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Abstract

Insectivorous big brown bats, Eptesicus fuscus, progressively increase the pulse repetition rate
(PRR) throughout the course of hunting.  While increasing PRR conceivably facilitates bats to extract
information about the targets, it also inevitably affects sensitivity of their auditory neurons to pulse
parameters.  The present study examined the effect of increasing PRR on duration selectivity of this bat’s
inferior collicular (IC) neurons by comparing their impulse-duration functions determined at different
PRRs.  Impulse-duration functions plotted with the number of impulses in response to single pulses
against pulse duration at different PRRs were described as short-pass, band-pass, long-pass, and all-
pass.  Short- or long-pass neurons discharged maximally to a range of short or long pulse durations.
Band-pass neurons discharged maximally to one pulse duration.  These three types of IC neurons were
called duration tuned neurons.  All-pass neurons were not duration tuned because they did not discharge
maximally to any pulse duration.  Increasing PRR improved duration selectivity of IC neurons by (1)
increasing the number of duration tuned neurons; (2) decreasing the critical duration concomitant with
increasing slope of the impulse-duration function; and (3) decreasing the 50% duration range of the
impulse-duration function.  This improved duration selectivity with PRR may potentially facilitate prey
capture by bats.
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Introduction

Sound duration is an important feature that con-
tributes to the distinct spectral and temporal attributes
of individual biological sounds.  To understand how
auditory neurons may encode sound duration, many
studies have examined the duration selectivity of
auditory neurons in bats (3, 4, 8, 10-12, 18, 20, 25,
33), cats (16), chinchillas (5), frogs (14), and mice (2,
32).  These studies showed that auditory neurons
behave as short-, band-, long-, or all-pass filter to
pulse duration based on their impulse-duration func-
tions (i.e. duration tuning curves).  Possible neural

mechanisms underlying the formation of duration
tuning properties include [1] an early sustained in-
hibitory input and a delayed transient excitatory input
that coincide with an offset depolarization due to
rebound from inhibition or offset excitation (3, 4, 8,
10); [2] an earlier arrival of excitation and coinci-
dence of inhibition and excitation at longer durations
(11); [3] a consequence of a long recovery cycle (12);
and [4] a prolonged inhibition after excitation (18).

Because insectivorous bats, such as the big
brown bats, Eptesicus fuscus, progressively increase
the pulse repetition rate (PRR) as they search, ap-
proach and finally intercept the target (15), sensitiv-
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ity of their auditory neurons to pulse parameters
would be inevitably affected by PRR.  For example,
previous studies in the midbrain inferior colliculus
(IC), which is an obligatory relay station in the central
auditory pathway receiving excitatory and inhibitory
inputs from all lower auditory nuclei [4], have shown
that increasing PRR improves selectivity of IC neu-
rons to frequency, intensity, and direction of sound
pulses (13, 21, 25, 31, 35).  Increasing PRR also
elevates the minimum threshold (MT) and lengthens
the response latency of IC neurons (6, 17) as well as
shortens the best delay of auditory cortical neurons
(23, 29); similar to other studies in rats (1), gerbils
(9), and cats (24).

An earlier study conducted in our laboratory
reported that increasing PRR of single pulses changed
impulse-duration function of one third of IC neurons
of Eptesicus fuscus from one type to another (25).
However, how did the PRR affect the duration selec-
tivity of IC neurons was not determined. Another
study examined duration selectivity of IC neurons
using temporally patterned pulse trains with different
inter-pulse intervals (20).  This study plotted the
impulse-duration function of IC neurons using the
total number of impulses discharged to pulse trains of
different pulse durations.  This study reported that the
slope of impulse-duration functions of IC neurons
became sharper with increasing PRR of pulse trains
such that duration selectivity of IC neurons increased.
However, the total number of impulses in response to
a pulse train reflects the neuron’s integrated response
to co-variation in the number of pulses and inter-
pulse gap with PRR of pulse trains.  For this reason,
this study examined the effect of temporally pat-
terned pulse trains on duration selectivity of IC neu-
rons in terms of interaction among pulse duration,
PRR, and inter-pulse gap.  It is therefore conceivable
that the improvement of duration selectivity of IC
neurons with PRR might be due to shortening of inter-
pulse gap with increasing PRR.

In the present study, we examined the effect of
PRR on duration selectivity of IC neurons by specifi-
cally examining the duration selectivity of IC neurons
to single pulses within the pulse trains of different
PRRs.  We report here that increasing PRR increases
the number of duration tuned IC neurons and im-
proves their duration selectivity.

Materials and Methods

Seven big brown bats, Eptesicus fuscus (18-24
g body weight, b.w.), were used for this study.  As in
previous studies (20), the flat head of a 1.8 cm nail
was glued onto the exposed skull of each Nembutal-
anesthetized (45-50 mg/kg b.w.) bat with acrylic glue
and dental cement one or two days before the record-

ing session.  Exposed tissue was treated with an
antibiotic (Neosporin) to prevent inflammation.  Dur-
ing recording,  the bat  was administered the
neuroleptanalgesic, Innovar-Vet (Fentanyl 0.08 mg/
kg b.w., Droperidol 4 mg/kg b.w.), and placed inside
a bat holder (made of wire mesh) which was sus-
pended in an elastic sling inside a double-wall sound-
proof room (temperature: 28°C-30°C).  The ceiling
and inside walls of the room were covered with 3-inch
convoluted polyurethane foam to reduce echoes.  After
fixing the bat’s head with a set screw (28), small holes
were made in the skull above the IC for insertion of 3
M KCl glass pipette electrodes (impedance: 5-10
MΩ).  Additional doses of Innovar-Vet were admin-
istered during later phases of recording when
necessary.  A local anesthetic (Lidocaine) was ap-
plied to the open wound area.  The recording depth
was read from the scale of a microdrive (David-
Kopf).  A common indifferent electrode (silver wire)
was placed at the nearby temporal muscles.  These
procedures were conducted in compliance with NIH
publication No. 85-23, “Principles of Laboratory
Animal Care” and with the approval of the Institu-
tional Animal Care and Use Committee (#1438) of
the University of Missouri-Columbia, MO, USA.

For sound generation, continuous sine waves
from an oscillator (KH model 1200) were formed into
4 ms tone pulses (0.5 ms rise-decay times) at 2 pulses
per second (pps) by a homemade tone burst generator
(electronic switch) driven by a stimulator (Grass S88).
The tone pulses were then amplified after passing
through a decade attenuator (HP 350D) before they
were fed to a small condenser loudspeaker (AKG
model CK 50, 1.5 cm diameter, 1.2 g).  The loud-
speaker was placed 23 cm away from the bat and 30°
contralateral to the recording site.  Calibration of the
loudspeaker was performed with a 1/4 inch micro-
phone (B & K 4135) placed at the position where the
bat’s head would be during recording.

Upon isolation of an IC neuron, its best fre-
quency (BF) was determined by changing the fre-
quency and intensity of sound pulses.  The MT at the
BF was defined as the intensity at which the probabil-
ity of responding to BF sounds was 50%. The effect of
PRR on the neuron’s duration selectivity was studied
using three 300 ms pulse trains delivered 2 trains/s.
The inter-pulse interval within each pulse train was
set at 100, 33.3, and 11.1 ms to produce a PRR of 10,
30, and 90 pulses per second (pps).  These three PRRs
are comparable to the PRRs occurring during the
search, approach, and terminal phases of hunting by
the big brown bats (15).  Sound pulses were delivered
at the BF and 10 dB above the MT of each neuron.
Pulse durations of 1, 2, 4, 6, 8, 10, and 20 ms were
used for this study.  However, when tested at 90 pps,
the 20 ms pulse was not used because of overlap
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between pulses.  Rise-decay times were 0.5 ms but
they were 0.25 ms for 1 ms pulse duration.

To avoid the potential effect of presentation
order of pulse trains on duration selectivity of IC
neurons, the three pulse trains were randomly
presented.  For example, duration selectivity of one
neuron was studied with pulse trains of 10, 30, and
then 90 pps, while duration selectivity of another
neuron was studied with pulse trains of 90, 10, and
then 30 pps.

Recorded action potentials were amplified, band-
pass filtered (Krohn-Hite 3500), and fed through a
window discriminator (WPI 121) before being sent to
an oscilloscope (Tektronix 5111) and an audio moni-
tor (Grass AM6).  They were then sent to a computer
(Gateway 2000, 486) for acquisition of peri-stimulus-
time (PST) histograms (bin width: 500 µs, sampling
period: 300 ms) to 32 train presentations.

The effect of PRR on duration selectivity of IC
neurons was studied by comparing the impulse-dura-
tion functions of each IC neuron plotted at three PRRs.
For convenience, a neuron’s impulse-duration function
was plotted with the number of impulses in response to
the first pulse of each pulse train against pulse duration.
Duration selectivity of IC neurons was then studied by
comparing the type, width, and slope of impulse-dura-
tion functions obtained at three PRRs using repeated
measures one-way ANOVA at P < 0.05.

Results

The Type, Critical Duration (CD), and Slope of Impulse-
Duration Functions of IC Neurons

Duration tuning selectivity of 42 IC neurons
recorded at depths of 115-1870 µm was studied at
three PRRs.  The BFs, response latencies, and MTs of
these neurons were between 14.2-80.1 kHz (43.7±6.0
kHz), 4.5-16.0 ms (10.7±2.6 ms), and 0-53 dB SPL
(30±13 dB SPL).  Consonant with our previous stud-
ies (25, 26), the BF of these neurons progressively
increased with recording depth indicating that they
were tonotopically organized along the dorsoventral
axis of the central nucleus of the IC.  These neurons
discharged fewer than five impulses in response to BF
pulses.  Pulse duration or PRR did not affect this
discharge pattern.

The discharge patterns of two representative IC
neurons in response to different durations of single
pulses at three PRRs are shown in Fig. 1.  The number
of impulses of both neurons varied with pulse dura-
tion at each PRR.  One neuron always discharged
maximally to 1 ms pulse duration regardless of PRR
(Fig. 1A).  Conversely, another neuron discharged
maximally to different pulse durations at different
PRRs (Fig. 1B at 4, 8, and 10 ms).  As described in the

Materials and Methods, we plotted a neuron’s im-
pulse-duration function using the number of impulses
discharged to different pulse durations.

Using 50% difference between the maximal and
minimal responses as a criterion adopted in previous
studies (18, 20, 33), impulse-duration functions of all
IC neurons plotted at three PRRs can be described as
the following four types.  [1] Short-pass: the maximal
number of impulses obtained at a short duration was
50% greater than the minimal number of impulses
obtained at a long duration (Fig. 2A); [2] Band-pass:
the maximal number of impulses at the most preferred
pulse duration was at least 50% greater than the
number of impulses at two minimal responses ob-
tained at long and short durations respectively (Fig.
2B); [3] Long-pass: the maximal number of impulses
obtained at a long duration was 50% greater than that
obtained at a short duration (Fig. 2C); and [4] All-
pass: the number of impulses discharged at all dura-

Fig. 1. Peri-stimulus-time (PST) histograms showing discharge
patterns of 2 neurons in the inferior colliculus (IC) of the
big brown bat, Eptesicus fuscus, in response to best
frequency pulses delivered at different pulse repetition
rates (PRR in pps, right) and pulse durations (ms, top).
Note that PRRs and pulse durations affect the number of
impulses but not the discharge pattern of these neurons.
The pulse duration to which a neuron discharged maxi-
mally is denoted with a star (see text for details).
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tions never differed by more than 50% (Fig. 2D).  In
this study, the duration of maximal response in the
short-, band- and long-pass impulse-duration func-
tions is defined as the best duration (BD)(e.g. 1 ms in
Fig. 2A, 2 ms in Fig. 2B and 10 ms in Fig. 2C).  Other
durations that evoked responses from IC neurons are
defined as non-BDs.

As in our previous studies (18, 20, 33), we
quantified the duration tuning properties of IC
neurons by calculating the CD of impulse-duration
functions (Fig. 2).  For short- and long-pass impulse-
duration functions, the CD is the duration difference
between a neuron’s maximal response and 50% of
maximal response (Fig. 2A,C).  For band-pass im-
pulse-duration functions, the CD is half of the dura-
tion difference between a neuron’s two points of 50%
of the maximal response (Fig. 2B).  Because the CD
is an indication of the width of an impulse-duration
function, a small CD represents high duration selectivity.
An all-pass impulse-duration function does not have
a CD because the number of impulses never varies by
more than 50% at any pulse duration (Fig. 2D).

We also quantified the duration tuning proper-
ties of these neurons by calculating the slope of

impulse-duration functions.  For short- and long-pass
neurons, the slope was calculated for the portion of
impulse-duration function that shows 50% difference
from the maximum (Fig. 2A,C, arrow).  That is, the
slope was calculated by dividing 50% by the CD and
expressed as %/ms.  For band-pass neurons, the slope
is half of the sum of the slopes calculated for both
limbs of the impulse-duration function (Fig. 2B,
arrows).  The slope is an indication of a neuron’s
sensitivity to duration change.  Thus a large (sharp)
slope represents a high sensitivity to duration change.

The Effect of PRR on Impulse-Duration Functions of IC
Neurons

PRR did not affect the impulse-duration func-
tion of 25 (60%) neurons but changed those of the
remaining 17 (40%) neurons from one type to another.
For convenience, these two groups of IC neurons are
called PRR-independent duration tuned neurons and
PRR-dependent duration tuned neurons.

Figure 3 shows the impulse-duration functions
of 4 PRR-independent duration tuned neurons deter-
mined at three PRRs.  These 4 neurons had short-pass

Fig. 2. Impulse-duration functions of 4 IC neurons plotted with the number of impulses against the pulse duration.  Left and right
ordinates represent the number of impulses per 32 pulse presentations and normalized response.  The abscissa represents pulse
duration (ms).  Impulse-duration functions of these 4 neurons are short-pass (A), band-pass (B), long-pass (C), and all-pass (D).
The critical duration (CD) is shown by a double arrow line and bordered by vertical dotted lines for neurons A, B, C.  For short-
and long-pass impulse-duration functions, CD is the duration difference between a neuron’s maximal response and 50% response
(A, C).  For the band-pass impulse-duration function, CD is half of the duration difference between a neuron’s two points of 50%
of the maximal response (e.g. half of the double arrow line in B).  The all-pass impulse-duration function (D) does not have a
CD. Each horizontal dashed line indicates the 50% maximal response.  Single head arrows indicate the slope of impulse-duration
function.



50 ZHOU AND JEN

(Fig. 3A), band-pass (Fig. 3B), long-pass (Fig. 3C),
or all-pass (Fig. 3D) impulse-duration functions ob-
tained at all three PRRs.  The CD of these functions
progressively decreased and the slope decreased with

increasing PRR.
PRR did not affect the impulse-duration func-

tions of PRR-dependent duration tuned IC neurons in
any predictable way.  As shown in Fig. 4, one neuron

Fig. 3. Impulse-duration functions of 4 PRR-independent IC neurons determined at different PRRs.  Note that increasing PRR
systematically decreases the CD and increases the slope of these impulse-duration functions but does not affect their duration
tuning properties.  Each horizontal dashed line indicates the 50% maximal response.

Fig. 4. Impulse-duration functions of 4 PRR-dependent IC neurons determined at different PRRs.  Note that increasing PRR
systematically decreases the CD and increases the slope of these impulse-duration functions but also changes their duration
tuning properties.
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had an all-pass impulse-duration function when plotted
at 10 pps but had short-pass duration function when
plotted at 30 or 90 pps (Fig. 4A, circles vs. squares vs.
triangles).  Another neuron had an all-pass impulse-
duration function that changed to short-pass and then to
band-pass with increasing PRR (Fig. 4B circles vs.
square vs. triangles).  The impulse-duration functions
of other 2 neurons changed from all-pass to short-pass
or long-pass with increasing PRR (Fig. 4C,D).

Table 1 summarizes the distribution of impulse-
duration functions of all 42 IC neurons determined at
different PRRs.  About half (12, 48%) of 25 PRR-
independent duration tuned neurons had all-pass im-
pulse-duration functions.  One third (8, 32%) had
long-pass impulse-duration functions. Most (4, 16%)
of the remaining neurons had short-pass impulse-
duration functions.  Most (12, 70%) of 17 PRR-

dependent duration tuned neurons had all-pass
impulse-duration functions when determined at 10
pps.  However, all but one were duration tuned neu-
rons (short-pass: 4, 23%, band-pass: 2, 12%, and
long-pass: 10, 59%) when determined at 90 pps.

Table 2 shows the average CD and slope of
impulse-duration functions of the two groups of neu-
rons determined at three PRRs.  It is clear that the CD
of both groups of neurons significantly decreased and
the slope increased with increasing PRR (Repeated
measures one-way ANOVA, P < 0.05).

The Effect of PRR on 50% Duration Range of IC Neurons

As shown in Fig. 2, the CD of each short- or long-
pass impulse-duration function or the 2CD of band-
pass impulse-duration function corresponds to a dura-

Table 1.  Distribution of impulse-duration functions of 42 IC neurons determined at three PRRs.

Impulse-duration function
          PRR (pps)

Short-pass Band-pass Long-pass All-pass

PRR-independent (n = 25)
10, 30, 90 4 (16%) 1 (  4%)   8 (32%) 12 (48%)

PRR-dependent (n=17)
10 3 (18%) 0 (  0%)   2 (12%) 12 (70%)
30 6 (35%) 2 (12%)   1 (  6%)   8 (47%)
90 4 (23%) 2 (12%) 10 (59%)   1 (  6%)

n: number of neurons.

Table 2. The range and average critical duration (CD) and slope of impulse-duration functions of 42 IC neurons
determined at three PRRs.

Type of CD (ms) or slope (%/ms) at PRR (pps)
ANOVA

neurons 10 30 90 p

PRR-independent (n = 25)
CD range 2.1-19.0 2.0-18.2 1.2-6.5

m±sd (n) 11.2±6.4(13)(a) 7.1±5.0(13)(b) 3.2±1.5(13)(c) 0.0006

Slope range 2.6-35.4 2.7-37.3 6.7-44.3
m±sd (n) 8.4±9.3(13)(d) 11.9±9.6(13)(e) 21.0±12.0(13)(f) 0.0111

PRR-dependent (n = 17)
CD range 2.0-16.3 1.1-16.5 0.7-8.2

m±sd (n) 10.5±7.5(5)(g) 4.9±4.6(9)(h) 3.0±2.3(16)(i) 0.0065

Slope range 3.1-25.0 3.0-47.0 6.1-71.4
m±sd (n) 10.9±10.8(5)(j) 18.5±12.0(9)(k) 33.1±20.9(16)(l) 0.0300

Repeated measures one-way ANOVA (p=0.0300-0.0006) shows that all average CDs are significantly different regardless
of dependence of duration tuning characteristics on PRR.  A post test with the Student-Newman-Keuls Multiple
Comparison test shows significant differences between (a) and (b) (P < 0.05); (a) and (c) (P < 0.001); (b) and (c) (P <
0.05); (d) and (f) (P < 0.05); (e) and (f) (P < 0.05); (g) and (h) (P < 0.05); (g) and (i) (P < 0.01); (j) and (l) (P < 0.05).
P: significance level. n: number of neurons.
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tion range within which a neuron’s discharge varied by
50%.  To further quantify the effect of PRR on duration
selectivity of IC neurons, we compared this 50% dura-
tion range of IC neurons determined at three PRRs.

As shown in Fig. 5A-1, the 50% duration range
was longer than 12 ms in half (9/18, 50%) of IC
neurons when determined at 10 pps.  However, the
50% duration range was longer than 12 ms in only
about one-fifth (4/22, 18%) of IC neurons when de-
termined at 30 pps (Fig. 5A-2).  The 50% duration
range of all neurons was shorter than 12 ms when
determined at 90 pps (Fig. 5A-3).  To highlight the
variation of 50% duration range of IC neurons with
PRR, we connected the center point of each 50%
duration range (referred to as the center duration) of
all IC neurons to produce a center duration curve.  As
shown in Fig. 5B, the center duration curve of IC
neurons progressively shifted left-ward with increas-
ing PRR.  That is, the center duration of IC neurons
progressively shortened with increasing PRR.

Figure 6 shows the percent distribution of the
center duration of all IC neurons determined at three
PRRs.  When determined at 10 pps, the center dura-
tion of 50% of IC neurons was longer than 10 ms; 22%
between 5 and 10 ms; and another 22% between 2 and
5 ms.  When determined at 30 pps, the center duration
of 56% of IC neurons was between 2 and 5 ms; 23%
longer than 10 ms; and 14% between 5 and 10 ms.  The
center duration of 51% of IC neurons was between 1

and 2 ms; 31% between 5 and 10 ms; and 17%
between 2 and 5 ms when determined at 90 pps.  A
statistical analysis showed that the average center
duration of these IC neurons significantly shortened
with increasing PRR (Table 3, Repeated measure
one-way ANOVA, P < 0.0005).

Discussion

Duration Selectivity and PRR

In this study, we plotted the impulse-duration

Fig. 6. Percent distribution of center duration of IC neurons
determined at three PRRs.  Note that the center duration
of most IC neurons progressively decreases from > 10 ms
to 2-5 ms and eventually to 1-2 ms with increasing PRR
(see text for details).

Fig. 5. Distribution of 50% duration range of IC neurons determined at PRR of 10 (A-1), 30 (A-2), and 90 pps (A-3).  The duration ranges
denoted with stars indicated data obtained from band-pass neurons.  B: The center duration curves of IC neurons determined at
10, 30 and 90 pps.  These curves are drawn by connecting the center points of 50% duration range of all IC neurons shown in
A-1, A-2, and A-3.  Note that the center duration curve progressively shifts left-ward with increasing PRR (see text for details).
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functions of IC neurons using the number of impulses
discharged to single pulses of pulse trains of different
pulse durations at three PRRs (Fig. 1).  Since each
function shows the variation in the number of impulses
of a neuron with pulse duration at each PRR, the effect
of PRR on a neuron’s duration selectivity can be exam-
ined by comparing the properties of impulse-duration
functions plotted at different PRRs (Figs. 3, 4).

We showed that band-pass, short-pass, or long-
pass duration tuned neurons discharged maximally to a
specific duration or a range of duration (Fig. 2).  Whereas
the PRR did not affect the impulse-duration function of
PRR-independent duration tuned neurons, the PRR
changed the impulse-duration functions of PRR-depen-
dent duration tuned neurons from one type to another
(Figs. 3, 4).  We found that increasing PRR improved
duration selectivity of IC neurons by [1] changing all-
pass impulse-duration functions of PRR-dependent du-
ration tuned neurons into short-, long-, or band-pass
(Table 1); [2] decreasing the CD with concomitant
increasing slope of impulse-duration functions (Figs. 3,
4; Table 2); and [3] decreasing the 50% duration range
and the center duration (Figs. 5,6; Table 3).

What might be the possible mechanism under-
lying the PRR-independent and PRR-dependent du-
ration tuned IC neurons?  Why duration selectivity of
IC neurons improves with PRR such that the CD of
impulse-duration functions of IC neurons progres-
sively decreased with concomitantly increasing slope?

Because the IC receives both excitatory and
inhibitory inputs from many lower auditory neurons
[4], inhibition and excitation inputs would vary among
individual IC neurons depending upon their neural
inputs.  Furthermore, the strength of inhibition rela-
tive to excitation would also vary with PRR.  For
example, previous studies showed that high repetitive
stimulation may produce temporal facilitation or de-
pression of excitatory and inhibitory synaptic poten-
tials depending on the rate of neurotransmitter release
(30, 36).  Therefore, the strength of inhibition relative
to excitation on the postsynaptic neurons is deter-
mined by the time course of release of inhibitory and
excitatory transmitters.

Previous studies have shown that GABAergic

neural inhibition shapes the duration selectivity of IC
neurons (3, 4, 8, 10, 18).  It is conceivable that
variation of GABAergic inhibition with PRR may be
the underlying mechanism for the improvement of
duration selectivity of IC neurons. For example, when
the release of GABA is facilitated at a faster rate or
depressed at a slower rate than the release of excita-
tory transmitter at high PRRs, postsynaptic inhibition
would become greater than excitation.  This increas-
ing GABAergic inhibition with PRR would improve
the duration selectivity of IC neurons.  This is evident
by two recent studies showing that the strength of
GABAergic inhibition is greater at high than at low
PRRs (19, 35).  This increasing GABAergic inhibi-
tion contributes to increasing directional selectivity
of IC neurons at high PRRs (35).

A previous study has shown that increasing
GABAergic inhibition with PRR decreases the re-
sponses of IC neurons at a greater degree to non-BDs
than to the BD sound stimulation such that impulse-
duration functions of IC neurons becomes progres-
sively narrow (19).  However, increasing strength of
GABAergic inhibition with PRR might have a slow
time course in PRR-independent duration tuned IC
neurons such that increased GABAergic inhibition
would only sharpen the impulse-duration functions
with decreased CD and increased slope of the func-
tion (Fig. 3).  Conversely, increasing strength of
GABAergic inhibition with PRR might have a fast
time course in PRR-dependent duration tuned IC
neurons such that the strong GABAergic inhibition at
high PRR would sharpen and change the impulse-
duration functions from one type to another (Fig. 4).

Comparison with the Previous Study

As described earlier, we previously examined
the duration selectivity of IC neurons by plotting
impulse-duration functions of IC neurons using the
total number of impulses discharged to pulse trains of
different PRRs (20).  We reported that 75% of IC
neurons studied were PRR-dependent duration tuned
and most had short-pass impulse-duration functions at
90 pps.  In the present study, we observed that only

Table 3. The range and average center duration of IC neurons determined at three PRRs.

PRR (pps) 10 30 90 ANOVA
p

range 2.0-13.2 2.0-13.7 1.3-8.6
m±sd (n) 7.9±4.2 (18)(a) 5.2±3.9 (22)(b) 3.6±2.1 (29)(c) 0.0003

Repeated measures one-way ANOVA shows that all average center duration are significantly different (P = 0.0003).   A
post test with the Student-Newman-Keuls Multiple Comparison test shows significant differences between (a) and (b)
(P < 0.05); (a) and (c) (P < 0.001). P: significance level. n: number of neurons.
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40% of IC neurons were PRR-dependent duration
tuned and most had long-pass impulse-duration func-
tions at 90 pps (Table 1).  These different observations
are due to the fact that IC neurons often only respond
to the first or initial few pulses of temporally patterned
pulse trains at high PRRs (7, 21, 20, 24).  As such, a
neuron’s total number of impulses discharged to a
pulse train would drop sharply at high PRRs.  For this
reason, most neurons that only responded to first or
initial few pulses of pulse trains at high PRRs would
have short-pass impulse-duration functions (20).

Our earlier study examined the effect of tempo-
rally patterned pulse trains on duration selectivity of
IC neurons in terms of the interaction among pulse
durations, PRR, and inter-pulse gap.  For this reason,
increasing duration selectivity of IC neurons with
PRR might be due to shortening of inter-pulse gaps.
In the present study, we examined the effect of PRR
on duration selectivity of bat IC neurons by compar-
ing the duration tuning properties of IC neurons to a
selected pulse within the pulse trains of different
PRRs.  We showed that duration selectivity improves
with PRR by increasing the number of duration tuned
IC neurons and increasing sensitivity to duration
change (Figs. 3-6; Tables 2, 3).

Behavioral Relevance to Detection of Echo Duration

Because Eptesicus fuscus progressively increase
the pulse repetition rate (PRR) as they search, ap-
proach and finally intercept the target (15), sensitiv-
ity of their auditory neurons to pulse parameters
would be inevitably affected by PRR. For example,
we have recently shown that an increase in sound
intensity decreases duration selectivity of one third of
IC neurons studied (33).  Conversely, shortening of
sound duration changes the rate-intensity functions
and improves intensity selectivity of more than half
of the neurons studied (34).

In the present study, we showed that increasing
PRR increases the number of duration tuned neurons
and improves duration selectivity sensitivity of IC
neurons (Figs. 3-6; Tables 1-3).  Because Eptesicus
fuscus shorten pulse duration during the final phase of
hunting with high pulse emission rate (15), the in-
creased duration sensitivity to short pulse duration at
high PRR would conceivably facilitate detection of
short echo duration.
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