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Facilitatory Mechanisms Underlying Selectivity for the
Direction and Rate of Frequency Modulated Sweeps in the
Auditory Cortex
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Neurons selective for frequency modulated (FM) sweeps are common in auditory systems across different vertebrate groups and may
underlie representation of species-specific vocalizations. Studies on mechanisms of FM sweep selectivity have primarily focused on
sideband inhibition. Here, we present the first evidence for facilitatory mechanisms of FM sweep selectivity. Facilitatory interactions were
found in 46 of 264 (17%) neurons tuned in the echolocation range (25– 60 kHz) in the auditory cortex of the pallid bat. These neurons
respond poorly to individual tones but are facilitated by combinations of tones with specific spectral and temporal intervals. Facilitation
neurons show remarkable sensitivity to sub-millisecond differences in time delays between the two tones. Interestingly, the range of
delays eliciting facilitation is not fixed but varies systematically with frequency difference between the two tones. Properties of facilitation
strongly predict selectivity for the direction and rate of FM sweeps. Together with previous studies, there appear to be at least three
mechanisms underlying FM rate and direction selectivity: sideband inhibition, duration tuning, and facilitation. Interestingly, similar
mechanisms underlie direction and velocity tuning in the visual system, suggesting the evolution of similar computations across sensory
systems to process dynamic sensory stimuli.
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Introduction
A fundamental question in neuroscience is whether different sen-
sory systems solve analogous problems using similar computa-
tions. Important insight on this issue can be gained by comparing
mechanisms underlying selectivity for stimuli moving across the
sensory epithelium. Selectivity for various parameters of stimulus
movement is common in sensory systems. Analogous properties
include selectivity for movement direction and velocity in the
visual system and direction and rate of frequency change in fre-
quency modulated (FM) sweeps in the auditory system.

Studies of the mechanisms underlying selectivity for direction
and rate have resulted in common models across sensory modal-
ities. For example, asymmetric sideband inhibition gives rise to
direction and rate (velocity) selectivity in both visual (Goodwin
and Henry, 1978; Patel and Sillito, 1978; Fried et al., 2005; Razak
and Pallas, 2005) and auditory systems (Suga, 1965; Zhang et al.,
2003; Fuzessery et al., 2006; Razak and Fuzessery, 2006). Simi-
larly, selectivity for the duration a stimulus spends within the
excitatory receptive field gives rise to rate selectivity in both the

visual (Duysens et al., 1985a,b) and auditory system (Fuzessery et
al., 2006).

A third mechanism for direction and velocity/rate selectivity,
based on facilitatory interactions (Segev and Rall, 1998), has been
reported in the visual system (Movshon et al., 1978; Jagadeesh et
al., 1993; Livingstone, 1998; Murthy and Humphrey, 1999), and
theorized in the auditory system (Suga, 1973; Phillips et al., 1985;
Heil et al., 1992; Covey and Casseday, 1999). Evidence for
whether facilitation gives rise to selectivity for FM sweeps is, how-
ever, lacking. Here, we demonstrate the existence of facilitatory
mechanisms underlying FM sweep rate and direction selectivity.

This study was also motivated by the fact that FM sweeps are
common components of species-specific vocalizations. FM
sweep-selective neurons are present in the auditory cortex of ev-
ery species examined and may be involved in vocalization selec-
tivity (Suga, 1965; Taniguchi et al., 1986; Heil et al., 1992; Men-
delson et al., 1993; Kowalski et al., 1995; Heil and Irvine, 1998;
Nelken and Versnel, 2000; Hart et al., 2003; Tian and Raus-
checker, 2004). Determining the mechanisms of FM sweep selec-
tivity will enhance our understanding of how selectivity for
species-specific vocalizations is shaped by receptive field
properties.

Here, we studied the role of facilitation in shaping FM sweep
selectivity in the auditory cortex of the pallid bat. The pallid bat is
suited for this study because the majority of cortical neurons are
selective for the rate and direction of the FM sweep it uses in
echolocation (Razak and Fuzessery, 2002, 2006). In addition, the
relative contributions of duration tuning and sideband inhibition
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to sweep selectivity in the pallid bat are known (Fuzessery et al.,
2006; Razak and Fuzessery, 2006). We present evidence for facili-
tatory responses to combinations of tones with frequencies in the
echolocation range. The spectrotemporal relationships between
tones eliciting facilitated responses accurately predict FM rate
and direction selectivity.

Materials and Methods
Recordings were obtained from the auditory cortex of both cortical
hemispheres in pallid bats captured in New Mexico and housed in the
University of Wyoming animal facility. The bats were fed mealworms
raised on ground Purina rat chow. The room was heated and maintained
on a reversed 12 h light/dark cycle. All of the data reported were from
single-unit recordings obtained from bats older than 50 d. All procedures
followed the animal welfare guidelines required by the National Insti-
tutes of Health and Institutional Animal Care and Use Committee.

Surgical procedures. Recordings were obtained from bats that were anes-
thetized with Metofane (methoxyflurane) inhalation, followed by an in-
traperitoneal injection of either urethane (1.9 mg/g) or 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 microbeads 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 cemented 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 (BF) �30 kHz, known to be selective for FM sweeps. The
size of the exposure was �2 mm 2. Exposed muscle was covered with
petroleum jelly (Vaseline), and exposed brain surface was covered with
paraffin oil to prevent desiccation.

Recording procedures. Experiments were conducted in a heated (30 –
33°C), sound-proofed chamber lined with anechoic foam. Stimuli were
generated using Modular Instruments and Tucker-Davis Technologies
digital 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 Bruel and Kjaer one-eighth 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,

Figure 1. Facilitatory interactions in FM specialists. A, The neuron responded to downward
FM sweeps but not to upward sweeps or individual tones present in the sweep. B, Two-tone
tests on the same neuron revealed asymmetric facilitation, with the high3low sequence (pos-
itive delays) producing facilitation. The solid horizontal lines near the bottom right corner
indicate the response magnitude to individual tones. The horizontal dashed line shows the sum
of responses to the two tones presented individually (summed response). The low3high se-
quence (negative delays) produced a response that was lower than the summed response
showing that inhibition might enhance the asymmetry. The peak facilitation occurred at 1 ms
delay. The response declined toward the summed response for longer delays. C, Histogram of
the range of facilitation observed in the FM specialists. In all 46 FM specialists, the response to
the two-tone sequence was at least 50% stronger than the response to the sum of individual
tone responses.

Figure 2. A, A neuron in which both positive and negative delays produced facilitation
(symmetric facilitation). B, A neuron in which the response to the low3high sequence was
similar to the summed response, but the high3low sequence elicited facilitation suggesting
that asymmetry in inhibition alone does not account for the observed asymmetrical facilitation.
The solid horizontal lines near the bottom right corner of each panel indicate the response
magnitude to individual tones. The horizontal dashed line indicates the sum of responses to
individual tones.
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and was flat from 35 to 60 kHz. Using glass
microelectrodes (1 M NaCl, 2–5 M� imped-
ance), 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 using a
Modular Instruments high-speed clock con-
trolled by custom software. Responses were
quantified as the total number of action poten-
tials elicited by 20 stimulus presentations.
Single-unit recordings were identified based on
the consistency of action potential amplitude
and waveform displayed on an oscilloscope.

Data acquisition. We focused exclusively on
the high-frequency (25– 60 kHz) FM sweep-
selective region of auditory cortex (Razak and
Fuzessery, 2002, 2006). When a neuron that re-
sponded to FM sweeps was isolated, the first
step was to determine its response to tones. If
the neuron responded to tones, sideband inhi-
bition and its role in FM sweep selectivity was
determined as reported previously (Razak and
Fuzessery, 2006) (see below, Two-tone inhibi-
tion over time). A small percentage (�15%) of
neurons are “FM specialists” that respond
strongly to downward FM sweeps but elicit
�20% of maximum response to tones or up-
ward FM sweeps (Razak and Fuzessery, 2002).
These neurons were most likely to exhibit facil-
itation. When an FM specialist was isolated, the
responses to upward and downward FM sweeps
and to single tones were recorded, followed by
the two-tone facilitation over time protocol
(see below). The stimuli to quantify response
selectivity were linear FM sweeps and tones
with a 1/1 ms rise/fall time. For stimuli with
durations �1 ms, the rise/fall times were half
the stimulus duration.

FM rate and direction selectivity. Rate selectiv-
ity was determined for downward FM sweeps
by first recording responses to downward
sweeps of at least two different bandwidths
(BW) presented with durations of 0.5–70 ms.
The sweep duration functions were then con-
verted to rate selectivity functions by dividing the
sweep BW by the sweep duration (kHz per msec).
The neuron was classified as rate-selective if there
was a reduction of �50% in maximum response
as the FM rate was reduced. To determine
whether the neuron was truly rate-tuned, and not
simply sensitive to stimulus duration, the process
was repeated at different sweep BWs.

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 DSI � (D � U)/(D � U). D and U are
the maximum response magnitudes for down-
ward 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 downward sweep.

Two-tone facilitation over time. As the specialists produced weak or no
response to single tones, narrowband FM sweeps (BW of 10 kHz) were
used to estimate the frequencies that excited the neuron. Once a range of
excitatory frequencies was determined, a two-tone procedure was used to
determine whether the neuron showed facilitation. Two manipulations
were performed. First, two tones of the same duration (1 ms, 0.5 ms
rise/fall time) and intensity (5–10 dB above threshold for FM sweeps)
were used. The frequency of one tone was fixed within the range of

Figure 3. Types of facilitatory interactions. A, A neuron in which facilitation occurs at the offset of the first tone. Increasing the
duration of the tones results in maximum facilitation at delays corresponding to the duration of the first tone. The horizontal lines
show the summed responses to the different durations of individual tones. B, A second example of offset facilitation. C, A neuron
in which facilitation occurred at a fixed delay regardless of the tone duration. D, A neuron in which facilitation occurred for tones
with 1 ms duration but not for tones with 3 ms duration.

Figure 4. Spectral range of facilitation. A–D, Contour plots of facilitation frequency tuning curves from four different neurons.
The response elicited by each two-tone sequence at 1 ms delay was normalized by the maximum response elicited by a frequency
combination at 1 ms delay. The x and y axes show the low and high frequency, respectively, of a pair of tones. These figures show
that the frequency difference between the two tones causing facilitation was �10 kHz, with closely spaced frequencies causing
maximum facilitation.

9808 • J. Neurosci., September 24, 2008 • 28(39):9806 –9816 Razak and Fuzessery • Mechanisms of Neural Selectivity for a Simple Vocalization



excitatory frequencies. The frequency of the second tone was set up to 10
kHz lower, and the delay between the two tones was increased from �10
ms to �10 ms in 1 ms steps, with negative numbers denoting a low3high
frequency sequence, and positive numbers denoting a high3low fre-
quency sequence. If the response to a two-tone sequence was at least 50%
greater than the sum of responses to individual tones, the neuron was
classified as showing facilitation. In the second manipulation, the dura-

tion of the first tone was changed to determine
whether facilitatory interactions occurred at
signal offset.

Two-tone inhibition over time. In the neurons
that produced weak responses to single tones, it
was possible to determine the existence of side-
band inhibition. Because sideband inhibition
can also create sweep rate and direction selec-
tivity (Fuzessery et al., 2006; Razak and Fuz-
essery, 2006), it was important to examine the
contributions of both inhibition and facilita-
tion. To determine the arrival time and BW of
sideband inhibition, a two-tone inhibition over
time method was used (Calford and Semple,
1995; Brosch and Schreiner, 1997; Gordon and
O’Neill, 1998). Two tones, one excitatory and
the other inhibitory, were presented at various
delays. 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 a duration of 3 ms. The inhibitory tone was
presented at the same intensity and a longer
duration (10 ms). Its frequency was varied be-
tween 5 and 70 kHz, and its onset time varied
with respect to that of the excitatory tone. Be-
low the BF, the frequency of the inhibitory tone
was increased in 1 kHz steps. Because high-
frequency inhibition (HFI) was typically very
narrow (�2–3 kHz) (Razak and Fuzessery,
2006), the resolution was 0.1 kHz for testing
HFI. The delay-frequency combinations that
resulted in inhibition of response to the excita-
tory tone for at least four of five (80% inhibi-
tion) consecutive presentations served to map
out the spectrum and arrival times of inhibitory
frequencies. Inhibition that occurred only
when the excitatory tone was delayed denoted
delayed inhibition arriving after excitation.
This is analogous to forward masking. Inhibi-
tion that occurred even when the excitatory
tone was advanced demonstrated an early inhi-
bition that arrived before excitation. This is
analogous to backward masking.

Data representation and analysis. The re-
sponse magnitudes reported are the number of action potentials in re-
sponse to 20 stimulus repetitions at 1 Hz repetition rate. Error bars show
SEM.

Results
Types of facilitatory interactions
The vast majority of cortical neurons tuned in the echolocation
range (20 – 60 kHz) have a selectivity for FM rate and direction
that is created by sideband inhibition (Razak and Fuzessery,
2006). These neurons respond to both tones and FM sweeps.
Here we present data from 46 of 265 (17%; 11 bats) neurons (FM
specialists) that appear to depend primarily on facilitation for
FM sweep selectivity. These neurons responded selectively to FM
sweeps and elicited �20% of maximum FM sweep response to
tones.

Figure 1 presents a typical example of facilitation in an FM
specialist (Fig. 1A). The neuron responded strongly to the down-
ward sweep (50 –20 kHz). An upward sweep with the same BW or
individual tones elicited fewer spikes. The responses to 1 ms du-
ration tone pairs are shown in Figure 1B. Positive delays indicate
that the high-frequency tone was presented first (high3low).
Negative delays indicate a low3high-frequency tone sequence.
The summed response to the individual 31 and 29 kHz tones was

Figure 5. Direction selectivity is predicted by the symmetry of facilitation. A, B, A neuron with strongly asymmetric facilitation
is also strongly direction-selective. C, D, A neuron with intermediate SI and DSI. E, F, A neuron with symmetric facilitation and no
direction selectivity. Horizontal lines are as in Figure 4.

Figure 6. Symmetry index and direction selectivity are correlated. Most neurons with SI
�0.5 were direction-selective, whereas all neurons with SI �0.5 were not direction-selective.
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eight spikes (Fig. 1B, dashed line). The re-
sponse was three times greater when the
two tones were delayed 1 ms, with the
high-frequency tone leading (Fig. 1B) in-
dicating that the two-tone sequence
caused facilitation. The response declined
as the positive delay increased, indicating
an optimal range of delays that elicited fa-
cilitation. The response to the two-tone se-
quence was less than the summed response
whether the low-frequency tone was pre-
sented first (Fig. 1B, negative delays),
showing that facilitation was asymmetric
favoring the high3low sequence in this
neuron, and also that the opposite se-
quence might be inhibitory.

Facilitatory interactions were observed
in all FM specialists. To quantify the de-
gree of facilitation, the ratio of the maxi-
mum response to the two-tone sequence
and the summed responses to the individ-
ual tones was calculated. In all 46 FM spe-
cialists, the response to a two-tone se-
quence was at least 50% stronger than the
summed responses (Fig. 1C). In fact, in the
vast majority of neurons, the sequence re-
sponse was more than double the summed
response.

The majority of neurons (39 of 46,
85%) with facilitation exhibited an asym-
metry favoring the high3low sequence
(positive delays). In the remaining seven
neurons, the facilitation was similar for
both positive and negative delays. For ex-
ample, in the neuron shown in Figure 2A,
the response to the tone sequence was
�2.5� the summed response at both pos-
itive and negative delays. None of the neu-
rons exhibited asymmetric facilitation fa-
voring negative delays. Among the
neurons with asymmetric facilitation, in-
hibition of �50% relative to the summed
response for negative delays was observed
in 13 (33%) neurons (Fig. 1B). Thus, the
response asymmetry in some facilitated
neurons is enhanced by inhibition for negative delays. The re-
maining neurons did not show evidence of inhibition (Figs. 2B,
5C). The example neuron in Figure 2B showed facilitation for a
38334 kHz sequence. The response to a 34338 kHz sequence
was similar to the summed response. In this neuron, a lack of
facilitation for the low3high sequence, rather than inhibition,
appears to generate the asymmetry.

In the example shown in Figures 1 B and 2, the tones were of
1 ms duration, and maximum facilitation occurred at a delay
of �1 ms. Maximum facilitation occurred when the offset of
the first tone coincided with the onset of the second tone,
suggesting that the coincidence of subthreshold events gener-
ated by offset of the first tone and the onset of the second tone
may cause facilitation. If this were the case, then facilitation
should occur at longer delays when longer duration tones were
used. To test this prediction, the duration of both the tones
was increased in 23 of 46 facilitation neurons. In 7 of 23 (30%)
neurons, facilitation occurred at the offset of the first tone.

The neuron in Figure 3A showed asymmetric facilitation for a
39334 kHz sequence regardless of whether the individual
tone duration was 1, 3, or 5 ms. Peak facilitation occurred at 1,
3, and 5 ms delays for the 1, 3, and 5 ms tone duration, respec-
tively. Figure 3B shows a second example of offset facilitation
in which maximum facilitation occurred at 1, 6, and 10 ms
delays for tones of 1, 5, and 10 ms duration. These data suggest
that the coincidence of subthreshold events generated by the
offset of the first tone and the onset of the second tone creates
facilitation in these neurons.

Maximum facilitation was not tied to the offset of the first
tone in 8 of 23 (34.5%) neurons. The neuron in Figure 3C showed
facilitation for the 35331 kHz tone sequence. Maximum facili-
tation occurred at �1 ms delay regardless of whether the tone
duration was 1, 3, or 5 ms. These data suggest that, in this neuron,
facilitation was created by the coincidence of subthreshold onset
events generated by the tones. In the remaining eight neurons,
facilitation was observed only for the 1 ms tone durations and not

Figure 7. Contributions of multiple mechanisms to direction selectivity. A, The neuron showed asymmetric facilitation. The
horizontal line indicates summed responses to individual tones. The tone duration used was 1 ms. B, The neuron also exhibited
sideband inhibition (gray boxes), with LFI centered at 32 kHz and HFI centered at 43 kHz. The white rectangle shows the excitatory
(�) frequency tuning curve. C, The neuron was strongly direction-selective when the sweeps included the LFI (50 –30 kHz vs
30 –50 kHz). D, The neuron was also direction-selective when the sweep was confined to the excitatory tuning curve (42–38 kHz
vs 38 – 42 kHz). However, the DSI was lower for the narrowband sweeps compared with the broadband sweep suggesting that
facilitation alone can shape direction selectivity, but multiple mechanisms are involved. E, F, A second example of a facilitation
neuron showing direction selectivity even for narrowband sweeps confined within the excitatory tuning curve. In this case, the
neuron was direction-selective for sweeps with 2 kHz BW.
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for longer durations (Fig. 3D). In these eight neurons, it was not
clear whether facilitation was tied to onset or offset.

Spectral range of facilitation
Figures 1–3 suggest that the frequencies eliciting facilitation were
within 10 kHz of each other, suggesting that spectral integration
occurs over a narrow range in these neurons. To more precisely
determine this spectral range, multiple frequency pairs of 1 ms
tones across the echolocation range (25– 60 kHz) were tested in
nine neurons. The lower frequency of the sequence was kept
constant at 25 kHz, whereas the higher frequency was changed in
1 kHz steps between 25 and 60 kHz. The delay between the two
tones was varied from 0.5–10 ms. The lower frequency was then
increased by 1 or 2 kHz, and the previous step was repeated.
Figure 4 shows the range of facilitatory frequencies of four neu-
rons. These plots indicate the responses elicited by the two-tone
sequence for different frequency combinations, all presented at a
delay of 1 ms, which elicited maximum responses. For example,
the neuron in Figure 4A was maximally facilitated for a 33331
kHz high–low sequence. Two-tone facilitation was elicited only
by frequencies that were within 6 kHz of each other. Attributable
to asymmetrical facilitation, these “two-tone tuning curves” are
skewed to favor the high3low sequence. In all of the neurons, the
difference in frequencies eliciting facilitation was between 6 and
10 kHz.

Facilitatory interactions predict FM sweep
direction selectivity
The asymmetries in facilitation favoring the high3low tone se-
quence would be expected to favor direction selectivity for the
downward sweeps. To test whether there was a correlation be-
tween symmetry of facilitation and direction selectivity, FM
sweep direction selectivity was tested in 36 neurons that showed

two-tone facilitation. The degree of sym-
metry in facilitation was quantified using a
symmetry index (SI). The SI was calcu-
lated for each neuron as the ratio of maxi-
mum response at negative and positive de-
lays over a range of at least �5 ms. The
values of SI range between 0 and 1, with
low values indicating a strong preference
for the high3low sequence. Figure 5A
shows a neuron with an SI � 0.36. The
neuron was strongly selective for the
downward sweep direction (DSI, 0.92)
(Fig. 5B). Figure 5, C and D, shows a neu-
ron with intermediate SI (0.52) and DSI
(0.46). Figure 5, E and F, shows a neuron
with symmetric facilitation (SI, 1) and no
direction selectivity (DSI, 0.02).

There was a correlation between SI and
DSI in the population of facilitation neu-
rons (Fig. 6) (R 2 � 0.74; p � 0.001).
Seventy-four percent (29 of 39) of neurons
had an SI �0.5. That is, these neurons
showed at least twice the response to the
positive delay than the negative delay.
Most of these neurons (20 of 29, 69%)
were direction-selective according to the
DSI �0.6 criterion. The majority of neu-
rons with SI �0.5 exhibited a DSI �0.3.

It must be noted, however, that consid-
erable variability exists in DSI for a given

SI. This suggests that properties of facilitation cannot completely
explain direction selectivity, and other mechanisms, such as side-
band inhibition, may also contribute. In the pallid bat auditory
cortex, an early arriving low-frequency inhibition (LFI) is known
to shape direction selectivity (Razak and Fuzessery, 2006, 2007).
However, because most facilitation neurons respond weakly to
tones, it was possible to detect the presence of sideband inhibition
using the two-tone inhibition over time test (see Materials and
Methods) in only three neurons. All three neurons had an early
arriving LFI (Fig. 7B).

To distinguish between sideband inhibition and facilitation as
the mechanism of direction selectivity, we presented sweeps
within the tuning curve, which excluded the sidebands. If side-
band inhibition was the dominant mechanism, neurons should
not be direction-selective for sweeps inside the excitatory tuning
curve. If facilitation was dominant, neurons should remain
direction-selective.

Of seven neurons, all continued to exhibit direction-selective
responses for sweeps within the tuning curve, although the DSI
decreased as the sweep BW decreased. Figure 7A shows a neuron
with asymmetric facilitation (SI, 0.23). The neuron also had a
band of LFI centered at 32 kHz and arriving 0.5 ms earlier than
excitation (Fig. 7B). The neuron was completely direction-
selective with a DSI � 1 (Fig. 7C). For sweeps within the tuning
curve (42–38 kHz), the neuron still responded better to down-
ward than upward sweeps, although the DSI decreased to 0.4 (Fig.
7D). The response to the 38 – 42 kHz upward sweep was similar to
the response to the two-tone sequence with negative delays.
These data suggest that asymmetric facilitation creates part of the
direction selectivity, whereas LFI refines it further. Figure 7, E and
F, shows a dramatic example of direction-selective responses
within the tuning curve. The frequencies that elicited facilitation
in this neuron were between 27 and 34 kHz. The neuron was

Figure 8. Properties of facilitation strongly predict FM rate selectivity. A, FM rate selectivity functions recorded at two different
BW show that this neuron had a BR � 2.1 kHz/msec and 50% CO � 1.3 kHz/msec. These values are indicated by the vertical
dashed arrows. B, The DMF and the 50% delay were used to predict the BR and the 50% CO rate of the same neuron shown in A.
The horizontal dashed lines indicate the 80 and 50% of maximum response, whereas the vertical dashed lines indicate delays at
which these responses occur. The predicted values are almost identical to actual measures of rate selectivity. C, Correlation
between predicted and actual 50% CO rates. D, Correlation between predicted and actual BR.
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direction-selective for broadband sweeps (50 –20 kHz) (Fig. 7E).
Even sweeps with 2 kHz BWs within the range of frequencies
causing facilitation elicited direction-selective responses (Fig.
7F).

Facilitatory interactions predict downward FM
rate selectivity
If facilitation underlies FM rate selectivity, then the spectrotem-
poral intervals generating facilitation should predict properties of
rate selectivity. The assumption here is that selectivity for sweeps
can be mimicked using two pure tones in the sweep delayed at an
appropriate interval. Specifically, the following predictions were
made: predicted best FM rate � [high frequency (HF) � low
frequency (LF)]/delay of maximum facilitation (DMF); pre-
dicted 50% cutoff (CO) rate � (HF � LF)/50% delay, where HF
and LF are the high and low frequencies in the two-tone se-
quence, DMF is the delay of maximum facilitation, and 50%
delay is the delay at which the two-tone response decreases to
50% at increasing delays.

To test these predictions, the actual best FM rate and the 50%
CO rate were measured from the rate selectivity functions (Fig.
8). The best rate (BR) of a neuron was the geometric center of
rates that elicited �80% of maximum response. The 50% CO was
the rate at which the response declined to 50% of maximum at
slow rates.

For the example shown in Figure 8B, the predicted 50% CO
rate is (32–30)/1.4 � 1.3 kHz/msec. This value was similar to the
actual 50% CO rate (1.3 kHz/msec) (Fig. 8A) of this neuron.
Across the population, there was a significant correlation be-
tween the predicted and actual 50% CO rate (Fig. 8C). It should
be noted that the 50% delay can increase for longer durations,
particularly among offset neurons, because the delay of maxi-
mum facilitation depends on the duration of the first tone (Fig.
3). All predictions in Figure 8C were based on facilitation curves
obtained with 1 ms duration tones to maintain consistency across
neurons in generating predictions, regardless of whether the neu-
ron showed offset facilitation or not.

For two-tone facilitation to consistently predict 50% CO rate,
the 50% delay must increase if the frequency interval between the
two tones is increased. Figure 9A shows a neuron in which the
50% delay increased with frequency interval. Because of the dif-
ferent response magnitudes for different frequency combina-
tions, normalized response magnitudes are shown to ease visual-
ization of the 50% delay. The 50% delay was 1.8, 2.2, and 4.2 ms
for frequency intervals of 3, 4, and 5 kHz, respectively. This re-
sulted in predicted 50% CO rates of 1.6, 1.8, and 1.2 kHz/msec.
The average predicted 50% CO (1.5 kHz/msec) was similar to the
actual value of 1.3 kHz/msec in this neuron. Figure 9B shows a
second example. The 50% delay was 1.9, 2.6, and 5.5 ms for
frequency intervals of 2, 3, and 5 kHz, respectively. The predicted
50% CO rates were 1.1, 1.2, and 0.9 kHz/msec. The average of
these values (1.1 kHz/msec) was similar to the actual 50% CO rate
(1.3 kHz/msec). All eight neurons in which the 50% CO was
predicted over multiple frequency intervals showed a similar
consistency and accuracy in predicting 50% CO rate (Fig. 9C).
These data show that the delays eliciting facilitation are not fixed
but depend on the interval between the tone frequencies.

The DMF predicted the BR. The DMF was calculated from the
facilitation plot as the geometric center of delays that caused
�80% of maximum response. The BR was predicted by dividing
the frequency difference between the two tones that elicit facili-
tation by the DMF. For instance, the predicted BR of the neuron
in Figure 8B is (32–30)/1 � 2 kHz/msec. This value closely

matched the actual BR of the neuron (Fig. 8A). Across the pop-
ulation, there was a significant correlation between predicted and
actual BR (Fig. 8D).

For consistent BR predictions, the DMF must increase with
the frequency interval. In all (n � 10) neurons from which facil-
itation curves were measured at multiple frequency intervals, the
DMF increased systematically with frequency difference. Also, in
all neurons, the increase in DMF occurred because of a broaden-
ing of the facilitation curve. For example, in the neuron shown in
Figure 10, increasing the frequency intervals caused facilitation
functions to broaden. Figure 10, A and B, shows the raw and
normalized data, respectively. The range of delays that produced
�50% of maximum response increased with frequency intervals.
Figure 10C shows the positive correlation between frequency in-
tervals between the two tones and the 50% width of the facilita-

Figure 9. The 50% delay depends on the frequency interval. A, B, Two examples in which the
delay (vertical arrows) at which the response decreased to 50% of maximum increased with
frequency interval. The dashed line indicates the 50% response. C, Predicted versus actual 50%
CO rates for the eight neurons from which 50% delays were measured at multiple frequency
combinations.
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tion curve (delays at which response was within 50% of maxi-
mum response). Figure 10D shows the positive correlation
between the frequency interval and the DMF. The reciprocal of
the slope of this function (in kilohertz per millisecond) is a value
representing the frequency interval/delay combinations that
elicit maximum facilitation. For FM sweeps, if the delay between
any two frequencies in the sweep corresponds to the DMF of the
neuron, there should be maximum response to that sweep. That
is, the reciprocal of the slope of the “frequency interval versus
DMF” function should correspond to the BR of the neuron. In
the example shown in Figure 10, the predicted BR of the neuron
is 2.9 kHz/msec (Fig. 10D). The actual BR of the neuron for
downward sweeps was 2.8 kHz/msec.

Two additional examples of the effect of increasing frequency
interval on the 50% width of the facilitation curve and the DMF
are shown in Figure 11A,D. In these examples, more than one
data point is shown for some frequency intervals because these
neurons were tested with the same frequency interval more than
once but with different absolute frequencies (e.g., 38/36 kHz and
37/35 kHz both have a 2 kHz frequency interval, but the absolute

frequencies are different). In both of these
neurons, the 50% width and DMF increase
systematically with frequency interval. The
reciprocal of the slope of the frequency in-
terval/DMF function (Fig. 11B,E) predicts
BR of these neurons (Fig. 11C,F). Figure
11, G and H, shows the broadening and
shifts in DMF with frequency interval for
all 10 neurons. Figure 11 I shows the simi-
larity between predicted and actual BR.
Thus, the range of delays that elicit maxi-
mum response is not fixed but increases as
the frequency interval between the two
tones increases.

The role of facilitation in shaping rate
selectivity was also tested in seven neurons
by sweeping inside the facilitation tuning
curve. If inhibitory sidebands were in-
volved in shaping rate selectivity, rate tun-
ing should be reduced for sweeps inside
the tuning curve (Razak and Fuzessery,
2006). In the example shown (Fig. 12A),
the BR and the 50% CO rate were similar
whether a 60 –20 kHz sweep or a 33–30
kHz sweep was used. The 34 –29 kHz and
33–30 kHz sweeps were inside the tuning
curve for this neuron (range of facilitatory
frequencies was between 28 and 37 kHz).
The neuron shown in Figure 12B was also
rate selective for sweeps inside the tuning
curve (range of facilitatory frequencies was
between 27 and 34 kHz), but the BR and
50% CO rate changed with sweep BW. Fig-
ure 7, in addition to showing direction se-
lectivity inside the excitatory tuning curve,
also serves to provide further examples of
rate selectivity for downward FM sweeps
inside the tuning curve. In the example
shown in Figure 7, C and D, rate selectivity
properties were similar between the nar-
row and broadband downward FM
sweeps. In the example shown in Figure 7,
E and F, both BR and 50% CO rate were

lower for the narrowband sweep.
In all seven neurons tested, rate tuning was still present for

sweeps inside the tuning curve, with similar tuning present in
four neurons and BW-dependent changes in BR and 50% CO
seen in the remaining three. These data suggest that facilitation
alone can shape rate selective responses to downward FM sweeps.

Sensitivity of facilitation neurons
Facilitation neurons were sensitive to small differences in tone
delays. For example, consider the facilitation function for the
34 –33 kHz sequence in Figure 13A. This neuron responded max-
imally at �0.75 ms delay. The response then decreased to the
summed tone response (Fig. 13A, dashed line) at 1.35 ms delay,
indicating that the neuron was sensitive to delays that differed by
only 600 �s. The neuron in Figure 13B showed even greater tem-
poral sensitivity, with response decreasing from maximum to
summed tone response with a delay change of 400 �s. To quantify
the range of temporal sensitivity across the population, the min-
imum change in delay required to cause the response to decrease
from maximum to the summed tone response was measured at a

Figure 10. The range of delays eliciting facilitation increases with frequency interval between the two tones. A, Raw data from
a neuron in which the facilitation curve became broader as the frequency interval was increased. B, Normalized data for the same
neuron shown in A. The 50 and 80% of maximum responses are shown by horizontal lines. The vertical arrows point to the DMF at
different frequency intervals. The arrows and the facilitation plots are gray-shade matched as indicated in the legend. C, The
relationship between frequency interval and the 50% width of the facilitation curve. D, The relationship between frequency
interval and DMF. The reciprocal of the slope of this function is the predicted BR. E, The FM rate selectivity functions recorded from
the neuron. The arrow shows the actual BR of this neuron.

Razak and Fuzessery • Mechanisms of Neural Selectivity for a Simple Vocalization J. Neurosci., September 24, 2008 • 28(39):9806 –9816 • 9813



1 kHz frequency difference between the
tones in eight neurons. Temporal sensitiv-
ity ranged between 300 and 1100 �s (mean
720 � 26 �s; n � 8).

Discussion
This study provides the first evidence for
facilitation as a mechanism for FM rate
and direction selectivity. The facilitation
neurons show remarkable sensitivity to
frequency-delay combinations. The main
finding is that facilitatory responses to lin-
ear combinations of tones strongly predict
selectivity for the direction and rate of FM
sweeps. Moreover, the range of delays that
elicit facilitation is not fixed but increases
with frequency interval between the two
tones in a way that consistently predicts
rate selectivity.

Possible mechanisms of facilitation
Three main types of facilitatory interac-
tions were observed in this study. In nearly
30% of the neurons, increasing the dura-
tions of the two tones resulted in a system-
atic delay of the DMF to coincide with the
offset of the leading tone. In another 30%
of neurons, regardless of the duration of
the tones, the DMF was �1 ms. In the re-
maining neurons, facilitation was ob-
served only for short duration tones. One
possible mechanism for the first type of
facilitation is coincidence of rebound from
inhibition generated by offset of the lead-
ing tone with the depolarization generated
by the onset of the lagging tone (Margo-
liash, 1983; Hattori and Suga, 1997; Covey
and Casseday, 1999; Nataraj and Wen-
strup, 2005). The hypothesis is that the
leading sound onset generates an IPSP.
The IPSP lasts the duration of the first tone
and produces a rebound depolarization at
sound offset. This rebound coincides with
a depolarization triggered by the onset of
the lagging tone to generate spikes. The
fact that the DMF shifts to coincide with
leading tone offset suggests that the re-
bound depolarization occurs at leading
tone offset.

Margoliash (1983) suggested that a coincidence of rebound
from inhibition generated by one syllable and excitation from
another syllable might shape order selectivity in birdsong. Nat-
araj and Wenstrup (2005) showed that a coincidence of postin-
hibitory rebound excitation can underlie facilitation in the mus-
tached bat inferior colliculus (IC). Their evidence that blocking
inhibition actually reduces facilitation supports this notion. A
mechanism suggested to underlie such postinhibitory facilitation
is the hyperpolarization-induced reduction of a low-threshold
potassium conductance which causes a transient increase in ex-
citability (Dodla et al., 2006). The low-threshold T-type Ca 2� ion
channel also plays a role in postinhibitory rebound depolariza-
tion (Sun and Wu, 2008).

The second type of facilitation, wherein the maximum re-

Figure 11. Best rate predictions. A, B, D, E, The relationship between frequency intervals and 50% width (A, D) and DMF (B, E)
from two different neurons. B, C, E, F, The predicted BRs shown as the reciprocal of the slope of functions in B and E are closely
matched to the actual BRs shown in C and F (arrows). G, H, Relationship of frequency interval and 50% width of facilitation curve
(G) and DMF (H ) in all 10 neurons. I, Predicted versus actual BR of 9 of 10 neurons from which facilitation curves were obtained at
multiple frequency combinations. In one neuron, FM sweep selectivity was not recorded. The actual BR was therefore not known.

Figure 12. Facilitation shapes FM rate selectivity. A, The FM rate selectivity functions of a facilitation neuron. Regardless of
whether broadband sweeps that start and end well outside the tuning curve or narrowband sweeps that are confined to the tuning
curve are used, the FM rate selectivity is the same. B, This neuron was rate selective for sweeps confined to the tuning curve, but
the BR and 50% CO rate were slower for the narrowband sweeps compared with the broadband sweep.

Figure 13. Facilitation neurons show strong sensitivity to sub-millisecond differences in
delay. A, B, The dashed lines indicate the summed tone responses. The response of these two
neurons decreases from maximum to the summed tone response for difference in delays in the
100s of microsecond range.
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sponse occurs at �1 ms regardless of tone duration, may arise
resulting from coincidence of subthreshold EPSPs generated by
the onset of the two tones. A delay of 1 ms between the two tones
causes maximum facilitation. This fact suggests that the latency of
the EPSP generated by the first tone may be delayed by �1 ms
relative to the latency of the EPSP generated by the second tone.
Also, the fact that the high3low sequence elicited facilitation in
most neurons suggests a gradient of increasing latency with in-
creasing frequencies within the receptive field. In the reverse di-
rection, the input from the low-frequency tone arrives before the
input from the high-frequency tone, and facilitation does not
occur. Alternatively, this facilitation may also occur because of
rebound from IPSPs generated by stimulus onset, but lasting �1
ms regardless of the tone durations.

Where such theoretical facilitatory mechanisms might origi-
nally create this delay sensitivity is not clear. Although the audi-
tory cortex is reported to show increased temporal precision un-
der the anesthesia used in this study (Ter-Mikaelian et al., 2007),
the same facilitatory properties are present in the pallid bat IC
(Z. M. Fuzessery, M. D. Richardson, A. J. Williams, unpublished
data), suggesting that the auditory cortex may inherit its delay
sensitivity from lower levels of the auditory system.

The presence of a relationship (spectrotemporal inseparabil-
ity) between frequency and latency within the receptive field has
been reported in both auditory cortex (deCharms et al., 1998;
Depireux et al., 2001; Linden et al., 2003) and IC (Langner et al.,
1987; Andoni et al., 2007). Studies in the IC of bats have suggested
that such frequency-latency relationships may give rise to FM
sweep selectivity (Andoni et al., 2007; Voytenko and Galazyuk,
2007). Modification of the differences in latency across frequen-
cies can give rise to selectivity for different FM rates and direction.
Thus, facilitation can generate selectivity for both sweep direction
and a wide range of FM sweep rates present in species-specific
vocalizations.

Comparison with combination sensitive interactions
observed in other species
Neural selectivity for the temporal relationship between different
acoustic elements has been observed in several species (Suga,
1973; Glass and Wollberg, 1983; Margoliash, 1983; McKenna et
al., 1989). The best studied examples include frogs, songbirds,
and bats. In the frog midbrain (Alder and Rose, 1998) and song-
bird forebrain (Lewicki and Konishi, 1995), the integration ap-
pears to occur over a long time window (10s to 100s of millisec-
onds). Margoliash (1983) also showed that song-selective
neurons integrate pairs of song components separated by 10s to
100s of milliseconds but do not respond to individual compo-
nents. The long temporal integration may generate selectivity for
species-typical communication calls with durations of several
hundred milliseconds. In bats, neurons involved in target ranging
show facilitation for combinations of two components of the
echolocation calls with specific delays between them (O’Neill and
Suga, 1982; Portfors and Wenstrup, 1999). The delay-tuned neu-
rons appear to be sensitive to delays between 1 and 20 ms, with a
resolution of a few milliseconds. In addition, delay tuned neurons
typically integrate information across frequencies that are multi-
ple octaves apart. Such integration shapes selectivity for har-
monic combinations in communication calls or pulse-echo pro-
cessing in echolocation.

The facilitation neurons in the pallid bat cortex differ in three
key aspects from the previously discussed combination sensitive
neurons. First, they have temporal resolution in the 100s of mi-
croseconds and appear to be specialized to generate selectivity for

fast downward FM sweeps. Second, these neurons integrate in-
formation over a narrow range of frequencies. Third, their range
of best delays is not fixed but increases with frequency interval in
a way that predicts consistent rate selectivity. Thus, these neurons
are sensitive to a specific combination of frequency and time
intervals generated by FM sweeps. All neurons tested show
changes in range of DMF with frequency interval in a way that
predicts consistent values of best FM rates, suggesting that they
are specialized to process the FM sweeps used in echolocation.

Thus, comparisons across all of these species suggest that their
auditory systems incorporate a wide range of temporal resolution
(from 100s of microseconds to 100s of milliseconds) and spectral
integration (from fractions of an octave to multiple octaves) to
represent species-specific vocalizations (Grothe and Klump,
2000).

Similar mechanisms for analogous response properties across
sensory systems
In the auditory cortex, both facilitation (this study) and sideband
inhibition (Suga, 1965; Zhang et al., 2003; Razak and Fuzessery,
2006) are involved in shaping sweep selectivity. In the IC, in
addition to sideband inhibition (Fuzessery and Hall, 1996; Gor-
don and O’Neill, 1998; Fuzessery et al., 2006), FM sweep selectiv-
ity depends on duration tuning (Fuzessery et al., 2006). The
present study shows that sideband inhibition can enhance selec-
tivity shaped by facilitation, indicating that multiple mechanisms
may interact to give rise to FM sweep selectivity in individual
neurons. Together, these studies suggest that there are at least
three different mechanisms shaping FM sweep selectivity in the
auditory system. In the mammalian visual system, similar mech-
anisms have been shown to shape movement direction and ve-
locity selectivity (Goodwin and Henry, 1978; Movshon et al.,
1978; Patel and Sillito, 1978; Duysens et al., 1985a,b; Jagadeesh et
al., 1993; Livingstone, 1998; Murthy and Humphrey, 1999; Fried
et al., 2005; Razak and Pallas, 2005). The difference appears to be
in the relative extent to which each of these mechanisms contrib-
utes to selectivity in the different sensory systems. This suggests
common computational solutions in terms of neural circuitry
(Douglas and Martin, 2007) across sensory systems and species
that shape selectivity for analogous stimulus patterns.
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