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Metabotropic serotonin receptors such as 5-HT1A and 5-HT1B receptors shape the level, selectivity, and
timing of auditory responses in the inferior colliculus (IC). Less is known about the effects of ionotropic 5-
HT3 receptors, which are cation channels that depolarize neurons. In the present study, the influence of
the 5-HT3 receptor on auditory responses in vivo was explored by locally iontophoresing a 5-HT3 recep-
tor agonist and antagonists onto single neurons recorded extracellularly in mice. Three main findings
emerge from these experiments. First, activation of the 5-HT3 receptor can either facilitate or suppress
auditory responses, but response suppressions are not consistent with 5-HT3 effects on presynaptic GAB-
Aergic neurons. Both response facilitations and suppressions are less pronounced in neurons with high
precision in response latency, suggesting functional differences in the role of receptor activation for dif-
ferent classes of neuron. Finally, the effects of 5-HT3 activation vary across repetition rate within a subset
of single neurons, suggesting that the influence of receptor activation sometimes varies with the level of
activity. These findings contribute to the view of the 5-HT3 receptor as an important component of the
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serotonergic infrastructure in the IC, with effects that are complex and neuron-selective.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The neural processing of auditory stimuli incorporates informa-
tion from many non-auditory sources. One of these is the seroto-
nergic neuromodulatory system of the brain, which sends
projections into many auditory structures along the neuraxis,
including the IC (Campbell et al., 1987; DeFelipe et al., 1991; Klep-
per and Herbert, 1991; Gil-Loyzaga et al., 1997, 2000; Thompson
et al, 1994; Thompson and Schofield, 2000; Thompson and
Thompson, 2001; Hurley and Thompson, 2001). Serotonin influ-
ences ongoing sensory processing across different sensory modal-
ities in a variety of ways, including changing receptive fields and
altering the balance of inputs from different sources (Waterhouse
et al, 1990; Hurley and Pollak, 2001, 2005; Xiang and Prince,
2003). These effects are tied to increasing serotonergic activity dur-
ing elevated levels of behavioral arousal, including waking versus
sleeping states and during stressful events (Trulson and Jacobs,
1979, 1981; Boutelle et al., 1990; Mas et al., 1995; Clement et al.,
1998). Serotonin also contributes to sensory plasticity, including
the developmental establishment or adult refinement of sensory
topographic maps (Bennett-Clarke et al.,, 1993; Roerig and Katz,
1997; Butt et al., 2002; Maya-Vetencourt et al., 2008).
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The inferior colliculus (IC) is densely innervated by serotonergic
projections that originate mainly in the dorsal and median raphe
nuclei (Klepper and Herbert, 1991; Kaiser and Covey, 1997; Hurley
and Thompson, 2001). Exogenously applied and endogenously re-
leased serotonin both have a range of effects on IC auditory re-
sponses including the contraction or expansion of frequency
receptive fields and the alteration of temporal response properties
(Hurley and Pollak, 1999, 2001; Hall and Hurley, 2007). Similar to
other regions of the brain, variation in the expression of different
types of serotonin receptors contributes to these effects. Members
of at least 5 of the 7 major families of 5-HT receptor have been
identified within the IC (Chalmers and Watson, 1991; Pompeiano
et al., 1992; Thompson et al., 1994; Waeber et al., 1994; To et al.,
1995; Wright et al., 1995; Morales et al., 1998; Harlan et al,,
2000; Peruzzi and Dut, 2004). The most well-studied serotonin
receptors in the IC are several metabotropic receptors in the 5-
HT1A family, the 5-HT1A and 5-HT1B receptors. 5-HT1A receptors,
which hyperpolarize neurons, decrease the general auditory
responsiveness of many IC neurons, particularly those with long
response latencies (Hurley 2006, 2007). In contrast, 5-HT1B recep-
tors increase the auditory responses of many neurons, likely by
decreasing the release of GABA (Hurley et al., 2008).

In contrast to these metabotropic receptors, which activate sec-
ond messenger cascades, 5-HT3 receptors are ligand-gated cation
channels structurally related to nicotinic acetylcholine receptors
(Chameau and van Hooft, 2006). Little is known about the role of
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ionotropic 5-HT3 receptors in the neural circuitry of the IC. In other
regions of the brain, activation of 5-HT3 receptors results in rapid
depolarization (Akasu et al., 1987). In addition to depolarizing
neurons, 5-HT3 receptors also cause increases in intracellular cal-
cium, either by passing Ca2* ions directly, or by activating volt-
age-dependent calcium channels (Nichols and Mollard, 1996;
Ronde and Nichols, 1998; Turner et al., 2004). As a result, 5-HT3
receptors may trigger or modulate events that outlast activation
of the receptors themselves (Maeda et al., 1994; Alkadhi et al.,
1996). 5-HT3 receptors also may selectively target GABAergic neu-
rons or subtypes of GABAergic neurons, leading to the suppression
rather than enhancement of neuron responses due to enhanced
GABAergic transmission (Morales and Bloom, 1997; Morales
et al., 1998; Xiang and Prince, 2003). Thus, activation of the 5-
HT3 receptor could potentially have long-term effects in the IC or
reduce evoked activity, despite this receptor acting as a cation
channel.

The companion paper within this issue (Miko and Sanes) dem-
onstrates that a train of pulses to the lateral lemniscal tract induces
potentiation of the responses to direct current injection and synap-
tic stimulation in vitro in the IC. The 5-HT3 receptor can facilitate
this potentiation, indicating that the receptor plays a role in
short-term synaptic plasticity. Whether and how the 5-HT3 recep-
tor influences auditory response properties in vivo, however, has
not been examined. The goal of the current study was therefore
to measure the effects of the 5-HT3 receptor on IC auditory re-
sponses through the iontophoretic application of a selective 5-
HT3 agonist and complementary antagonists. We tested whether
the 5-HT3 receptor affects the level of auditory responses, targets
the inhibitory circuitry of the IC as it does in other brain regions,
or differentially affects neurons with particular auditory response
properties like the 5-HT1A receptor does. We find that the effects
of 5-HT3 activation are complex, are less pronounced in neurons
with high precision in latency and spike number, and are corre-
lated with the stimulus repetition rate in a subset of neurons.

2. Methods
2.1. Animals and surgery

One hundred and fifty-eight single neurons were recorded from
47 male CBA/] mice ranging from 5 to 10 weeks of age. 5-HT3
receptors increase steeply before P21 in some regions of the brain
and spinal cord but are close to adult levels at birth in others
(Rosenberg et al., 1997; Choi et al., 2007). Prior to surgery, mice
were briefly anesthetized by exposure to isoflurane fumes for the
intraperitoneal injection of a mixture of 120 mg/kg of ketamine
and 5 mg/kg of xylazine. After the achievement of surgical anesthe-
sia as assessed by lack of response to tail and toe pinch and the re-
moval of hair on the top of the head with a depilatory cream, an
incision of approximately 1.5 cm was made in the skin along the
midline of the head. The skin was reflected to each side and the
surface of the skull cleared of adherent tissue. Bilateral holes of
approximately 1 mm in diameter were drilled in the skull above
the IC, the dura was incised with a sharpened tungsten probe,
and the holes were covered with a surgical-grade silicon gel to pre-
vent drying. A layer of glass beads and cyanoacrylate glue was ap-
plied to the skull anterior to lambda, and the mouse transferred to
a sound attenuated chamber and placed in a custom stereotaxic
device (Schuller et al., 1986), where a post was affixed to the skull
between bregma and lambda with dental cement. Body tempera-
ture was maintained between 36 and 37 °C with a temperature
regulation system (FHC; Bowdoinham, ME). During the experi-
ment, the level of anesthesia was maintained with supplemental
doses of 1/5 of the pre-surgical doses of the anesthetic mixture.

2.2. Electrodes and recording procedures

Extracellular recordings of single neurons were made and drugs
iontophoretically administered through combination electrodes in
‘piggyback’ configuration (Havey and Caspary, 1980). Briefly, tri-
barreled pipettes were pulled (Stoelting 51210; Wood Dale, IL)
and broken back to a tip diameter of 10-15 pm, then attached to
single-barreled recording pipettes (Flaming-Brown P-97; Sutter
Instrument Co., Novato, CA) so that the tip of the recording pipette
protruded 10-20 pum from the tip of the tribarreled pipette (single
electrode blanks: 6010, tribarreled blanks: 6090; A-M Systems,
Carlsborg, WA). The three barrels of the tribarreled iontophoresis
pipette allowed the administration of two drugs during each
experiment, with one barrel reserved to eject balancing current.
Pipettes were connected by a silver-silver chloride wire to a Dagan
2400 amplifier (Minneapolis, MN). These combination electrodes
were positioned above the IC under visual control through a dis-
secting microscope and lowered with a piezoelectric microdrive
(Burleigh/EXFO inchworm, Mississauga, Ontario) until action
potentials were observed. The resistance of the recording electrode
(8-20 MQ when filled with 1 M NaCl) allowed single neurons to be
recorded. Recorded spikes had signal: noise ratios of 10 or more
and could be ‘killed’ by the injection of small amounts of current
at the end of recording. Neurons that did not meet these criteria
were rejected from the database. Spikes were fed through a spike
signal enhancer (FHC; Bowdoinham, ME) before being digitized
through a data acquisition processor board (Microstar; Bellevue,
WA). Data was collected and stored for later analysis by the soft-
ware package Batlab (Dr. Donald Gans, Kent State University).

2.3. Auditory stimuli

Batlab was also used to generate auditory stimuli. Stimuli con-
sisted of tones and frequency modulated (FM) sweeps. Tones were
presented at the characteristic frequency (CF) of each neuron, and
were 20 ms in duration with .5 ms rise-fall time. FM sweeps were
centered at CF, extended from 5 above to 5 kHz below CF, and were
20 ms in duration. For a given neuron, the stimulus evoking the
strongest response was used to test drug effects. To generate
rate-level functions, stimuli were varied in intensity from 10 dB
below to 30-50 dB above threshold. Stimuli were routinely pre-
sented at a rate of 4 Hz, but the repetition rate for the presentation
of tones was varied from .25 to 7 Hz in a subset of neurons. Stimuli
were fed through a PA5 attenuator and FT-6 antialias filter (TDT;
Alachua, FL). Stimuli were played through either an earphone
biased with 200 V DC (Schuller, 1997), positioned in the ear contra-
lateral to the recording electrode, or a midline freefield speaker
(Infinity Emit B, Harman International Industries; Woodbury,
NY). The frequency response of the custom-made earphone was
flat +6 dB from 10 to 120 kHz, with harmonic distortions at least
34 dB below the fundamental frequency. Calibration of the free-
field speaker was accomplished by placing a measuring micro-
phone (ACO Pacific PS9200 kit; Belmont, CA) in the position
occupied by the mouse’s head during experiments. The response
of the freefield speaker was flat within +6 dB from 13 to 40 kHz,
but produced a higher intensity of sound at lower frequencies.

2.4. Drug application

The responses of neurons to auditory stimuli were collected be-
fore, during, and after the iontophoresis of different drugs. Drugs
included the selective 5-HT3 receptor agonist m-chlorophenylbig-
uanide hydrochloride (mCPBG, Kilpatrick et al., 1990; Sepulveda
et al., 1991, Tocris Bioscience, Ellisville, MO), the highly selective
and potent 5-HT3 receptor antagonists ondansetron and Y-25130
(Gyermek, 1995; Fukuda et al., 1991, Tocris Bioscience, Ellisville,
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MO), and the GABA, receptor antagonists bicuculline methiodide
(Sigma-Aldrich Corp., St. Louis, MO) and gabazine (Tocris Biosci-
ence, Ellisville, MO). All drugs were dissolved at 10 mM in
200 mM Nadl, pH 4.5. This vehicle solution does not alter the re-
sponses of IC neurons when applied alone (Hurley and Pollak,
1999, 2001). Drugs were retained in the tribarreled pipette with
a negative current of 10-20 nA, and ejected with positive currents
of 10-90 nA (Dagan ION-100; Minneapolis, MN). After the collec-
tion of control data, drugs were ejected until a stable response
was achieved or for 10 min, and a comparable dataset was then
collected. Drug effects were monitored over time by the rapid rep-
etition of a single stimulus in sets of 32 presentations, in order to
closely monitor the time course of drug effects. The same proce-
dure was repeated to measure the recovery of neurons from the
drugs.

2.5. Analysis

Spike counts were extracted in Batlab and exported in ascii for-
mat to Excel (Microsoft Corp., Redmond, WA). Response magni-
tudes were expressed as either total spike counts in response to
32 stimulus repetitions, or as the number of spikes per stimu-
lus + the standard error of the mean (SEM), as indicated in the text.
Neurons that varied in spike count by 20% or more before drug
application were rejected from the dataset. The onset time of the
effects of mCPBG were measured as the first time point exceeding
half of the peak effect of mCPBG. One-way ANOVAs with Fisher’s
LSD posthoc tests were used to analyze the effects of different drug
treatments on the spike counts of single neurons, and two-tailed
unpaired t-tests were used to assess the effect of single drugs on
spike counts and to compare drug-evoked changes in different cat-
egories of neurons. Pearson’s product-moment correlations were
used to assess correlations between spike rates and the effects of
mCPBG.

All procedures were approved by the Bloomington Institutional
Animal Care and Use Committee.

3. Results

3.1. mCPBG increases or decreases responses to auditory stimuli in
different neurons

To determine the effects of activation of the 5-HT3 receptor on
the auditory responses of IC neurons in vivo, 158 single neurons in
male CBA/] mice of 5-10 weeks of age were recorded before, dur-
ing, and after iontophoretic application of the selective 5-HT3
receptor agonist, mCPBG. Neurons were recorded at depths ranging
from 157 to 1569 pum (average = 825 pum), and demonstrated char-
acteristic frequencies of 6-42 kHz (average = 17 kHz) and mean
first-spike latencies of 6.7-42.1 ms (population average = 19.5 ms).
These values are comparable to those previously recorded from
mouse IC (Portfors and Felix, 2005; Ehret et al., 2003). Seventy-
two neurons responded preferentially to CF tones, and 86 preferred
FM sweeps of 20 ms in duration with a 10 kHz bandwidth centered
at CF. Consistent with its role as a ligand-gated cation channel,
mCPBG increased the evoked responses of some neurons. An exam-
ple is presented in the upper plot of Fig. 1A, the response of a single
neuron to an FM sweep centered at 23 kHz before, during, and after
the application of mCPBG. Values are the average number of spikes
per stimulus * the SEM calculated from 32 repeated presentations
of the tone. Soon after the onset of drug application, the response
of the neuron increased. Peristimulus time histograms (PSTHs) at
representative time points in the control, during iontophoresis,
and after the recovery illustrate that this neuron added spikes to
the latter half of its spike train in response to mCPBG. Activation
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Fig. 1. 5-HT3 activation has mixed effects. (A, top) 5-HT3 application increases
evoked responses for some neurons. Plot of the average spikes/stimulus (+SEM) for
a single neuron before, during, and after the application of mCPBG (gray bar). PSTHs
are of the time points indicated by arrows. The stimulus evoking spikes consisted of
an FM sweep with a center frequency of 23 kHz. (A, bottom) 5-HT3 application
decreases evoked responses for some neurons. The stimulus evoking spikes
consisted of an FM sweep with a center frequency of 21 kHz. Conventions are as
in (A, top). (B) Effects of 5-HT3 activation on 158 neurons, plotted as the total spike
count in response to 32 stimulus presentations of FM sweeps (n = 86) or CF tones
(n=72) in the control versus during mCPBG application. The dashed line with a
slope of 1 marks no change in spike count.

of the 5-HT3 receptor also decreased evoked responses in many
neurons. An example of such a neuron is shown in the lower plot
of Fig. 1A. Soon after mCPBG application, this neuron decreased
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its average response to an FM sweep centered at 21 kHz by approx-
imately two-thirds and its response also recovered rapidly after
drug application stopped.

Fig. 1B plots the number of spikes per stimulus during the con-
trol versus mCPBG application in all 158 neurons recorded.
Although neurons with high average spike counts in the control
also tended to have high average spike counts during mCPBG ion-
tophoresis, many neurons deviated from the dashed line with a
slope of one, indicating that mCPBG changed their average spike
counts. Of 82 neurons showing changes in spike count of 20% or
more, 37 responded to mCPBG with an increase in spike count,
and 45 with a decrease in spike count. Spike count decreases were
no larger than spike count increases on average (53.4% increase
versus 42.9% change for neurons with spike count changes of 20%
or more, p =.20, two-tailed unpaired t-test). Whether FM sweeps
or CF tones were used as stimuli did not significantly alter the ef-
fects of mCPBG, either when decreases in spike count were repre-
sented by negative values (p =.36, two-tailed unpaired t-test), or
when the absolute values of changes in spike count were used to
compare the effect sizes (p = .25, two-tailed unpaired t-test).

The effects of mCPBG were relatively rapid in some neurons. An
example is presented in Fig. 2, top, a set of 3 dot raster plots depict-
ing a neuron’s response to 32 presentations of a 10 kHz FM sweep
centered at 28 kHz in the control, during a time period in which
mCPBG application was initiated (‘mCPBG on’), and during a time
period in which mCPBG application was halted (‘mCPBG off’). The
neuron responded rapidly to mCPBG, dramatically decreasing its
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Fig. 2. Time course of effects of mCPBG. Top: A single neuron exhibiting a rapid
effect of mCPBG. Raster dots indicate individual spikes in response to single
stimulus presentations, with sequential responses presented above each other. The
stimulus consisted of a 10 kHz FM sweep with a center frequency of 28 kHz,
presented at a rate of 4 Hz. Bottom: Histogram of the time to the half-maximum
effect of mCPBG on spike count for 45 neurons responding to mCPBG application
with a change of 25% or greater in spike count.

firing and recovering soon after drug application was stopped. Both
the response and recovery occurred within 500 ms (two stimulus
repetitions at a 4 Hz repetition rate). For the majority of neurons
that responded with smaller changes in spike count to mCPBG
application than the neuron in Fig. 2, top, responses were summed
over all repetitions in a 32-stimulus test in order to determine
whether mCPBG had any effect. As a consequence, the limit of res-
olution of the time course of mCPBG-evoked changes was 8 s (32
repetitions/4 Hz per repetition) plus the time needed to trigger
the collection of additional data. The resulting histogram of the
time to the half-maximum effect (Fig. 2, bottom) shows that both
rapid and slower changes in spike count occurred, ranging from 10
to over 150 s. The time courses for neurons responding to mCPBG
with spike count increases versus decreases were not different
from each other, however (68.05 + 8.94 s for spike count increases
versus 56.57 + 8.45 s for spike count decreases, p = .36, two-tailed
unpaired t-test).

Both the increases and decreases in spike count evoked by
mCPBG were blockable by 5-HT3 receptor antagonists in some
neurons. We tested the effects of two antagonists, ondansetron
and Y-25130, in a population of 29 neurons (n = 17 for ondansetron
and n = 12 for Y-25130). For 24 of these, the antagonists were ap-
plied by themselves as well as in combination with mCPBG; in 22,
the antagonist alone had no significant effect on the average re-
sponse per stimulus, although ondansetron did significantly
change the response in two neurons. A neuron for which ondanse-
tron blocked an mCPBG-evoked increase in spikes is shown in
Fig. 3A. mCPBG alone significantly increased the average number
of spikes fired per stimulus, and the addition of ondansetron not
only abolished this increase, but reduced the spike number to a
lower level than the control (one-way ANOVA, p <.001 for the
overall model, Fisher’s LSD posthoc tests as indicated by letters).
After the application of all drugs were stopped, the neuron partially
recovered. This pattern of drug effects is consistent with the
endogenous activation of the 5-HT3 receptor, because the addition
of the antagonist decreased spikes below even the control level. For
a second neuron (Fig. 3B), mCPBG decreased the average spike
count relative to the control, and the spike count recovered after
drug application was stopped. The 5-HT3 antagonist Y-25130 did
not alter the spike count alone, but prevented the mCPBG-evoked
decrease when the agonist and antagonist were presented together
(one-way ANOVA, p <.001 for the overall model, Fisher’s LSD pos-
thoc tests as indicated by letters). For this neuron, the combination
of the agonist and antagonist resulted in a small but significant in-
crease in the spike count. Within the entire group of 29 neurons, 13
responded with significant changes in spike count to mCPBG, and
of these, the antagonists significantly decreased the effect of
mCPBG in 7 (53.8%, two-tailed unpaired t-tests), did not signifi-
cantly change the effect of mCPBG in 4 (30.8%), and significantly
facilitated the effect of mCPBG in 2 (15.4%). The iontophoretic
application of these selective 5-HT3 receptor ligands makes an
assessment of their concentration, and thus their pharmacological
selectivity, difficult in our in vivo preparation. However, the block-
ade of the effects of the agonist in at least some of the neurons sup-
ports the 5-HT3 receptor as a target for these agents.

3.2. Do mCPBG-evoked decreases in response occur through a
GABAergic mechanism?

GABAergic neurons are targets of 5-HT3 receptor activation in
hippocampus, amygdala, and some sensory cortices (Ropert and
Guy, 1991; Morales and Bloom 1997; Morales et al., 1998; Koyama
et al,, 2000, 2002; Xiang and Prince, 2003; Choi et al., 2007). The IC
also contains numerous intrinsic GABAergic neurons that could in-
hibit the evoked responses of neurons we recorded (Oliver et al.,
1994). To test whether the presynaptic depolarization of these
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application, a recovery, application of Y-25130 alone, and application of both
mCPBG and Y-25130. Conventions for posthoc tests are as in (A). The stimulus
consisted of an FM sweep with a center frequency of 21 kHz.

intrinsic GABAergic neurons could account for mCPBG-evoked re-
sponse suppressions in the IC, we applied both mCPBG and the GA-
BA, antagonists bicuculline (n = 14) or gabazine (n = 3) to a set of
17 neurons. If 5-HT3 receptors depolarize presynaptic GABAergic
neurons in the IC, then blockade of GABA, receptors should reduce
the suppressive effects of mCPBG. Two of the neurons tested in this
way are illustrated in Fig. 4, in which bars represent the average
spike count + SEM in the control, the presence of mCPBG, and dur-
ing the recovery, either in the control baseline (black bars), or in a
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Fig. 4. Bicuculline does not block the effects of mCPBG. (A) Average spike counts
(£SEM) for a single neuron in the control and during mCPBG application and
recovery (black bars), and during these same three conditions during bicuculline
application (gray bars). Parallel PSTHs are taken from the same conditions.
Conventions for posthoc tests are as in Fig. 3A, so that mCPBG significantly reduces
spike counts in the control and during bicuculline application. The stimulus
consisted of an FM sweep with a center frequency of 25 kHz. (B) Responses of a
second neuron during the same drug treatments as in Fig. 5A. mCPBG significantly
decreased spike counts in the control and during bicuculline application, but ha a
larger proportional effect during bicuculline application. The stimulus consisted of
an FM sweep with a center frequency of 18 kHz.

baseline of bicuculline (gray bars). PSTHs above each bar depict the
total spike count and the pattern of spikes in each condition. For
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one neuron (Fig. 4A), mCPBG significantly reduced the average
spike count, which recovered partially after drug application
stopped (ANOVA, df = 2, 31; p <.001 for the overall model, Fisher’s
LSD posthoc tests as indicated by letters). Although bicuculline sig-
nificantly increased the baseline response of the neuron, mCPBG
had a similar pattern of effects in the control and during bicucul-
line application, significantly decreasing the average spike count
relative to the bicuculline baseline and recovering partially after
mCPBG iontophoresis. A second neuron (Fig. 4B) also showed a
small but significant decrease in average spike count in the pres-
ence of mCPBG in the control (ANOVA, df =2, 31; p <.001 for the
overall model, Fisher's LSD posthoc tests as indicated by letters).
Interestingly, not only did bicuculline fail to block this decrease,
but the effect of mCPBG was also proportionally greater in the
presence of bicuculline.

Within the entire group of 17 neurons, 10 were recorded for
long enough that mCPBG and GABA, antagonists were applied
alone as well as in combination. GABA, blockade did not signifi-
cantly change the effects of mCPBG in 7 of these neurons. GABA,
blockade proportionally increased the mCPBG-evoked suppres-
sions in average spike count in two neurons, and significantly re-
duced the effect of mCPBG in only one neuron. These
experiments suggest that blockade of GABA, receptors does not
consistently reduce the effects of mCPBG application in this subset
of neurons.

3.3. mCPBG disproportionately affects a subpopulation of neurons with
high response variance and high CF

Because serotonin receptors, including the 5-HT1A receptor
within the IC, often selectively affect particular subpopulations of
neurons (Xiang and Prince, 2003; Choi et al., 2007; Hurley, 2007),
we explored whether the same was true of the 5-HT3 receptor.
Specifically, because neurons with regular latencies in response
to tones or FM sweeps seemed to show less of an effect of mCPBG,
we assessed whether mCPBG discriminated among neurons with
regular versus irregular firing patterns. To do this, we divided the
neuron population in half based on the variability in the latencies
of the initial spikes in response to 32 repetitions of the same stim-
ulus. ‘Regular’ neurons, with low variability in the first-spike la-
tency, had an average variance of .50 ms and ‘irregular’ neurons,
with high variability in the first-spike latency, had an average var-
iance of 12.94 ms (n = 79 each). This division did not correspond to
whether tones versus FM sweeps were used as stimuli, since re-
sponses to tones and FM sweeps showed no significant difference
in the variance of their first-spike latencies (p = .77, two-tailed un-
paired t-test). Regular and irregular neurons also differed in a num-
ber of other ways. Although both groups of neurons fired a similar
number of spikes per stimulus, regular neurons showed greater
consistency in the spike number per stimulus, with an average var-
iance in spike count of .19 +.02 versus .35 .03 for irregular neu-
rons (p <.001, two-tailed unpaired t-test). Most interestingly in
terms of the 5-HT3 receptor, when mCPBG-evoked changes in
spike counts were compared between the two groups, regular neu-
rons exhibited significantly less of a response to mCPBG (p =.002,
two-tailed unpaired t-test; Fig. 5A). Regular neurons showed pro-
portional changes in spike count [|(drug-control)/control|] of
.23 £.02 on average, compared to changes of .37 .04 for irregular
neurons. Thus, neurons with firing patterns that are relatively reg-
ular in latency and number are significantly less responsive to
mCPBG than are neurons with less regular firing patterns.

To determine whether the 5-HT3 receptor has effects that vary
regionally or tonotopically within the IC, we also tested whether
the effects of mCPBG corresponded to either the depth at which
neurons were recorded or their CF. The effect of mCPBG on evoked
response was not correlated with depth (r=.018, p =.827), but was
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Fig. 5. Average effects of mCPBG differ for different populations of neurons. Effects
of mCPBG are measured as the proportional change in spike count relative to the
control abs [|(drug-control)/control|]. Absolute values of these proportional
changes are compared, so that increases and decreases in response do not cancel
each other. p values refer to the outcome of two-tailed unpaired t-tests. (A) ‘Regular’
neurons, with relatively low variance in spike latency and number, are less affected
than ‘irregular’ neurons. (B) Neurons with relatively low CFs are less affected than
neurons with higher CFs.

weakly correlated with CF (r =.200, p =.012), so that neurons with
higher CFs also had larger effects of mCPBG on spike count
[|(drug-control)/control|]. The correlation between the effect of
mCPBG and CF only existed for the size and not the direction of
the effects of mCPBG. When the population of neurons was simply
divided in half around the median CF of 16 kHz (range = 6-42 kHz),
then the mCPBG-evoked change in spike count was much greater
in the neurons with higher CFs than with lower CFs (.48 +.03 for
above-median CFs and .10 £.01 for below-median CFs; p <.001,
two-tailed unpaired t-test; Fig. 5B). This difference did not exist
for neurons above versus below the median values of depth
(p=.999, two-tailed unpaired t-test). The difference was not be-
cause these categories of CF corresponded to whether neurons
were regular or irregular, since neurons with low versus high CFs
showed no difference in the variance of their first-spike latencies
(p = .26, two-tailed unpaired t-test).

3.4. Effects of mCPBG are activity-dependent in some neurons

Most stimuli were presented at a standard repetition rate of
4 Hz. In a subset of 22 neurons, however, the repetition rate was
varied from 0.5 to 7 Hz. Similar to IC neurons recorded in previous
studies (Willott and Demuth, 1986; Chen and Jen, 1994; Jen et al.,
2002; Bibikov et al., 2008), neurons often decreased their firing
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Fig. 6. Examples of 3 neurons for which the effects of mCPBG varied depending on the stimulus repetition rate. (A) Left plot shows the total spike count for 32 stimulus
repetitions, during the control and the application of mCPBG as a function of the stimulus repetition rate, in Hz. Right plot shows the proportional change in spike count
evoked by mCPBG versus the average number of spikes per stimulus. The stimulus consisted of a 20 ms tone at 16 kHz. For this neuron, mCPBG decreased the response less at
higher repetition rates, corresponding to lower spike rates. (B) Similar plots for a second neuron using a stimulus consisting of a 20 ms tone at 12 kHz. For this neuron, mCPBG
facilitated the response more at high repetition rates, corresponding to lower spike rates. (C) Similar plots for a third neuron using a stimulus consisting of a 20 ms tone at
13 kHz. For this neuron, mCPBG suppressed the response at low repetition rates (high spike rates), and facilitated the response at high repetition rates (low spike rates).

rates as repetition rates increased. We therefore compared the pro-
portional effects of mCPBG to the average spike count per stimulus
(‘spike rate’; Fig. 6, right column) in addition to the repetition rate
itself (Fig. 6, left column). For each of the three neurons of Fig. 6,
mCPBG had different effects at different stimulus repetition rates
and spike rates. For Neuron A, mCPBG suppressed the response
most strongly at low repetition rates, where spike rates were high-
est. For Neuron B, mCPBG facilitated the response most strongly at
high repetition rates, where spike rates were lowest. For Neuron C,
mCPBG crossed from suppressing the response at low repetition
rates/high spike rates, to facilitating the response at the highest
repetition rates/lowest spike rates. Despite this difference in the
specific effects among neurons, however, mCPBG had the same
qualitative effects on the neurons. Across different repetition rates
(left column), the net effect of mCPBG was to flatten the response
functions of all 3 neurons, so that the responses were more equal at
different repetition rates during mCPBG application than in the
control. With increasing spike rates (right column), mCPBG either
increased the suppression of responses (Neuron A), decreased the

facilitation of responses (Neuron B), or both (Neuron C), so that
the relationship between the proportional effect of mCPBG relative
to the control and the spike rate was significantly correlated (Pear-
son’s correlations, p <.01 for all neurons) and had a negative slope
in all 3 neurons. For 10 of the sample of 22 neurons tested with dif-
ferent repetition rates, the size of the effect of mCPBG was signifi-
cantly correlated with the spike rate (Pearson’s product moment
correlations, p <.05). Of these 10 neurons, 8 had the same type of
inverse relationship between spike count and the effects of mCPBG
as Neurons A-C.

4. Discussion

5-HT3 receptors are the only ionotropic serotonin receptors,
and their activation results in the rapid depolarization of neurons
(Akasu et al., 1987; Chameau and van Hooft, 2006). Despite this, lo-
cally activating the 5-HT3 receptor in the IC in vivo not only facil-
itated but sometimes also suppressed auditory responses. In the
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following discussion we address several different mechanisms that
could account for this dual effect of 5-HT3 activation, and the po-
tential consequences of receptor activation for auditory responses
in behaving animals.

4.1. Mechanism of 5-HT3 receptor effects in vivo

Using in vitro recordings, the companion study established that
activation of the 5-HT3 receptor depolarizes baseline membrane
potentials of IC neurons, as it does for neurons in other brain re-
gions (Miko and Sanes, this issue). The companion study also dem-
onstrated that the 5-HT3 receptor contributes to enhanced
responses to synaptic stimulation or direct current injection. These
findings are consistent with our in vivo observations of facilitated
auditory responses during 5-HT3 receptor activation. However,
the suppression of responses that we also often observed when
we activated the 5-HT3 receptor requires additional explanation.
One way for activation of the 5-HT3 receptor to evoke suppression
rather than facilitation of auditory responses would be to depolar-
ize GABAergic neurons presynaptic to the neurons being recorded.
In regions such as the hippocampus and amygdala, GABAergic neu-
rons are indeed major targets of the 5-HT3 receptor (Ropert and
Guy, 1991, Morales and Bloom, 1997; Morales et al., 1998; Koyama
et al., 2000, 2002; Choi et al., 2007). To assess whether this was the
case for intrinsic GABAergic neurons in the IC, we tested whether
blocking the GABA, receptor with bicuculline reduced the 5-HT3-
evoked suppression of spikes in our experiments, as would be ex-
pected if the 5-HT3 receptor depolarizes presynaptic GABAergic
neurons. The lack of effect of bicuculline on the mCPBG-induced
decrease in spikes suggests that mCPBG was not acting on presyn-
aptic GABAergic inputs for these neurons, although an increase in
the overall response level by bicuculline methiodide could result
from a direct blockade of calcium-activated potassium channels
(Johnson and Seutin, 1997; Debarbieux et al., 1998). The number
of neurons tested in this experiment was relatively small, but if
this finding can be extrapolated to the larger neuron population,
it makes the depolarization of GABAergic neurons an unlikely
pathway for the suppressive effects of the 5-HT3 receptor in the IC.

The lack of a strong association between the 5-HT3 receptor and
GABAergic neurons means that our data do not support a particular
mechanism for 5-HT3 receptor-induced suppressions in the re-
sponse to auditory stimuli. However, two features of this receptor
make multiple other mechanisms compatible with our findings.
These are that the 5-HT3 receptor is permeable to Ca®* and may
lead to further Ca®" entry through voltage gated Ca?* channels,
and that the receptor can increase calcium in presynaptic terminals
as well as acting postsynaptically (Kidd et al., 1993; Nichols and
Mollard, 1996; van Hooft and Vijverberg, 2000; Chameau and
van Hooft, 2006; Choi et al., 2007). For example, a presynaptic in-
crease in calcium entry could result in synaptic depression (Xu
et al,, 2007). Postsynaptically, calcium entry could trigger mecha-
nisms leading to hyperpolarization and a smaller auditory re-
sponse, such as the activation of calcium-dependent potassium
channels, several types of which are expressed by IC neurons (Siv-
aramakrishnan and Oliver, 2001). Thus, the mechanisms of the
ionotropic 5-HT3 receptor could include indirect effects on volt-
age-gated ion channels or even a form of short-term plasticity.

4.2. Consequences of 5-HT3 receptor activation

The functional consequences of 5-HT3 activation are suggested
by effects that are more pronounced in subpopulations of IC neu-
rons possessing particular auditory response characteristics. The
effects of 5-HT3 activation were more prevalent in neurons with
higher variance in their first-spike latencies and spike numbers. Ef-
fects of the 5-HT3 agonist were also more common in neurons with

above-median CFs. These patterns suggest that temporally precise
neural responses to auditory stimuli, as well as responses to lower-
frequency auditory signals, would be less affected by receptor
activation.

One of the most pronounced types of variation in the effects of
mCPBG was whether it evoked increases or decreases in auditory
responses. Interestingly, this difference did not correspond to other
distinctions among neuron groups, such as their location in the IC
or response characteristics such as CF or latency. In fact, in a subset
of neurons, receptor activation resulted in changes in spike count
that were different in magnitude and even in direction within
the same individual neurons, depending on the stimulus repetition
rate. In the neurons that exhibited it, this stimulus dependence
usually resulted in a decreased selectivity for repetition rate, with
neurons firing more equally across a range of repetition rates dur-
ing activation of the 5-HT3 receptor. Because we only tested a lim-
ited range of stimulus rates comparable to those used in previous
mouse studies (0.5-10 Hz, Willott and Demuth, 1986; Bibikov
et al., 2008, it is unclear whether a larger range of repetition rates
would reveal this type of effect in more neurons.

Although the direct activation of the 5-HT3 receptor with
mCPBG bypasses its activation by the endogenous serotonergic
system, these effects of 5-HT3 activation in a behaving animal
should be tied to the release of serotonin in the IC. The IC receives
much of its serotonergic innervation from neurons in the dorsal
and median raphe nuclei, where rates of activity are generally tied
to the level of behavioral arousal. Dorsal raphe neurons fire at a
higher tonic level in awake than in asleep animals, and may also
respond transiently to sensory stimuli (Trulson and Jacobs, 1979,
1981; Rasmussen et al., 1986). When levels of serotonin have been
measured in regions that are the targets of the dorsal raphe nu-
cleus, they increase during waking and in response to sensory
stimuli as well as in response to social stimuli or stressors such
as physical restraint (Boutelle et al., 1990; Mas et al., 1995; Clem-
ent et al., 1993, 1998). Pilot studies have confirmed that serotonin
levels increase in the IC during waking from anesthesia (Hall and
Hurley, 2007). Serotonin levels are therefore expected to be rela-
tively low in anesthetized preparations such as the one in our
study. This could potentially account for the failure of 5-HT3 antag-
onists to affect the responses of the majority of a subset of tested
neurons when applied alone, despite exceptions such as the neu-
ron in Fig. 3A.

A logical inference of these observations is that the 5-HT3
receptor would be increasingly activated in vivo during heightened
levels of behavioral arousal. This type of change in behavioral state
would therefore be associated with a complex set of changes in dif-
ferent subsets of neurons due to activation of the 5-HT3 receptor.
Specifically, our data suggests that the role of the 5-HT3 receptor
in vivo is to regulate activity most heavily in a subpopulation of
neurons characterized by relatively low temporal precision and
relatively high response frequency. Within this subpopulation,
the effects of receptor activation would vary further between an in-
crease and a decrease in gain. In some neurons, the rate-depen-
dence of receptor activation would result in an equalization of
activity levels for different repetition rates, compatible with a gen-
eral arousal hypothesis of serotonin function. How this diversity of
effects during behavioral arousal would influence the responses to
the different vocalizations of mice, which incorporate both audible
and ultrasonic frequencies and elements with different rates of
repetition (Liu et al., 2003; Gourbal et al., 2004; Holy and Guo,
2005; Portfors, 2007), is unknown.

4.3. Comparison to companion study

Although both our study and the companion study within this
issue (Miko and Sanes) present findings related to the role of the
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5-HT3 receptor in the responses of IC neurons, the two studies dif-
fer in a number of methods. These include the use of in vitro versus
in vivo preparations, of different species and individuals of differ-
ent ages, of different types of stimuli to evoke responses, and of dif-
ferent pharmacological agents to activate or block the 5-HT3
receptor. Despite such methodological differences, there are a
number of broad similarities in the findings of the two studies.
Both studies conclude that the 5-HT3 receptor regulates the num-
ber of spikes, consistent with the 5-HT3 receptor controlling the
gain of responses in the IC. Many of the effects of 5-HT3 activation
in both studies are also consistent with the receptor acting as a
depolarizing cation channel.

One of the most striking differences between the studies is the
greater diversity of effects of receptor activation on auditory re-
sponses in vivo. The 5-HT3 receptor has unidirectional effects
in vitro, causing only potentiation of the response to injected cur-
rent, but can decrease as well as increase auditory responses
in vivo. The mechanisms of this diversity of effects in vivo are not
yet understood. However, it is clear that the 5-HT3 receptor does
not simply drive activity in the IC in vivo, but performs a genuinely
neuromodulatory role in regulating activity in the IC, despite being
the only ionotropic class of serotonin receptor.
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