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for the Rate and Direction of Frequency-Modulated Sweeps
in the Auditory Cortex
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Although it is known that neural selectivity for species-specific vocalizations changes during development, the mechanisms underlying
such changes are not known. This study followed the development of mechanisms underlying selectivity for the direction and rate of
frequency-modulated (FM) sweeps in the auditory cortex of the pallid bat, a species that uses downward FM sweeps to echolocate. In the
adult cortex, direction and rate selectivity arise as a result of different spectral and temporal properties of low-frequency inhibition (LFI)
and high-frequency inhibition (HFI). A narrow band of delayed HFI shapes rate selectivity for downward FM sweeps. A broader band of
early LFI shapes direction selectivity. Here we asked whether these differences in LFI and HFI are present at the onset of hearing in the
echolocation range or whether the differences develop slowly. We also studied how the development of properties of inhibitory frequen-
cies influences FM rate and direction selectivity. We found that adult-like FM rate selectivity is present at 2 weeks after birth, whereas
direction selectivity matures 12 weeks after birth. The different developmental time course for direction and rate selectivity is attributable
to the differences in the development of LFI and HFI. Arrival time and bandwidth of HFI are adult-like at 2 weeks. Average arrival time of
LFI gradually becomes faster and bandwidth becomes broader between 2 and 12 weeks. Thus, two properties of FM sweeps that are
important for vocalization selectivity follow different developmental time courses attributable to the differences in the development of
underlying inhibitory mechanisms.
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Introduction
To understand the relative contributions of genes and experience
to behavior, the development of neural mechanisms underlying
selectivity for natural stimuli must be elucidated. In the auditory
system, considerable emphasis has been placed on studying the
development of selectivity for species-specific vocalizations.
Vocalization-selective neurons are present in several vertebrate
groups (Capranica, 1972; Fuzessery and Feng, 1983; Margoliash,
1986; Ohlemiller et al., 1996; Wang, 2000; Tian et al., 2001; Klug
et al., 2002; Suta et al., 2003). In songbirds, it is known that
vocalization selectivity undergoes developmental changes in par-
allel with maturation of vocalizations (Doupe and Konishi, 1991;
Doupe, 1997; Solis and Doupe, 1997). Perhaps because of their
complex, multi-syllable structure, the mechanisms that shape se-
lectivity for songs are only beginning to be understood (Lewicki,
1996; Theunissen et al., 2000; Rosen and Mooney, 2006). How
these mechanisms change during development is, however, un-
clear. The development of neural selectivity for vocalizations in

mammals has not received as much attention. In addition to the
complexity of communication calls, selectivity for single calls is
less pronounced in the mammalian auditory system (Glass and
Wollberg, 1983; Wang, 2000; Klug et al., 2002; Suta et al., 2003),
making it difficult to determine mechanisms that shape vocaliza-
tion selectivity and to study their developmental changes.

The bat echolocation system may be a useful model to address
this issue because of the simplicity of echolocation calls and
strong neural selectivity for its parameters. In this study, we have
taken advantage of these factors to report on the development of
mechanisms underlying vocalization selectivity in the auditory
cortex of the pallid bat. The pallid bat auditory system shows
strong selectivity for a simple vocalization, the downward
frequency-modulated (FM) sweep used in echolocation (Fuz-
essery and Hall, 1996). Nearly 70% of auditory cortex neurons are
selective for the sweep rate and direction of the echolocation
pulse (Razak and Fuzessery, 2002). FM direction and rate selec-
tivity in the pallid bat cortex depend on spectrotemporal proper-
ties of low-frequency inhibition (LFI) and high-frequency inhi-
bition (HFI) (Razak and Fuzessery, 2006). An early-arriving
broadband LFI shapes direction selectivity, whereas a delayed
narrowband HFI shapes rate selectivity for downward sweeps.
Adult-like FM rate and direction selectivity, and the differences
in the properties of LFI and HFI, may be present at the time the
pallid bat starts to hear echolocation frequencies, suggesting an
experience-independent shaping of components of echolocation
behavior. Alternately, these differences may emerge slowly, al-
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lowing a possible role for experience. The goal of this study was to
distinguish between these possibilities.

Another motivation for studying FM sweeps is that such
sounds are common components of species-specific vocaliza-
tions, including human speech. In the auditory cortex, selectivity
for the rate and direction of FM sweeps is present in many species
(Suga, 1965a– c; Heil et al., 1992; Mendelson et al., 1993; Tian and
Rauschecker, 1994; Kowalski et al., 1995; Nelken and Versnel,
2000; Hart et al., 2003). Understanding the development of
mechanisms that shape this selectivity in the pallid bat cortex may
therefore have general applicability to vocalization processing in
other auditory systems.

Materials and Methods
Recordings were obtained from both hemispheres of the auditory cortex
in pallid bat pups that were born and raised in the University of Wyo-
ming animal facility. Pregnant bats were netted in New Mexico and
maintained in cages. The bats were fed mealworms raised on ground
Purina (St. Louis, MO) rat chow. The room was heated and maintained
on a reversed 12 h light/dark cycle. As pups were born, they were moved,
with their mothers, to a nursery cage that housed pups born within 2–3 d
of each other. Pups and moms were maintained in these cages until the
day of recording from the pups. All of the data reported were from
single-unit recordings obtained from pups between 2 and 12 weeks.
Brown et al. (1978) showed using evoked potential recordings from the
inferior colliculus that, at 10 d of age, hearing in the pallid bat is limited
to frequencies �40 kHz, with a steep increase in thresholds above 40 kHz
and no responses �45 kHz. At 12 d of age, responses can be obtained for
frequencies up to 70 kHz, but the thresholds for frequencies �40 kHz are
between 12 and 40 dB higher in pups than adults. Between 12 and 24 d,
the audiograms become adult-like. These data suggest that, at 2 weeks,
hearing in the echolocation range has been present for 2–3 d albeit at a
lower sensitivity in pups than adults. Thus, the 2–12 week age range
studied here encompasses the time when the pups start listening to fre-
quencies �40 kHz (2 weeks), to when they begin using echolocation in
flight (4 –5 weeks), and to when they are fully weaned (8 –10 weeks)
(Brown et al., 1978). All procedures followed the animal welfare guide-
lines required by the National Institutes of Health and Institutional An-
imal Care and Use Committee. All adult data shown for comparison in
this study were reported previously by Razak and Fuzessery (2006).

Surgical procedures. The procedures used in pups were identical to
those used in adults and reported previously (Razak and Fuzessery,
2002). Briefly, recordings were obtained from bats that were lightly anes-
thetized with Metofane (methoxyflurane) inhalation, followed by an in-
traperitoneal injection of pentobarbital sodium (30 �g/g body weight)
and acepromazine (2 �g/g body weight). To expose the auditory cortex,
the head was held in a bite bar, a midline incision was made in the scalp,
and the muscles over the dorsal surface of the skull were reflected to the
sides. The front of the skull was scraped clean, and a layer of glass mi-
crobeads was applied, followed by a layer of dental cement. The bat was
then placed in a Plexiglas restraining device. A cylindrical aluminum
head pin was inserted through a cross bar over the bat’s head and ce-
mented to the previously prepared region of the skull. This pin served to
hold the bat’s head secure during the recording session. An exposure was
made by excising a piece of skull over the location with best frequencies
(BFs) above 30 kHz, known to be selective for FM sweeps. The size of the
exposure was usually �2 � 2 mm 2. Exposed muscle was covered with
petroleum jelly (Vaseline), and the exposed brain surface was covered
with paraffin oil to prevent desiccation.

Recording procedures. Experiments were conducted in a heated (85–
90°F), soundproofed chamber lined with anechoic foam. Bats were kept
lightly anesthetized throughout the course of the experiments with
Metofane and additional pentobarbital sodium (one-third of presurgical
dose) injections. Stimuli were generated using Modular Instruments
(Westchester, PA) and Tucker-Davis Technologies (Gainesville, FL) dig-
ital hardware and custom-written software (Fuzessery et al., 1991). The
waveforms were amplified with a stereo amplifier and presented as
closed-field stimuli through Infinity emit-K ribbon tweeters fitted with

funnels that were inserted into the bat’s pinnae and sealed there with
petroleum jelly. This procedure attenuated speaker intensity level at the
opposite ear by �30 dB (Fuzessery, 1996). The speaker-funnel frequency
response curve was measured with a Brüel and Kjær (Norcross, GA) 1⁄8
inch microphone placed at the tip of the funnel. The response was flat
from 10 to 20 kHz, showed a gradual increase of 20 dB between 20 and 35
kHz, and was flat from 35 to 60 kHz. Using glass microelectrodes (1 M

NaCl, 2–5 M� impedance), recordings were obtained at depths between
200 and 500 �m. Penetrations were made orthogonal to the surface of the
cortex. Response magnitudes and poststimulus time histograms were
acquired and stored with the use of a Modular Instruments high-speed
clock controlled by custom software. Responses were quantified as the
total number of action potentials elicited over 20 stimulus presentations.
All results were from single-unit recordings, identified based on the con-
sistency of action potential amplitude, and waveform displayed on an
oscilloscope.

Data acquisition. Because the objective of this study was to determine
the development of mechanisms underlying FM rate and direction selec-
tivity, we focused exclusively on the high-frequency FM sweep-selective
region (Razak and Fuzessery, 2002, 2006). Once a neuron with BF �30
kHz and with strong response to FM sweeps, but not to noise, was iso-
lated, the following response properties were determined:

Excitatory frequency tuning curve. Pure tones (25–75 kHz, 5 ms dura-
tion, 1 ms rise/fall times, 1 Hz repetition rate) were used to determine the
BF and excitatory frequency tuning curve. BF was defined as the fre-
quency that elicited action potentials to at least five successive stimulus
repetitions at the lowest intensity. The intensity was then increased in 5 or
10 dB steps to record the frequency–intensity combinations that pro-
duced excitatory responses.

FM rate and direction selectivity. Rate selectivity was determined for
downward FM sweeps. Rate selectivity was determined by first recording
responses to downward sweeps of at least two different bandwidths
(BWs) presented with durations of 0.5–70 ms. The sweep duration func-
tions were then converted to rate selectivity functions by dividing the
sweep BW by the sweep duration (kilohertz per milliseconds). Two cri-
teria were used to classify a neuron as FM rate selective. First, there had to
be a reduction of �50% in maximum response as the FM rate was re-
duced. Second, rate selectivity functions determined at different BWs
had to be within 1 kHz/ms of one another along the flank of the function
as responses declined to 50% of maximum response. Comparing rate
tuning across FM sweeps with different BWs was essential for determin-
ing whether a neuron was truly rate tuned or simply sensitive to sweep
duration.

To test for direction selectivity, the response to upward FM sweeps
with the same range of duration and BW as the downward sweeps was
recorded. A direction selectivity index (DSI) was calculated to quantify
direction selectivity (O’Neill and Brimijoin, 2002). The formula used was
as follows: DSI � (D � U )/(D �U ), in which D and U are the maximum
response magnitudes for downward and upward sweeps, respectively.
The DSI of each neuron was calculated by comparing the maximum
responses to upward and downward sweeps of the same BWs. In other
words, the DSI was not necessarily calculated at the same sweep rate for
the two sweep directions. Values of DSI can range between �1 and �1,
with more positive values indicating higher selectivity for the downward
direction. DSI values �0.6 are equivalent to the maximum response to
the upward sweep being �25% of the maximum response to the down-
ward sweep.

Two-tone inhibition over time tuning curves. To determine the arrival
time and BW of inhibition, a “two-tone inhibition over time” (TTI)
method was used (Calford and Semple, 1995; Brosch and Schreiner,
1997; Gordon and O’Neill, 1998; Fuzessery et al., 2006; Razak and Fuz-
essery, 2006). Two tones, one excitatory and the other inhibitory, were
presented with different delays between them (Fig. 1 A). The frequency of
the excitatory tone was set at the BF of the neuron and was presented at a
single intensity 10 –20 dB above threshold with duration of either 3 or 5
ms. The same duration (either 3 or 5 ms) was used for individual neu-
rons. The inhibitory tone was presented at the same intensity and a
longer duration (10 ms). Its frequency was varied between 5 and 70 kHz,
and its onset time varied with respect to that of the excitatory tone. Below
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the BF, the frequency of the inhibitory tone was increased in 1 kHz steps.
Because HFI was typically very narrow (�2–3 kHz) (Razak and Fuz-
essery, 2006), the resolution was 0.1 kHz for testing HFI. The delay–
frequency combinations that resulted in inhibition of response to the
excitatory tone for at least four of five (80% inhibition) consecutive
presentations served to map out the spectrum and arrival times of inhib-
itory frequencies. Inhibition that occurred only when the excitatory tone
was delayed denoted delayed inhibition arriving after excitation. This is
analogous to forward masking. Inhibition that occurred even when the
excitatory tone was advanced demonstrated an early inhibition that ar-
rived before excitation. This is analogous to backward masking.

A TTI tuning curve (Fig. 1 B) was constructed from the delay–fre-
quency combinations that inhibited the response to the BF tone. On the
y-axis, negative delays denote that the onset of the excitatory tone oc-
curred before that of the inhibitory tone. Positive delays indicate that the
onset of the excitatory tone occurred after that of the inhibitory tone. The
x-axis shows frequencies of the inhibitory tones used. In the example
shown (Fig. 1 B), the gray bar denotes the range of excitatory frequencies
of this neuron at the intensity at which the TTI test was performed. The
vertical line denotes the BF (41 kHz) of the neuron. This neuron exhib-
ited two bands of inhibitory frequencies. The band of LFI was centered at
35 kHz and had a BW of 8 kHz. LFI arrived early (delay of �1 ms). The
band of HFI was centered at 45 kHz, had a BW of 2 kHz, and arrived late
(delay of �3 ms).

To obtain more accurate quantification of the arrival times of inhibi-
tory input, the TTI procedure was repeated with the best inhibitory fre-
quency (center frequency of the inhibitory tuning curve) and the BF tone
to determine the delay at which response magnitude decreased to 50% of

the excitatory tone alone (control) response.
This value was referred to as the “50% arrival
time of inhibition.” In the example shown (Fig.
1C, same neuron as in B), the 50% arrival time
of LFI (35 kHz) was �1.5 ms. The 50% arrival
time of HFI (45 kHz) was �3.2 ms.

Data representation and analysis. In this
study, pups between 14 and 21 d old are re-
ferred to as 2–3 weeks. Three to 5 weeks refers
to 22- to 35-d-old pups, 5– 8 weeks refers to
36 – 60 d, and �12 weeks refers to pups that
were between 90 and 120 d of age. Data from 69
neurons from seven pups in the 2–3 week
group are included in this paper. In the 3–5
week group, 38 neurons were recorded from
four pups. In the 5– 8 week group, 32 neurons
were recorded from three pups. In the �12
week group, data were obtained from 34 neu-
rons from three pups. Adult data (61 neurons
from seven bats) from Razak and Fuzessery
(2006) are used for comparison with the devel-
opmental data. The response magnitudes re-
ported were the number of action potentials in
response to 20 stimulus repetitions at 1 Hz rep-
etition rate. Error bars show SEM. One-way
ANOVA with a Tukey’s test for post hoc pair-
wise comparisons was used for statistical com-
parisons of mean 	 SE between the adults and
individual age groups; significant differences
were inferred at a p � 0.05 level.

Results
Rate selectivity for downward FM
sweeps was adult-like from 2–3 weeks
after birth
Downward FM rate selectivity was deter-
mined in neurons with BFs within the
spectrum of the echolocation pulse
(30 – 60 kHz), in pups between 2 and �12
weeks after birth. Three forms of sweep
rate sensitivity were observed: fast pass

(FP), bandpass (BP), and rate insensitive. An example of FP se-
lectivity from the youngest pup tested (14 d old) is shown in
Figure 2, A and B. The response declined as the sweep duration
increased (Fig. 2A) and sweep rate consequently decreased (Fig.
2B). However, the response did not decline at the fastest rates
tested. FM rate selectivity was similar for different BWs (Fig. 2B).
A 50% cutoff rate was calculated for FP neurons as the rate at
which response declined to 50% of maximum; in this example,
the 50% cutoff rate was �3 kHz/ms (Fig. 2B).

An example of a neuron with BP rate selectivity, recorded
from a 17-d-old pup, is shown in Figure 2, C and D. Note that
responses declined below 50% of maximum response at both the
fastest and slowest rates tested. Although BP neurons have 50%
cutoffs on both sides of the peak, we quantify the 50% cutoff for
slower rates because this value is predicted by properties of inhi-
bition in adults (Razak and Fuzessery, 2006). The mechanisms
shaping the 50% cutoff on the high rate side in adults are not
known, and therefore we did not study them in pups. In addition
to a 50% cutoff rate, a best FM rate was calculated in BP neurons
as the center of the range of rates that produced �80% of maxi-
mum response. The best FM rate of the neuron in Figure 2D was
7 kHz/ms; the 50% cutoff rate was 2 kHz/ms. Finally, the neuron
shown in Figure 2, E and F, was rate insensitive, because its re-
sponse did not decrease below 50% of maximum response at all
rates tested.

Figure 1. The TTI method was used to determine the BW and arrival time of inhibition. A, In this method, an excitatory tone was
delayed or advanced with respect to an inhibitory tone. The intensity of the two tones was the same. Simultaneous onset of the two
tones was denoted as 0 ms delay. Later (earlier) onset of the excitatory tone with respect to the inhibitory tone was denoted as
positive (negative) delay. B, The TTI tuning curve shows frequency on the x-axis, and the delay of the excitatory tone on the y-axis.
The gray bar shows the excitatory frequency tuning curves at the intensity at which the TTI test was performed. The vertical line
shows the BF of the neuron. The filled circles were the delay–frequency combinations that caused inhibition of response to the BF
tone. Inhibition occurring at negative delays arrived early, whereas inhibition occurring at positive delays arrived late. C, The 50%
arrival time of inhibition was the delay of excitatory tone at which an inhibitory tone caused a 50% decrease in control response (BF
tone alone response). The horizontal dashed line shows 50% of control response, and the vertical dashed lines indicate the 50%
arrival time for two different inhibitory tones.
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The percentage of FM rate-selective
neurons in all age groups was similar to
adult values (Fig. 3A) (� 2 test, p � 0.05).
In the adult cortex, 75% of neurons are
selective for FM sweep rate (Razak and
Fuzessery, 2006). A similar percentage
(76%) of cortical neurons exhibited FM
rate selectivity even in the youngest group
studied (2–3 weeks) (Fig. 3A). The abso-
lute sweep rate values for which these neu-
rons were selective were also similar be-
tween adults and pups. There was no
significant difference between different
age groups and adults in the average 50%
cutoff rate of FP and BP neurons (2–3
weeks, 1.88 	 0.26 kHz/ms; 3–5 weeks,
1.7 	 0.56 kHz/ms; 5– 8 weeks, 1.6 	 0.23
kHz/ms; adult, 1.5 	 0.2 kHz/ms; p �
0.05, one-way ANOVA with Tukey’s test
for post hoc pairwise comparison). The
distribution of 50% cutoff rate (Fig. 3B)
was similar across the different age groups.
The average best FM rate of BP neurons
was similar across all age groups (2–3
weeks, 4.5 	 0.6 kHz/ms; 3–5 weeks, 3.8 	
0.8 kHz/ms; adult, 3.6 	 0.32 kHz/ms; p �
0.05, one-way ANOVA with Tukey’s test
for post hoc pairwise comparison). The
distribution of best FM rates was similar
across all age groups (Fig. 3C). The sample
size of BP neurons in 5- to 8-week-old bats
was too low to be included in the above
comparisons. These data indicate that FM
rate selectivity is adult-like in the pallid bat
auditory cortex from 2 weeks after birth,
coinciding with the age at which these bats
first achieve adult-like hearing thresholds
in the echolocation range.

Direction selectivity was not adult-like
until 12 weeks of age
Direction-selective neurons (Fig. 4A)
were defined as those in which the re-
sponse to upward FM sweeps was �25%
of the maximum response to downward
FM sweeps with the same frequencies and
BW. Neurons (Fig. 4B) whose response to
upward FM sweeps was at least 25% of maximum response to down-
ward FM sweeps for at least one FM rate were termed nonselective
for FM direction. A DSI was used (see Materials and Methods) to
quantify the difference in responses for the two sweep directions. A
neuron with a maximum response to upward sweeps that is �25%
of maximum response to downward sweeps has a DSI �0.6. The
direction-selective neuron shown in Figure 4A had a DSI of 0.7,
whereas the nonselective neuron (Fig. 4B) had a DSI of 0.15.

In adult cortex, the majority of neurons (65%) have DSIs �0.6
(Razak and Fuzessery, 2006). This was not the case in pups. Di-
rection selectivity was present in �25% of neurons in the 2- to
3-week-old pups (Fig. 4C). The percentage increased to 35% in
pups between 3 and 8 weeks but was still considerably lower than
in adults. There was no difference in percentage of direction-
selective neurons between 2 and 8 weeks (� 2 test, p � 0.05).
Average DSI was �0.25 up to 8 weeks (Fig. 4D, Table 1). By 12

weeks of age, the percentage of direction-selective neurons was
adult-like (� 2 test, p � 0.05). Moreover, the percentage of
direction-selective neurons in the 12 weeks and adult groups was
significantly higher than in pups younger than 8 weeks (� 2 test,
p � 0.05). However, even at 12 weeks, the DSI did not reach
adult-like levels, showing that the preference for downward FM
sweeps was weaker than that seen in adults (Fig. 4D, Table 1). The
average DSI was higher in the 12-week-old bats than in younger
pups ( p � 0.05, t test), suggesting that some developmental in-
crease in direction selectivity occurs during the period between 8
and 12 weeks. These data show that FM rate selectivity, but not
direction selectivity, is adult-like in pup auditory cortex.

The remainder of this study addresses the development of the
mechanisms underlying FM sweep rate and direction selectivity
to determine why these two forms of selectivity have different
developmental time courses.

Figure 2. Examples of FM rate selectivity in pup cortex. The panels on the top and bottom show response to changing FM sweep
duration and rate, respectively. A, B, A neuron from a 14-d-old pup that exhibited FP-type selectivity for FM rate. The duration
functions (A) obtained at two different FM BWs do not overlap, but FM rate functions (B) obtained by dividing the BW of the sweep
by the duration of the sweep do. This suggests that this neuron was selective for FM rate and not duration. C, D, A neuron from a
17-d-old pup that had BP selectivity for FM rate. E, F, A neuron from a 21-d-old pup that was nonselective for FM rate. The response
of the neuron to different FM rates tested was within 50% of maximum response. The different symbols denote different FM sweep
BWs tested.
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Mechanisms of FM rate selectivity were adult-like from 2
weeks after birth
The presence of adult-like rate selectivity in the youngest pups
suggested that the underlying mechanisms are mature at 2 weeks

after birth. In adult cortex, rate selectivity for downward FM
sweeps is created by a narrow band of HFI whose arrival is de-
layed with respect to excitatory input (Razak and Fuzessery,
2006). Because HFI is delayed, downward sweeps with fast rates
allow excitation to arrive before inhibition, although excitatory
frequencies in a downward sweep are encountered later than the
HFI. Slower downward FM sweeps, however, allow sufficient
time for the HFI to catch up with the excitatory input, and the
response is suppressed. Delayed HFI thus acts as a fast-pass filter
for shaping sweep rate selectivity.

The importance of delayed HFI in shaping downward FM
sweep rate selectivity has been determined by three observations
in the adult cortex (Razak and Fuzessery, 2006). First, neurons
without HFI are not rate selective. Second, removal of HFI by
starting a downward FM sweep within the excitatory frequency
tuning curve eliminates rate selectivity. Third, the arrival time
and BW of HFI can be used to accurately predict the rate selec-
tivity of adult cortical neurons for downward sweeps. We tested
whether all three observations were also true in pup cortex.

The same mechanisms that shape rate selectivity for down-
ward sweeps in adults are also present in pups of all age groups.
The example of Figure 5 shows that elimination of HFI from a
downward sweep eliminates sweep rate tuning. The TTI tuning
curve in this 14-d-old pup is shown in Figure 5A. The neuron had
a BF of 46 kHz and a narrow, 2 kHz band of HFI centered at 51
kHz that arrived 7 ms after excitation. The arrival time of inhibi-
tion generated by 51 kHz that suppressed the control response by
50% was 2 ms (Fig. 5B). The neuron was rate selective for down-
ward FM sweeps that included the HFI (60 – 40 kHz and 70 – 40
kHz in Fig. 5C). However, the neuron lost rate selectivity if the
HFI was excluded by starting the sweep inside the excitatory tun-
ing curve (49 –29 kHz) (Fig. 5C). This test was performed on 74
neurons in pups from all age groups, and, in 95% of the neurons
(n � 70), eliminating HFI from a downward sweep resulted in a
loss of sweep rate sensitivity.

Also as in adults, all pup neurons without HFI (n � 17) were
not sensitive to downward FM sweep rate (Fig. 6). The example
neuron shown in Figure 6A did not exhibit HFI at any delay. The
neuron was not selective for downward FM sweep rate at either of
the sweep BWs tested (Fig. 6B).

The neuron in Figure 6, C and D, illustrates the importance of
the relative timing of excitatory and HFI input. This neuron,
recorded from a 24-d-old bat, is unusual in that HFI arrived at the
same time as excitation (Fig. 6C). Therefore, in a downward FM
sweep, HFI would be expected to arrive before excitation and
prevent a response. As expected, this neuron responded weakly to
a downward sweep of 70 –30 kHz only at the faster sweep rate
tested (Fig. 6D). However, if HFI was eliminated from the down-
ward sweep, as in a 56 –36 kHz sweep (Fig. 6D), the neuron
responded but, as expected, exhibited no rate selectivity.

Finally, as in adults (Razak and Fuzessery, 2006), the BW and
arrival time of HFI can be used to predict the 50% cutoff rate of
downward FM rate-selective neurons in pups of all age classes.
The prediction is explained using an example shown in Figure
7A–C. The equation used to predict the rate at which the response
decreased to 50% of maximum for slower FM rates is as follows:
50% cutoff rate (kHz/ms) � (HIF � HEF)/(50% arrival time of
inhibition), where HIF is the highest inhibitory frequency and
HEF is the highest excitatory frequency. The 50% arrival time of
inhibition was the delay between the excitatory and inhibitory
frequencies that caused a 50% suppression of control response to
the excitatory tone alone. The actual 50% cutoff was determined
from the FM rate selectivity functions (Fig. 7C). In the example

Figure 3. Development of FM rate selectivity in the pallid bat cortex. A, The percentage of
neurons that were FM rate selective was adult-like in all of the age groups studied. B, In neurons
with FP and BP selectivity, the distribution of FM rates at which response declined to 50% of
maximum was similar across all age groups. C, In neurons with BP selectivity, the distribution of
best FM rate was similar across all age groups. A, Adult.
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neuron (Fig. 7A), the difference between
the HIF (44 kHz) and the HEF (39 kHz)
was 5 kHz. The delay of inhibition that
caused a 50% reduction in response to the
excitatory tone was 1 ms (Fig. 7B). For
downward FM sweeps faster than 5 kHz/1
ms (� 5 kHz/ms), excitation would occur
before inhibition. In sweeps with rates
slower than 5 kHz/ms, inhibition would
occur before or together with excitation
and reduce responses.

This prediction was quite accurate in
this neuron (Fig. 7C). The actual 50% cut-
off rate of this neuron was 5.5 kHz/ms. A
similar prediction was made in 49 neurons
in pups of all age groups in which the HFI
BW, 50% arrival time, and rate selectivity
data were available (Fig. 7D). There was a
strong correlation (r 2 � 0.7; p � 0.05) be-
tween the predicted and the actual 50%
cutoff rates, adding support to the view
that delayed HFI underlies downward FM
rate selectivity in pup cortex, as it does in
adult cortex.

The average arrival times and BWs of
HFI were similar in pups and adults. HFI
was delayed in almost all neurons with
HFI in all age groups (Fig. 8A–C). The
neuron shown in Figure 6, C and D, was
the only exception. The mean 	 SE arrival
time of HFI was not different between any
of the age groups (Fig. 8D, Table 2) ( p �
0.05, one-way ANOVA, Tukey’s test for
post hoc pairwise comparisons). BW of
HFI also displayed similar distributions (Fig. 8E–G) and mean
values (Fig. 8H, Table 2) at all ages ( p � 0.05, one-way ANOVA,
Tukey’s test for post hoc pairwise comparisons). As in adults, the
BW of HFI was narrower than 5 kHz in �75% of neurons from 2
weeks onward. These data demonstrate that HFI shapes down-
ward FM sweep rate selectivity and that the selectivity for sweep
rate is adult-like in 2-week-old pups because properties of HFI
are also adult-like at 2 weeks.

Mechanisms underlying FM direction selectivity become
adult-like during development
In the adult cortex, selectivity for the downward sweep direction
is created by a broad band of LFI that arrives earlier, or approxi-
mately the same time, as excitation (Razak and Fuzessery, 2006).
Upward FM sweeps encountering the broad LFI band cause in-
hibitory inputs to arrive before excitation, resulting in suppressed
responses. Two observations support this assertion. First, re-
moval of LFI from the upward sweep by starting the sweep inside
the excitatory tuning curve results in a loss of direction selectivity.
Second, there is a strong correlation between the arrival time of
inhibition and DSI. Most neurons with early LFI show strong
direction selectivity, whereas neurons with delayed LFI exhibit
poor direction selectivity.

As in adults, pup cortical neurons with early LFI were direc-
tion selective (Fig. 9A–C). The TTI tuning curve from a 24-d-old
pup (Fig. 9A) shows that a band of LFI centered at 31 kHz arrived
0.5 ms before excitation. The excitatory tone had to be advanced
by 1 ms relative to the inhibitory tone to produce a reduction of
50% in response (Fig. 9B), demonstrating that LFI arrived earlier

than excitation. This neuron was selective for FM sweep direction
(Fig. 9C) (DSI of 0.69). An upward sweep that included the band
of LFI (30 –50 kHz) elicited weak responses. However, removal of
the LFI from the upward sweep (33–53 kHz) resulted in a strong
response to the upward sweep and, consequently, a loss of direc-
tion selectivity. This test was performed on 67 direction-selective
neurons across all age classes; in 96% (n � 64), the elimination of
LFI from an upward sweep resulted in a strong response to the
sweep. This test provides evidence that LFI was responsible for
creating selectivity for a downward FM sweep direction.

Neurons with delayed LFI were not direction selective. In the
example shown (Fig. 9D), the band of LFI centered at 33 kHz was
delayed. Inhibition of 50% was observed when the excitatory
tone was delayed by 3 ms (Fig. 9E). This neuron was classified as
nonselective for sweep direction (DSI of �0.09), because the
maximum response to upward and downward FM sweeps was
similar (Fig. 9F). The response of this neuron to upward sweeps
declined for slow rates. The rate selectivity for upward sweeps is
attributable to the delayed LFI because elimination of LFI (36 –56
kHz sweep) from the upward sweep eliminates rate selectivity for
the upward sweep. This is the same mechanism that creates rate

Figure 4. FM direction selectivity is poor in pup cortex. A, This neuron was selective for the downward direction of FM sweep.
Upward sweeps with the same BW elicited weak responses at all FM rates tested. B, This neuron was not selective for FM sweep
direction. It responded well to both directions at certain rates. C, The percentage of direction-selective neurons was �35%
up to 8 weeks after birth. Direction selectivity reached adult-like percentages in pups �12 weeks old. A, Adult. D, DSI in
pups younger than 8 weeks was on average �0.3. In the �12-week-old group, DSI values were intermediate between the
young pups and the adults.

Table 1. DSI values during development

Age group (weeks) Mean 	 SE DSI

2–3 0.24 	 0.06
3–5 0.21 	 0.06
5– 8 0.2 	 0.04
12 0.4 	 0.06
Adult 0.62 	 0.06
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selectivity for downward sweeps. All neurons (n � 30, across all
pup age groups) with delayed LFI exhibited rate-selective re-
sponse to upward sweeps and the exclusion of the LFI from the
upward sweep eliminated rate selectivity in all of these neurons.

Finally, a few pup neurons (n � 7) had no LFI. As expected,
none of these neurons were direction selective. The neuron
shown in Figure 10 exhibited delayed HFI, but none of the fre-
quencies below the BF were inhibitory at any delay (Fig. 10A).
This neuron responded equally well to both the upward and
downward sweeps (Fig. 10B). These data suggest that the pres-
ence of an early LFI is critical for direction selectivity.

A strong correlation was observed between arrival time of LFI
and DSI (Fig. 11) (r 2 � 0.62; p � 0.05, all pup neurons pooled
together). All neurons with delayed arrival time of LFI had DSIs
�0.6. Most neurons with an early arrival time of LFI had DSIs
�0.6. This correlation was similar to that observed in adult cortex
(Razak and Fuzessery, 2006). However, a significantly higher per-
centage of neurons with delayed LFI were found in the pups than
in the adults (Fig. 8A–C) (� 2 test, p � 0.001). In pups, 57% of
neurons (n � 53, across all age groups) exhibited delayed LFI
compared with 15% (n � 40) in adults. The average arrival time
of LFI became faster between 2 and 3 weeks and adulthood (Fig.
8D, Table 2). In pups, the mean 	 SE arrival time was slower in
the 2–3 and 3–5 week age groups compared with adults (Fig. 8D)
( p � 0.05, one-way ANOVA, Tukey’s test for post hoc pairwise
comparisons). Although a trend was observed for a decrease from
the 2–3 week to 3–5 and 5– 8 week groups, the differences were
not significant ( p � 0.05). Similarly, no difference was observed
between the 5– 8 week, 12 week, and adult groups ( p � 0.05).
These data suggest that the average arrival time of LFI is slow at
2–5 weeks and becomes adult-like after 5 weeks.

Another property of LFI that is important for direction selec-
tivity is the BW (Razak and Fuzessery, 2006). This is because, for
a given sweep rate, the broader the BW of LFI, the earlier the
inhibitory frequencies will be encountered by an upward sweep.
This will translate into earlier arrival of LFI relative to excitation.
In adults, the BW of LFI in nearly 75% of neurons (n � 36) was
broader than 10 kHz (Fig. 8G). In pups, however, the BW of LFI
was broader than 10 kHz in only 25% of neurons (n � 60, across
all pup age groups). The difference between the two groups was
significant (� 2 test, p � 0.01). The mean BW of LFI in each pup
age group was different from adults (Fig. 8H, Table 2) ( p � 0.05,
one-way ANOVA, Tukey’s test for post hoc pairwise compari-
sons). Unlike the arrival time, the BW of inhibition in the 12-
week-old pups was similar to the BW in younger pups.

Finally, to determine changes in the absolute arrival times of
excitatory and inhibitory inputs during development, the latency
(average first spike latency) of the response to the BF tone was
compared across different age groups (Fig. 12A). There was no
difference in response latency between any two age groups or
between pups and adults ( p � 0.05, one-way ANOVA, Tukey’s
test for post hoc pairwise comparisons). These data suggest that
the changes in relative arrival time of inhibitory inputs during
development (Fig. 8D, Table 2) are not attributable to changes in
the latency of response to excitatory tones. The invariance of
latency in the pallid bat cortex during the developmental time
period studied is in contrast to observations made in the cat
cortex, in which response latency decreased to adult-like values
after 3 weeks of age (Blatchley and Brugge, 1990).

In summary, these data show that LFI shapes direction selec-
tivity and that the properties of LFI are immature in pups. The
developmental time courses of the arrival time of LFI, the per-
centage of direction-selective neurons, and DSI all follow similar

Figure 5. Mechanisms of FM rate selectivity in a 14-d-old pup. A, A neuron with BF of 46 kHz
(vertical line) and excitatory tuning between 45 and 50 kHz (gray box). The BF tone had to be
delayed by 7 ms with respect to HFI centered at 51 kHz for 80% inhibition to occur, showing that
HFI arrived late. A band of LFI centered at 40 kHz arrived 2 ms late. B, The TTI curve shows that
an inhibition of 50% from control response (arrow) was achieved when the excitatory tone (46
kHz) was delayed by 2 ms relative to the high-frequency inhibitory tone (51 kHz). The dashed
lines indicate the delay at which response declines to 50% of control. C, The neuron was selec-
tive for the rate of downward FM sweeps that included the band of HFI (60 – 40 and 70 – 40
kHz). Rate selectivity was lost when the sweep excluded the HFI (49 –29 kHz).
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trajectories. In addition, the increase in
the BW of LFI from 2 weeks to adulthood
will also contribute to the emergence of
adult-like direction selectivity.

Other response properties
Properties such as excitatory frequency
tuning BW and complexity of inhibitory
frequency bands are not necessarily in-
volved in shaping selectivity for sweep rate
or direction, but they have been studied in
the auditory cortices of other species (Egg-
ermont, 1996; Zhang et al., 2001; Bonham
et al., 2004; Pienkowski and Harrison,
2005). Here we provide developmental
data from the pallid bat for comparison
with data from other species. Excitatory
frequency tuning BWs were determined at
10 and 20 dB above minimum thresholds.
At both intensities, the average BW of the
excitatory frequency tuning curve in the
2–3 week pup age group was significantly
broader than in adults (Fig. 12B,C) ( p �
0.001, one-way ANOVA, Tukey’s test for
post hoc pairwise comparisons). The 20 dB
BW was also broader in the 3–5 week
group compared with adults. All other
pairwise comparisons revealed no signifi-
cant differences, suggesting that excitatory
BW at 10 dB above threshold was adult-
like from 3 to 5 weeks, and the BW at 20 dB
above threshold was adult-like from 5 to 8
weeks. As seen in other sensory systems,
this shows that excitatory receptive field is
refined during development in the audi-
tory cortex of the pallid bat.

Neurons in the auditory cortex can ex-
hibit complex inhibitory domains com-
posed of several bands of inhibitory fre-
quencies (Suga, 1965b; Kanwal et al.,
1999; Loftus and Sutter, 2001). It is not
known whether the adult-like number of
inhibitory bands is present at hearing on-
set or whether its development is pro-
tracted. Pienkowski and Harrison (2005)
reported that the complexity of cortical re-
ceptive fields increases during develop-
ment in the chinchilla. In the pallid bat,
adult cortical neurons can display as many
as four discrete bands of inhibitory fre-
quencies (Fig. 13). Nearly 50% of pup
neurons had only one band of inhibitory
frequencies (Fig. 6A) compared with only
12% in adults. The percentage of neurons
with two bands of inhibition was similar
across all pup age groups and adults (Fig.
5A). A higher percentage of adult cortical
neurons exhibited more than three bands
of inhibition. In nearly 50% (14 of 30) of
adult cortical neurons, a band of inhibi-
tion was centered at 10 –15 kHz (Razak
and Fuzessery, 2006). However, only 3 of
56 (5%) neurons displayed a band of inhi-

Figure 6. Importance of the presence and correct timing of HFI to rate selectivity for downward sweeps. A, B, A neuron (from
a 43-d-old pup) without HFI was not selective for FM rates. The gray bar in A indicates the extent of the excitatory frequency tuning
curve at the intensity with which the TTI test was performed. C, D, A neuron (from a 24-d-old pup) with fast HFI responded poorly
to downward FM sweeps that included the HFI. The response was strong when the HFI was excluded from the downward sweep.

Figure 7. Arrival time and BW of HFI predict 50% cutoff rate in pup neurons. A–C, An example used to illustrate the method
used to predict the 50% cutoff rate. From the delay–frequency tuning curve of each neuron (A), the spectral distance between the
HIF and the HEF was estimated. In this example, HIF � HEF was 5 kHz. From the TTI curve (B), the arrival time of inhibition that
caused 50% suppression from control response was estimated. In this example, 50% arrival time was 1 ms. The predicted 50%
cutoff rate for this neuron was 5 kHz/1 ms � 5 kHz/ms. The measured rate selectivity functions (C) show that the 50% cutoff for
this neuron was 5.5 kHz/ms, supporting the prediction. The horizontal dashed line is the 50% response, and the vertical dashed line
shows the time at which response decreased to 50% of control. D, A summary plot based on data from 49 pup cortical neurons
shows a good correlation (r 2 � 0.7; p � 0.001) between the predicted and actual 50% cutoff rates.

1776 • J. Neurosci., February 14, 2007 • 27(7):1769 –1781 Razak and Fuzessery • Development of Inhibition in Auditory Cortex



bition with frequencies below 30 kHz in
pups (all age groups combined). These
data show that the full complement of in-
hibitory frequencies in cortical neurons
tuned in the echolocation range is not
present in pups. Rather, this complexity
develops at least 3 weeks after the emer-
gence of the full audible range, leaving
open the possibility that experience influ-
ences the development of inhibitory re-
ceptive fields.

Discussion
The main finding of this study is that there
are temporal differences in the develop-
ment of the inhibitory mechanisms that
shape FM rate and direction selectivity.
The HFI that shapes FM rate selectivity is
adult-like at 2–3 weeks. In contrast, the
LFI that shapes selectivity for the down-
ward sweep direction emerges more
slowly; arrival time is adult-like at 5
weeks, and BW is at 12 weeks. These dif-
ferences in the development of LFI and
HFI (Fig. 14) parallel different develop-
mental time courses of rate and direc-
tion selectivity.

Hearing onset in the pallid bat occurs
at 1 week, but the full audible range (5– 80
kHz) is not represented until 2 weeks
(Brown et al., 1978). Echolocation in flight
occurs after 5– 6 weeks (Brown, 1976).
Thus, adult-like rate selectivity is present
when pups first hear echolocation fre-
quencies and well before their echoloca-
tion behavior matures. Adult echoloca-
tion calls contain downward FM sweeps
with frequencies between 60 and 30 kHz,
BWs between 20 and 30 kHz, and dura-
tions of 1.5– 6 ms, corresponding to sweep
rates between 5–20 kHz/ms. In 2- to
3-week-old pups, best FM rates were
mostly between 2–12 kHz/ms, suggesting
that experience with echolocation is not
required for the development of the inhib-
itory mechanisms that shape adult-like
rate selectivity.

In contrast, direction selectivity and
the underlying LFI properties are slower
to mature. The advancement of arrival
times and broadening of BWs is critical for
the emergence of selective responses to
downward sweeps. The percentage of
direction-selective neurons and the aver-
age DSI do not reach adult levels until 12
weeks, more than 1 month after pallid bats
have taken flight. Because these pups were
raised in cages, this long delay in the devel-
opment of direction selectivity may be at-
tributable to a lack of experience with
echolocation. However, pups raised in a
flight room and using echolocation
showed a similar lack of adult-like direc-

Figure 8. Development of arrival time and BW of LFI and HFI. A–C, Distribution of 50% arrival times at 2–5 weeks (A), 5–12
weeks (B), and in adults (C). The dashed vertical line indicates 0 ms arrival time. Negative (positive) delays show that inhibition
arrived earlier (later) than excitation in the TTI test. It can be seen that most adult neurons had early LFI arrival times. The 2–5 week
pups had more neurons with delayed LFI arrival times. The 5–12 week pups had nearly equal number of neurons with delayed and
early LFI arrival times. HFI was delayed in almost all of the neurons in pup and adult cortex. D, The mean 	 SE 50% arrival time
during development shows that the average LFI arrival time became faster during development, whereas the HFI arrival time did
not change significantly. E–G, Distribution of BW of inhibition at 2–5 weeks (E), 5–12 weeks (F ), and in adults (G). More adult
than pup neurons had LFI BW �10 kHz. The distribution of HFI BW was similar in pups and adults. H, The mean 	 SE BW of
inhibition during development shows that the LFI BW was on average broader in adults than pups. There was no difference in HFI
BW between pups and adults. A, Adult.
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tion selectivity at comparable ages (our
unpublished observations), suggesting
that experience with echolocation does
not hasten development.

The development of direction selec-
tivity may have both experience-
independent and -dependent compo-
nents. In the auditory forebrain of the
chick (Heil et al., 1992) and rat (Zhang et
al., 2003), direction selectivity varies with
tonotopy. Low-frequency neurons are se-
lective for upward sweeps, whereas those
tuned to the upper end of the audible
range prefer downward sweeps. In the rat,
this selectivity is correlated with a weaker
excitatory input and a stronger inhibitory
input generated in the nonpreferred
sweep direction (Zhang et al., 2003). This
frequency-dependent asymmetry in exci-
tatory and inhibitory inputs may result, in
part, from experience-independent, topo-
graphically organized projections. If this is
also the case in the pallid bat auditory cor-
tex, it may explain the downward direc-
tion selectivity of cortical neurons repre-
senting the upper end of the audible range
in the youngest bats tested. Moreover,
none of these neurons were selective for
sweeps in the upward direction, adding
weight to the notion of an innate bias in
topographic organization underlying the
initial levels of direction selectivity.

The slow emergence of adult-like di-
rection selectivity may result from the
shaping of LFI properties by experience
(Gao et al., 1999; Chang et al., 2005;
Hensch and Fagiolini, 2005). One possible
mechanism driving experience-dependent
development of direction selectivity is spike-
timing-dependent plasticity (STDP). In the
visual system, direction selectivity can be
shaped in optic tectum neurons by repeated
presentation of stimuli moving in certain di-
rections (Engert et al., 2002). Interestingly,
the emergence of direction selectivity was
dependent on the rate of stimulus move-
ment, suggesting that the precise timing of
presynaptic and postsynaptic activity was
important for the development of direction
selectivity.

During development of the pallid bat,
the dominant patterned input to neurons
tuned to echolocation pulses is likely to be
downward FM sweeps. STDP mecha-
nisms would favor the coincident presyn-
aptic events created when arrival times of
differentially tuned inputs are the in-
verse of their occurrence in a downward
sweep, i.e., early low-frequency and delayed high-frequency
input would be favored. Thus, repeated exposure to down-
ward FM sweeps would favor inhibitory inputs that prevent
responses to upward FM sweeps. In the tectum, glutamatergic
inputs acting through NMDA receptors were asymmetrically

modified to produce direction selectivity through well known
Hebbian mechanisms (Mu and Poo, 2006). In the pallid bat
cortex, however, it may be the strength of inhibitory inputs
that are modified. How STDP mechanisms would operate at
inhibitory synapses is less clear (but see Woodin et al., 2003).

Figure 9. Mechanisms of direction selectivity. A, A neuron (from a 24-d-old pup) with an early arriving band of LFI centered at 31 kHz.
The HFI arrived 5 ms late. B, The response was suppressed to 50% of control even when the excitatory tone was presented 1 ms earlier than
the inhibitory tone, showing that inhibition generated by the 32 kHz tone arrived early. C, This neuron was direction selective, with DSI of
0.69. The upward sweep that included the LFI (30 –50 kHz) elicited weak responses. However, responses to an upward FM sweep that
excluded the LFI (33–53 kHz) were within 30% of maximum response to the downward sweep. D, A neuron (from a 18-d-old pup) with
delayed LFI. The LFI centered at 33 kHz was delayed by at least 4 ms after the excitatory input. E, A 50% suppression of response to the
excitatory tone was produced only when the inhibitory tone was advanced by 3 ms. F, This neuron was not direction selective (DSI of
�0.09) but was rate selective for the upward sweeps that included the LFI (30 –50 kHz). Starting the upward sweep inside the excitatory
tuning curve (36 –56 kHz) caused rate selectivity for upward sweeps to be eliminated (F ). The vertical gray bars in A and D illustrate the
excitatory frequency tuning at the intensity at which the TTI test was conducted. The vertical lines in A and D indicate the BF of the neuron.
Dashed lines in B and E indicate the arrival time of 50% inhibition.

Table 2. Mean � SE arrival time and bandwidth of HFI and LFI during development

2–3 weeks 3–5 weeks 5– 8 weeks 12 weeks Adults

HFI arrival time (ms) 4 	 0.45 4.2 	 1.2 4.2 	 1.4 4.3 	 1.2 3.4 	 0.5
LFI arrival time (ms) 2.1 	 0.7 1.1 	 0.8 1.1 	 0.6 0.28 	 0.3 �0.4 	 0.2
HFI bandwidth (kHz) 2.3 	 0.2 3.4 	 0.5 2 	 0.3 2 	 0.3 2.8 	 0.4
LFI bandwidth (kHz) 7.2 	 0.5 6.3 	 0.5 6.7 	 1.5 8.4 	 0.8 14.6 	 1.8
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General mechanisms underlying the development of
vocalization selectivity
Present results, although focusing on the development of the
neural circuitry serving echolocation, have a general applicability
to studies of vocalization selectivity. The simple downward FM
sweep of the echolocation pulse, despite its ultrasonic frequen-
cies, can be considered an element of more complex vocaliza-
tions, because most communication signals contain FM compo-
nents. The development of selectivity for species-specific

vocalizations can be experience dependent, as is well documented
in songbirds (Doupe and Konishi, 1991; Solis and Doupe, 2000).
Inhibitory mechanisms play an important role in sensory system
development in general (Humphrey and Saul, 1998; Zheng and

Figure 10. A neuron (from a 49-d-old pup) without LFI (A) and with poor direction selectiv-
ity (B).

Figure 11. Arrival time of LFI is correlated with direction selectivity. The vertical dotted line
separates neurons with early and delayed arrival time of LFI. The horizontal dotted line sepa-
rates neurons with �20% response to upward versus the downward FM sweeps (DSI �0.6)
from neurons whose responses to the two sweep directions were within 80% of each other (DSI
�0.6). The figure shows data from all pup age groups. The arrival time of inhibition is the
two-tone delay at which an inhibition of 50% of control response occurs. A strong correlation
exists between arrival time of LFI and DSI. Importantly, most neurons with early arrival time had
DSIs �0.6, and all neurons with delayed arrival time had DSIs �0.6.

Figure 12. Development of excitatory latency and frequency tuning BW. A, The average first
spike latency of response to the BF tone at 5–15 dB above threshold was not different between
any of the age groups studied, including adults. B, C, Development of excitatory frequency
tuning BW. At both 10 dB (B) and 20 dB (C) above minimum threshold for tones, the range of
frequencies that elicited excitatory response was narrower in adults than in 2- to 3-week-old
pups. The sample size (number of neurons) is shown inside the corresponding bar. A, Adult.

Figure 13. Developmental changes in the complexity of inhibitory frequencies. The histo-
gram shows the percentage of neurons with one to four bands of inhibitory frequencies at all
age groups.
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Knudsen, 1999; Vale et al., 2003; Hensch and Fagiolini, 2005;
Razak and Pallas, 2006) and vocalization selectivity in particular
(Lewicki, 1996; Klug et al., 2002; Rosen and Mooney, 2003, 2006;
Narayan et al., 2005). Our results show that plasticity in the tim-
ing and BW of inhibitory inputs underlies the development of
selectivity for FM signals. Differences of a few milliseconds in the
arrival time of sideband inhibition can have a significant impact
on whether a neuron develops direction selectivity and for which
sweep direction it will become selective. Similarly, the delay in the
arrival of sideband inhibition, coupled with the BW of the side-
band, shapes FM rate selectivity (Fig. 6C,D). Thus, small changes
in the spectrotemporal properties of inhibitory inputs during
development can create spectrotemporal filters for FM rate and
direction. Plasticity in timing and BW of inhibitory inputs may
prove to be a common mechanism for generating vocalization-
selective neurons.

Comparisons with previous studies of cortical development
The development of spectrotemporal properties of inhibitory
sidebands in the auditory cortex has been studied previously only
in the rat (Chang et al., 2005). A comparison of this development
in the rat and the pallid bat shows that inhibition undergoes
considerable change, but the nature of this change differs. In the
rat, the inhibitory BW narrows during development. In the pallid
bat, at least within the cortical region serving echolocation, the
change is asymmetrical. LFI BW broadens, whereas that of HFI
does not change. These results suggest that there is not just one
trend during the development of inhibitory inputs; inhibitory
sidebands may sharpen or broaden, depending on the ultimate
function of the cortical region. Both of these studies were con-
ducted under barbiturate anesthesia, a condition that may raise
concerns regarding possible changes in the strength of inhibition

attributable to anesthesia during development. From these two
studies, we can at least state that, if there is such an effect, it does
not bias inhibitory BWs in a particular direction. Moreover, un-
less barbiturates influence various inhibitory frequencies differ-
ently, the main result of our study that properties of LFI, but not
HFI, change during development is unlikely to be an artifact of
barbiturate anesthesia.

The development of cortical excitatory frequency selectivity
has been studied in several species (Eggermont, 1996; Zhang et
al., 2001; Bonham et al., 2004; Pienkowski and Harrison, 2005).
In the rat, cat, and chinchilla cortex, excitatory BWs continue to
change during development. In the cat, frequency selectivity
broadens with age. In the chinchilla cortex, the complexity of
receptive field properties increases with age, with more adult neu-
rons exhibiting multiple excitatory frequencies. In the rat, fre-
quency selectivity sharpens. In the pallid bat, adult-like excitatory
frequency tuning BWs at 10 dB above threshold are present at 3
weeks, whereas adult-like BWs at 20 dB require 5 weeks. These
comparative data suggest that the development of cortical exci-
tatory receptive fields in different species follows different time
courses and may be differentially susceptible to developmental
experience. They also indicate that excitatory tuning curves may
either sharpen or broaden during development, varying by spe-
cies and perhaps by cortical region within a species.

Implications for development of speech processing
These data have implications for understanding impairments of
FM sweep processing. Deficits in the temporal interactions across
frequency channels may underlie problems such as specific lan-
guage impairments in humans (Merzenich et al., 1996). The
knowledge of how these deficits develop, and how training with
FM sweeps alleviates them, is important for clinical intervention.
Present results suggest that small errors in the timing or BW of
inhibitory inputs could result in deficits in processing FM sweeps.
The knowledge of mechanisms underlying selectivity for FM
sweeps in adult bats, and the normal development of these mech-
anisms, make the pallid bat a useful model for investigating how
experience shapes FM sweep processing. Future studies will ad-
dress the consequences of deprivation of normal echolocation
experience on the development of inhibitory circuits underlying
FM sweep selectivity.
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