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Abstract Neuromodulators such as serotonin are capa-
ble of altering the neural processing of stimuli across
many sensory modalities. In the inferior colliculus, a
major midbrain auditory gateway, serotonin alters the
way that individual neurons respond to simple tone
bursts and linear frequency modulated sweeps. The ef-
fects of serotonin are complex, and vary among neurons.
How serotonin transforms the responses to spectro-
temporally complex sounds of the type normally heard
in natural settings has been poorly examined. To explore
this issue further, the effects of iontophoretically applied
serotonin on the responses of individual inferior colli-
culus neurons to a variety of recorded species-specific
vocalizations were examined. These experiments were
performed in the Mexican free-tailed bat, a species that
uses a rich repertoire of vocalizations for the purposes of
communication as well as echolocation. Serotonin fre-
quently changed the number of recorded calls that were
capable of evoking a response from individual neurons,
sometimes increasing (15% of serotonin-responsive
neurons), but usually decreasing (62% of serotonin-
responsive neurons), this number. A functional conse-
quence of these serotonin-evoked changes would be to
change the population response to species-specific
vocalizations.
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Introduction

Studies of how the nuclei of the auditory brainstem
process acoustic information have been the subject of
numerous reports for more than four decades. However,
only a few studies have addressed how the processing in
these nuclei is affected by neuromodulators, although
neuromodulators are present in most auditory nuclei
and have strong effects on auditory responses (for
example, Olazabal and Moore 1989; K&ssl and Vater
1989; Klepper and Herbert 1991; Henderson and Sher-
riff 1991; Ebert and Ostwald 1992; Thompson et al.
1995; Kaiser and Covey 1997; Wang and Robertson
1997; Manunta and Edeline 1999; Hurley and Pollak
1999, 2001; Hurley and Thompson 2001; Thompson and
Hurley 2004). Serotonin, a major brain neuromodulator,
is similarly present in most auditory nuclei (Steinbusch
1981; Klepper and Herbert 1991; Thompson et al. 1994;
Kaiser and Covey 1997; Hurley and Thompson 2001).
Similar to other neuromodulators, many of the effects of
serotonin result from the activation of second messenger
systems that lead to a strengthening or weakening of the
actions of other neurochemicals (for example, Hoyer
et al. 2002).

The serotonergic neurons that provide a large input
to auditory nuclei are located in the dorsal raphe nu-
cleus, and often fire in correlation with the level of
arousal (Trulson and Jacobs 1979). Levels of serotonin
in target regions of the brain are correspondingly higher
during increased activity of raphe neurons, whether this
activity is induced (for example, Bunin and Wightman
1998) or spontaneous (Trulson 1985). Serotonergic
neurons may also transiently change their firing patterns
in response to sensory stimuli (Trulson and Trulson
1982; Rasmussen et al. 1986). It is for these reasons that
serotonergic innervation is thought to be one avenue by
which behavioral state and neural activity in the audi-
tory system are linked.
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Here we explore one aspect of this issue by evaluating
the influence of serotonin on responses to species-spe-
cific calls in the inferior colliculus (IC) of Mexican free-
tailed bats (Tadarida brasiliensis mexicana). The IC is a
site for the convergence and integration of both excit-
atory and inhibitory inputs from the majority of lower
auditory nuclei (for example, Beyerl 1978; Roth et al.
1978; Adams 1979; Brunso-Bechtold et al. 1981; Zook
and Casseday 1982; Aitkin 1986; Ross et al. 1988; Oliver
and Huerta 1992; Vater et al. 1992). The IC is also
innervated by descending cortical projections (for
example, Andersen et al. 1980; Luethke et al. 1989;
Herbert et al. 1991; Winer et al. 1998), and by a dense
network of serotonergic fibers (Steinbusch 1981; Klep-
per and Herbert 1991; Kaiser and Covey 1997; Hurley
and Thompson 2001).

We chose Mexican free-tailed bats as experimental
subjects for three major reasons. The first reason is that
these bats use a rich repertoire of social communication
calls for a variety of social interactions (Gelfand and
McCracken 1986; Balcombe and McCracken 1992;
Simmons et al. 1978, 1979; Schmidt and Thaller 1994;
French and Lollar 1998, 2000). The second reason is that
a great deal is known about the response features of
neurons at various levels of their brainstem auditory
system (Pollak et al. 1977; Bodenhamer et al. 1979;
Grothe et al. 1994, 1997; Park et al. 1996, 1998). We
know, for example, that IC neurons in Mexican free-
tailed bats respond to species-specific communication
calls with a high degree of selectivity (Klug et al. 2002).
When 10-20 communication calls are played, IC neu-
rons respond only to some calls but not to others, even
though the calls that fail to evoke a response have su-
prathreshold energy that encroaches upon the excitatory
tuning curves. This high degree of selectivity is a char-
acteristic that is lacking in a nucleus that is only one
synaptic relay prior to the IC, the dorsal nucleus of the
lateral lemniscus (Bauer et al. 2002). The third reason
for using free-tailed bats is that responses evoked in the
IC by tones and by brief FM sweeps, signals that sim-
ulate echolocation calls, are often strongly modulated by
serotonin (Hurley and Pollak 2001). The modulation in
many neurons is complex, in that serotonin can facilitate
or depress the responses to some frequencies in the cell’s
tuning curve while leaving the responses evoked by other
frequencies unaffected.

Based on these previous findings, it seems likely that
responses to species-specific communication calls are
also modulated by serotonin. However, because the
spectral structures of communication calls are substan-
tially more complex than those of the stimuli used pre-
viously, and because species-specific vocalizations may
elicit much stronger responses from auditory neurons
than other types of sounds (Wang and Kadia 2001), it is
not clear whether serotonin should similarly modulate
responses to communication calls and other types of
sounds.

To address this issue, we utilized the same suite of
communication calls in this study that has been used in

previous studies, and evaluated the types of changes in
response features that were caused by serotonin. We
show that serotonin has substantial influence on re-
sponses to communication calls, and often changes re-
sponse selectivity. The changes we observed in
individual neurons would translate into changes in
population response patterns to the communication
calls.

Materials and methods
Electrodes

Recordings were made with “piggy back’ multibarreled
electrodes (Havey and Caspary 1980). A five-barrel
blank was pulled and the tip blunted to 10-15 pum.
Recordings were made with a single-barreled micropi-
pette glued to the multibarreled array so that the tip of
the recording electrode was 10-20 pm from the blunted
end of the multibarreled pipette. The recording elec-
trodes had resistances of 8—15 MQ. The recording pip-
ette and the central barrel of the multibarreled pipette
were filled with 1M NaCl and 2% Fast Green (pH 7.4).
The Fast Green allowed the pipette to be easily visual-
ized during placement over the inferior colliculus. The
remaining barrels were filled with serotonin creatinine
sulfate, a compound that is relatively light-stable in
comparison with other serotonin compounds (20 mM in
200 mM NaCl, pH 4) or with the carrier vehicle
(200 mM NaCl, pH 4). The barrels of the multibarreled
pipette were connected via silver—silver chloride wires to
a six-channel microiontophoresis constant current gen-
erator (Medical Systems Neurophore, BH-2: Greenvale,
NY). The central barrel was connected to the sum
channel in order to balance current in the drug barrels
and reduce current effects on the recorded neuron. The
recording electrode was connected via a silver—silver
chloride wire to a Dagan AC amplifier (model 2400:
Minneapolis, MN). When a drug was not being applied,
a retention current of —15 nA was applied to each drug
barrel to prevent leakage.

Surgical and recording procedures

Surgical and electrophysiological procedures were con-
ducted as described previously (Hurley and Pollak 1999,
2001). Briefly, animals were anesthetized by methoxy-
flurane or isoflurane inhalation (Metofane, Mallinck-
rodt Veterinary: Mundelein, IL; IsoFlo, Abbott
Laboratories: Chicago, IL) or 0.02 mg/gm body weight
neuroleptic, Innovar-Vet (fentanyl and droperidol, Pit-
man-Moore, Inc.), injected intraperitoneally. The skin
and muscle overlying the skull was reflected after the
topical application of 2% Lidocaine (Elkins-Sinn:
Cherry Hill, NJ) and a small hole was then drilled over
the IC. The bat was transferred to a heated, sound
attenuated recording chamber, where it was placed in a



restraining cushion constructed of foam molded to the
animal’s body. The restraining cushion was attached to
a platform mounted on a custom-made stereotaxic
instrument (Schuller et al. 1986). A small metal rod was
cemented to the skull and then attached to a bar
mounted on the stereotaxic instrument to ensure a uni-
form positioning of the head. A ground electrode was
placed between the reflected muscle and the skin. A
multibarreled electrode was positioned over the IC un-
der a dissecting microscope. The electrode was subse-
quently advanced through the brain from outside the
recording chamber using a piezoelectric microdrive
(Burleigh 6000: Fishers, NY).

Recordings were begun after the bats recovered from
the anesthetic. Recovery was assessed by response to
gentle touch on the ears and the ability to drink water
offered from a dropper. The bats typically lie quietly in
the restraining cushion and show no signs of pain or
discomfort. Surgical recording sessions lasted 5-8 h, and
water was provided with a dropper every 1-2 h. Sup-
plementary sub-anesthetic doses of the neuroleptic or
more commonly, a mixture of ketamine (120 mg/kg) and
xylazine (5 mg/kg) were given if the bat struggled or
otherwise appeared in discomfort. If the bat continued
to show signs of discomfort, recordings were terminated
and the bat was returned to its cage. Bats were usually
used for two recording sessions. All experimental pro-
cedures were in accordance with a protocol approved by
the University of Texas Institutional Animal Care and
Use Committee, and follow the guidelines within the
Guide for the Care and Use of Laboratory Animals
(NIH publication 85-23, revised 1996).

To assess whether the surgical or supplementary
anesthesia altered the observed effects of serotonin, two
analyses were performed using the responses to tones at
best frequency or to linear FM sweeps. First, the average
effect of serotonin on spike count for the first three
neurons recorded after surgery were compared with the
average effect of serotonin on spike count for later
neurons. There was no significant difference in the
average effect of serotonin on the spike counts of neu-
rons in these two groups (P=.91, 2-tailed unpaired
ttest). Second, we compared the effects of serotonin on
spike count for neurons recorded soon after the
administration of supplementary anesthesia (n=12)
versus the effect of serotonin on spike count for neurons
recorded more than 3 h after supplementary anesthesia,
or soon after direct observations in which bats were
judged to be awake because of responsiveness to dis-
turbance, or rapid breathing (n=>54). There was no
significant difference in the average effect of serotonin on
spike count between these groups (P=.79, 2-tailed un-
paired ttest).

A total of 90 neurons were recorded from 28 bats; 54
of these neurons were recorded in 12 bats in which the
main experimental focus was examining responses to bat
calls, and 36 neurons were recorded in 16 bats that were
also used in separate experiments. To determine whether
there was substantial variability in the effects of
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serotonin among bats, the average effects of serotonin
on responses to tone bursts or FM sweeps were com-
pared in six animals in which at least five neurons were
used for this study. Among these six animals, there were
no significant differences in the effects of serotonin on
spike count (ANOVA, F(18,4)=1.68, P =. 2).

Acoustic stimulation, processing of spike trains
and iontophoresis

At the start of each experiment, a loudspeaker was
placed in the ear contralateral to the side from which
recordings were made. The loudspeaker was either a 1/
4 inch Briiel & Kjaer (B&K) microphone biased with
200 V DC and driven as a loudspeaker, or a custom
made loudspeaker (Schuller 1997). The B&K loudspea-
ker was flat within +£5 dB from 18 kHz to at least
60 kHz and the custom made loudspeaker was flat +
6 dB from 10 to about 90 kHz, where harmonic distor-
tions were at least 34 dB below the fundamental fre-
quency. The B&K loudspeaker with the windscreen
attached or the custom loudspeaker was inserted into the
funnel formed by the bat’s pinna, and positioned adja-
cent to the external auditory meatus. The pinna was
folded over the housing of the loudspeaker and wrapped
with Scotch tape. The binaural cross-talk with this
arrangement was attenuated by 35-40 dB.

Spikes were fed to a window discriminator and then
to a Macintosh 7100 computer controlled by a real time
clock. Peristimulus time histograms (PSTHs) and rate-
level functions were generated and graphically dis-
played. Each PSTH was generated from the discharges
evoked by 20 presentations of a signal at a fixed inten-
sity. A neuron was considered to respond to a sound if it
fired at least five action potentials to these 20 presenta-
tions; this was the response criterion.

Two types of acoustic signals were presented to each
neuron: tone bursts and a suite of 16-17 species-specific
calls. All signals were presented at a rate of 4 per second
and were presented in pseudo-random order. Tone
bursts were digitally generated by a Power Macintosh
7100/66 computer, were 5-20 ms in duration and had
0.2 ms rise-fall times. Tones were used to determine the
best frequency (BF), threshold at BF, and tuning curve
for each neuron. The species-specific calls werel6 social
communication calls (C1-C16) and one pair of echolo-
cation calls (E1) emitted by Mexican free-tailed bats and
digitally sampled at over twice the maximum frequency
contained in the calls. Each call had a broad bandwidth
and a different spectro-temporal structure. Most calls
had either upward or downward frequency modulations,
or both upward and downward modulations, and all the
calls had two or more harmonics. Although calls were
sampled from a database collected during mother—pup
interactions, the behavioral contexts of the calls, and
whether they are representative exclusively of mother—
pup interactions or more generally of intraspecific
communication, is unknown. The 17 calls allowed us to
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present to each neuron a varied class of complex, spe-
cies-specific sounds of types likely to be heard by Mex-
ican free-tailed bats.

Most IC cells were selective for calls in that they re-
sponded to only some calls and not to others, even
though the calls to which they failed to respond had
suprathreshold energy in their tuning curves, as has been
previously demonstrated (Klug et al. 2002; Pollak et al.
2003). To quantify selectivity, we calculated a selectivity
value for each neuron, defined as the number of calls to
which a neuron responded out of all of those presented.
Each selectivity value was calculated from the number of
presented calls that a given neuron did not respond to,
divided by one less than the total number of calls that
were presented, multiplied by 100. With this definition, a
neuron responding to just one call out of 16 or 17 would
have 100% selectivity, and a neuron responding to 16
out of 16, or to 17 out of 17 calls would have a 0%
selectivity.

Following the acquisition of these data, serotonin
was iontophoretically applied. To ensure that the re-
sponses of the neurons to sound remained stable over
time, repeated measurements were taken of the neurons’
responses to recorded calls, or of responses to sets of
tones encompassing the neurons’ excitatory tuning ran-
ges. Neurons with unstable responses over time were
rejected from the data set. Serotonin was iontophoresed
using currents that did not exceed 90 nA. Because
monoamines can have qualitatively different effects at
different dosages (Devilbiss and Waterhouse 2000), we
tested 11 neurons with levels of iontophoretic current
as low as 25 nA, in addition to the higher levels of
75-90 nA that were more typically used. Of these
11 neurons, 3 showed no effect of any dose of serotonin,
4 showed incremental increases at each dose of seroto-
nin, and 4 showed plateaus at the highest doses of
serotonin, even when serotonin had selective effects on
particular calls. In no case did we observe a change in
the nature of the effects of serotonin with increasing
iontophoretic current. This is similar to our previous
finding that the level of iontophoretic current does not
qualitatively alter the effects of serotonin on frequency
tuning (Hurley and Pollak 2001), given a starting con-
centration of 20 mM in the iontophoresis pipette.

Neurons were also usually similarly responsive to
multiple applications of serotonin. In eight neurons,
serotonin was applied twice with a recovery or vehicle
application intervening. Of these seven neurons, sero-
tonin had the same effect in six, whether this was a de-
crease in the response to calls (n=4), or the lack of an
effect (n=3). In only one neuron did serotonin decrease
the responses to calls during its first application but not
during its second.

During serotonin application, responses to stimuli
were monitored until spike counts stabilized, and an
experimental dataset was collected, a process that usu-
ally took from 3 min to 15 min, depending on the size of
the dataset. Iontophoresis of the carrier solution,
200 mM NaCl, does not by itself affect neuronal re-

sponses as serotonin does (Hurley and Pollak 1999). The
ejection current was then switched off. If contact with
the neuron was maintained, recovery data were obtained
by presenting the same suite of stimuli until the re-
sponses were similar to those obtained before serotonin
was applied. Neurons typically recovered within 5—
15 min.

Results

Serotonin changes the responses to recorded
vocalizations

The effects of iontophoresing serotonin on the responses
to a suite of 1617 species-specific calls was evaluated in
90 IC neurons. Sixteen of the calls were communication
calls, and one was a pair of echolocation calls (Fig. 1).
For each neuron, the criterion for a serotonin-induced
change in a call response was a 50% change in the spike
counts evoked by the same call in the control condition.
Serotonin changed responses to one or more calls in
68% of the neurons (61/90). The most common effect of
serotonin was to depress the spike counts evoked by one
or more calls compared to the spike counts evoked by
the same calls before serotonin was applied. Of the
61 neurons whose responses were changed by serotonin,
there was a reduction in the spike counts to one or more
calls in 72% (44/61) of those neurons. In 38% of neu-
rons (23/61), serotonin caused an increase in the spike
counts evoked by one or more calls, and thus facilitated
the responses to those calls. The reason that the total
percentage is greater than 100% is that in certain
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Fig. 1 Spectrograms (frequency vs. time plots) of the Mexican free-
tailed bat calls that were used as auditory stimuli. The calls all
contain multiple harmonics and vary nonlinearly in frequency and
intensity over time. C designates communication calls and E
designates echolocation calls in all figures



neurons the responses to some calls were depressed by
serotonin while the responses evoked by other calls were
facilitated, as described below.

Fig. 2 Serotonergic effects on call responses. a Serotonin uniformly
decreases responses to calls in one neuron. PSTH: At the top of the
figure, summed PSTHs of a neuron’s response to 20 presentations
of 16 different communication calls are plotted in the control and in
serotonin. Calls were presented at 30 dB above tone threshold.
Serotonin reduced the responses to all 14 calls that evoked
responses above the criterion of five spikes. Normalized values:
Spike count values from A are plotted as ratios of spike count in
serotonin/control. A value of 1, indicated by the dashed line,
indicates no change in the presence of serotonin. Asterisks mark
calls that did not evoke responses above the criterion value in the
control or in serotonin. Filled bars represent depression by 50% or
more. Zeros indicate total suppression of call responses by
serotonin. b Serotonin uniformly increases responses to calls in a
different neuron. Note that for four calls, calls C3, C5, C15 and E1,
neurons did not respond in the control but did in serotonin. This is
denoted by the text ’INF’ in the normalized value plots for these
calls to indicate infinite ratios. Open bars represent facilitation by
50% or more, and stippled bars represent a change of less than
50%. Otherwise, conventions are the same as in a. Calls were
presented at 30 dB above tone threshold for this neuron
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In the 61 neurons whose responses were altered by
serotonin, the effects of serotonin on the responses
evoked by the calls were relatively uniform in some
neurons, while in other neurons they were more com-
plex. The uniform effects of serotonin were seen in 26%
of the neurons (16/61). In each of these neurons, sero-
tonin had similar effects on the responses to all calls that
initially elicited spikes, either depressing or facilitating
the response to each call. Two examples are shown in
Fig. 2. The neuron in Fig. 2a responded to 14 of 16 calls
above the criterion level (5 discharges to 20 presenta-
tions of a call) in the control condition. During the
application of serotonin, the responses to each of the 14
calls that originally elicited a response were substantially
or completely depressed, such that the responses to each
of the 14 calls were below our threshold criterion as well
as below the control spike count (Fig. 2a). The neuron
in Fig. 2b responded to 6 of 17 calls in the control
condition. When serotonin was applied, the responses to
each of the 6 calls were greater than in the control, and
the responses to all but one of these calls (call C8) was at
least 50% greater during serotonin iontophoresis. In
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addition, several calls that either failed to evoke any
response (calls C3, C5, and El) or evoked only responses
below the criterion value (calls C2, C4, C10, C12, and
C16) in the control, evoked responses above the criterion
value when serotonin was applied. For some calls then,
serotonin caused the facilitation of a response that was
not apparent in the control condition.

Serotonin had more variable effects in 74% of the
neurons (45/61). In these neurons, the effects of seroto-
nin varied from call to call, and serotonin depressed the
responses to some calls, had no effect on responses to
other calls, and even facilitated the responses to yet
other calls. These variable effects of serotonin are illus-
trated in Fig. 3. The neuron in this figure responded to 8
of 17 calls before serotonin was applied. Serotonin either
completely or strongly suppressed the responses to four
calls (C2, C5, C7 and C8), had less than a 50% effect on
responses to four calls (C1, C4, C10, and C14), and
facilitated the responses to four calls (Cl11, C12, C15,
and C16). However, we also point out that the effects of
serotonin varied more continuously than these catego-
ries would suggest. For example, the responses to call C4
increased by about 44% with serotonin, from 9 spikes to
13 spikes, while facilitation of other calls raised what
was a response below the criterion level in the control (1
or 2 spikes) to a vigorous response with serotonin, e.g.,
calls C11 and C12. Together, the neurons in Figs. 2 and
3 illustrate the two main effects, uniform and variable,
that serotonin had on the responses to the variety of
calls that we presented.

The effects of serotonin on selectivity to calls

As is apparent in Figs. 2 and 3, serotonin changed the
set of calls to which individual neurons responded, or
their selectivity. To quantify this change, a value of

Fig. 3 A neuron showing mixed
effects of serotonin on different PSTH
calls. Conventions are the same

as in Fig. 2. Serotonin c1
suppresses the responses to
three calls, calls C2, C5 and C8,
facilitates the responses to five
CHHS, calls C9, Cll, CIZ, CI15 serotonin
and C16, and has little effect on jo

C2 C3 ¢4 C5 cr
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selectivity was calculated for each neuron in response to
calls that were 30-40 dB above threshold for the re-
sponse to a tone at best frequency (see Methods). Two
neurons having different selectivities are illustrated in
Fig. 4a. Neuron 1 responded to 12 out of 16 calls and
therefore had a relatively low selectivity of 27%. Neuron
2 responded to only 1 of 16 calls and therefore had the
highest possible selectivity of 100%.

The selectivity values of most IC neurons were high
and averaged 74 £ 3.0%. The selectivity values of the
90 neurons in our sample are plotted in Fig. 4b. Of the
90 neurons tested with multiple calls, 20 % (18/90) had
selectivities of 100%; these neurons responded to just
one call, though not all neurons responded to the same
call. Fully a third of neurons (33%, or 30) had selec-
tivities in the expanded range of 90-100%. A smaller
percentage, 19% (17/90), had selectivities of 80-90%.
The least selective neurons comprised 48% (43/90) of
our sample. These neurons had selectivities of less than
80% and responded to four or more calls.

Although serotonin changed the responses to one or
more calls in 61 neurons, it changed the selectivity val-
ues in only 47 of those 61 neurons. In the other
14 neurons, serotonin changed the responses to calls,
either depressing or facilitating the responses to some
calls, but the effects were such that they did not change
the number of calls to which the neurons responded
above or below the criterion level, and therefore did not
change the selectivities of those neurons. Thus serotonin
changed the selectivity values in 77% of the neurons
affected by serotonin, and in about 52% of our entire
sample of 90 IC neurons.

Because the dominant effect of serotonin was to de-
press responsiveness, the majority of 38 of the 47 neu-
rons whose selectivities were influenced by serotonin
responded to fewer calls than in the control conditions,
and thus they became more selective (Fig. 5a). These
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Fig. 4 Selectivity for calls. a IC neurons show a range of
selectivities for calls. Two individual IC neurons had very different
selectivities in the control: neuron 1 responded to 12 of 16 calls,
while neuron 2 responded to only one. The calls were presented at
50 dB above threshold for neuron 1 and 40 dB above threshold for
neuron 2. b Selectivities of the IC neuron population. Selectivity
index is plotted against number of neurons, where selectiv-
ity=number of calls eliciting no response/(total number of
presented calls —1). Most IC neurons were 80% selective or more

neurons responded on average to 2.7 fewer calls during
iontophoresis of serotonin than they did in the control
condition. This translated into an average selectivity
increase of 21% (Fig. 5b). However, in 9 of the
47 neurons, serotonin actually increased the number of
calls to which the neurons responded, a result of sero-
tonin’s facilitatory effects on those IC cells (Fig. 5a).
These cells responded on average to 3.2 additional calls,
which in turn reduced the average selectivity of the 9
cells by 16% (Fig.5b). As mentioned, 14 neurons of the
61 showing serotonin-evoked changes in spike count did
not show parallel changes in selectivity (Fig. 5a).

Serotonin changes the population responses to calls

We next explored how the observed serotonin-evoked
changes in the selectivities of single neurons could be
expected to change the responses of the population of
neurons across the IC to individual calls. To provide a
flavor for the complex and variable changes in popula-
tion responses that can be induced by serotonin, Fig. 6
shows the control and serotonin-induced responses that
were evoked by two calls, call Cl1 and call C13, in a
sample of 15 IC neurons. The normalized spike counts
evoked by each call are shown as bar graphs in Fig. 6a,
with the absolute spike counts shown above each bar.
For convenience, the neurons are arranged, from top to
bottom, according to the effect of serotonin on call Cl:
the responses of the top five neurons were completely
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of the mean

suppressed by serotonin, neuron 6 was weakly sup-
pressed, the next two neurons (7-8) were facilitated by
serotonin, and the responses of the next four neurons (9—
13) were changed by less than 50%. These neurons are
representative in that the percentage of the 15 neurons
whose spike counts were depressed (46.1%), facilitated
(15.4%) and unchanged (38.5%) by serotonin are simi-
lar to the percentages showing these effects in our sample
of 90 IC neurons. Thus, the activity profiles of the
15 neurons evoked by call C1, viewed down the control
column and down the serotonin column, are different, as
they must be because in many of the neurons serotonin
changed the response to call C1. The same is true for the
activity profile evoked in the 15 neurons by call C13, so
that the profile in the presence of serotonin is different
from the control profile.

Although serotonin would alter the population re-
sponse to each of the calls we used, this finding does not
address the question of whether serotonin would change
the relative population activity for different calls. To
compare the response disparities of the control and the
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Fig. 6 Comparison of serotonergic effects on two calls. a Compar-
ison of spike counts in control versus serotonin for call C1 and call
C13 in a sample of 15 neurons. Spike counts are normalized to the
highest value, either in the control or in serotonin. All control spike
counts are represented by filled black columns. Unfilled columns
represent spike counts that were decreased by at least 50% in
serotonin relative to the control, stippled columns represent spike
counts that increased by at least 50% in serotonin relative to the
control, and gray cloumns represent spike counts that changed by
less than 50% relative to the control. Serotonin had different
effects on responses to different calls, even for individual neurons
such as neuron 8. b Spike ratios are the ratio of spike counts in
response to calls C1 and C13 in the control and in the presence of
serotonin

serotonin-induced population responses for different
calls, we quantified the overall similarity of the popu-
lation response to two different calls with a similarity
index (SI). The SI incorporates the difference in spike-
counts evoked by two calls, with higher values indicating
greater response similarity. The first component of this
index was to compute for each neuron the ratio of the
spike counts evoked by two calls, such as calls C1 and
C13. The larger the ratio, the more similar were the
spike-counts evoked by the two calls. Neurons that re-
sponded to both calls with the same spike count had a
ratio of 1.0 whereas neurons that responded to only one
call and failed to respond to the other had a ratio of 0.
Neurons that failed to respond to either of the calls were
not assigned a ratio. The spike ratios for each neuron in
the control and in the presence of serotonin are pre-
sented in Fig. 6b. The SI is simply the mean spike ratio
for all neurons. Because the SI incorporates the ratio
rather then the absolute values of spike counts, seroto-
nin could decrease the spike count but still increase the
similarity index between two different calls.

For the sample set of 15 neurons in Fig. 6a, the SI for
the control condition was 0.38, but in the presence of
serotonin, the SI was 0.31, representing an 18% decrease
in the similarities between calls Cl and C13 in the
presence of serotonin relative to the control. The main
point here is that the control SI was larger than the SI in
the presence of serotonin, suggesting that the population
responses evoked by the two calls were more similar in
the control than when serotonin was applied. Stated
differently, the population responses for the two calls in
the presence of serotonin were more disparate than they
were in the control condition.

We calculated the SI for all possible pairs of calls
across all 90 neurons we recorded, resulting in an SI
value for 136 pairwise comparisons in the control, and
an equal number in the presence of serotonin. We
measured the percent change in the SI between the
control and in the presence of serotonin for each of these
pairwise comparisons. Among the 136 percentage values
that resulted, the majority were negative (n=2383), rep-
resenting a decrease in the similarity between the pairs of
calls in the presence of serotonin. A minority of the
values were positive (n=44), indicating an increase in
the similarity between the pairs of calls in the presence of
serotonin, and a few values were null (n=9). We con-
densed these values into an average for each call versus
the 16 other calls in our stimulus repertoire. These
average values are shown in Table 1. For example,
across our entire neuronal population, the spike ratio of
call CI relative to the other 16 calls was 28.8% lower in
the presence of serotonin than in the control. Like call
C1, many other calls had a reduced average SI in the
presence of serotonin, most notably calls C2, C6, C8,
C13, and El, which had average decreases in SI ranging
from 22.5% (call C6) to 42.9% (call E1). For some calls,



Table 1 Effects of serotonin on the average similarity index

Call % Change in SI (mean + S.E.M.)
Cl —28.8 + 4.7
C2 —40.2 + 3.0
C3 -3.7 £ 9.1
C4 74 + 6.4
C5 1.0 £ 6.2
C6 —-22.5 £ 7.0
C7 -32+ 173
C8 —-23.0 £ 7.0
C9 24 + 179
C10 12.4 + 10.3
Cl1 16.6 = 10.6
C12 —6.0 +£ 9.2
C13 —40.4 + 6.0
Cl4 0+ 82
C15 —83 + 5.1
Cl16 0.1 £ 6.3
El —429 + 7.6

the average SI did increase in the presence of serotonin.
The two largest increases in average SI, for calls C10 and
Cl11, were only 12.4% and 16.6%, respectively, and had
relatively large SE. Thus, there was variation in the ef-
fects of serotonin on the average SI between calls, and
the echolocation call along with several communication
calls showed the largest decrease relative to the other
calls. However, whether the variation in the effects of
serotonin on the average SI correlates with differences in
the behavioral functions of most of these calls is un-
known. In general, within our sample of 90 IC neurons,
the activity profiles evoked by different recorded calls
were usually made more distinct by the iontophoretic
application of serotonin. The implications of this finding
are discussed below.

Discussion

Two main findings emerge from these experiments.
First, when considering the effects of serotonin on the
responses of individual neurons to single calls, the most
common effect (in 44 of 90 neurons) was a decrease in
the spike count evoked by the call. As a result of this, for
most neurons serotonin increased the selectivity for
calls, in that most neurons affected by serotonin re-
sponded to fewer calls in the presence of serotonin
(38 neurons). Increases in responses to calls, although
less common, were not rare, with 23 neurons showing
increases in spike count in response to at least one call.
This resulted in a decrease in selectivity for a few of the
neurons that responded to serotonin (9 neurons). Many
responses to calls were also unaffected by serotonin,
resulting in selectivities for calls that were unchanged in
the presence of serotonin for 43 neurons.

Our second major finding was that individual neu-
rons did not necessarily show a single type of response to
serotonin. In fact, 50% of all neurons recorded showed
mixed effects, in that serotonin could decrease the re-
sponse of a neuron to some calls, but have no effect or
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even opposite effects on responses to different calls
(Fig. 3). Below we consider the range of serotonergic
effects in light of their potential mechanisms, functional
consequences, and relation to previous hypotheses on
the role of serotonin within sensory systems.

Comparison of serotonergic effects on tone
and call evoked responses

In previous studies we showed that serotonin often has a
powerful effect on responses to tone bursts that comprise
the neuron’s excitatory tuning curve (Hurley and Pollak
1999, 2001). The serotonergic influences on the more
complex species-specific calls we observed here were in
some cases consistent with the serotonin-induced changes
of tone burst responses we observed in our previous
studies but in other cases were not, as discussed below. In
our previous studies we found that the most common
effect of serotonin on responses to tone bursts was a
broad depression or facilitation of spike counts evoked by
all frequencies that previously drove that neuron. These
broad depressive or facilitative effects are consistent with
the uniform depression or facilitation of responses to
communication calls that we observed in this study.

In our earlier studies we also found a smaller number
of neurons in which serotonergic effects on tone-evoked
responses were more complex than the common, broad
effects of serotonin (Hurley and Pollak 2001). We called
this pattern of changes ‘focal’ because in these neurons
serotonin strongly depressed or facilitated responses to
only some frequencies. Such focal serotonergic effects on
tone responses are consistent with neurons presented
here in which serotonin differentially suppressed or
facilitated responses to some calls while having no effect
on the responses to other calls. The putative linkage
between the focal effect on tones and the differential
effects on calls is that serotonin should only suppress or
facilitate responses to calls that have energy concen-
trated in the frequencies suppressed or facilitated by
serotonin, respectively. Conversely, other calls should be
unaffected because those calls have energy concentrated
in frequencies that are unaffected by serotonin.

However, in our previous studies we did not observe
both a serotonin-induced facilitation of responses to
some tonal frequencies and depression of other tone-
evoked responses in the same neuron. Thus, the mixed
serotonergic effects on call-evoked responses in the same
neuron, where some calls were depressed, some were
facilitated and some were not affected, were more com-
plex than any of the effects we had observed with tones.
This could be due to the fact that the responses of IC
neurons to recorded vocalizations cannot always be
predicted based on excitatory responses to tones.
Inhibitory inputs are also likely to shape responses to
complex sounds like calls, because when inhibitory in-
puts are blocked, responses to vocalizations become
more predictable (Klug et al. 2002). Thus, the effect of
serotonin on inhibitory inputs, among other factors,
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may need to be measured to fully account for the com-
plex effects of serotonin on responses to vocalizations.

Serotonin as a suppressor of activity

We have shown that serotonin increases the selectivity of
neurons for calls. However, one could argue that any
agent that decreased spike counts would increase the
selectivity of individual neurons and also of the popu-
lation activity for calls. In considering this possibility, it
is useful to compare the effects of serotonin with those of
an inhibitory agent such as GABA acting on GABA,
receptors. A previous study examined the effects of
GABA on the selectivity of IC neurons in the free-tailed
bat to vocalizations by blocking GABA 4 receptors with
iontophoretically applied bicuculline (Klug et al. 2002).
Although blocking GABA, receptors did decrease
selectivity for vocalizations, two main differences emerge
in the effects of GABA and serotonin in a comparison of
these two studies. The first of these differences is that the
effect of blocking GABA receptors is more widespread
than the effect of applying serotonin. A second differ-
ence between the effects of serotonin and GABA is that
serotonin causes a larger range of effects. Thus, seroto-
nin and GABA show qualitative as well as quantitative
differences, and are released under different circum-
stances. These differences apply even though serotonin
may act in part through targeting GABAergic neurons
within the IC (Peruzzi and Dut 2004). From these con-
siderations we conclude that, even if serotonin did have
purely suppressive effects, it would cause a different
pattern of suppression than GABA. Moreover, across
neurons and across different calls within single neurons,
serotonin appears to be a more selective agent than
GABA. This type of selectivity is typical of neuromod-
ulators within sensory systems in general, because the
effects of a given neuromodulator depend on both the
type of receptor and the role of the targeted neuron
within the neural circuitry (Hurley et al. 2004).

Serotonin enhances the signal to noise ratio evoked
by calls

Based on our results we propose that serotonin, by
changing the responsiveness of individual neurons to a
call, also changes the profile of the population response
evoked by that call. These changes would generally serve
to enhance or amplify differences in the population re-
sponses evoked by different calls.

Even in the absence of serotonin, IC neurons display
a wide diversity of selectivities for calls, with some
neurons responding to many calls and others responding
to only a few. When a different call is presented, a pat-
tern of activity that shares some of the same neurons and
also incorporates additional neurons, will result. Thus,
due to the diverse selectivities among the IC population
each call should generate a unique spatio-temporal
pattern of activity in the IC (Klug et al. 2002; Suta et al.

2003). When, in addition to selectivity, response mag-
nitude is factored in, the population response evoked by
a given call becomes more distinctive than the popula-
tion response evoked by any other call, as shown in
Fig. 6.

In the presence of serotonin, the population response
to a call would be represented by a group of neurons
with unchanged responses, a large number of neurons
with diminished or totally suppressed responses, and a
small number of neurons with increased responses rela-
tive to the population response before serotonin. Thus,
serotonin would sculpt the pattern of population activity
evoked by a particular call (Fig. 6a). In fact, our data
suggest that, when the similarity in spike counts as well
as the identities of responding neurons are considered,
the patterns of activity evoked by different calls would
become more distinct in the presence of serotonin, be-
cause serotonin alters the responses to different calls
from neuron to neuron. That is, for each call, a sero-
tonin-evoked sculpting of population activity would re-
sult in a more divergent and less ambiguous response to
each call (Fig 6b, Table 1). This effect would be greatest
when serotonin levels are expected to be highest, during
high levels of behavioral arousal. It is not unreasonable
to speculate that in free-tailed bats, high levels of alert-
ness would occur in hunting and social contexts, but
whether serotonin release within the auditory system
varies in these situations is unknown.

The interpretation that serotonin alters the popula-
tion response to calls is consistent with findings in other
sensory systems. For example, cholinergic inputs to the
olfactory bulb increase the discriminability of odorants
in a model of neural activity, reflecting the behavior of
cholinergic-lesioned animals (Linster and Cleland 2002).
In barrel cortex, multielectrode arrays demonstrate that
an alpha 2 adrenergic agonist can also emphasize the
representation of directional deflection of a whisker
(Devilbiss and Waterhouse 2002). Likewise, behavioral
arousal suppresses the representation of whisker deflec-
tion in the barrel cortex, leading to the ‘focusing’ of
somatosensory inputs (Castro-Alamancos 2002). Thus,
in accordance with our results, the central representation
of a stimulus in multiple sensory modalities is a dynamic
entity subject to alteration by various neuromodulators
and by behavioral states.

In addition to changing the selectivity of neurons for
species-specific vocalizations, however, serotonin is
likely to alter other aspects of stimulus coding within the
IC (Hurley et al. 2002). This is because of the widespread
distribution of serotonergic fibers within the IC (Hurley
and Thompson 2001), as well as the wide range of
neurons that are responsive to serotonin (Hurley and
Pollak 1999, 2001). The neural responses evoked by
many types of behaviorally relevant signals are potential
targets for serotonergic modulation because they rely on
either the magnitude or timing of neural responses, both
of which are properties modulated by serotonin (Hurley
and Pollak 1999, 2002). Serotonin within the IC has also
been implicated in behaviors such as fear responses



(Melo and Brandao 1995). In light of these consider-
ations, we feel that the involvement of serotonin in
altering responses to vocalizations must represent only
one facet of serotonergic function within the IC.
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