Serotonin Effects on Frequency Tuning of Inferior Colliculus Neurons
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Hurley, Laura M. and George D. Pollak. Serotonin effects on Sherriff 1991; Kaiser and Covey 1997; Klepper and Herbert
frequency tuning of inferior colliculus neurond.Neurophysiol85:  1991: Thompson et al. 1995; Thompson et al. 1994). Unlike
828-842, 2001. We investigated the modulatory effects of serotoRy, auditory system with its highly specified and restricted

on the tuning of 114 neurons in the central nucleus of the inferlrt)(,rir ets. these neuromodulatory svstems derive from cell arounps
colliculus (ICc) of Mexican free-tailed bats and how serotonin-in-, gets, y Sy group

duced changes in tuning influenced responses to complex signals. ¥t Project broadly throughout the auditory system and the rest
obtained a “response area” for each neuron, defined as the frequedtythe brain (Campbell et al. 1987; Code and Carr 1994;
range that evoked discharges and the spike counts evoked by thosd-elipe et al. 1991; Klepper and Herbert 1991; Moore and
frequencies at a constant intensity. We then iontophoretically appliBloom 1979; Schafer et al. 1998; Steinbusch 1981; Vu and
serotonin and compared response areas obtained before and duringf& 1992). The serotonergic innervation of the ICc, for ex-

application of serotonin. In 58 cells, we also assessed how serotonitl e originates largely from cells in the dorsal raphe nucleus
induced changes in response areas correlated with changes in é) ’

responses to brief frequency-modulated (FM) sweeps whose struc e_pper and ,Herbert 1991), which aIsp projects to other

simulated natural echolocation calls. Serotonin profoundly chang@Hditory nuclei as well as to other regions of the nervous

tone-evoked spike counts in 60% of the neurons (68/114). In médtstem. Rather than evoke discharges in auditory neurons,
neurons, serotonin exerted a gain control, facilitating or depressing these transmitters usually modulate activity, either pre- or

responses to all frequencies in their response areas. In many cglsstsynaptically, and thus modify response features evoked by
serotonergic effects on tones were reflected in the responses to &bbustic stimulation (Ebert and Ostwald 1992; Faingold et al.

signals. The most interesting effects were in those cells in whigiyg1: Farley et al. 1983; Fitzgerald and Sanes 1999; Habbicht
serotonin selectively changed the responsiveness to only some #gy vater 1996; Wang and Robertson 1997).

quencies in the neuron’s response area and had little or no effect ofyyg e \e report on the effects of serotonin on ICc neurons.
other frequencies. This caused predictable changes in responses tg-the

more complex FM sweeps whose spectral components passed thro re are tWO_ reasons why the mﬂuences O.f serotonin on f[he
the neurons’ response areas. Our results suggest that serotonin, whgSe"® Of particular interest. The first reason is that the activity
release varies with behavioral state, functionally reconfigures tRé SOme serotonergic neurons in the dorsal raphe, the raphe
circuitry of the IC and may modulate the perception of acoustiducleus that projects most strongly to the IC, varies markedly
signals under different behavioral states. with an animal’'s arousal state and with the direction of atten-
tion to a stimulus (Jacobs and Fornal 1999; Trulson and Jacobs
1979). The second reason is that studies on other neural sys-
INTRODUCTION tems have shown that serotonin exerts profound neuromodu-

The central nucleus of the inferior colliculus (ICc) is aHEXL:I%:OW influences on circuits in both vertebrates and inverte-

of the auditory system. It is the common target of projectio ates f(e'?"r Harrls-Watrr;ﬁktet ?l't 1n?r?2; ﬁmnart EInFI'rﬂ'ggﬁ)'t
from the majority of lower auditory nuclei (Oliver and Huerta ese features suggest that serotonin can not only moduiate
1992; Pollak and Casseday 1989; Ross and Pollak 1989; REFfPOnses of auditory neurans butaiso can do so in accordance
et al. 1978), and it is strongly innervated by descending prgt) the animal’s behavioral state. Given the strategic position
jections from the auditory cortex (Druga et ai. 1997; Luethke 2 tN€ 1C¢ in the auditory system, modulation of its response
al. 1989; Saldam et al. 1996; Winer et al. 1998). Consisten roperties must S|_gn|f|cantly affect information processing
with its widespread afferent innervation, its efferent projeé- r_:_);ljghoug.th(: a;.ldltory S)t/s;[jgm. Mexi free-tailed bat
tions are also pervasive. It provides the principal sourcerﬂt € subjects for our studies are Mexican Iree-ared bats

innervation to the medial geniculate body (Winer 1992), a adarida brasiliensis Previous studies have shown that

thus indirectly to the auditory cortex, and also provides pron\ﬁ\fhlle their brain stem auditory nuclei are greatly hypertro-

inent descending projections that feed back to many of tRQied, the nuclei, circuitry and response properties of neurons

lower nuclei that provide it with its afferent innervation (Cal" those nuclei are fundamentally similar to those reported for
icedo and Herbert 1993; Malmierca et al. 1996) other, less specialized mammals (Bodenhamer et al. 1979;

In addition to ascending and descending pathways of t&?éothe et al. 1994, 1997; Park et al. 1996, 1998; Pollak et al.
auditory system, the ICc is also innervated by cholinergi 77). The relative enlargement of their auditory system is

noradrenergic, and serotonergic fibers that originate from ¢ Ehl?iltegctﬁ(\),itﬁzg ?r?gsgr:mrlﬁgs tlﬁtes arz:lgﬁgtignsihr?;llrsmr?o{%rnrh?(l)rr
groups outside of the classical auditory system (Henderson y ' 9 y
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5HT EFFECTS ON IC 829

echolocation but also for social communication (Balcombe alétween the reflected muscle and the skin. A multibarrel electrode was
McCracken 1992; Gelfand and McCracken 1986: Simmons R&sitioned over the IC under a dissecting microscope. The electrode
al. 1978, 1979). Because the features of those signals ¥A$ Subsequently advanced through the brain from outside of the
known, we can evaluate the effects of serotonin on respon%%%:rd'ng chamber using a piezoelectric microdrive (Burleigh 6000,

: : ers, NY). Recordings were begun after the bats recovered from
evoked by signals that simulate those normally used by th anesthetic. The bats typically lie quietly in the restraining cushion

bats. . . and show no signs of pain or discomfort. Surgical recording sessions
In a previous report, we showed that serotonin has subst@pyically lasted 5-8 h, and water was provided with a dropper every

tial effects on a large proportion of the ICc neuronal populatioil.2 h. Supplementary doses of the neuroleptic were given if the bat
(Hurley and Pollak 1999). In that study, we evaluated thgruggled or otherwise appeared in discomfort. If the bat continued to
modulatory effects of serotonin on responses evoked by bestew signs of discomfort, recordings were terminated, and the bat was
frequency tone bursts and brief frequency-modulated (FNBturned to its cage. All experimental procedures were in accordance
sweeps, which simulate bat echolocation calls. The surprisiwih a protocol approved by the University of Texas Institutional
finding was that serotonin often modulates responses evolgtinal Care and Use Committee.

by tone bursts differently than it modulates responses evoked

by FM sweeps. The explanation we proposed was that serofgoustic stimulation, processing of spike trains, and

nin may have complex modulatory effects, preferentiallpntophoresis

changing responses evoked by some frequencies in the ney;

\ ) L ] . \t the start of each experiment, a loudspeaker was placed in the ear
ron’s tuning curve. Here we extend our initial observations tynirajateral to the side from which recordings were made. The

evaluating the influence of serotonin on the excitatory tuning Rfudspeaker was either %-in Briiel and Kjaer (B&K) microphone
ICc neurons and by monitoring how those changes in tunimgsed with 200 V DC and driven as a loudspeaker or a custom-made
influence responses to brief FM signals. loudspeaker (Schuller 1997). The B&K loudspeaker was flat within
+5 dB from 18 kHz to at least 60 kHz. The custom-made loudspeaker
has a wider dynamic range than the B&K loudspeaker. Its frequency
response was flat-6 dB from 10 to 120 kHz, where harmonic
Electrodes distortions were at least 34 dB below the fundamental frequency. The
B&K loudspeaker, with the windscreen attached, or the custom loud-
Recordings were made with “piggy back” multibarrel electrodespeaker, was inserted into the funnel formed by the bat’s pinnae and
(Havey and Caspary 198 five-barrel blank was pulled and the tip positioned adjacent to the external auditory meatus. The pinna was
blunted to 10-15um. Recordings were made with a single-barrefolded over the housing of the loudspeaker and wrapped with Scotch

micropipette, pulled previously, that was glued to the multibarrghpe. The binaural cross-talk with this arrangement was attenuated by
array so that the tip of the recording electrode was 10x20drom the  35-40 dB.

blunted end of the multibarrel electrode. The recording electrodes hadrone bursts and downward sweeping FM signals having any de-
resistances of 8-15 §. The recording electrode and the centragired duration as well as starting and terminal frequency were digitally
barrel of the multibarrel electrode were filled with buffare M NaCl  generated by a Power Macintosh 7100/66 computer. Tone bursts were
and 2% Fast Green (pH 7.4). The Fast Green allowed the electrodgt@0 ms in duration and had 0.2-ms rise-fall times. The FM signals
be easily visualized during placement over the inferior colliculus. Thead durations of 5-10 ms with 0.2-ms rise-fall times. All signals were
remaining barrels were each filled with serotonin creatinine sulfatgesented at a rate of four per second. We also obtained 16 social
(20 mM in 200 mM NaCl, pH 4) or with carrier vehicle (200 MM communication calls emitted by Mexican free-tailed bats that were
NacCl, pH 4). The barrels of the multibarrel electrode were connectgfitally stored in the computer. The call durations varied from about
via silver-silver chloride wires to a six-channel microiontophoresisg—-35 ms.

constant current generator (Medical Systems Neurophore, BH-2Spikes were fed to a window discriminator and then to a Macintosh
Greenvale, NY). The central barrel was connected to the sum chanpedo computer controlled by a real time clock. Peristimulus time
to balance current in the drug barrels and reduce current effects ongT) histograms and rate-level functions were generated and graph-
recorded neuron. The recording electrode was connected via a silvesily displayed. Unless otherwise noted, each PST histogram was

silver chloride wire to a Dagan AC amplifier (model 2400, Minneapyenerated from the discharges evoked by 20 presentations of a signal
olis, MN). When a drug was not being applied, a retention current gf a fixed intensity.

METHODS

—15 nA was applied to each drug barrel to prevent leakage. Once a unit was isolated, its best frequency (BF, the frequency to
which the neuron was most sensitive) and the threshold at BF were

threshold, and tone bursts having frequencies both above and below

Surgical and electrophysiological procedures were conductedthe neuron’s BF were presented in steps varying in size from 200 Hz
described previously (Hurley and Pollak 1999). Briefly, animals wete 1 kHz pseudorandomly. The neuron’s response area, defined as the
anesthetized with methoxyflurane inhalation (Metofane, Mallinckrodange of frequencies that evoked discharges at a constant intensity,
Veterinary, Mundelein, IL) and 0.02 mg/g body wt neuroleptic, Inwas obtained from the PST histograms generated by 20 presentations
novar-Vet (fentanyl and droperidol, Pitman-Moore), injected intraf each tone burst frequency (e.g., Fig. 1). A quantitative value for
peritoneally. The skin and muscle overlying the skull was reflecteghch response area was obtained by integrating the area under the
after the topical application of 2% lidocaine (Elkins-Sinn, Cherry Hillgraph of frequency versus spike count using Microcal Origin (Micro-
NJ), and a small hole was then drilled over the inferior colliculus. Theal, Northampton, MA). In each neuron, a response area was gener-
bat was then transferred to a heated sound-attenuated recording chatrd two to three times to ensure response stability. Only neurons
ber, where it was placed in a restraining cushion constructed of foavhose response areas were stable over time were used to evaluate the
molded to the animal’s body. The restraining cushion was attacheceffects of serotonin.
a platform mounted on a custom-made stereotaxic instrument (SchulTo assess the tuning of response regions, we measured the low- and
ler et al. 1986). A small metal rod was cemented to the skull and thkigh-frequency borders of each response region before and during appli-
attached to a bar mounted on the stereotaxic instrument to ensui@ton of serotonin. Since ICc neurons had little or no spontaneous
uniform positioning of the head. A ground electrode was placeattivity, we considered the low- and high-frequency borders as lowest
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FIc. 1. Comparison of a neuron in which serotonin had no eff@gtand another neurorBf in which serotonin broadly
depressed spike counts. Note that serotonin depressed the spike counts at all frequencies to which the neuron responded and that
the depressed spike counts recovered about 10 min after the application of serotonin was stopped. Shoeft iorbibié A and
B are peri-stimulus (PST) histograms of responses to tone bursts having a range of frequencies but constant sound intensity (40 dB
SPL inA and 60 dB SPL irB). Right the response areas in bothandB. The response areas are the same data as in the PST
histograms plotted as spike counts vs. frequency. The ejection current was 504na@nih 75 nA inB.

and highest frequencies that evoked five stimulus-locked spikes/20 stimafrower than the width of the control response region. We also
uli. The difference in frequency between the low- and high-frequenagsessed whether serotonin-induced changes in tuning occurred at
borders is the width of the response region in kilohertz. both the low- and high-frequency borders or whether it occurred
Following the acquisition of these data, serotonin was iontophoretiisproportionately at one end of the frequency range. This was ac-
cally applied. During serotonin application, rate-level functions wermplished by subtracting the frequencies of the high-frequency
monitored until spike counts stabilized. Once spike counts weberders in the serotonin and control response regions and then sub-
stable, the same stimuli were presented again, and responses \raing the frequencies of the low-frequency borders in the serotonin
obtained for comparison with those obtained before the applicationad control response regions. This provides a value, in kilohertz, of
serotonin. In 39 neurons, vehicle alone was applied but it did nibte serotonin-induced change in the high-frequency border and a
affect responsiveness as did serotonin (Hurley and Pollak 1999). Madue, in kilohertz, of the change at the low-frequency border. The
ejection current was then switched off. If contact with the neuron wagference between these two values provide an index indicative of
maintained, recovery data were obtained by presenting the same saiitg asymmetry associated with changes in tuning. The asymmetry
of stimuli until the responses were similar to those obtained befarelex was then normalized by dividing it by the width (in kHz) of the
serotonin was applied. Neurons typically recovered within 5-15 mioontrol response region. An asymmetry index of 0.0 indicates an equal
We assigned a serotonin-induced change in response area to tlobsege at both the high and low borders of the response region, while
neurons in which the integrated values of the response areas obtawveddes greater than 0.0 indicate a larger change at one border than at
before and during serotonin differed by 30% or more. Our criterion fohe other.
a change in the tuning of the response region was that the width of théStatistical comparisons of mean values were Studefigsts per-
serotonin response region had to be at least 20% broader or 2f¥ned with Statview 4.0 (Abacus Concepts, Berkeley, CA).



5HT EFFECTS ON IC 831

RESULTS area was 6@ 17% for the 13 broadly facilitated neurons (Fig.

Serotonin was iontophoretically applied to 114 neurons Y- .
the ICc. The BFs ranged among our sample from 12 to 55 kHz, | N€ other class of neurons (17/68, 25%), which we refer to
although the majority of cells had BFs between 18 and 30 kHZS focally affected neurons, exhibited serotonin effects that
Almost all IC cells had litle or no spontaneous activity/Vere focused only on portions of their response areas (e.g., 'i'g'
thereby facilitating the identification of sound-evoked activity?: C @nd D). These neurons also exhibited at least a 30%
With few exceptions, serotonin had no obvious effect on spof}ange in their response areas, but serotonin had little or no
taneous activity in most cells, and we did not examine thfgfect on the spike counts evoked by some frequencies,
feature in greater detail. A response area, a plot of the spif@ereas the spike counts evoked by other frequencies were
counts evoked by excitatory frequencies at a constant intensﬁ%)foundly changed. Focally 'affected neurons, “ke. 'broadly
was generated for each ceil (e.g., Fi@, ight). The effects of & ected neurons, could be either depressed or facilitated by
serotonin were determined by comparing the response areggjPtonin, but most were depressed (14 neurons were de-
each neuron before serotonin was applied to the response &&sS€d but only 3 were facilitated). On average, the decrease
obtained during the application of serotonin (Fig. 1). in the response area for the 14 focally dgpressed neurons was

Serotonin had no discernible effect on 40% (46/114) of t%?el'z = ﬂ%' while the average increase in response area was
neurons in our sample. In these neurons, the response a @ﬁ% 24% for the 3 focally facilitated neurons (FighB In the
obtained during the application of serotonin were within 309§10Wing text we discuss additional features affected by sero-
of the control response areas. An example is shown in Rg. qonin, first for broadly affected and then for focally affected
In 60% of the neurons (68/114), serotonin changed the f&EUrons.
sponse area by at least 30% (e.g., Fi§). IThe changes were
due either to a serotonin-induced depression of tone-evok&wadly affected neurons

discharges, which was the most common effect, or to a facil- . . : : :
itation of spike counts. These changes in response area wer&€ changes in the spike counts induced by serotonin varied
always due to depression or facilitation of tone-evoked rdiarkedly among the population of broadly affected neurons.
sponses and were sometimes, but not always, accompanied B§ d€Pression in some neurons, such as the neuron inkig. 1
expansions or contractions in the borders of the response atds moderate, and all frequencies in the response area were
However, in none of the cells was a change in response a ressed by about t.he'same degree. In c.)ther.broadly affected
due only to an expansion or contraction of the frequen&furons, the serotonm-mducgd changes in sp|!<e counts were
borders. ore profound. The depression of the neuron in Fi§, fr
Whether or not a neuron was influenced by serotonin wg&&mPple, was far greater than the neuron in Fig. h the
not correlated with BF or temporal discharge pattern. The BEEUTON in Fig. 2, each frequency in the response area was
of neurons whose response areas were unchanged by serotBiife" completely or almost completely depressed by serotonin.
ranged from 12 to 50.2 kHz, where most had BFs from 18 {§ Y&t other neurons, serotonin changed the spike counts
30 kHz. This was not significantly different from the BFs O]evokgd by all frequencies in the response area, bUt. the degree
cells whose response areas were changed by serotenin (©© Which each frequency was affected was not uniform. The
0.709, 2-tailed unpaired-test). Similarly there was also no"€Uron in Fig. B is an example of a serotonin-induced facil-
difference in the effects of serotonin on neurons that respondEion where the degree of facilitation was nonuniform in that
to BF tones with a phasic compared with a sustained dischaf{Jé r€SPonses to some frequencies were facilitated more than
pattern. Thus of the neurons affected by serotonin, 72% (49/68§ responses evoked by other frequencies. The nonuniformity
were phasic while 28% (19/68) were sustained. These percéﬁt'—!IPSt_rated by comparing the faC|I|tathn at 24.6 kHz to the
ages of phasic and sustained neurons affected by serotonin/gfd!itation at 25.6 kHz. Both frequencies evoked only two
not appear different from the percentage of phasic (61GHP!KES In the control condition (*), but serotonin _faC|I|tate_d
28/46) and sustained (39%: 18/46) neurons that were }GEPONSes to 25.6 kHz by 450% (from 2 to 9 spikes) while
affected by serotonin. This lack of correlation among respon&SPONSes to 24.6 kHz were facilitated by 1,350% (from 2 to 27

properties and serotonergic effects is consistent with our prd2ikes). Although responses to some frequencies were facili-
vious findings (Hurley and Pollak 1999). tated to a much greater degree than were responses to other

frequencies, the neuron was classified as broadly affected
because the responses to every frequency in the response area
were facilitated.

All neurons whose response areas were changed by serotd@erotonin also changed the width of the response areas of
nin were placed into one of two classes. We refer to one classiny broadly depressed neurons, although changes in width
of neurons (51/68, 75%) as “broadly affected,” because semere usually smaller than were the changes in spike counts.
tonin changed the spike counts evoked by all frequencies\We were unable to measure response area widths in 11 neurons
their response areas (Fig8 and 2,A andB). The responses due to extreme serotonin-evoked depression of spike counts.
of most (38/51, 75%) broadly affected neurons were depresdéawever, 59% (16/27) of the cells that we measured had
by serotonin. In a smaller number of neurons (13/51, 25%erotonin-induced reductions of 20% or more in the widths of
serotonin facilitated responses (e.g., Fi§).2None of the 51 their response areas. These tuning changes were typically due
broadly affected neurons exhibited a serotonin-induced depreseontractions on both the high- and low-frequency borders of
sion at some frequencies and facilitation at others. On averaties response areas. This can be seen in Bgwhich shows
the decrease in the response area for the 38 broadly depresisatl the asymmetry index for almost all broadly depressed
neurons was 6& 3.1%, while the average increase in responseeurons was below 0.2 and for most it was between 0.0 and

Serotonin had two main types of effects



832 L. M. HURLEY AND G. D. POLLAK

Broadly Affected Neurons

A Broadly depressed B Broadly facilitated
201 301
= = o.dﬂ\
c c .
3 15 Control 3 204 ,l Q Serotonin
(3] (&)
£ 10 -
B & 107
5- ]
] ° 0- Y T T 1
26 28 30 32 34 36 22 23 24 25 26 27 28
Frequency (kHz) Frequency (kHz)
Focally Affected Neurons
C Focally Depressed D Focally Facilitated
601
50 K
€ °Y] € 40 s 4~ Serotonin
3 40- Control 3 il
o -~ © 30
2 307 3
& 201 &2
107 10
- o ° 0 -
20 21 22 23 24 25 30 35 40 45 50 55 60
Frequency (kHz) Frequency (kHz)

Fic. 2. Examples of broad and focal effects of serotonin on response areas of 4 néuamsB: examples of a broadly
depressed neuro\) and a broadly facilitated neurom). Both neurons were classified as broadly affected because serotonin
changed the spike counts evoked by all frequencies in their response areas. For the broadly facilitated neuron, the facilitation was
substantially greater at 23.6—25.0 kHz than at 25.6-26.6 kHz. *, spike counts evoked by 24.6 and 25.6 kHz in the control condition.
Note the difference in the serotonin-induced facilitation at these 2 frequencies. All sound intensities were 30 dB\SRd BD
dB SPL inB. Ejection current was 60 nA iA and 80 nA inB. C andD: examples of a focally depressed neur@ &nd a focally
facilitated neuron). For the focally depressed neurd®)(the distinguishing feature was that serotonin had no effect on responses
to 22 kHz (*), but responses to higher frequencies were strongly or completely depressed. Signals were 40 dB SPL. Ejection current
was 80 nA. In the focally facilitated neuron iy facilitation was evoked only at 40—42 kHz while other frequencies in the response
area were unaffected by serotonin. Signal intensities were 30 dB SPL. Ejection current was 80 nA.

0.1. We also observed changes in the frequency borders in 28#ich spike counts were changed by serotonin varied among
(3 of 13) of the broadly facilitated neurons. In these neuron$e population. In some neurons, the frequencies affected by
serotonin caused the response areas to widen by 20% or meegotonin were depressed by about half at most, whereas in

other neurons the responses of frequencies affected were

Focally affected neurons completely or almost completely depressed. An example of
a focal neuron that was strongly depressed is shown in Fig.

The feature that distinguished focal serotonin effects frog. The neuron’s control response area encompassed fre-
broad effects was that for focal neurons, responses evokgiencies from about 21.6 to 24.1 kHz, but the most effective
by some frequencies in the response area were only slighfigquency, the frequency that evoked the highest spike
changed, or not changed at all by serotonin, whereas th@unt, was 22.6 kHz. The significant feature is that serotonin
responses to other frequencies were markedly changed.dd not change the spike count evoked by 22.1 kHz (*),
was the case for broadly affected neurons, the degreealthough the spike count evoked by 22.6 kHz, the most
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response area and had no effect on the responses evoked by
other frequencies.

Serotonin also changed width of response areas by at least
20% in 64% (9/14) of the focally depressed neurons. The
tuning changes in the focally depressed neurons differed in one
important respect from the changes in tuning for broadly de-
pressed neurons: for focally depressed neurons, the contrac-
tions of frequency borders were usually confined to one end of
the frequency range, whereas in most broadly depressed neu-
rons there were contractions in both ends of the frequency
range. This asymmetry in tuning is shown in Fidg. 3 large
number of focally depressed neurons had an asymmetry index
greater than 0.2, which contrasts markedly with the low indices
of asymmetry calculated for broadly depressed neurons.

Serotonin-induced effects were similar at different intensities

The serotonin-induced effects described above were ob-
tained at one sound intensity, usually at 10 or 20 dB above the
threshold at the neuron’s BF. In 42 neurons, we also docu-
mented serotonin-induced effects on response areas at two to
three intensities. In 30 of 42 neurons (71%), the effects of
serotonin observed at one intensity were similar at the other
intensities we presented. In the other 12 cells, serotonin only
changed discharge rates at one intensity but at other intensities
serotonin had no effect in that the discharge rates were similar
to those obtained at the same intensity before serotonin was
applied.

Two examples of neurons in which the effects of serotonin
were similar as intensity was increased are shown in Fig. 4.
The broadly affected neuron in FigA4 for example, was
strongly depressed when the sound intensity was 20 dB sound
pressure level (SPL). When the intensity was increased by 20
dB, to 40 dB SPL, the borders of the response area expanded,
but serotonin still strongly depressed responses to all frequen-
cies in the response area. A similar pattern can be seen in the
focally facilitated neuron in Fig.RB. At 30 dB SPL, serotonin
only facilitated responses to 40—42 kHz and had little or no
effect on the spike counts evoked by other frequencies. When
intensity was increased by 20 dB, to 50 dB SPL, facilitation
was still confined to 40—42 kHz, and this occurred although
the response area expanded at the higher intensities, especially

Fie. 3. Population measures of serotonin-induced changes in response &8athe high'fr.eq.uency side. Thus most neurons that displayed
and tuning.A: changes in response areas primarily reflect serotonin-inducéaical serotonin-induced effects at one intensity were focally
changes in spike counts and are shown as the mean percent changes iffiected at other intensities, and most neurons that were

response areas for broadly and focally affected neurons. Nurabekeeach roadly changed at 10—20 dB above threshold also displayed
column are the sample size for each category, and error bars represéht S

a comparison of serotonin-induced changes in the frequency borders of .é)ad changes at higher intensities.
response areas (i.e., tuning) of broadly depressed and focally depressed neu-

rons. Index of tuning asymmetry indicates whether serotonin-induced chan

in tuning occurred at both the low- and high-frequency borders of the respor§§se dependence

areas or whether it occurred disproportionately at one frequency border. An - . .
asymmetry index of 0.0 indicates an equal change at both the high and low borderg—he data we presented in the precedlng text were obtained

of the response area, while values greater than 0.0 indicate a larger change iﬁMh@n_ Se'rOtonin was applie_d with one ejection current, although
border than on the other. The population of focally depressed neurons had highe ejection current was different for each neuron. To evaluate
asymmetry indices than broadly depressed neurons. This shows that focgig dose dependence of serotonin effects, we applied different

depressed neurons had a higher incidence of tuning changes at either the hi%a es of serotonin in 12 neurons. In most neurons. the effects
low borders of their response areas than did the broadly depressed neurd 9 : !

Numbersaboveeach column represent the sample size. For reference, the foc&flf/sgerOtonin increased with dosage. We illustrate these results
depressed neuron in FigCthad an index of asymmetry of 0.32. with three representative neurons in Fig. 5. For the neuron in
Fig. BA, a control response area was first obtained, followed by
effective frequency, was strongly depressed and higher ftero additional response areas, each generated with a different
quencies were completely depressed. Thus serotonin odlysage of serotonin. The lower dosage caused a small response
depressed discharges evoked by some frequencies in dlepression that was limited to only a portion of the response
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FIG. 4. Serotonin-induced changes in response areas were similar at different sound inténait@3: 2 response areas from
a neuron that was broadly depressed by serotonin. Each response area was generated with a different sound intensity, but both were
similar in that the responses were strongly depressed and the strong depression encompassed all frequencies in the response areas.
Ejection current was 50 nAC andD: response areas from a focally facilitated neuron. This is the same neuron as shown in Fig.
2D. When sound intensity was 30 dB SRb right), facilitative effects of serotonin were focused on the responses to 40—42 kHz
and had little or no effect on responses evoked by other frequencies. When intensity was increased by 20 dB, to 50 dB SPL,
facilitation was still confined to 40—42 kHz, and this occurred although the response area expanded at the higher intensities
especially on the high-frequency side. Ejection current was 80 nA.

area, to frequencies ranging from 23.5 to 24.5 kHz. This haepressed, although not as strongly as the higher frequencies.
the form of a focal depression, although we would not classiBecause serotonin depressed all frequencies in the response
this as a serotonin-induced effect because the depressionatieh, we would classify this as a broad depression. Thus this
not cause a 30% reduction in response area. When the dosag&on was focally depressed by lower dosages and broadly
was doubled, not only did the depression increase, but ttiepressed by a higher dosage. The neuron in [&dll&strates
range of affected frequencies expanded to encompass all fazal effects that were unchanged with increasing dosage. In
guencies in the response area (i.e., the neuron was broatig neuron, the lower dose of serotonin (60 nA) only depressed
depressed at the higher dosage). A similar change in depressegsponses on the high-frequency side of the response area, at
with dosage was seen in the neuron in Fi. B this neuron, 27-27.5 kHz, and had little or no effect on lower frequencies
an ejection current of 50 nA depressed responses to higf@s—26.5 kHz). Increasing the dose to 90 nA produced no
frequencies (25-27.5 kHz) but had little or no effect on reshange over that produced by the lower dose. Thus the focus of
sponses to lower frequencies (22.5-24.5 kHz). Thus the lovike depression on responses evoked by 27-27.5 kHz and the
dosage produced a focal depression. Increasing the ejec@mmount of depression were virtually unchanged as dosage
current to 80 nA increased the depression. The higher frequérereased. The absence of any further effect as dosage in-
cies were depressed even more than they were with the lowezased suggests that the serotonergic receptors were saturated
ejection current, but now the lower frequencies were alsghen the ejection current was 60 nA.
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A 1001 sponses to the complex signals were, in most but not all
neurons, consistent with the changes in the response areas
€ 751 —a— Control generated with tone bursts.
3 == 1 X75nA Complex signals of particular importance to bats are brief,
o Serotonin downward-sweeping FM chirps because these are the signals
_g 501 .0 2X75nA many bats, including Mexican free-tailed bats, use for echolo-
& Serotonin cation. Consequently, we presented a series of brief FM
25 sweeps, each encompassing different and sometimes overlap-
ping frequency ranges within the neuron’s response area. We
then evaluated the degree to which the serotonin-induced

changes in the neuron’s response area correlated with seroto-
nin-induced changes in their responsiveness to the FM signals.

The serotonin-induced changes in responsiveness evoked by
FM sweeps were consistent with the changes in the response

0 T 1 T T él 1]
21 22 23 24 25 26 27
Frequency (kHz)

B 80 areas in 45 of 58 neurons (77%). In focally affected neurons,
= —a— Control serotonin-induced changes in responses to FM sweeps were
5 601 -O= 50nA often selective in that responses to some FM sweeps were
3 Serotonin changed differently than were responses to other FM sweeps.
2 40- .0+ 80 nA We lllustrate these changes in response selectivity with the
a Serotonin neuron in Fig. 6. The control response area was generated with
» i 30 dB SPL tone bursts and had two portions: an effective
20 high-frequency portion, from about 24 to 21 kHz, and a less
effective portion at lower frequencies, from about 17 to 19
0+ T T T kHz. The two portions were separated at 20 kHz, where there
20 225 25 275 30 was a slight decline in spike count. Three FM sweeps, each at
Frequency (kHz) 30 dB SPL, were presented. FM 1, which swept through the
entire response area, evoked two discharge peaks in the PST
C 501 histogram. The larger first peak was most likely evoked as the
signal swept through the most effective, high-frequency por-
£ 401 == Control tion of the response area. The second, smaller peak (*) pre-
3 =O- 60NA sumably was evoked as the signal passed through the less-
: 301 Serotonin effective low-frequency portion. The few discharges in the gap
X «O-: 90 nA between the peaks may have occurred as the signal swept
& 207 Serotonin through 20 kHz, where there was a dip in the response area.
FM 2 only swept through the high-frequency portion of the
107 response area and evoked a single peak in the PST histogram
with a spike count smaller than that evoked by FM 1. FM 3

only swept through the less-effective low-frequency portion of
the response area and evoked a single discharge peak at a lower
5 Dose-dependent effects of on " sfpike count than FM 2.

Fic. 5. Dose-dependent effects of serotonin on the response areas o ; ;
neuronsA: slight depression of responses limited to frequencies ranging fro %emtonm strongly depres_sed only the Iower_frequenues_of
23 to 24.5 kHz when serotonin was ejected from 1 barrel of the multibarrdl€ response area and had little effect on the high frequencies.
pipette with an ejection current of 75 nA. A larger depression that enconthe depression of the low frequencies corresponds closely with
passed all frequencies in the response area occurred when serotonin fi@s changes in responses to the FM signals. When serotonin
ejected from 2 bar_rels of the multibarrel pipette, each with an ejection currgy g applied, FM 1 evoked only one discharge peak, and thus
of 75 nA. Signal intensity was 50 dB SPB: another neuron showing an ik t th th trol ik t (31 d
enhanced depression by serotonin when ejection current was increased frorﬁéewer Sp', e count than the contro SP‘ e count (31 compare

to 80 nA. With the lower ejection current (50 nA), the high frequencies of th&/ith 23 spikes). Presumably as the signal swept through the
response area (25-27.5 kHz) were depressed while the lower frequenéiBa frequencies, responses were no longer evoked because the
(below 25 kHz) were hardly affected. The higher ejection current (80 nAdxcitation provided by the low frequencies was depressed by

caused a further depression of the high frequencies and a depression of, ; ; ;
lower frequencies as well. Signal intensity was 50 dB SELfocally de- S@?Otomn' In contrast, neither the dlscharge pattern nor the

pressed neuron in which the depression was unchanged with an increaSiR¥KE count evoked by FM 2 was depressed by serotonin. This
ejection current of 60-90 nA, suggesting that receptors were saturated at lo@bsence of any change in responses to FM 2, whose spectrum

dosage. Signal intensity was 0 dB SPL. was confined to the higher frequencies of the response area,
corresponds closely with the absence of any substantial sero-
tonin-induced change in responses to these frequencies. Fi-
In the preceding sections, we showed that serotonin changpdly, with serotonin, there was almost no response to FM 3;
the responses to tonal frequencies that comprised the respdhise corresponds closely with the strong serotonin-induced
areas of many ICc neurons. Here we show that serotonin atkgpression of the frequencies in the FM 3 sweep. In short, the
changed responses to complex signals that had frequency cohanges in the response area induced by serotonin are in
ponents that stimulated all or portions of the neuron’s respor@@ncordance with the serotonin-induced changes in the re-
area. Additionally, the serotonin-induced changes in the r&sonses evoked by the three FM signals that we presented.

034 25 26 27 28 29
Frequency (kHz)

Responsiveness to spectrally complex signals
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FIG. 6. Focally depressed neuron in which serotonin-induced changes in the response area correlated closely with changes in
response selectivity for 3 FM sweeps. FM 1 swept downward from 25.2 to 15.2 kHz, FM 2 from 25.5 to 20.2 kHz, and FM 3 from
20.2 to 15.2 kHz.Top the response areas before serotonin was applied (control) and while serotonin was applied (serotonin).
Serotonin strongly depressed the lower frequencies of the response area and had little effect on the higher frequencies. The
placement of eack— on the ordinate indicates the spike count evoked by that sweep (e.g., in control condition, FM1 evoked 31
spikes).Bottom PST histograms evoked by FM 1, FM 2, and FM 3 under contrmp (histogram} and serotonin ottom
histogram$ conditions. FM 1 was 10 ms in duration while FM 2 and FM 3 were 5 ms in duration. Sound intensities of tone bursts
and FM sweeps were 30 dB SPL. Ejection current was 70 nA.

In most broadly depressed neurons, responsiveness to ¥4t majority of neurons, in a few neurons serotonergic
signals was depressed by serotonin. Unlike focal neuroes$fects on FM sweeps were not in agreement with its effects
however, the responses to all the FM signals that we presentedtonal frequencies. One example is the broadly depressed
were depressed in most, but not all, of these neurons (semiron in Fig. 8. Before serotonin was applied, the frequen-
following text). An example is shown in Fig. 7. Three FMcies evoking the highest spike counts ranged from 50 to 55
sweeps were presented to this neuron, each with a duratiorkbiiz, and the responses to these frequencies were most
10 ms and each at 60 dB SPL, the same intensity as the tosgengly depressed by serotonin (Fig. ®p). Consistent
used to generate the response area. Each FM signal sweiph this depression, the responses to FM 1, a 10-ms FM
through different portions of the response area, and edtlat swept from 53.6 to 48.6 kHz, were also depressed by
evoked more or less vigorous discharges. Serotonin strongirotonin. The control spike count was 35 spikes and was
depressed responses evoked by all of the FM sweeps. As wigduced by serotonin to 21 spikes. The surprising finding
the focally affected neuron described in the preceding text, thias that the responses to FM 2, a 10-ms FM signal that
effects of serotonin on FM sweeps in this broadly affectezlvept from 58.6 to 48.6 kHz, were hardly affected at all by
neuron were consistent with its effects on tonal frequencieserotonin. The control spike count was 27 spikes and was 23

While there was a close correspondence between th@kes with serotonin. Based on the serotonin-induced
effects of serotonin on response areas and FM sweeps in thanges in the response area, the prediction would be that
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Fic. 7. Broadly depressed neuron in which serotonin-induced changes in the response area correlated closely with changes in
responses to FM sweepBop the response areas before serotonin was applied (control), while serotonin was applied (serotonin),
and 10 min after termination of serotonin (recoveBdttom the control, serotonin, and recovery response areas separately, with
arrows representing 3 downward FM sweeps. The length of each arrow indicates the extent of each sweep: FM1 swept downward
from 30 to 10 kHz, FM 2 from 30 to 20 kHz, and FM 3 from 20 to 10 kHz. The placement of each arrow on the ordinate indicates
the spike count evoked by that sweep (e.g., in control condition, FM 1 evoked 33 spikes). Serotonin caused a broad depression
throughout the response region; frequencies at and above the most effective frequency (22.5 kHz) were completely depressed, while
frequencies below the most effective frequency were strongly but not completely depressed. The spike counts evoked by the 3 FM
sweeps in the control and recovery conditions were similar, but the responses to each FM sweep were strongly depressed by
serotonin. Thus responses evoked by FM 1 and FM 2 were almost completely depressed in serotonin, while FM 3 evoked a weak
response. The greater depression of responses to FM 1 and FM 2 was most likely due to the stronger depression of higher
frequencies in the response region, thereby all but eliminating any excitation when spectral components of FM 1 and FM 2 swept
through those frequencies. Ejection current was 70 nA. All signal intensities were 60 dB SPL.

spike count evoked by FM 2 should have been substantialgmmunication calls used by Mexican free-tailed bats after
reduced by serotonin, and yet the spike count was hardiiptaining a response area for each neuron. The communication
changed. calls we presented had durations ranging from 16 to 35 ms, and
Both concordance and nonconcordance with serotonin-imach had several harmonics as well as frequency and intensity
duced changes in response areas were also seen with respanselsilations that occurred throughout the calls. We point out
to communication calls. In three broadly depressed neurotisat the very small sample cannot represent the effects of
we did not present FM sweeps but rather presented 16 differsatotonin on responses to communication calls among the
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population. Rather the results are presented to further under- 25+ Control

score the findings of broadly depressed neurons obtained with

FM sweeps and to show that these phenomena occur with the 204

actual signals these animals use. In two of the neurons, sero- 5

tonin depressed the responses to the communication calls to g 151

which it previously responded as would be predicted by the e 10 4

broad serotonin-induced depression of their response areas (not a

shown). In the third neuron, however, serotonin had effects that @ 5

could not have been predicted from its broad depressive effect

on the neuron’s response area (Fig. 9). In the control condition, 0 - o={

the neuron was highly selective in that it responded to only one 215 22 22.5 23
of the 16 communication calls that we presental| A1, and Frequency (kHz)
was unresponsive to the other communication calls, including

call D2. Although the neuron responded ¢all A1 and not to Bat call A1 Bat call D2

call D2, portions of each of the two calls, shown in Fig. 9,

encroached on the neuron’s response area. During the applica- I 17 Control 1
tion of serotonin, the neuron no longer respondedaib A1, a —l

result consistent with the depressive effect of serotonin on its
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.9. A broadly depressed neuron in which the effects of serotonin on
Frequency (kHz) FiG y dep uron in whi i

responses to social communication calls were evaludfeg. the response
areas before (control) and during application of serotdviddle: responses to
calls Aland D2 before serotonin was applied (control), while it was applied
(serotonin), and after recovery from serotoridmttom sonograms otall Al
and D2. - - -, bracket for the frequencies of the control response area. The
354 --—4{FM1 . duration ofcall A1 was 31 ms and duration afall D2 was 16 ms. Before
] 4 serotonin was applied, the neuron respondedalbALl. It did not respond to
27 FM2 call D2 or to any of the other 14 calls that we presented. Portions of ¢aith
7 23] -———FM2 AlandD2 encroached on the neuron’s response avettdr). Application of
. 21 ~—FM1 serotonin completely depressed responsesalb Al, which was consistent
with the broad depressive effect of serotonin on the response area. However,
during application of serotonin the neuron respondezhtbD2, although it did

. not respond to this call before serotonin was applied. Ten minutes after
$ i termination of serotonin (recovery), the neuron again respondealltd1 and

1 1 R was again unresponsive ¢all D2. Signal intensity was 40 dB SPL faall A1
b Sk, - . T and 20 dB SPL focall D2. Ejection current was 50 nA.
40 45 50 55 60 40 45 50 55 60

Frequency (kHz) response area. However, the neuron now responded briskly to
) ) o call D2. Within 5 min of terminating serotonin, the neuron
FIG. 8. A broadly depressed neuron in which the serotonin-induc

changes in response area were consistent with the changes in response 9vered and again responded bnSklya‘u Albut not tocall
FM sweep but not with the responses to another FM swieep. the response D2. T_hUS although serotonin produced a strong response de-
areas before (control) and during application of serotoBattom the control  pression to all tones in the response area, it allowed the neuron

and serotonin response regions separately with arrows representing 2 doyyrespond to a signal to which it was previously unresponsive.
ward FM sweeps. The length of each arrow indicates the extent of each sweep.

FM 1 swept downward from 53.8 to 48.8 kHz and FM 2 swept from 58.8 to

48.8 kHz. The placement of each arrow on the ordinate indicates the spik¢scuyssionN

count evoked by that sweep (e.g., in the control condition, FM 1 evoked 35

spike). Both FM sweeps were 10 ms in duration and both swept through theHere we showed that serotonin has a significant influence on
most effective frequencies in the response area. Note that spike counts ev

by FM 1 were depressed considerably by serotonin while the spike coucﬁ*’tgg.us_tlca”y evoked reSpon.ses of many I(_:C neurons. In the
evoked by FM 2 were hardly affected. Sound intensities were 60 dB sPNajority of neurons, serotonin exerted a gain control, depress-

Ejection current was 50 nA. ing or facilitating the overall level of responsiveness. We refer

- Control Serotonin

Spike count
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to these as broadly affected neurons. In a smaller numbertiofough the BF were unaffected by serotonin. These results are
neurons, that we refer to as focally affected, serotonin changgdhilar to those found for the neuron shown in Fig. 8. How
responses evoked by only some frequencies but not otlserotonin can strongly suppress responses to BF tones, or to the
frequencies. For most neurons of both types, there was a clfrgguencies in the entire response area as in Fig. 8, and not
correlation between the effects of serotonin on responsesafect responses to signals that sweep through that frequency is
tones and on responses to brief FM sweeps that encroachedlifficult to explain. Similarly, shown in Fig. 9 is a neuron in
the neuron’s frequency response area. Of particular interestafdch serotonin strongly depressed all frequencies in its re-
focal neurons in which serotonin-induced changes in tunisgonse area. The remarkable feature of this neuron is that
corresponded closely to the serotonin-induced changes in serotonin depressed responses to a communicationczall (
sponse selectivity for different FM signals. A1) that the neuron had previously responded to, yet serotonin
These results are consistent with other studies of serotongfewed the neuron to respond to a communication ezl
gic influences on auditory neurons as well as with our previol®®?) to which it was previously unresponsive. How serotonin
study. In two auditory nuclei below the level of the inferiorcan, at once, produce a strong depression of all excitatory
colliculus, the cochlear nucleus and ventral nucleus of tli@quencies and at the same time unmask a responsiveness to a
trapezoid body, serotonin facilitates and depresses resporsgectrally complex communication call is also difficult to ex-
evoked by tone bursts (Ebert and Ostwald 1992) or injectpthin. But while we cannot offer an explanation for these
current (Wang and Robertson 1997). In these studies, sera&sults, they illustrate that serotonin can have surprising and
nergic effects on tuning or on more complex stimuli were natrikingly complex influences on at least some ICc cells.
reported. A review by Faingold et al. (1991) briefly mentioned
that serotonin had only depressive effects on a small numesmnarison of serotonergic and cholinergic effects on ICc
(6) of ICc neurons. The majority of neurons that we studiegkrons
were also depressed by serotonin, and in this regard our results
are in agreement. The other neuromodulator in the IC that has been described
The results reported here also offer partial explanations fiordetail is acetylcholine (ACh). The IC contains high levels of
some of the results we obtained in our previous study bbth nicotinic and muscarinic ACh receptors (Morley et al.
serotonergic influences on ICc neurons (Hurley and Polld®77; Rotter et al. 1979; Schwartz et al. 1982; Wamsley et al.
1999). As mentioned in thestrobucTion, we previously re- 1981). The application of ACh, like serotonin, changes dis-
ported the effects of serotonin on responses to tone bursts, ¢harge rates evoked by tone bursts in IC neurons. Habbicht and
those tones were only presented at the neuron’s BF. Consistéater (1996) reported that ACh changed discharge rates in
with the present results, we found that serotonin depressetfb of the ICc neurons tested, which is close to the proportion
discharges to tone bursts in the majority of neurons and fadif ICc neurons (60%) affected by serotonin. In an earlier study,
itated discharges in a smaller percentage of cells. In our pfearley et al. (1983) reported that 91% of IC neurons were
vious study, we also presented both BF tone bursts and briéfected by ACh and 81% were affected by the ACh agonist,
FM signals to many neurons. The surprising finding was thatdarbachol. The reported effects of ACh on IC neurons are
some neurons, serotonin had a differential effect on the @mewhat different from the effects of serotonin. Of the ICc
sponses to BF tones compared with responses to FM sweemgirons influenced by serotonin in this study, the majority
Additionally, serotonin affected the responses evoked by F(M6%) were depressed and a smaller proportion (24%) were
sweeps that had particular temporal or spectral structures déeilitated. The effects of ACh reported by both Habbicht and
ferently from the responses evoked by FM sweeps haviigter and Farley et al. are exactly the opposite; most neurons
different structures. The present results suggest that at leaste facilitated by ACh and a smaller number were depressed.
some of those cells were focally affected by serotonin. THenother difference is that tuning curves were not changed by
focally affected neuron in Fig. 6, for example, illustrates seWwCh. The effects of ACh covered the whole response area
eral of those differential effects. In this neuron, serotonin hawdthout changing the borders of the tuning curves (Habbicht
virtually no effect on BF tones. However, the dischargeand Vater 1996). The finding that ACh affected all excitatory
evoked by two of the FM signals (FM 1 and 3) were depresséequencies is similar to the effects of serotonin on broadly
by serotonin, whereas serotonin had no effect on responsesaffected neurons. However, none of the neurons reported by
FM 2. In this neuron, then, serotonin affected responses to Blabbicht and Vater displayed a contraction or expansion of
tones differently than it did to some FM sweeps, and it aldeequency borders with ACh, whereas changes in the borders
differentially influenced the responses evoked by FM sweepkthe response area were seen in some ICc neurons broadly
that had different spectral structures. The explanation we offaffected by serotonin and in many ICc neurons that were
for these results is straightforward: responses evoked by sofdeally affected by serotonin.
FM signals were depressed because those FM signals swept
through the portion of the response area that was depressegRyogenous sources of serotonin may have dynamic effects
serotonin, while the responses to other FM signals were gt |cc neurons
depressed because the frequencies in those FM sweeps were
confined to the region of the response area that was not affecteds mentioned previously, the activity levels of serotonergic
by serotonin. neurons in the dorsal raphe, the main source of serotonergic
Focal effects of serotonin, however, cannot explain all olmput to the IC, vary markedly with behavioral states. Studies
servations. In our previous study, we reported that in sortteat monitored single-unit activity of dorsal raphe neurons
neurons, the responses to BF tones were profoundly depresss@aled that discharge rates increase markedly as animals
by serotonin yet the responses evoked by FM signals that swaptaken from sleep (Trulson and Jacobs 1979), and response
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rates in some neurons are then further modulated when aninfaé¢sotonergic activity functionally reconfigures the circuitry
are presented with sounds and direct their attention to a paf-auditory system

ticular stimulus (Heym et al. 1982; Jacobs and Fornal 1999;Modu|atory effects of serotonin have been shown to func-

Trulson and Trulson 1982). tionally reconfigure a wide range of neural circuits, from the
Although we did not monitor or control the state of alerme%scomatogastric ganglion of decapod crustacegfasris-War

of the animals in this study, whenever the animals Wefgy et al. 1992) to the swim motor circuit denopugadpoles
checked, they responded to light touch, and when offerggjjar et al. 1998). The circuit reconfigurations are not due to
water, they would either drink or actively reject the watechanges in connectivity but rather are consequences of changes
Since previous studies have shown that serotonergic neurgishe responses of the neurons in the circuit. Serotonergic
are active in awake animals (Trulson and Jacobs 1979), yé&eptors act either through G proteins, which then open or
assume that many ICc neurons received a basal level of efse ion channels, or act directly through serotonin-gated ion
dogenous serotonergic input. Thus the changes in responsisteannels (Gyermek 1995; Jacobs and Azmitia 1992; Lucas and
ness that we observed were presumably due to the exogenotidy 1995; Martin and Humphrey 1994; Peroutka 1994). The
applied serotonin acting in tandem with an endogenous inptegcruitment or closure of channels changes the response of
This argument, together with the assumption that activity ofeurons in the circuit, and thus the activity of the entire circuit
serotonergic neurons varies with behavioral states, suggdshifted from one functional mode to another (Harris-Warrick
alternate interpretations for the results we obtained. One regtflgl. 1992; Sillar et al. 1998). In a similar manner, populations
that can have alternative interpretations concerns cells in whigh!Cc neurons could respond differently to acoustic signals
we observed no effects of exogenously applied serotonin (eﬁhe” serotonin is present compared with when it is absent, and
Fig. 1A). While it is possible that the serotonin we applied didUs serotonin would functionally reconfigure the circuitry of
not reach receptors on these cells, or that the cells had tHGF'CC-. . . .
serotonin receptors, another possibility is that they did, in fact hus it is possible that the ICc population response to a
receive the serotonin we applied but that their receptors w rticular sound depends, in part, on whether the animal is

already saturated due to the endogenous serotonergic inne?vstt’ whether it is passively listening, or whether it is directing

tion. If this proves to be the case. then the pooulation of | tS attention toward a particular sound source. Bats employ a
) P - U pop ide diversity of acoustic signals for both echolocation and for
cells under serotonergic influences is larger than our d

indi ¢ di " hi ibility b munication (Balcombe and McCracken 1992; Gelfand and
indicate. In future studies, we will test this possibility by\iccracken 1986: Simmons et al. 1978, 1979). Assuming that
applying blockers of serotonergic receptors to determi@otonergic activity varies with behavioral state, then the way
whether cells are subject to ongoing endogenous modulatigRyhich many ICc neurons respond to natural signals may also
by serotonin. _ . vary with behavioral state.

An alternative interpretation can also be given to our cate-\while this study focused on serotonergic influences on the
gorization of serotonergic effects as either b_road or focal. Wec, we again point out that serotonin, together with other
feel that broad and focal effects almost certainly represent tweuromodulators, acts not only in the ICc, but along the entire
ends of a continuum rather than two absolute categories. Toawalitory system, from cochlea to cortex (Campbell et al. 1987;
sure, many cells had pronounced effects that clearly wdbeFelipe et al. 1991; Gil-Loyzaga et al. 1997; Klepper and
either broad, such as the neuron in Fig, @r focal, such as the Herbert 1991; Vu and Tork 1992). The actions of neuromodu-
neuron in Fig. 6. This is also supported by the neuron in Fitators in lower centers presumably alters the information pre-
5C in which focal effects were unchanged with higher dosagégnted to the ICc (Ebert and Ostwald 1992; Fitzgerald and
of serotonin. However, in many neurons that were classified @8nes 1999; Wang and Robertson 1997). The additional mod-
broadly affected by serotonin, the serotonergic effect on rélation that then occurs in the ICc itself changes the informa-
sponse magnitude evoked by some frequencies was greHRﬂ pres_ented to _|ts principal tar_gets in t_he medial g_enlculz_ite
than it was on other frequencies (e.g., Fig)2lt seems body, which then influences the information the medial genic-
possible, for instance, that had we applied lower dosages!8t€ confveys to thg ?u.d'tory cortgx. Th'fs su(;;]gesctjs :]hat :}he
these broadly affected cells, the frequencies that were lesd@pact of neuromodulation must be profound and that the
affected may not have been affected at all. Thus such a pponse properties observed in neurophy§|olog|cal studies of
would be broadly affected with higher doses of serotonin al £ auditory system may be su_bstantlally d'ffe'fe”t fr_om those
focally affected with lower doses. The dependency on dosa it actually occur as animals interact with their environment.
for generating broad or focal effects in at lea.‘St SOmME neurons I%he authors thank the following individuals for critical comments on the
supported by the dose-dependent depression of responses @Ruscript: E. Bauer, M. Burger, A. Klug, J. Lubischer, T. Smith, W. Thomp-
served in two neurons in Fig. 5. Indeed, with the lower dosageén, H. zakon, and B. Zhang.
of serotonin, we would classify the neuron in Fi@ &s focally This work was supported by National Institute on Deafness and Other
affected, but with the higher dosage we would classify it é‘éymmunication Disorders Grants DC-20068 (to G. D. Pollak) and DC-00391
broadly affected. While not conclusive, these arguments suf§-- M- Hurey)-
gest that ur_lder b_e_havioral states that produce different levelsgf - oences
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