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Sanderson, Mark I. and James A. Simmons. Selectivity for echo
spectral interference and delay in the auditory cortex of the big brown
bat Eptesicus fuscus. J Neurophysiol 87: 2823–2834, 2002;
10.1152/jn.00628.2001. The acoustic environment for an echolocating
bat can contain multiple objects that reflect echoes so closely sepa-
rated in time that they are almost completely overlapping. This results
in a single echo with a spectrum characterized by deep notches due to
interference. The object of this study was to document the possible
selectivity, or lack thereof, of auditory neurons to the temporal sep-
aration of biosonar signals on a coarse (ms) and fine (�s) temporal
scale. We recorded single-unit activity from the auditory cortex of big
brown bats while presenting four protocol designs using wideband
FM signals. The protocols simulated a pair of partially overlapping
echoes where the separation between the first and second echo varied
between 0 and 72 �s, a pulse followed by a single echo at varying
delay from 0 to 30 ms, a pulse followed at a fixed delay by a pair of
partially overlapping echoes that had a varying temporal separation of
0–72 �s, and a pulse followed, with a varying delay between 0 and 30
ms, by a pair of echoes that themselves had a fixed temporal separa-
tion on a microsecond time scale. About half of the cortical units
showed increased spike counts to pairs of partially overlapping echoes
at particular separations (6–72 �s) compared with a baseline stimulus
at 0-�s separation. For many neurons tested with a pulse followed by
two overlapping echoes, we observed a sensitivity to the coarse delay
between the pulse and pair of overlapping echoes and to the separation
between the two echoes themselves. The sensitivity to the partial
overlap between the two echoes was not tuned to a single temporal
separation. For bats, this means that the absolute range to the closest
reflector and range between reflectors may be jointly encoded across
a small population of single units. There are several possible neuronal
mechanisms for encoding the separation between two nearby echoes
based on the sensitivity to spectral notches.

I N T R O D U C T I O N

For an echolocating bat to perceive distance, it must deter-
mine the time of occurrence for each echo relative to its
vocalization or its “pulse” (Simmons 1971). This requires a
separate volley of spikes for the pulse and for each echo at
some point in the auditory system. Subsequent neurons in the
midbrain, thalamus, and cortex selectively respond to the delay
between pulse and echo and are thought to underlie the per-
ception of target range (Feng et al. 1978; Olsen and Suga 1990;
O’Neill and Suga 1982). Both the integration time of the
cochlea (300–400 �s) (Simmons et al. 1989) and the absolute
neural recovery time (500 �s) (Grinnell 1963) are sufficiently
long to create a special problem for bats operating in typical

sonar environments. Two echoes that are separated by less than
�300–500 �s will not be represented by separate spikes in a
one-to-one temporal fashion in the brain stem (Casseday and
Covey 1995). How do bats extract separate range information
for the second echo when it is so close in time to the first?

Echoes that overlap with a separation of �300 �s interfere
with each other, resulting in a single sound having spectral
peaks and notches. A particular temporal separation gives rise
to a specific spectral interference pattern or spectral shape.
Behavioral studies support the idea that bats use spectral notch
information to detect the presence of and compute the ranges
between multiple closely spaced reflectors (e.g., Habersetzer
and Volger 1983; Mogdans et al. 1993; Schmidt 1992; Sim-
mons et al. 1974, 1990, 1998). Of particular interest are studies
showing that bats actually perceive the ranges to the individual
targets themselves not just a spectral coloration due to the
overlapping echoes (for a discussion, see Simmons et al. 1990).
Several computational studies discuss how the bat auditory
system might estimate target structure, or the range of closely
spaced reflecting points, using spectral information (Beuter
1980; Johnson 1980; Matsuo et al. 2001; Peremans and Hallam
1998; Saillant et al. 1993). However, few neurophysiological
studies have explored the same issues using overlapping FM
stimuli separated by �300–500 �s (Dear and Hart 1999).

The current study follows up previous work in the inferior
colliculus (IC) of Eptesicus fuscus (Sanderson and Simmons
2000). The main finding was that neurons showed decreased
activity if their best frequencies fell near the notch frequencies
of overlapping FM signals. As suggested, but untested, by an
earlier study, cortical neurons may select for particular tempo-
ral separations of overlapping echoes (Dear et al. 1993a). We
were interested in seeing how cortical neurons responded to
overlapping echoes, especially if they were more selective to
interference notches than what was observed in the IC. In
addition, we thought it was crucial that these studies be con-
nected with our understanding of how the bat auditory system
represents target range. Echoes at different delays return from
objects at particular distances from the bat, and delay-tuned
neurons should be tested for their selectivity to spectral prop-
erties of the echoes too. A classic delay-tuned neuron exhibits
a facilitated response to a pair of sounds with a particular
temporal interval; but are these neurons selective for both
pulse-echo delay and the echo spectral profile simultaneously?
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If so, then single neurons can bind together two important
target features—overall range to the target and the ranges
between the component reflectors of the target itself.

Part of this work was presented at the annual meeting of
Society for Neuroscience 2000.

M E T H O D S

Surgical procedures

Animals were big brown bats (E. fuscus) obtained from houses in
Rhode Island. The surgical procedures have been described before in
Sanderson and Simmons (2000). Under isofluorane inhalation anes-
thesia, the skin and temporal muscles overlying the skull were cut and
removed, and a specially prepared post was attached to the bone at the
midline using cyanoacrylate gel. Following surgery, bats were al-
lowed to recover for a minimum of 5 days before physiological
recordings began.

On each recording day, the bat was placed in a plexiglas holder
matched to its size and padded internally with sterile cotton. Thus
restrained, the bat was suspended by a rubber band in a sound-proof
booth (IAC), and the skull post was affixed in a rod secured by a
setscrew. This set up immobilized the head and allowed for limited
movement of the bat in the restraint. Craniotomies were performed
each day using an operating microscope (Jena, Type 212) and a
sharpened autoclaved sewing needle. The diameter of each craniot-
omy was between 50 and 150 �m. A tungsten microelectrode (FHC)
was lowered slowly through the opening, viewed through the operat-
ing microscope, and was used to penetrate the dura. This tungsten
electrode was subsequently removed and replaced with a hand-made
carbon fiber electrode (�20 �m exposed tip length, 10-�m diam) (Fu
and Lorden 1996), which was then lowered orthogonally to the
cortical surface. Up to 25 craniotomies were made in each auditory
cortex, and the position of each one was drawn on a map relative to
the cortical vasculature visible through the skull. An indifferent tung-
sten electrode was inserted into the contralateral frontal cortex. We
made our recordings in the same region as reported in Dear et al.
(1993a) except that the overwhelming majority (141/144; 98%) of our
craniotomies were made dorsal to the middle cerebral artery. We did
not observe an obvious organization or clustering of any response
properties other than best frequency, similar to the studies of Dear et
al. (1993a) and Jen et al. (1989).

After the completion of the experiments, the bats were killed with
an overdose of pentobarbitol sodium. The surgical and other experi-
mental procedures were approved by the Brown University Institu-
tional Animal Care and Use Committee and conformed to National
Institutes of Health guidelines.

Stimulus generation

We created all stimuli using digital means. We developed a stim-
ulus generation program using LABVIEW (National Instruments)
running in a Pentium II computer to create FM sweeps. The program
allowed for modifications of many signal parameters (�20 dB of
attenuation, start and stop frequencies, duration, starting phase, num-
ber of harmonics, FM sweep shape, rise/fall duration, echo delay).
The signals were created on-line and stored in memory as two data
blocks corresponding to the two D/A channels available. On each
trial, a pseudorandomly selected signal from each block was loaded
onto one or the other D/A channel of a National Instruments PCI-
6111e board.

An on-board counter triggered the D/A conversion process (500-
kHz clock rate) for different repetition rates (typically 5 or 10 Hz) that
were reasonable for driving cortical neurons in FM bats (Dear et al.
1993a; Tanaka et al. 1992). We repeated each stimulus usually for 16
or 32 trials. The analog signals from the two D/A channels were
individually low-pass filtered (200 kHz, Wavtek model 442), addi-

tionally attenuated by �110 dB (Hewlett Packard 350 D), mixed
together, and amplified (Apex PA02M high-voltage operation ampli-
fier), before being sent to an ultrasonic loudspeaker (Panasonic leaf-
tweeter, FAS-10TH1000). The speaker was located 38 cm from the
bat, at 0° azimuth, 0° elevation relative to the bat’s eye-nostril coor-
dinates in the sound proof booth. We measured the system response
with a 1/4-in Bruel and Kjaer microphone placed at the position of the
bat’s ear. The frequency response was flat (�1 dB) from 20 to 70 kHz,
with a gradual roll-off of 0.33 dB/kHz �70 kHz. Second harmonic
distortion was �50 dB from 10 to 100 kHz.

Data collection

The physiological signal from the electrode was amplified (WPI
dAMP 80, 10,000 times) and band-pass filtered (Rockland Model 442,
200–8,000 Hz) before being sent to the A/D board. Starting with the
first stimulus trigger, a simultaneous A/D conversion process began
running on the PCI-6111e board. This conversion ran continuously,
sampling the physiological signal at a 20-kHz rate (12-bit resolution).
At the end of the entire stimulus set (typically 0.5–2 min), the
physiological record was written to disk and then loaded into a data
analysis program (LABVIEW) for initial spike waveform threshold-
ing.

The next step, in the MATLAB environment, employed a user-
operated spike-clustering method based on seven waveform features
(e.g., voltage at time t1, peak height, latency to peak) to extract
single-unit activity from the thresholded events. The user selected
cluster boundaries from six scatterplots of the waveform feature
values (e.g., voltage at time t1 vs. peak-to-valley height). Single-unit
data formed tight clusters in the scatterplots and rarely had any
intervals �2 ms in inter-spike interval histograms. Spike waveform
shape had to be consistent from the beginning to the end of the
experiment to be classified as a single unit. Seventy-two percent
(94/130) of the recording sites in this paper had only a single clear
cluster in the scatterplots. The spike profiles from a site that had two
clear clusters in the scatterplots are shown in Fig. 3.

Thus isolated, spike times were plotted as dot rasters, peristimulus
time histograms, spike counts, or latency functions in a manner
appropriate for each stimulus set. These graphical displays were
available immediately to guide the choice of subsequent stimulus
parameters during the experiment. We performed the final cluster-
cutting of single units off-line using the same MATLAB clustering
program described above. Each recording session lasted between 5
and 7 h. The bat was awake and frequently took water and small
portions of crushed mealworms throughout the course of an experi-
ment.

Stimuli

A schematic for the four FM stimulus protocols is shown in Fig. 2.
In these protocols, the “root” FM stimulus was composed of two
harmonics that swept hyperbolically from 1003 40 and 503 20 kHz
(Fig. 1A). Durations were typically 2, 10, or 20 ms, with a linear
rise-fall time of 0.3-ms duration.

PROTOCOL 1. Partially overlapping FM signals (refer to Fig. 2A).
The first protocol simulated the waveform reflected from an object
that contained two points, such as the wing and body of an insect
(Simmons and Chen 1989). Each reflector, or “glint,” returns a du-
plicate of the incident sonar sound with a temporal separation depend-
ing on the distance between the reflectors. For simplicity, we set the
glints at the same amplitude. We simulated this compound echo by
adding together two of the “root” FM signals into the same digital
waveform file. An example of adding two root waveforms and the
resulting waveform is shown in Fig. 1B (S � Sdelayed 3 34-�s
separation). This two-part sound was delivered at 60 dB SPL by itself,
without being preceded by a simulated broadcast sound. For some
neurons, the stimuli were also presented at 80 dB SPL. Typical
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temporal separations between the first and second signal ranged
between 0 and 72 �s in 3-�s steps (simulating 2 reflectors spaced
0–1.24 cm apart). We digitally created the signals by simply delaying
and adding the root FM signal to itself (Fig. 1B). To accommodate
temporal separations that required a noninteger separation in terms of
samples (e.g., for a 3-�s separation at 500-kHz sample rate, the 2nd
FM signal has to be delayed from the first by 1.5 samples), we
originally created the signals at 1 MHz, performed the delay and add
operation, and then downsampled to 500 kHz before loading them
onto the D/A board. We refer to these paired FM stimuli as “2-glint”
sounds throughout the paper (or as 2-glint echoes, when they are
preceded by a simulated sonar broadcast in Protocol III).

The baseline stimulus was the completely overlapping condition,
when the separation between the first and second root signal is 0 �s.
Varying the time separation between the two FM signals added
together creates a pattern of spectral notches that follows the hyper-
bolic relationship in Eq. 1

fnotch�n� � �2n � 1�	2� n � 0, 1, 2, 3, . . . . (1)

where � is the separation in milliseconds between the first and second
FM signal, f is frequency in kHz, and n is the notch number. To
display all of the spectra for stimuli in protocol 1, we computed their
Fast Fourier Transforms (FFTs), arranged the output in a matrix, and
show the surface in Fig. 1D. The FFT for baseline stimulus (light gray
in Fig. 1C) is found in the bottom row of the surface in Fig. 1D, and
the position for FFT of the 34-�s, 2-glint signal is indicated by the
arrow. Looking down on the surface three points are apparent: no
stimulus has energy in a particular frequency bin that is greater than
the baseline stimulus, the number of notches in the stimulus passband
increases with increasing 2-glint separation, and the position of the
notches follow the hyperbolic function of Eq. 1.

The baseline spectrum, for 0-�s separation, was considered to be a
flat-spectrum stimulus because there are no prominent peaks or val-
leys in the spectrum from �80 to 22 kHz (see the light gray FFT in
Fig. 1C). We disregarded the high-frequency oscillation in the spec-
trum around 45 kHz that was due to applying an FFT on a two-
harmonic signal. On a broad frequency scale, the spectrum in Fig. 1C
actually slopes gently downward from 22 to 80 kHz; however, this is
a gradual enough slope so that throughout the paper we will refer to
this as the “flat” spectrum stimulus.

PROTOCOL 2. Pulse and echo at different delays (refer to Fig. 2B).
The second stimulus protocol simulated E. fuscus’ outgoing sonar
emission and an echo from a single-point object at various distances
from the bat. The root FM stimulus was presented at 80 dB SPL and
was followed by the same FM stimulus but at 60 dB SPL at a delay
between 0 and 30 ms. We chose these amplitude values based on the
mean best pulse and echo amplitudes determined by Dear et al.
(1993a) (78 and 57 dB SPL, respectively). In these experiments, a
loud sound (80 dB SPL) followed by a soft sound (60 dB SPL)
constitutes a pulse-echo pair. The presentation of the pulse alone and
the echo alone was randomly interleaved among the presentations of
the pulse-echo pairs for each trial. An important note is that the echo
alone in protocol 2 is identical to the baseline stimulus from protocol
1 presented at 60 dB SPL.

PROTOCOL 3. Pulse and 2-glint echo (constant pulse-echo1 delay;
varied echo1-echo2 separation; refer to Fig. 2C). The third stimulus
protocol simulated a pulse and echo from an object composed of two
reflectors with variable spacing but at a fixed overall distance from the
bat. In this protocol, a pulse at 80 dB SPL was paired with two echoes,
each at 54 dB SPL. The delay between the pulse and the first echo was
fixed at one value, 
t1 (usually in the range 3–27 ms) The delay
between the pulse and second echo, 
t2, varied from 
t1 to 
t1 � 72
�s, in 3-�s steps. When the delay 
t2 � 
t1, (i.e., 0-�s separation) the
resulting 2-glint echo was identical to the echo stimulus in protocol 2.

PROTOCOL 4. Pulse and 2-glint echo (varied pulse-echo1 delay;
constant echo1-echo2 separation; refer to Fig. 2D). The fourth protocol
simulated an outgoing pulse and returning echo from an object com-
posed of two reflectors; the object’s two-point spacing remained fixed,
but its overall distance from the bat varied. For this protocol, a pulse
was paired with two echoes. The delay between the pulse and the first
echo, 
t1, usually varied from 0 to 30 ms. The delay between the pulse
and second echo, 
t2, was set to 
t1 plus a constant value. The
presentation of the pulse alone and the 2-glint echo alone was ran-
domly interleaved among the presentations of the pulse-2–glint echo
pairs for each trial.

When searching for neurons, we presented a series of FM sweeps
that simulated the biosonar pursuit sequence of E. fuscus from search
phase to terminal “buzz”: both the duration of and the interval be-
tween FM sweeps covaried from long to short (Simmons 1989). Based
on the response to the pursuit sequence stimuli, we often had an initial
idea of the possible preferred duration and/or repetition rate to use for
the FM sweeps in protocols 1–4. We presented the FM stimuli of
protocols 1–4 using “short,” “medium,” or “long” durations (typically
2, 10, or 20 ms) and presented stimuli at different repetition rates,
typically 5 or 10 Hz.

FIG. 1. Stimulus waveforms and spectra. A: the spectrogram for the “root”
FM signal used in these experiments is shown at top. It consisted of 2
harmonics that hyperbolically swept from 50 to 20 kHz and 100–40 kHz.
Typical durations were 2, 10, or 20 ms. B: to create overlapping FM stimuli we
added the root FM signal (S) to a delayed copy (Sdelayed). The resulting
waveforms for 2 examples of paired FM signals separated by 0 and 34 �s. C:
spectra for the 2 example waveforms. The spectrum for the FM pair with 0-�s
separation is considered to be the “flat-spectrum” stimulus (gray). The spec-
trum for the FM pair with 34-�s separation has 2 prominent notches at �44
and 74 kHz. D: surface plot of spectra for a typical stimulus set where
separation between the 2 FM signals varied between 0 and 72 �s.
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Data analysis

The majority of analyses in this report use the mean number of
spikes per stimulus presentation trial counted in a 100-ms window
from the time of stimulus onset. Generally, we observed that auditory
cortex neurons respond with 1–2 spikes per stimulus presentation
(Dear et al. 1993a). Two conditions had to be satisfied for the mean
spike count to be considered a response: mean number of spikes per
trial �0.3 and the distribution of spike counts on a trial-by-trial basis
had to be significantly different from that of the spontaneous spike
counts (Wilcoxon rank sum test, � � 0.05).

DELAY SENSITIVITY TO PAIRED FM SIGNALS (FIG. 2, PROTOCOLS

2 AND 4). Pulse-echo facilitation was tested by comparing the
response to pulse-echo pairs to the sum of the response to the pulse
alone and echo alone. Equation 2 shows the facilitation index calcu-
lated for each delay condition (Dear and Suga 1995)

facilitation index � �RPE � RP � RE�	�RPE � RP � RE� (2)

where RPE is the response evoked by the pulse-echo pair, RP is the
response to pulse presented alone, and RE is the response to the echo
presented alone. We considered a response with a facilitation index
�0.2 to be facilitated. This criterion corresponds to a 50% increase in
response strength for the paired stimuli as compared with the sum of
the responses to the same stimuli presented in isolation.

Two measures of the delay-sensitivity spike count function, best
delay and delay-tuning width, were calculated. The stimulus delay
that evoked the strongest response was called best delay (BD) if two
conditions were satisfied. First, the facilitation index for that response
had to be �0.2. Second, the region around the peak response was
estimated by finding the closest delay values on either side of the
putative BD that elicited �50% of the peak response. All stimuli
beyond these “borders” of the local maximum had to evoke a response
�50% of the maximum response. We measured the width of the
linearly interpolated spike count function between the two points at
50% of BD (Sullivan 1982).

For neurons tested with both protocols 2 and 4, we also computed
the bootstrapped average (Nbootstrap � 256) BD and width of the delay
spike count functions. In the bootstrap procedure, a single synthetic
spike count function was constructed in the following manner. First
we sampled, with replacement, the spike counts over the trials avail-
able for the neuron under study (typically, Ntrials � 20) for each of the
pulse-echo delay values. The mean of the 20 re-sampled spike counts
at each delay value constituted a single synthetic spike count function.
The delay value corresponding to the peak of a spline fit to this
re-sampled spike count was stored as the nth bootstrap estimate for
BD. The width of the spline fit between the two points at 50% of BD
was stored as the nth bootstrap estimate for width. This procedure was
repeated 256 times, and the average and SD for BD and width
computed.

R E S U L T S

A total of 139 single units were recorded from the auditory
cortex of five bats (left hemisphere only, 2 bats; right hemi-
sphere only, 1 bat; bilaterally, 2 bats). Units were recorded at
depths ranging from 231 to 976 �m (mean: 564 � 162 �m).
Each unit was tested with at least one of the four experimental
protocols shown in Fig. 2. It was difficult to completely char-
acterize each neuron’s response to all four stimulus protocols.
In the first place, rapid identification of appropriate duration
and/or repetition rate parameters necessary to evoke strong
activity was not always possible. Second, many neurons could
not be held long enough to complete the four protocols.

Protocol 1

PAIRED FM SIGNALS (0- TO 72-�S TIME SEPARATION). The first
goal in our experiments was to characterize single-unit re-

FIG. 2. Stimulus protocols. A: protocol 1 varied the temporal separation
between 2 root FM signals shown in Fig. 1A. The amplitude of each was set
so that when the separation was equal to 0 �s, the peak-to-peak amplitude of
the resulting 2-glint signal was 60 dB SPL. B: protocol 2 varied the delay
between 2 of the root FM signals over the range of 0–30 ms. The 1st signal of
the pair had a fixed amplitude of 80 dB SPL and is called the “pulse.” The 2nd
FM signal was presented at 60 dB SPL and is called the “echo.” The echo, in
this case, was identical to the 2 FM signals of protocol 1 at 0-�s separation. C:
protocol 3 consisted of a pulse followed by a 2-glint echo at a fixed delay. The
2-glint echo was identical to the stimuli in protocol 1. D: protocol 4 was a
repeat of protocol 2 but used a 2-glint echo. In this case, the echo was
composed of 2 FM signals with a non-0 temporal separation.
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sponses to paired wideband FM signals presented at 60 dB
SPL. The separation between the two FM signals ranged from
0 to 72 �s and resulted in stimuli with flat (separation less than
�5 �s) or notched (separation �5 �s) spectra (see Fig. 1D).
Our primary interest was to detect a change, relative to a
baseline, in a neuron’s response to overlapping FM signals at
different time separations. Baseline was always considered as
the neuron’s response to the “flat-spectrum” case—two FM
signals with a separation of 0 �s. The median spike count for
each stimulus condition was compared against the median
spike count evoked by the baseline stimulus using the Wil-
coxon rank sum test (2-tailed, � � 0.05).

The responses to this stimulus set for two representative
single units are plotted as dot rasters in Fig. 3, A and B. The
mean number of spikes per trial for each stimulus condition is
plotted for each neuron in Fig. 3, C and D, respectively. For the
single unit in Fig. 3, A and C, activity decreased significantly

for a particular subset of 2-glint separations relative to the
baseline response (Fig. 3C, E). No stimulus evoked activity
statistically greater than the 2.25 spikes/trial for the baseline
condition. The spike count function in Fig. 3C was similar to
single-unit responses observed in the inferior colliculus: �1–2
spikes per trial for the 0-�s condition and one or more local
minima for separations �6 �s (Sanderson and Simmons 2000).
In contrast, the neuron in Fig. 3, B and D, did not even respond
to the baseline condition (the response was not significantly
different from spontaneous activity). However, this neuron did
respond with a significant increase in activity to 2-glint sepa-
rations of 27 and 60–63 �s.

Spike count functions of this type were generated for 84
single units in response to paired FM signals at 60 dB SPL. We
divided the spike count functions into four categories based on
the response to two FM signals with 0-�s separation. The first
category included neurons that exhibited one or more local

FIG. 3. Responses to 2-glint signals. A: dot rasters collected for different separations between a pair of FM signals (protocol 1).
Each tick mark on the ordinate corresponds to 1st trial (of 16) for the corresponding 2-glint separation indicated at left. This single
unit was recorded simultaneously on the same electrode with another, the dot raster for which is shown in B. The spike profiles
and interspike interval histograms for the 2 units are shown between A and B (scale bars: 1 ms, 200 �V). C: the mean number of
spikes per trial for the neuron in A. The vertical ticks around each mean spike count indicate standard error. E, spike counts
significantly different from the baseline condition, the 0-�s, 2-glint separation (Wilcoxon rank sum test, P � 0.05). The mean
spontaneous activity counted in the same time window (0–100 ms), when no stimulus presented, is shown as a square at the far
right. D: mean spike counts for data in B. E–G: additional examples from 3 single units. Stimulus duration and repetition rate: C
and D, 2 ms, 10 Hz; E, 20 ms, 8 Hz; F and G, 10 ms, 10 Hz. Stimulus bar depicting duration and onset at top of A and B.
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minima, but no maxima, in the spike count relative to paired
FM signals with 0-�s separation (11/84, 13%; examples in Fig.
3, C and E). The second category included neurons that exhib-
ited one or more local maxima in the spike count relative to
paired FM signals with 0-�s separation (29/84, 35%; examples
in Fig. 3, D and G). This category could also include neurons
with responses that had local minima (8/29, 28%; e.g., see the
spike count function for protocol 1 in Fig. 6B). The remaining
responsive neurons did not show any clear pattern in their spike
count function—no stimulus evoked a spike count that was
statistically different from the baseline condition (16/84, 19%;
example in Fig. 3F). The last category included neurons that
were unresponsive to these stimuli at the repetition rates and
durations tested—no stimulus evoked a spike count that was
statistically different from spontaneous activity (28/84, 33%;
example in Fig. 5A).

INTENSITY EFFECTS. We also presented protocol 1 at 80 dB
SPL to a subset (n � 57/84, 68%) of the neurons and compared
the results for the same neurons with 60 dB SPL data. Only 4
(7%) neurons exhibited similar responses at both amplitude
levels (by “similar” we mean that the spike count functions for
the 2 amplitudes had a positive, significant Spearman correla-
tion coefficient, P � 0.05; e.g., Fig. 4C). In general, half of the
neurons responded more strongly to one amplitude as com-
pared with the other (based on median spike count over all
stimuli, Wilcoxon signed-rank test, P � 0.05). For example,
23/57 (40%) neurons responded more strongly to the 2-glint
FM stimuli at 80 versus 60 dB SPL (Fig. 4A). Alternatively,

10/57 (18%) neurons responded more strongly to stimuli pre-
sented at 60 dB SPL (Fig. 4B). The remaining neurons either
were not strongly driven by paired FM stimuli (5/54, 9%) or
displayed undifferentiated response functions at the two am-
plitudes (19/57, 33%).

Protocol 2: paired FM signals (0- to 30-ms separation)

The results thus far have concerned pairs of FM signals with
rather short temporal separations (0–72 �s). These stimuli
simulate a compound echo from an ideal two-point object. To
simulate the sounds a bat may hear during echolocation, we
also tested these neurons with a pulse-echo protocol. In these
experiments an additional FM signal (pulse) preceded an iden-
tical, but attenuated, signal (echo; protocol 2, Fig. 2B).

We collected data from 117 neurons using a pulse-single
echo protocol. Approximately half of the population (63/117,
54%) exhibited a facilitated response to pulse-echo pairs at
some range of delays. The remaining neurons either responded
to the stimuli but not in a facilitated manner (35/117, 30%) or
did not respond at all (19/117, 16%). Forty-four of the delay-
sensitive neurons (44/63, 70%) had a single peak in the facil-
itated pulse-echo delay response function, as defined in METH-
ODS. The other various metrics measured from this data (BD,
width at BD, correlation between width and BD, Q50%, and
latency for the echo response at BD) were similar to those
published previously by other groups (e.g., Dear et al. 1993a,b;
Sullivan 1982).

Protocol 3: pulse and 2-glint echo at best delay

Using information from protocol 2, we next measured re-
sponses to FM signals as arranged in protocol 3 of Fig. 2C. In
this protocol, we fixed the delay between a pulse and a 2-glint
echo at BD (or the delay that evoked the strongest response in
the data collected from protocol 2). This is simply a repeat of
protocol 1 with the addition of a preceding pulse. We collected
data for protocol 3 from 58 neurons.

To best illustrate protocol 3, we plot in Fig. 5 the results of
running all four protocols on a single neuron. This neuron did
not respond to FM pairs at 60 dB SPL with separations ranging
from 0 to 72 �s (Fig. 5A). The response to the same stimuli at
80 dB SPL evoked no more than �0.6 spikes per trial. When
tested with the pulse-echo stimuli of protocol 2, the unit
showed a facilitated response with a BD of 10 ms (Fig. 5B).
We used these results to set the parameters for the next stim-
ulus paradigm (protocol 3, Fig. 2C). Figure 5C shows the
results when the 2-glint echo delay was fixed at 11 ms (
t1 in
Fig. 2C) and separation between the two echoes varied from 0
to 72 �s (
t2 in Fig. 2C). With the addition of a preceding
pulse at BD, the neuron exhibited a significant change in
response to 2-glint echo separations as compared with the
baseline 0-�s, 2-glint echo condition (Fig. 5C, E). Using this
result, we then retested delay sensitivity using a pulse paired
with a 2-glint echo that had a separation of 9 �s (Fig. 5D). The
actual experimental procedure for the collection of the data in
Fig. 5D varied both delay (6–18 ms, 
t1 in Fig. 2D) and echo
two-glint separation (0 or 9 �s, 
t2 in protocol 4, Fig. 2D)
randomly for each stimulus presentation over the course of
�1.3 min. Under these conditions, the neuron responded more
strongly to the two-glint echo with a 9-�s separation for every

FIG. 4. Amplitude effects on responses to 2-glint signals. Examples from 3
neurons show effects of presenting protocol 1 at 2 different amplitudes (60 and
80 dB SPL). For most neurons, the spike count functions changed drastically
with a 20-dB amplitude change. Duration and repetition rate for the 3 neurons:
A, 20 ms, 10 Hz; B, 12 ms, 8 Hz; ,C 20 ms, 8 Hz.
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delay tested. The population results for protocol 4 are reported
in the following text after those of protocol 3.

We grouped the responses from 58 neurons to protocol 3
into four categories based on the response to 2-glint echo with
0-�s separation. The first category included neurons that ex-
hibited one or more local minima, but no maxima, in the spike
count relative to the 2-glint echo with 0-�s separation (13/58,
22%). The second category included neurons that exhibited
one or more local maxima in the spike count relative to the
2-glint echo with 0-�s separation (31/58, 53%; example in Fig.
6A). This category could also include neurons with responses
that had local minima (14/31, 45%; e.g., see Fig. 5C). There
were relatively few unresponsive neurons (4/58, 8%) because
the parameters for this protocol were selected based on a
significant response to previous stimulus protocols (see METH-
ODS). The remaining neurons did not show any clear pattern in
their spike count function (10/58, 17%).

A subset of these neurons was used in the following analysis
(36/58).

Protocol 3 vs. 1: responses to 2-glint stimuli with and
without a preceding pulse

We collected data from 36 neurons to compare the responses
to 2-glint stimuli when presented in isolation versus being
presented at a delay after a preceding pulse (protocol 1 vs. 3 in
Fig. 2). We quantitatively summarized the results based simply
on the difference of the median response strength across all
stimuli between each condition (Wilcoxon rank sum test, sig-
nificance assessed at P � 0.005). Figure 6 plots examples from
the three possible categories that result from this analysis. The
majority responded more strongly to the 2-glint stimulus when
presented in tandem with a preceding pulse at BD (n � 20,
example in Fig. 6A). Some neurons showed a greater overall
response for the 2-glint stimuli presented without a preceding
pulse (n � 3, example in Fig. 6B). The remaining neurons did
not show any clear change in their overall response to the two
conditions (n � 13, example in Fig. 6C).

FIG. 5. Results from 4 stimulus protocols
on a single unit. A: 2-glint stimuli of protocol
1 did not evoke a response for this neuron.
B: the neuron responded with �1 spike/trial
for a pulse paired with an echo at 10-ms
delay. E, pulse-echo delays that resulted in a
facilitated response. The response to the con-
trol stimuli, the pulse alone and echo alone,
are plotted as ‚ and ƒ, respectively. C: the
repeat of the stimuli from A but paired with a
preceding pulse offset by 11 ms. Now, par-
ticular 2-glint separations for the echo evoke
activity that was significantly different from
the 0-�s baseline condition (E). D: the basic
pulse-echo delay protocol (2) was repeated,
but this time the echo 2-glint separation was
either 0 or 9 �s. All stimuli for these 4
protocols had a 2-ms duration and were pre-
sented at a 10-Hz repetition rate.

FIG. 6. Effect of preceding pulse on response to 2-glint signals. A: for some
neurons, when the 2-glint stimuli was paired with a preceding pulse the
response was increased relative the to 2-glint stimuli presented alone (this
neuron did not even respond to the 2-glint stimuli presented without a pulse).
B: some single units showed the opposite effect—an overall decrease in
response when the 2-glint stimuli were paired with a preceding pulse. C: ex-
ample of an unclear effect for the 2 stimulus conditions. Duration, repetition
rate, and 2-glint echo delay value (�1 in Fig. 2C) for the 3 neurons: A, 2 ms,
5 Hz, 3 ms; B, 10 ms, 5 Hz, 7 ms; C, 5 ms, 10 Hz, 21 ms.
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Protocol 4 vs. 2: 2-glint vs. “single” glint echoes

Most of the neurons tested with protocol 3 were also tested
in protocol 4 (57/58). For these neurons, we examined how the
delay sensitivity response functions changed for the echo
2-glint condition of a single versus double echo (protocol 2 vs.
4 in Fig. 2). Seventeen of these 57 neurons (30%) only showed

a facilitated delay-sensitive response to a pulse paired with a
2-glint echo. These neurons either had no response (8/17, 47%)
or an unfacilitated response (9/17, 53%) to the pulse paired
with the flat-spectrum echo of protocol 2. These neurons were
considered to be candidates for selectively signaling the pres-
ence of complex (i.e., “non-flat-spectrum” echoes) sonar tar-
gets. Our experimental method did not allow us to identify the
relative proportion of these types of neurons because running
protocol 4 required knowledge from protocols 1 or 3. There-
fore our results tended to favor the case described next—
neurons that showed a facilitated response to the stimuli of
protocols 1 and 4.

Thirty-one neurons (31/57, 54%) exhibited facilitated re-
sponses to both a flat-spectrum single echo and an appropri-
ately selected 2-glint echo. For each neuron, we expected the
strongest response to the 2-glint echo condition would be
greater than the strongest response to the flat-spectrum echo
because we deliberately selected the 2-glint echo to be the best
stimulus from protocol 3. The increase in the number of spikes
for the pulse-2-glint echo stimulus was significant (median
increase � 0.5 spikes, P � 0.0001, Wilcoxon signed-rank test,
n � 31). Facilitation indices were also larger for the 2-glint
echo condition (median increase � 0.0682, P � 0.00295,
Wilcoxon signed-rank test, n � 31).

The literature on FM bats reports that the delay-sensitivity
response function can change when any of a variety of pulse or
echo stimulus features change. With changes in amplitude,
duration, or repetition rate, the two typical neuronal response
behaviors are that the amount of facilitation changes or BD
shifts to a different value (Sullivan 1982; Tanaka et al. 1992).
As noted in the preceding text, facilitation changed for most
neurons when tested with particular 2-glint echoes in protocol
4. To test for BD shifts, we examined whether BD changed
with changing 2-glint separation in those neurons that had an
identifiable facilitated peak (18/31, 58%). We were cautious in
assessing any change in BD simply from the peak of the spike
count functions alone because we did not have a good measure
of their variability. We could not simply measure the variabil-
ity of BD across trials for two reasons: the total number of
trials was rather small, usually �30 and the peak location
could be undefined on a given trial because more than one
pulse-echo delay could evoke identical and maximal spike
counts (these neurons have a small dynamic range—0, 1, 2
spikes per stimulus). Therefore we used a bootstrap analysis to
estimate the variability of the BD measure itself, and assess
whether BD shifted when echo spectral properties changed (see
METHODS).

Figure 7, A and B, shows the raw data from two neurons
where pulse-echo delay responses were collected from proto-

FIG. 7. Effect of echo 2-glint separation on best delay. A and B: responses
from 2 neurons tested with different pulse-echo delays using 2 different
echoes: a flat-spectrum echo (0-�s separation) and a notched-spectrum echo
(where the 2-glint echo separation was set to a value determined from protocol
3, indicated by gray label). The bootstrapped average BD from based on 256
resamples of the raw spike counts is plotted as a small square above the mean
spike count curves (squares are removed from the bottom plot for clarity).
Horizontal bars are SD. Duration and repetition rate for the 2 neurons: A, 10
ms, 10 Hz; B, 10 ms, 5 Hz. C: bootstrap average BDs for the 2 echo conditions;
13/18 (72%) of the neurons had a BD shift �2 ms. Solid gray line is unity
slope; dashed gray lines on either side are offset by 2 ms. D: distribution of
differences for BD, width, and Q50% values. The value for the 2-glint
condition was subtracted from the flat-spectrum condition.
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cols 2 and 4. For each protocol, the bootstrap average BDs are
plotted as square symbols with horizontal bars (�SD) at the
top of each plot. For the most part, the presence of spectral
notches had little effect on best delay. The estimated BD values
from the two echo conditions were similar for most neurons
(Fig. 7C), usually different by �2 ms (Fig. 7D). In addition,
measures of the spike count functions’ width did not change in
a systematic fashion (Fig. 7D).

Protocols 3 and 4: sensitivity to target distance and spacing
between target reflectors

We collected additional data for 21 neurons using protocol
4. This allowed us to loosely approximate the echo “receptive
field” with respect to delay and echo 2-glint separation. The
responses for three neurons are shown as three-dimensional
plots in Fig. 8, A–C. For the most part, the results collected
using the two different stimulus protocols are consistent. In
Fig. 8A for example, when echo delay was varied and echo
2-glint separation was fixed (black lines clustered closely
together at 13, 15, or 17 �s), the results fall neatly beneath the
results from the “orthogonal” experiment where delay was
fixed and 2-glint separation varied (gray line). However, this
did not hold in all cases as is evident in B when delay was
varied for an echo with a 2-glint separation of 30 �s.

D I S C U S S I O N

Behavioral studies on bats have shown that temporal and
spectral information, specifically echo delay and echo spectral
shape, are integrated to create the fundamental perceptual axis
of target range (discussed by Simmons et al. 1990). How the

auditory system extracts and eventually binds these two very
differently represented acoustic features provides insight into
the operations whereby a sensory system transforms informa-
tion from the signal’s dimensional space (time, frequency) into
perceptual space (object size, texture, location).

Encoding the partial overlap between echoes (protocol 1)

One intriguing finding from this study was that 52% of the
active neurons for protocol 1 responded weakly or not at all to
flat-spectrum FM signals but showed an elevated response to
FM signals with spectral notches (e.g., Fig. 3, D and G).
Sanderson and Simmons (2000) observed a similar type of
response in the IC to an identical protocol 1 stimulus set
(except that the range of 2-glint separations for the IC study
only spanned 0–24 �s instead of 0–72 �s as was used here).
When analyzed using the same statistical test (Wilcoxon rank
sum) used in the current paper, 23% (17/74) of the IC neurons
exhibited an elevated spike count to a notched-spectrum FM
stimulus compared with the flat-spectrum stimulus.

What creates the elevated response to a signal with one or
more spectral notches as compared with a similar one without?
One possibility might be a neural sensitivity to the apparent
AM of the echo envelope that occurs due to the spectral
notches when two echoes partially overlap (Miller and Peder-
son 1980). Throughout the bat auditory system exist neurons
sensitive to AM (Llano and Feng 1999). However, the AM in
our stimuli only occur when the signals are displayed in a
wideband manner, such as on an oscilloscope or in Fig. 1B.
When processed through band-pass filters as by the cochlea,
the repetitive modulations in the signal envelope disappear

FIG. 8. Combination of spectral and temporal selectivity. A: single-unit response to stimuli with various pulse-echo delays
(x axis) and echo 2-glint separations (y axis). Data from protocol 4 are plotted in black and aligned on the axis with the
corresponding echo 2-glint separation (
t2 in Fig. 2D). Data from protocol 3 are plotted in gray and aligned with the x axis at delay
value used in the experiment (10 ms, 
t1 in Fig. 2C). This plot shows that data collected from the 2 different experimental protocols
are fairly consistent. The contour plots of the same data are plotted below to facilitate comparison across the 3 neurons. Dots in
the contour plot indicate the stimulus conditions presented. B and C: data for 2 additional neurons. The contour plot steps for
neurons in D–F are 1.5, 0.65, and 0.62 spikes/trial. Duration and repetition rate for the 3 neurons: A, 10 ms, 10 Hz; B, 12 ms, 8
Hz; C, 2 ms, 10 Hz ms.
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because they are produced by spectral notches at different
frequencies occurring at different times.

A more likely explanation for the elevated responses ob-
served in these neurons is a sensitivity to the spectral notch
itself. This requires that a neuron has both excitatory and
inhibitory frequency response areas, a common feature in
Eptesicus cortical neurons (Jen and Chen 2000). A flat-spec-
trum echo will drive both the inhibitory and excitatory fre-
quency regions, resulting in weak or no activity. In contrast, an
appropriate notched-spectrum echo (with a spectral notch
aligned over the inhibitory response area and energy in the
excitatory frequency response area) can disinhibit the neuron,
causing it to spike.

Measures of forward masking, nonmonotonicity, and tuning
to ripple stimuli imply that inhibition is stronger in cortex as
compared with subcortical regions (Barone et al. 1996;
Brosche and Schreiner 1997; Depireux et al. 1996). This may
lead to our observed difference in the relative proportion of
neurons that show elevated responses to notched-spectrum
stimuli in auditory cortex (52%) versus IC (23%). An increase
in effective inhibition strength in auditory cortex could make
neurons there reject wideband flat-spectrum sounds and selec-
tive for sounds with particular spectral notch patterns. Further
evidence supporting this possibility is that every IC neuron
responded to the flat-spectrum stimulus, whereas only 70% of
the cortical neurons did (39/56; 3 examples of the 16 that failed
to respond to the flat-spectrum stimulus are shown in Figs. 3,
D and G, and 4B).

Representing specific spectral shapes requires neurons with
complex spectral tuning curves that might be expected to
consist of one or more inhibitory regions combined with one or
more excitatory regions (cat cortex: Sutter et al. 1999; mus-
tached bat midbrain: Portfors and Wenstrup 2000; mustached
bat cortex: Kanwal et al. 1999). In this case, single neurons can
represent local or nonlocal spectral shapes (Shamma et al.
1993). Further studies that carefully map the full frequency
response area for Eptesicus cortical and collicular neurons are
necessary. It would be useful to see if there were any common
relationships in the excitatory and inhibitory regions of the
response fields that corresponded to the typical position and
number of spectral notches (Fig. 1D) for partially overlapping
echoes (Dear et al. 1993a). In addition, the temporal dynamics
and relative strengths of excitatory and inhibitory influences
are probably crucial to predicting responses to overlapping FM
signals.

Amplitude effects

Previous work in the IC showed a clear effect of overall
stimulus amplitude on the 2-glint FM response functions. For
most collicular neurons, the local minima in the response
function to 2-glint stimuli became narrower and eventually
disappeared with increasing stimulus amplitudes (Sanderson
and Simmons 2000). We only presented protocol 1 at two
amplitudes; to examine more systematically how the neurons’
2-glint response functions depend on level, future experiments
should employ a wider range of behaviorally relevant ampli-
tudes (e.g., at 20–60 dB SPL) (Kick and Simmons 1984).

Coarse (pulse-echo1) and fine (echo1-echo2) delay sensitivity
(protocol 3/4)

If a delay-sensitive neuron simply integrated excitatory in-
puts from the same frequency band for the pulse and echo, we
would expect that no 2-glint separation would drive the neuron
more strongly than the flat-spectrum echo in protocol 3. How-
ever, for half of the delay-sensitive neurons, this is not the case
(protocol 3 results, e.g., Figs. 5C and 6A). In these neurons, we
hypothesize that the spectral tuning to the pulse and echo was
not identical. Evidence from several studies indicates that
delay-sensitive neurons show the strongest facilitation when
the pulse and echo are spectrally dissimilar (midbrain: Dear
and Suga 1995; Portfors and Wenstrup 1999; thalamus: Olsen
and Suga 1990; cortex: Berkowitz and Suga 1989; Paschal and
Wong 1994). For mustached bats, this heteroharmonic tuning
is related to the harmonic structure of the bat’s echolocation
emission and is thought to be useful for jamming avoidance.
The heteroharmonic tuning in FM bats appears to be quite
different and its functional significance is not well understood.

In the FM bat Myotis lucifugus, Paschal and Wong (1994)
showed that the strongest responses from delay-sensitive cor-
tical neurons came from pairs of mismatched (in terms of
starting and stopping frequency) band-limited FM sweeps. We
found that if the echo has a different spectral profile than the
pulse (a more general kind of frequency mismatch), many
neurons will show increased facilitation and response strength
(Figs. 5D and 7, A and B). In some cases, neurons only
exhibited delay sensitivity if the echo was different, spectrally,
from the pulse.

Paschal and Wong’s (1994) findings using mismatched
pulse-echo FM pairs indicated that all of the neurons in bat
auditory cortex are delay sensitive, provided that the pulse and
echo have the correct spectral properties. Recent data from cat
auditory cortex support a similar theme: neurons selective for
temporal structure are also selective for spectral structure
(Brosch and Schreiner 2000). Many cat primary auditory cor-
tex neurons are most strongly facilitated by a particular pure
tone interval with a one-octave frequency spacing between the
two tones. They state that their work “raises the possibility that
all neurons in auditory cortex are sequence selective when
stimulated with the appropriate sequence” (Brosch and Schre-
iner 2000). For echolocating bats, the implication is that pulse-
echo delay and echo spectral shape constitute the primary
stimulus features extracted by the cortex.

The results from protocols 3 and 4, where a pulse precedes
a pair of overlapping echoes, combines two relevant scales of
the biosonar ranging axis. To be of any use to the bat, the
separation between the two reflectors must be tied somehow to
an estimate of the absolute range to the reflectors themselves.
Figure 8 shows how this may happen in a select group of
neurons: the three neurons are all tuned to �10-ms delay but
exhibit different selectivity to echo 2-glint separation. To-
gether, these single neurons can represent the delay to the
leading edge of two reflectors, in this case an object at 1.72 m.
However, to decode the spacing between reflectors requires
knowledge of the relative responses across a population be-
cause these neurons are not tuned to a restricted range of
2-glint separations.
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Multiple echoes and spectral information in biosonar

The position and number of spectral notches are the most
salient aspects of spectral shape as it applies to a biosonar
signal when compared against the outgoing emission. For bats,
an echo’s spectral notches convey information about target
position in one of two possible ways. First, as alluded to in the
design of our experiments, the notches may result from the
interference caused by two closely spaced reflectors. The num-
ber and position of notches is a function of the relative distance
between the reflectors. Second, the multipath reflections from
the pinna and tragus impose a spectral notch on echoes return-
ing targets positioned below the horizontal (Wotton et al.
1995). These two spatial object properties, fine range and
elevation, might confuse bats because a single spectral notch
can arise due to an object’s elevation or surface texture (Mat-
suo et al. 2001; Wotton et al. 1996). However, the bat’s ability
to intercept insects having different shapes shows that they can
disambiguate shape from elevation (Griffin et al. 1965). Sev-
eral versions of the same computational model (SCAT) (Sail-
lant et al. 1993) have been developed to account for range and
texture perception in bat sonar (Matsuo et al. 2001; Peremans
and Hallam 1998; Saillant et al. 1993).

Mapping echo spectral shape information onto spatial axes is
not straightforward due to several complexities. The spectral
notch curves shown in Fig. 1D only hold for a situation where
an object has two reflectors, each of which returns an echo with
identical phase and amplitude. Altering the relative phase
changes the position of the notches (translation on the fre-
quency axis) and altering the amplitude affects the notch depth
(Schmidt 1992). Worse yet, additional glints impose additional
notches in the spectrum as a result of the combinatorial inter-
ference for each echo. Future work exploring how temporal
delay and spectral shape information are represented in FM
bats can provide valuable information about both general
cross-correlation issues in the auditory system and how acous-
tic features are transformed into perceptual features.
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