the
lowest modulation depths of £6 and +10
Hz capable of evoking locked discharges in
filter neurons that have been recorded from
the mustache bat (30) and from the horse-
shoe bat (21), respectively. We should point
out that modulation depth was not a param-
eter in which we were primarily interested
and, as a consequence, the response patterns
evoked by a wide range of modulation depths

were studied in only 10 neurons. However,
in each of these cells a particular range of
modulation depths was effective for gener-
ating locked discharges. As was the case for
both intensity and rate, the range of effective
depths seemed to span a continuum where
some units locked best only to high and in-
termediate depths while others locked to in-
termediate and low depths.

Effects of carrier frequency

Although horseshoe bats stabilize echo
frequencies by compensating for Doppler
shifts, the continuous changes in flight speed
and orientation between the bat and its tar-
get result in the reception of a variety of
echo frequencies. For any given echo carrier
frequency, some units will be stimulated at
their BFs whereas others will be excited by



INFERIOR COLLICULUS OF BATS

frequencies falling either below or above
their BFs. The prior discussion was con-
cerned with response features to SFM sig-
nals when the carrier frequency of the SFM
signal was set at the unit’s BF. In this section
we consider the locking behavior of 34 cells
when the carrier frequency was systemati-
cally moved in and around the unit’s tuning
curve at a particular intensity. We shall refer
to the frequency range of tone bursts capable
of evoking responses at a given intensity as
the unit’s excitatory area (EA) and the range
of carrier frequencies capable of eliciting
locked responses at a particular signal in-
tensity as the SFM excitatory area.

The most striking feature of the SFM ex-
citatory areas of filter units is the very sharp
boundaries on both the high- and low-fre-
quency sides. This was especially evident in
units that locked in a symmetrical manner
around a carrier set at the unit’s BF. In Fig.
11 is an example of a symmetrical cell ex-
hibiting dramatic changes in responsiveness
for shifts of only 70-100 Hz in carrier fre-
quency. The sharp changes in locked dis-
charges can apparently be explained on the
basis of the extent to which the SFM signals
encroached on the EA. In this unit, the EA
was only 370 Hz wide with an excitatory
frequency range of from 83.58 to 83.95 kHz.
The BF was 83.75 kHz. Tone bursts at the
BF evoked brisk phasic on-responses at 60
dB SPL, the intensity of the SFM signals.
When the modulation depth was 500 Hz
and the carrier frequency was set at 83.0
kHz, the SFM signal failed to enter the EA
and no firings were evoked. When the carrier
was 83.10 kHz, the SFM signal just clipped
the lower limit of the EA and some locked
firings were elicited. The locked firings be-
came increasingly vigorous as the carrier
frequency progressively entered more of the
EA. As the carrier rose above the BF, the
histogram peaks decreased in amplitude and
an upper limit for eliciting responses was
reached when the carrier was 84.43 kHz.
The unit failed to respond when the SFM
carrier was 84.5 kHz, i.e., when the signal
just failed to enter the upper part of the EA.

Other units had asymmetric SFM excit-
atory areas where the locking, as judged by
the amplitudes of the peaks in the histo-
grams, was superior either on the low- or on
the high-frequency side of the BF. Enhanced
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FIG. 9. Differential behavior to SFM and tone-burst
stimulation. Notice that the neuron responded mono-
tonically with intensity to tone bursts but was clearly
nonmonotopic to SFM. The threshold for SFM was also
approximately 25 dB lower than it was for tone bursts
at the unit’s BF. Signal duration is indicated by bars
below each histogram.

locking when the carrier was on the high-
frequency side of the EA has also been re-
ported by Schuller (Fig. 3 of Ref. 21). Unit
15-5-17 (Fig. 12) is an example of a unit
that locked much better to carrier frequen-
cies at or below the BF than it did when the
carrier frequency was higher than the BF.
Besides the very narrow (600 Hz) EA and
the sharp boundaries of the SFM excitatory
area, especially on the low-frequency side,
two additional features of this unit are note-
worthy. First is the superiority of carrier fre-
quencies of 85.0 kHz and below for evoking
high-amplitude peaks in the histograms as
compared to carrier frequencies above 85.0
kHz. For example, when the carrier was set
at 85.3 kHz, with a modulation depth of
+ 500 Hz, locked responding was quite weak
even though the SFM signal clearly swept
through the 84.9-kHz BF as well as most of
the excitatory area. On the other hand, when
the carrier was set at 84.4 kHz, brisk, well-
synchronized firings were evoked and pro-
duced the high-amplitude peaks in the his-
tograms. The second noteworthy feature is
the marked contrast between the relatively
poor responsiveness to tone bursts at the BF
and the high-amplitude peaks evoked by
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FIG. 10. Effect of different modulation rates on the locked discharges evoked by SFM signals in four collicular
units. Unit 36-5-16 (left) followed rates as high as 500 Hz with well-synchronized firings while unit 28-3-22 (right)
could only follow rates below 100 Hz. The two other units could follow rates up to 200 Hz (unit /5-5-17) and
300-400 Hz (unit /3-3-13). All signals were 80 ms in duration, as indicated by the bar at lower left.

SFM signals having carrier frequencies of
85 kHz and below. This unit illustrates, once
again, the large discrepency that can exist
between the encoding features for tone bursts
and more complex stimuli.

Effects of intensity on SFM
excitatory area

SFM excitatory areas were obtained at
two or more intensities above the BF thresh-
old in 10 units. Although the sample size is
small, some of the results are quite interest-
ing and are worth recounting. In general, the
SFM excitatory areas become wider with
intensity and the increase in width followed
directly from the changes in the unit’s EA.
If the unit were very sharply tuned, as was
the case for most of the filter units, there
was little broadening of the SFM excitatory
area whereas the broadening was consider-
ably greater in most nonfilter units due to
the widening of the EA at higher intensities.

The interaction of intensity and carrier
frequency often led to complex changes in
the SFM tuning properties. The complexity

was evident in gaps in the SFM excitatory
area, where certain carriers that evoked little
or no locked firings were sandwiched be-
tween carriers that evoked brisk, well-syn-
chronized responses. This feature is illus-
trated by unit /16-3-13 (Fig. 13), which had
a typical asymmetric SFM excitatory area
at an intensity of 30 dB SPL. When the in-
tensity was increased to 40 dB SPL, the first
notable gap appeared for the 85.0-kHz car-
rier. When the intensity was 70 dB SPL, the
gap widened to include carriers ranging from
84.0 to 85.0 kHz that were surrounded by
well-developed discharge peaks at carriers
of 83.5 and 85.5 kHz. The appearance of
this SFM excitatory area is due to the fact
that both monotonic (82.5 and 85.5 kHz) as
well as strongly nonmonotonic input-output
functions were generated by SFM signals
having different carrier frequencies.

DISCUSSION

The CF portion of the biosonar signals is
clearly of considerable importance to the



INFERIOR COLLICULUS OF BATS 221

Symmetric SFM Response Area

[k~

~84.50
IP il | 84.43
p-dit a0
:l
L i
8
H L83.70 3
z
la
A1l
$20 dl —ad 11 8320
;Z‘».o] (\” P | Le3.10
HAE oo
7\ 0 30 60 %0 120 150 180 |
83.58 83.95 Time {ms)
KH2
FIG. 11. Symmetric SFM excitatory area. The two

parallel lines on the left represent the low- and high-
frequency sides of the unit’s tuning curve at 40 dB SPL
(i.e., the unit’s excitatory area). The BF was 83.75 kHz.
The position of the modulation waveform within the
excitatory area is shown for different carrier frequen-
cies. The modulation depth was + 500 Hz and the mod-
ulation rate was 50 Hz. The signal duration is indicated
by the bar below each histogram. Unit 67-4-25. See text
for further explanation.

long CF-FM bats. This is reflected in the
remarkable specializations that have evolved
in these bats for processing the CF compo-
nent. For convenience, the specializations
can be divided into architectural and phys-
iological adaptations.

The two best-known architectural spe-
cializations in the central nervous system are
the novel tonotopic organization of neurons
tuned to the filter frequencies and the ove-
rrepresentation of these frequencies at all
levels of the auditory pathway (2, 8, 12, 23,
27, 29, 30). The unique tonotopy was first
observed by Suga and Jen (27) in the cortex
of the long CF-FM mustache bat and a sim-
ilar organization has recently been found by
Ostwald (12) in the auditory cortex of the
horseshoe bat. One of the points emerging
from this study is that a segregated filter
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FIG. 12. Asymmetric SFM excitatory area. The po-
sition of the modulation waveform within the excitatory
area is shown to the left of each histogram. The SFM
histograms were generated with signals that had mod-
ulation depths of +500 Hz and modulation rates of 50
Hz. Histograms on the right side of the figure were
generated with tone bursts. The BF was 84.92 kHz and
the EA was very narrow. Notice that SFM signals hav-
ing carriers below 85 kHz were much more effective
than were carriers above 85 kHz. All signals were 50
dB SPL. The signal duration is indicated by the bar
below each histogram. Unit 15-5-17. See text for further
explanation.

region having an unusual tonotopic organi-
zation is also found in the IC.

The novel feature of the tonotopic ar-
rangement in the horseshoe bat’s IC can be
appreciated by comparison with the auditory
tectum of other mammals. In cats, for ex-
ample, the isofrequency contours, which pre-
sumably reflect the orientation of the incom-
ing lateral lemiscal fibers, are arranged in
an onionskin-like series of curved shells.
Those shells receiving input from the basal
cochlea, representing high frequencies, are
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FIG. 13. SFM excitatory areas at three intensities. The BF was 84.3 kHz. The modulation depth was +1,000

Hz and the modulation rate was 50 Hz. Notice the asymmetry in the SFM excitatory area at 30 dB SPL where
the carrier frequencies at or below the BF were clearly superior to carriers above the BF for evoking vigorous,
locked discharges. Gaps in the SFM excitatory area are first seen for the 85-kHz carrier when the signal intensity
was 40 dB SPL. The gaps became wider at 70 dB SPL and encompassed carriers from 84 to 85 kHz. Unit /6-3-

13.

located ventrally; stacked above them are the
shells whose inputs derive from progressively
more apical portions of the cochlea (7, 25).
Such a laminar arrangement of isofrequency
contours is also found in the IC of several
species of mollossid bats (31; unpublished
observations) and it appears to be the gen-
eral arrangement of the incoming lemniscal
fibers in the dorsal, nonfilter region of the
horseshoe bat’s IC.

However, the tonotopic organization in
the ventral, filter region of the IC is clearly
different from the arrangement presented
above. In the ventral region, the insofre-
quency contours of the filter frequencies are
orthogonal to those of the dorsal region, sug-
gesting that the lateral lemniscal fibers pro-
ject perpendicularly to the collicular surface.
If this proves to be the case, then the inner-
vation pattern in the ventral portion of the
IC would more closely resemble the thalamic
input to the cerebral cortex than it would
the concentric innervation pattern of the ver-
tebrate acoustic tectum.

The other striking architectural feature is
the overrepresentation of the filter frequen-
cies (2, 23, 29). The functional significance
of the overrepresentation is considered below
and has been discussed in detail in recent
reports (13, 23).

A physiological feature that is closely as-
sociated with filter units is the ability to re-
spond to SFM signals with discharges tightly
locked to the modulation waveform. In pre-

vious reports Suga and Jen (28) suggested
and Schuller (21) found that it is largely the
filter neurons that can encode the SFM pat-
terns. The results of the present study sup-
port, in part, this suggestion, since they dem-
onstrate a dramatic difference in the absolute
numbers and proportions of filter cells lock-
ing to SFM when compared to neurons
tuned to the FM or nonecholocation fre-
quencies. However, the results also show that
35% of the FM and 34% of the nonecholo-
cation neurons locked to SFM waveforms.
Furthermore, the nonfilter neurons that
locked to SFM exhibited the same prefer-
ences for certain signal intensities, modula-
tion rates and, with one important exception,
modulation depths as did the filter neurons.
Consequently, neurons tuned to the horse-
shoe bat’s entire audible range are able to
encode frequency-modulation patterns al-
though the proportional representation of
filter units that lock to SFM is greater than
the proportion, as well as the absolute num-
ber, of locking neurons tuned to other fre-
quencies.

The one response property that is only
observed in some filter neurons, and never
in nonfilter units, is the ability to fire in reg-
istration with SFM waveforms having mod-
ulation depths as low as +10-40 Hz (21).
This finding, coupled with previous reports
showing that large proportions of filter neu-
rons discharge in synchrony with SFM
waveforms, has led to the hypothesis that the
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locked discharge patterns are a direct result
of the very sharp tuning of filter neurons
(21, 30). The rationale is that a modulated
signal sweeping in and out of a very narrow
EA would evoke firings only when the signal
was within the EA, thereby producing a re-
sponse pattern having the same periodicity
as the SFM waveform. However, it should
be pointed out that discharges synchronized
to small modulation depths can also be
evoked when the spectrum of the signal is
confined entirely to, and sweeps back and
forth within, the EA (21). Furthermore, if
tuning were the predominant factor, then
one would expect there to be a strong cor-
relation between Q¢4 values and the lowest
modulation depth capable of evoking dis-
charges locked to the SFM waveform. Such
a correlation has not been found. Rather,
neurons that lock to very low modulation
depths always have Q,, 45 values of at least
40 but neurons having even sharper tuning
curves, with Qo ¢p values of 100-300, seem
not to derive any additional advantage in this
regard. In other words, it is not possible to
predict the lowest modulation depth that a
filter unit will synchronize with by knowing
its Qyo qp value. The conclusion from all of
this seems to be that while tuning may con-
tribute to the locking evoked by low modu-
lation depths, the sequence and potency of
the synaptic events evoked by the temporal
and spectral features of the signals are at
least as important, if not more so.

Functional implications of
Doppler-shift compensation system and
filter units

The filter system evolved in conjunction
with a specialized emitting system (11, 14,
18, 22, 24). Under laboratory conditions, the
system works in the following way: when
echoes returning to the bat are not Doppler
shifted and have the same frequencies as the
emitted cry, the horseshoe bat emits pulses
having a CF component of 81.0-84.0 kHz,
regulated to an accuracy of +100 Hz in an
individual bat. Schuller et al. (22) refer to
this frequency as the bat’s resting frequency.
If the bat received an echo that is Doppler
shifted upward, the subsequent emitted
pulses ‘are lowered such that the echoes are
held within a narrow band of frequencies
+50-100 Hz wide. The frequency at which
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the bat holds the echo is called the reference
frequency and is typically 100-300 Hz higher
than the resting frequency; e.g., the refer-
ence frequency would be 83.1-83.3 kHz if
the resting frequency were 83.0 kHz.

One cannot help but be impressed with
the precision of the Doppler compensation
system. However, the constant-frequency
echoes heard by the bats in experimental
studies rarely, if ever, occur outside of the
laboratory. In this regard, it is important to
remember that echolocation evolved as a
mechanism to enable bats to hunt insects in
the night sky. The echoes reflected from a
small insect are not constant in frequency
but are rich in frequency and amplitude
modulations, which are created as the echo
CF is reflected from the insect’s beating
wings. These considerations led to the hy-
pothesis that the filter system is important
for encoding the profile of modulations in
the echo CF, which provides the information
for prey recognition (5, 9, 13, 18, 20, 23,
28). The results of the present study provide
strong support for this hypothesis and it is
worthwhile to develop the arguments in fa-
vor of prey recognition in greater detail.

It seems reasonable to suppose that on
detecting a target, the bat first needs to de-
termine if the target is animate or is inani-
mate, i.e., a falling leaf or background ob-
jects. A basis for such a discrimination
resides in the temporal patterns of the re-
sponding elements. Flying insects can, pre-
sumably, be recognized as such by the
synchronized discharges locked to the
modulation pattern of the echo, whereas the
echo from an inanimate object will be en-
coded in a manner more like that of a tone
burst.

After ascertaining the nature of the tar-
get, it may well be that the horseshoe bat
seeks to determine whether or not the insect
is one that is palatable and worthy of pursuit
and capture. In this context, the two manip-
ulations the bat performs on the emitted CF
component during the goal-directed portion
of echolocation seem to be important. The
first type of manipulation is the systematic
lengthening of the emitted CF component
that occurs after target detection and con-
tinues for a considerable time as the bat
tracks its target (11, 15). One effect of the
pulse lengthening is to increase the number



224

of modulation cycles present in each echo.
It appears, then, that horseshoe bats actively
create a signal that is designed to ensure that
an echo having a sufficient number of mod-
ulation cycles will be received.

The second manipulation concerns Dop-
pler-shift compensation, where the bat sta-
bilizes the echoes to a narrow frequency
band around its reference frequency. Since
the echoes from a small insect will have
modulations, the bandwidth of the echoes
are considerably broader than the bandwidth
of the emitted CF component. While hunt-
ing insects, the bat presumedly attempts to
match more or less roughly the echo carrier
frequency to its reference frequency. The
significance of this behavior is that a dis-
proportionately large number of filter neu-
rons are tuned to frequencies +1.5 kHz
around the bat’s reference frequency (23).
In other words, by manipulating the fre-
quency of the emitted CF component, each
echo is confined to a very narrow frequency
band and this behavior ensures the bat that
each echo will be processed by a large pop-
ulation of sharply tuned filter neurons, most
of which are well suited for encoding some
component of the modulation pattern. In this
regard, Doppler-shift compensation can be
thought of as a mechanism for “foveation,”
a point developed in considerable detail in
other reports (4, 13, 23).

Insights into the spatial extent of activity
evoked by a modulated echo can be obtained
from consideration of the features of the
SFM excitatory areas. There is, however, a
caveat in such an analysis. The downward
(or upward) movement of an insect’s wing
will reflect sound from each position along
its length. Since each place moves with a
different velocity, an echo will, in reality, not
contain a modulation of one frequency, as
occurs in SFM signals, but rather a modu-
lation of a frequency band (18). In this re-
gard, the very sharp tuning of most filter
units should reduce the differential effects
of a modulation of a narrow frequency band
compared to the modulation of a single fre-
quency. But there is another difference be-
tween natural and artifical echoes. In natural
echoes, a simultaneous amplitude modula-
tion will also be present due to the changes
in the effective reflecting area of the moving
wing. The SFM signals used in the present
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experiments, on the other hand, represent an
approximation to the natural frequency
modulation without the confounding influ-
ence of amplitude modulation. The dis-
charge patterns evoked by SFM signals,
then, can be thought of as reasonable ap-
proximations to the responses that would
evoked by a component of the more complex
natural signal.

If one assumes that filter units respond to
frequencies in a natural echo as they do to
SFM signals, then the characteristics of
SFM excitatory areas suggest that a mod-
ulated echo should produce more or less
equally vigorous activity over a large ex-
panse of neural tissue. That is, the discharge
rate and synchrony should be maximal in
units tuned to the echo-center frequency and
having symmetric SFM excitatory areas.
However, the activity should also be maxi-
mal in other units having BFs above and yet
in other units having BFs below the center
frequency of the echo because these neurons
have asymmetric SFM excitatory areas.
Furthermore, the tuning properties of the
filter neurons indicate that the active region
will have sharply confined boundaries in
neural space, whereas the tonotopy suggests
the geometric arrangement of the elements
within that region.

Within the active region, the echo will
evoke discharges synchronized to the mod-
ulation waveform. Moreover, the frequency
changes occurring in the echo will, by virtue
of their variations with time, also cause a
corresponding shifting, back and forth, of
the locus of activity as the spectrum enters
and leaves the sharp excitatory areas of ele-
ments tuned to different frequencies. Thus,
the frequency-modulation pattern is coded
both by the temporal sequence of discharges
in a sharply bounded subpopulation of filter
neurons and in the spatial shifting of activity
within that subpopulation over time.

Due to changes in position, orientation,
and speed of either the bat or its target, sub-
sequent echoes will differ more or less in
carrier frequency, modulation pattern, and
intensity from the previous echo(es) (18). In
principle, each echo will be encoded in a sim-
ilar manner. However, the preferences of
many filter units for selective ranges of in-
tensity as well as modulation rate and depth
suggest that the changes in echo parameters
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will cause some neural elements to drop out
and new elements to be recruited, while oth-
ers will simply change response vigor and/
or firing registration to reflect the changes
in echo characteristics. In short, the prop-
erties of filter neurons endow the system with
the ability to encode the perturbations im-
posed on the echo CF component with the
sum total of spatiotemporal activity being
a dynamic pattern that differs from echo to
echo.

Given the capacity to encode target fea-
tures, the question arises as to whether the
information derived from one echo is suffi-
cient for target recognition or whether sev-
eral echoes are required. In this regard, it
should be pointed out that there is consid-
erable variation of both wing length and
wingbeat frequency among insect species.
Both of these features have profound effects
on the frequency and amplitude modulations
in the echo CF components and must result
in substantial differences among the spatio-
temporal patterns of activity generated by
echoes reflected from different insects.
Schuller (21) has discussed this issue in con-
siderable detail and from a number of con-
siderations has concluded that the possibility
for recognition from one echo, while not im-
possible, is unlikely. On the other hand, the
system encodes modulation patterns with
great precision and diversity. It therefore
seems reasonable to suppose that a horseshoe
bat can associate the acoustic image derived
from the profile of activity integrated over
several echoes with a particular population
of insect.

Whether the bat chooses to act on this
information or under what conditions it uses
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