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Abstract

Serotonin (5-hydroxytryptamine; 5-HT) is a physiological signal that translates both internal and external information about behavioral
context into changes in sensory processing through a diverse array of receptors. The details of this process, particularly how
receptors interact to shape sensory encoding, are poorly understood. In the inferior colliculus, a midbrain auditory nucleus, 5-HT1A
receptors have suppressive and 5-HT1B receptors have facilitatory effects on evoked responses of neurons. We explored how these
two receptor classes interact by testing three hypotheses: that they (i) affect separate neuron populations; (ii) affect different
response properties; or (iii) have different endogenous patterns of activation. The first two hypotheses were tested by iontophoretic
application of 5-HT1A and 5-HT1B receptor agonists individually and together to neurons in vivo. 5-HT1A and 5-HT1B agonists
affected overlapping populations of neurons. During co-application, 5-HT1A and 5-HT1B agonists influenced spike rate and
frequency bandwidth additively, with each moderating the effect of the other. In contrast, although both agonists individually
influenced latencies and interspike intervals, the 5-HT1A agonist dominated these measurements during co-application. The third
hypothesis was tested by applying antagonists of the 5-HT1A and 5-HT1B receptors. Blocking 5-HT1B receptors was complementary
to activation of the receptor, but blocking 5-HT1A receptors was not, suggesting the endogenous activation of additional receptor
types. These results suggest that cooperative interactions between 5-HT1A and 5-HT1B receptors shape auditory encoding in the
inferior colliculus, and that the effects of neuromodulators within sensory systems may depend nonlinearly on the specific profile of
receptors that are activated.

Introduction

Neuromodulators such as serotonin (5-hydroxytryptamine; 5-HT) act
as context-dependent filters within adult sensory systems (Hurley
et al., 2004). Serotonin is released as a function of internal state or
during specific behavioral contexts, and shapes ongoing sensory
processing through heteroreceptors expressed by sensory neurons
(Trulson & Jacobs, 1979, 1981; Boutelle et al., 1990; Clement et al.,
1998; Hurley et al., 2004). The serotonergic system is notable for the
variety of receptors (Hoyer et al., 1994, 2002; Nichols & Nichols,
2008) that affect different components within local circuits. For
example, different receptors may influence the intrinsic excitability of
neurons or presynaptically alter neurotransmitter release (Monckton &
McCormick, 2002; Sari, 2004). Through such effects, the influences of
multiple receptor types commonly converge on classes of neurons and
on individual sensory neurons (Mooney et al., 1996; Xiang & Prince,
2003). The hypothesis that multiple receptors interact cooperatively to
shape responses to sensory stimuli is a logical outcome of studies in

which receptors have been manipulated singly, but this concept has
seldom been directly explored by concurrently manipulating multiple
receptors in vivo.
In addition to its central role in auditory processing and aversive

behavior ⁄ learning (Brunso-Bechtold et al., 1981; Huffman & Henson,
1990; Heldt & Falls, 2003; Castellan-Baldan et al., 2006), the inferior
colliculus (IC) is the best-understood auditory region in terms of how
serotonin receptors influence the excitatory–inhibitory circuitry that
determines responses to behaviorally relevant stimuli such as species-
specific vocalizations or interaural cues for sound location (Hurley
et al., 2002, 2004; Klug et al., 2002; Pollak et al., 2003). Two
metabotropic receptors of the 5-HT1 family, 5-HT1A and 5-HT1B
receptors, are expressed widely by IC neurons and by neurons in other
sensory regions (Waeber & Palacios, 1990; Pompeiano et al., 1992;
Aznar et al., 2003; Peruzzi & Dut, 2004; Palchaudhuri & Flugge,
2005; Watakabe et al., 2009). In the IC, 5-HT1A and 5-HT1B
receptors have well-described effects on the excitatory–inhibitory
circuitry. Activation of the somatodendritic 5-HT1A receptor usually
decreases stimulus-evoked spike rates and narrows frequency recep-
tive fields (Hurley, 2006, 2007), consistent with the reported link of
this receptor to potassium channels (Lanfumey & Hamon, 2004;
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Ögren et al., 2008). More rarely, activation of the 5-HT1A receptor
increases stimulus-evoked spikes (Hurley, 2006). Activation of the
presynaptic 5-HT1B receptor increases evoked spike rates and widens
frequency receptive fields through a decrease in GABA release
(Hurley et al., 2008). How these opposing effects integrate to
transform auditory responses during serotonin release is unknown.

We therefore investigated several hypotheses of how these two
receptors could act cooperatively. These were that 5-HT1A and
5-HT1B receptors: (i) affect separate populations of neurons; (ii)
have differential effects at the level of single neurons, so that they
modify different response properties; or (iii) show different patterns
of endogenous activation. To test these hypotheses, we locally
co-manipulated 5-HT1A and 5-HT1B receptors through the ionto-
phoretic application of selective agonists and antagonists in vivo.

Materials and methods

Animals and surgery

All procedures were approved by the Bloomington Institutional
Animal Care and Use Committee, and followed the NIH guidelines for
the care and use of laboratory animals. Two hundred single neurons
were recorded from 33 male CBA ⁄ J mice ranging in age from 5 to
10 weeks (Jackson Laboratory, Bar Harbor, ME, USA). Mice were
anesthetized by brief exposure to isoflurane fumes, followed by
intraperitoneal injection of 120 mg ⁄ kg ketamine and 5 mg ⁄ kg
xylazine. After the removal of hair on the top of the head with a
depilatory cream, the skin along the midline of the head was incised
for a distance of approximately 1.5 cm, and the skin was reflected to
each side. The surface of the skull was cleared of adherent tissue, and
holes approximately 1 mm in diameter were drilled in the skull above
each IC. The dura was then incised with a sharpened tungsten probe,
and the holes were covered with silicon gel to prevent drying. A layer
of glass beads and cyanoacrylate glue was applied to the skull anterior
to lambda, and the mouse was transferred to a sound-attenuated
chamber and placed in a custom stereotaxic device (Schuller et al.,
1986), where body temperature was maintained between 36�C and
37�C with a temperature regulation system (FHC, Bowdoinham, ME,
USA). A post was affixed to the skull between bregma and lambda
with dental cement. During the experiment, the level of anesthesia was
maintained with supplemental doses of one-fifth of the presurgical
doses of the anesthetic mixture or an equal amount of ketamine alone.

Electrodes and recording procedures

Extracellular recordings were made through high-resistance glass
micropipettes (A-M Systems, Carlsborg, WA, USA), connected by a
silver–silver chloride wire to a Dagan 2400 amplifier (Minneapolis,
MN, USA). Attached to these single-barreled pipettes were either
three-barreled or five-barreled pipettes, which were used for the
iontophoresis of drugs in a ‘piggy-back’ configuration (Havey &
Caspary, 1980). Multibarreled pipettes were pulled (A-M Systems;
Stoelting 51210; Wood Dale, IL, USA) and broken back to a tip
diameter of 10–15 lm, and then attached to single-barreled recording
pipettes so that the tip of the recording pipette protruded 10–20 lm
from the tip of the tribarreled pipette (single-electrode blanks, 6010,
three-barreled blanks, 6090; five-barreled blanks, 6120; A-M Sys-
tems). These combination electrodes were positioned above the IC
under visual control through a dissecting microscope, and lowered
with a piezoelectric microdrive (Burleigh ⁄ EXFO Inchworm, Missis-
sauga, Ontario, Canada) until action potentials were observed.
Recordings were concentrated in the caudal and medial two-thirds

of the IC, based on landmarks including lambda and blood vessels
(Hage & Ehret, 2003; Paxinos & Franklin, 2004). The serotonergic
plexus in the IC shows a gradient of density from cortical regions
extending smoothly through the central IC, with the lowest densities in
ventrolateral or ventromedial regions of the IC (Klepper & Herbert,
1991; Kaiser & Covey, 1997; Hurley et al., 2002). The resistance of
the recording electrode (8–20 MX when filled with 1 m NaCl)
allowed the recording of single neurons. 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. Spikes
were fed through a spike signal enhancer (FHC) before being digitized
through a data acquisition processor board (Microstar, Bellevue, WA,
USA). Data were collected and stored for later analysis by the software
package Batlab (D. Gans, Kent State University).

Drugs and iontophoresis

Agonists and antagonists of the 5-HT1A and 5-HT1B receptors were
applied iontophoretically during neural recordings, and identical
datasets were collected before, during and after the application of
drugs. The drugs used included the 5-HT1A agonist (±)-8-hydroxy-2-
dipropylaminotetralin hydrobromide (8-OH-DPAT), the two 5-HT1A
antagonists 1-(2-methoxyphenyl)-4-(4-succinimidobutyl) (MM77)
and (S)-N-tert-butyl-3-[4-(2-methoxyphenyl)-piperazin-1-yl]-2-phe-
nylpropanamide dihydrochloride (WAY100135), the 5-HT1B agonist
1,4-dihydro-3-(1,2,3,6-tetrahydro-4-pyridinyl)-5H-pyrro-1[3,2-b]pyri-
din-5-one dihydrochloride (CP93129), and the 5-HT1B antagonist
(2R)-2-[[[3-(4-morpholinylmethyl)-2H-1-benzopyran-8-yl]oxy]meth-
yl]morpholine dimethane-sulfonate (NAS-181). All drugs were
obtained from Tocris Bioscience (Ellisville, MO, USA). All drugs
except MM77 were dissolved at 10 mm in 200 mm NaCl at pH 4.5.
MM77 was dissolved in dimethylsulfoxide (DMSO) and diluted in
200 mm NaCl to give a final concentration of 3% DMSO. Neither
vehicle solution altered the responses of IC neurons when applied
alone [for 200 mm NaCl, see Hurley & Pollak (1999, 2001); for
DMSO plus 200 mm NaCl, P = 0.80, two-tailed paired t-test, n = 12].
One barrel of the multibarreled pipette was filled with 1 m NaCl and

served as a sum channel, balancing the iontophoretic currents ejected
through the other barrels. All other barrels were filled with drug
solutions. The barrels were connected by silver–silver chloride wire to
iontophoresis pump modules [Dagan ION-100 or Medical Systems
NeuroPhore (Harvard Apparatus, Holliston, MA, USA)]. Drugs were
retained in the multibarreled pipettes with a current of )10 to )20 nA,
and ejected using currents that did not exceed +90 nA. After the
collection of control data, drugs were ejected until a stable response
was achieved or for 5–10 min, and a comparable dataset was then
collected. The same procedure was repeated to measure the effect of a
new drug treatment or the recovery of neurons from drugs. For a
subset of neurons, the dose dependence and saturability of 8-OH-
DPAT and CP93129 were assessed by using a range of iontophoretic
currents for the same drug. Multiple drugs were also applied
sequentially or at the same time to most neurons. When multiple
drugs were applied, the order of drug applications was varied to ensure
that effects were not order-dependent.
Anesthetic state is a potential concern in these experiments, for

several reasons. One of the drugs in the anesthetic mix that we used,
ketamine, directly affects steps along the pathway of serotonin release
and metabolism, including the transport of serotonin (Martin et al.,
1990; Lindefors et al., 1997; Nishimura & Sato, 1999). Ketamine can
also directly affect the NMDA receptor (Villars et al., 2004). Finally,
mice under ketamine ⁄ xylazine anesthesia have decreased extracellular
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serotonin in the IC (Hall et al., 2010). A previous analysis of the
effects of the selective serotonin receptor agonists used in this study,
however, showed no difference in the effects of the agonists in awake
animals vs. animals under ketamine ⁄ xylazine anesthesia (Hurley,
2006).

Auditory stimuli

Tone bursts were generated with Batlab software and routed through
a PA5 attenuator and FT-6 antialias filter (TDT, Alachua, FL, USA).
Stimuli were played through a midline freefield speaker (Infinity Emit
B; Harman International Industries, Woodbury, NY, USA). Calibration
of the freefield speaker was accomplished by placing a measuring
microphone (ACO Pacific PS9200 kit; Belmont, CA, USA) in the
position occupied by the mouse’s head during experiments. The
response of the speaker was flat within ± 6 dB from 13 to 40 kHz, but
produced a higher intensity of sound at lower frequencies.
Tones were 20–30 ms in duration, with 0.5-ms rise times and fall

times, and were presented at a rate of 4 Hz. Frequency tuning was
measured by presenting tones across the frequency ranges of single
neurons from 10 dB below threshold to 30–50 dB above threshold at
the characteristic frequency (CF). The frequency intervals of the
presented tones varied from 0.5 to 5 kHz, depending on the bandwidth
of the neuron recorded. Spontaneous activity was also recorded at the
outset of each data file, so that multiple measurements of spontaneous
rates were collected during the control and each drug treatment.

Analysis

Spike trains were recorded in Batlab. Spontaneous activity rates
were generally low; for neurons in which spontaneous spikes
occurred, spikes were only counted in the temporal window defined
by clear onsets and offsets in peristimulus time histograms (PSTHs).
Spike rates for evoked responses were expressed as the number of
spikes per stimulus during the presentation of a set of 32 repetitions of
a given stimulus, and were measured at the frequency evoking the
largest response at 10–20 dB above threshold at the CF. Spike rates for
spontaneous activity were expressed as the number of spikes per
second measured during 32 repetitions of a 200-ms window with no
stimulus. Proportional changes in spontaneous and evoked activity
were compared by transforming all values [log(drug ⁄ control + 0.1)],
so that all values were nonzero. Frequency bandwidth was measured
from isointensity frequency–response functions at intensities of
10–30 dB above the threshold at the CF. The frequency bandwidth
was defined as the width of the frequency–response function at a level
of half of the maximum spike rate, in octaves. High-frequency and
low-frequency borders were determined by a linear interpolation
between the frequencies evoking spike counts above and below the
criterion values. Response latencies were measured as the median time
elapsed between the onset of the stimulus and the first spike fired by
the neuron, in response to 32 stimulus repetitions, or the median first-
spike latency. The interspike interval (ISI) was measured between the
first and second spikes for neurons consistently producing more than
one spike per stimulus. Drug-evoked changes in evoked spike rate
and bandwidth were expressed as the proportional difference between
drug and control values, and changes in latency and ISI were
expressed as the absolute difference between drug and control values,
in milliseconds.
Statistical comparisons were made using spss (SPSS, Chicago, IL,

USA). Because drug effects across the neuron population did not
appear to be distributed normally, nonparametric Spearman’s corre-

lations were used to compare the effects of receptor agonists with
other response properties. Wilcoxon signed rank tests were used to
determine whether drugs altered response properties relative to
predrug values, and Mann–Whitney U-tests (Wilcoxon rank-sum
tests) were used to determine whether drugs had equivalent effects in
different populations of neurons. Multiple regressions were used to
compare the effects of different agonists with their co-application. The
chi-squared test was used to assess whether multiple 5-HT1A
antagonists had similar distributions of effects.

Results

5-HT1A and 5-HT1B agonists target overlapping neuron
populations

To test the effects of co-manipulating the 5-HT1A and 5-HT1B
receptors on the evoked responses of IC neurons, 200 neurons were
recorded in 33 male 5–10-week-old CBA ⁄ J mice. Neurons were
recorded extracellularly before, during and after the iontophoretic
application of selective 5-HT1A and 5-HT1B agonists and antago-
nists. When applied alone, selective agonists of the 5-HT1A and
5-HT1B receptors modulated evoked responses in ways similar to
those reported previously (Hurley, 2006, 2007; Hurley et al., 2008).
The 5-HT1A agonist 8-OH-DPAT generally decreased, and the
5-HT1B agonist CP93129 generally increased, the spike rate in
response to a CF tone presented 10–20 dB above threshold (Fig. 1A).
The population distribution of spike rate decreases in response to the
application of 8-OH-DPAT were shifted to more extreme values than
in previous reports (Hurley, 2006, 2007). To determine whether the
larger proportional change could have resulted from a higher baseline
of evoked activity caused by the application of CP93129, we
compared experiments in which 8-OH-DPAT was applied before vs.
after CP93219. The order of application did not alter the effects of
8-OH-DPAT, but when CP93129 was present in another pipette barrel,
8-OH-DPAT had a proportionally larger effect, causing a median
proportional decrease in spikes of 0.55, as opposed to 0.35 when
CP93129 was not present (Mann–Whitney U-test; U = 533.5,
P = 0.048). This suggests that, although neurons recovered from
iontophoretic application of drugs before subsequent drug applications
were made, the leak of CP93129 increased baseline spike rates
slightly, but that the iontophoresis of CP93129 had a much larger
effect.
The absolute concentrations of drugs are not controllable with

iontophoresis, but we performed several control experiments to assess
whether the effects of the agonists were dose-dependent and could
saturate. We did this by applying a range of iontophoretic currents in a
subset of neurons. Figure 1B shows two such experiments in single
neurons. For the neuron exposed to 8-OH-DPAT, increasing ionto-
phoretic currents caused incrementally decreasing spike rates, an effect
that saturated at 50 nA (Fig. 1B, top left). For the iontophoretic
current at 50 nA, the first level of current that was applied to this
neuron, it took 2.2 min for 8-OH-DPAT to reach its maximum effect
(Fig. 1B, lower left). For the neuron tested with CP93129, the increase
in spike rate saturated at the lowest level of iontophoretic current of
10 nA (Fig. 1B, upper right), and the time to the maximum effect at
50 nA was 3.6 min (Fig. 1B, lower right). The dose dependence and
saturation of the effects of both 8-OH-DPAT and CP93129 during
iontophoresis in the IC were reported previously (Hurley, 2006). In
most neurons in this study, we used relatively high iontophoretic
currents of 50–75 nA to ensure a maximal drug effect.
The hypothesis that 5-HT1A and 5-HT1B receptors act on different

neuron populations was tested by applying both 8-OH-DPAT and
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CP93129 to the same neurons (Fig. 2A), an experiment that has not
previously been performed. Although 5-HT1A and 5-HT1B receptors
are thought to be localized to postsynaptic and presynaptic neurons,
respectively, they could potentially both be expressed by the same
local circuit, by either a presynaptic or a postsynaptic neuron, so that
both would influence the responses of the neurons that we recorded. If
the effects of the receptors did not converge in this way, it would be
consistent with the two receptors acting on separate neuron popula-
tions. Some neurons did show nonoverlapping effects of the two
agonists. For example, a cluster of neurons that exhibited large

decreases in spike rate during 8-OH-DPAT application showed
comparatively small CP93129-induced increases. The overall corre-
lation in the effects of these two agonists was not significant
(Spearman’s correlation: rs = 0.086, P = 0.66). Figure 2B shows
single-voltage traces of a single neuron that responded to both
8-OH-DPAT and CP93129 with changes in spike count in the opposite
direction. The proportional changes in spike count for this neuron are
presented in Fig. 2A (data point with asterisk). Thus, although some
neurons responded more to the application of the 5-HT1A or 5HT1B
agonists, many neurons responded to both.
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Because some serotonin receptor agonists differentially affect
neurons with particular physiological characteristics, such as long
latencies or high CFs (Hurley, 2007; Bohorquez & Hurley, 2009), we
also tested whether the two agonists affect populations of neurons with
significantly different latencies, CFs, or depths. These three charac-
teristics can define functional domains of serotonergic effects within
the tonotopic map of the IC (Hall & Hurley, 2007). Neither the effects
of 8-OH-DPAT nor those of CP93129 were significantly correlated
with CF, recording depth, or median first-spike latency (Spearman’s
correlations: rs = )0.047 and P = 0.71, rs = 0.053 and P = 0.68, and
rs = )0.056 and P = 0.67, for 8-OH-DPAT vs. CF, depth, and latency,
respectively; rs = )0.052 and P = 0.71, rs = )0.18 and P = 0.22, and
rs = )0.021 and P = 0.88, for CP93129 vs. CF, depth, and latency,
respectively). We additionally examined whether neurons that
responded to both agonists by changing their spike rates by ‡ 20%
(n = 19) vs. neurons that responded to only one or to neither agonist
(n = 10) had different mean values of latency, CF, or depth. There
were no significant differences between these groups of neurons
(Mann–Whitney U-tests: U = 75 and P = 0.36 for CF, U = 61 and
P = 0.12 for depth, and U = 94 and P = 0.96 for latency).

5-HT1A and 5-HT1B agonists modulate both evoked and
spontaneous activity

According to our model of 5-HT1A and 5-HT1B receptors, both
receptors have the potential to influence spontaneous activity. The
5-HT1A receptor postsynaptically decreases excitability, and the
5-HT1B receptor decreases the release of GABA, a neurotransmitter
that reduces spontaneous as well as evoked activity in the IC (Faingold
et al., 1989). We compared the effects of 8-OH-DPAT and CP93129
on evoked and spontaneous activity in the same neurons. Drug effects
on evoked activity were measured as in Figs 1 and 2, as the
proportional change in spike rate per stimulus, and drug effects on
spontaneous activity were measured as proportional changes in spike
rates per second. Neurons showed generally low rates of spontaneous
activity, as has been previously reported in our preparations (Hurley &
Pollak, 1999, 2001). Of 84 neurons tested with 8-OH-DPAT or
CP93129, only 29 showed spontaneous rates of over 1.5 spikes ⁄ s in

the predrug condition (Fig. 3A). We analysed the effects of the two
agonists on any neuron showing spontaneous rates of over 1.5
spikes ⁄ s in either the predrug condition or during drug application.
The effects of 8-OH-DPAT and CP93129 on spontaneous and evoked
activity were generally similar (Fig. 3B) (Spearman’s correlations:
rs = 0.63, P = 0.002 and n = 22 for 8-OH-DPAT; outlier marked with
an asterisk excluded; rs = 0.72, P < 0.001 n = 22 for CP93129). The
largest effects for both agonists were seen for spontaneous changes,
but this may be because the low rates of spontaneous activity created
large proportional changes. Nevertheless, it is interesting to note that
although 8-OH-DPAT could reduce spontaneous activity to very low
levels, including totally abolishing spontaneous activity, it did not
reduce evoked activity to this extent in this subset of neurons.

5-HT1A and 5-HT1B agonists differentially influence evoked
response properties

We next assessed whether the 5-HT1A and 5-HT1B receptors
interacted with each other to influence the auditory response properties
of single neurons. To do this, we not only applied 8-OH-DPAT and
CP93129 alone, but also applied both of them together to a group of
neurons. For 29 of these neurons, all three drug treatments were
completed before the single-neuron recordings were lost. For seven
neurons, the drug co-application and only one of the agonists alone
were used. The effects of the agonists alone vs. during co-application
on five different evoked response properties were compared: (i)
response rate; (ii) bandwidth of frequency response; (iii) latency; (iv)
ISI; and (v) response variability.
The first two of these properties are illustrated in Fig. 4, which

shows plots of spike rate vs. frequency for individual neurons
(frequency–response functions). The effects of agonists on spike rate
were measured in the same way as in Fig. 1, as the change in rate in
response to tone bursts at the CF during drug application relative to
the control. Frequency bandwidth was measured from frequency–
response functions consisting of tones across the excitatory ranges of
neurons, presented at 10–20 dB above the threshold at CF.
Bandwidth was measured as the width of the frequency–response
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function at a level of half of the maximum spike rate. The
frequencies corresponding to the upper and lower borders of the
bandwidth were determined by linear interpolation. When ionto-
phoresed alone, either 8-OH-DPAT or CP93129 could change both
spike rate (Fig. 4A) and the half-maximum bandwidth (Fig. 4B,
normalized spike rates).

When they were applied together, the effects of each agonist on
spike rate and bandwidth were apparent in their joint effect. 8-OH-
DPAT decreased, and CP93129 increased, the spike rate when applied
alone (Fig. 4A). When the agonists were co-applied, the spike rate at
CF was intermediate to the spike rates obtained when each agonist was
used alone, suggesting that the 8-OH-DPAT-evoked decrease and the
CP93129-evoked increase balanced one another to some extent.
Changes in half-maximum bandwidth followed a similar pattern, with
8-OH-DPAT decreasing bandwidth by 0.08 octaves, CP93129
increasing bandwidth by 0.15 octaves, and the drug combination
increasing bandwidth by 0.10 octaves (Fig. 4B). Across the popula-
tion of neurons, the effects of the two agonists alone were compared

with their co-application by multiple regression. If the effect of a
single agonist was positively correlated with the effect of drug
co-application, then the effect of the agonist was maintained against
the background of multiple receptor activation. The effects of both
8-OH-DPAT and of CP93129 on spike rate were positively correlated
with the effects of drug co-application (multiple regression:
F = 38.213, dF 2.25, P < 0.001 for the overall model, adjusted
r2 = 0.734), indicating that both of the agonists influenced spike rate
(Fig. 5A). A similar pattern was observed for the change in
bandwidth, with the effects of each individual drug being significantly
correlated with the effect of drug co-application (Fig. 5B) (multiple
regression: F = 58.34, dF 2.19, P < 0.001 for the overall model,
adjusted r2 = 0.845). This means that the effect of each of the receptor
agonists was maintained in the presence of the other.
Similar to the case for spike rate and bandwidth, both the 5-HT1A

and the 5-HT1B agonist altered the initial spike latency and ISI
when applied alone (Wilcoxon signed rank tests: for 8-OH-DPAT,
Z = )3.69 and P < 0.001 for latency, and Z = )2.61 and P = 0.009
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for ISI; for CP93129, Z = )3.85 and P < 0.001 for latency, and
Z = )2.2 and P = 0.028 for ISI). Despite this, when the agonists were
co-applied, their effects together were correlated with the effects of
8-OH-DPAT, but not with the effects of CP93129 alone. Figure 6
illustrates this pattern in the PSTHs of two individual neurons. For the
first neuron (Fig. 6A), the median first spike latency increased when
8-OH-DPAT caused a reduction in spikes, achieved an intermediate
value when the spike number was intermediate in the presence of both
agonists, and was decreased when the spike number increased in the
presence of CP93129 alone. Thus, for this neuron, the median latency
matched the effect of the drug on spike number. For the second
neuron (Fig. 6B), the spike number was decreased in the presence of
8-OH-DPAT, and did not recover when 8-OH-DPAT iontophoresis
was stopped. Nevertheless, the median latency increased in the
presence of 8-OH-DPAT, and returned to the control value when
CP93129 alone was applied. Across the neuron population, the
median latencies during the co-application of both selective agonists
were significantly correlated with the effects of 8-OH-DPAT but not
with those of CP93129 in the same neurons (Fig. 7A) (multiple
regression: F = 10.548, dF 2.21, P = 0.001 for the overall model,
adjusted r2 = 0.526), even though CP93129 decreased latencies
substantially in some neurons. The pattern of drug effects for ISI is
similar in appearance (Fig. 7B), although fewer neurons consistently
produced both first and second spikes. The multiple regression for ISI
was not significant, because of one outlying value (Fig. 7B, asterisk)
(multiple regression: F = 0.44, dF 2.4, P = 0.672 for the overall
model, adjusted r2 = )0.23; P = 0.035 and adjusted r2 = 0.82
without outlier).
The presence of 8-OH-DPAT also altered the variation in spike

timing for some neurons (see raster plot for neuron 1 in Fig. 6), but
the effects of 8-OH-DPAT on the standard deviation of the initial

latency and the ISI were not correlated with the effects of drug
co-application on these values (multiple regressions: F = 1.546, dF
2.12, P = 0.253 for the overall model, adjusted r2 = 0.072 for the
standard deviation of the initial latency; F = 1.232, dF 2.2,
P = 0.448 for the overall model, adjusted r2 = 0.104 for the standard
deviation of the ISI).
Thus, both selective agonists could alter spike rate, bandwidth,

initial spike latency and ISI when applied alone. In comparison,
they had different effects on these response properties when they were
co-applied. During co-application, the agonists both significantly
contributed to changes in the response magnitude, including spike rate
and bandwidth, indicating an additive interaction. In contrast, during
co-application, 8-OH-DPAT significantly influenced spike timing but
CP93129 did not, suggesting that 8-OH-DPAT has the dominant
influence on spike timing when both receptors are activated.

5-HT1A and 5-HT1B antagonists have different patterns of
effects

To determine whether the 5-HT1A and 5-HT1B receptors are both
activated by endogenous sources of serotonin in our preparation, we
used selective antagonists to block activation of the two receptors. We
first assessed the ability of antagonists to block the effects of the
selective agonists 8-OH-DPAT and CP93129, and of exogenously
applied serotonin itself (Fig. 8). Antagonists of the two receptor types
had different patterns of effects. The simplest pattern was exhibited by
the 5-HT1B antagonist NAS-181. This antagonist reversed increases
in spike rate evoked by CP93129 (Fig. 8A, top row, left), an effect that
was significant across the neuron population (for CP93129 vs.
CP93129 + NAS-181, Z = )3.62, P < 0.001, n = 17, Wilcoxon
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Fig. 6. Effects of 8-OH-DPAT and CP93129 on spike timing. (A) PSTHs for one neuron in response to 8-OH-DPAT, CP93129, or drug co-application. Values for
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signed rank tests). NAS-181 also reversed increases in spike rate
evoked by serotonin itself in some neurons (Fig. 8A, top row, right).

Two 5-HT1A antagonists, WAY100135 and MM77, could each
block or reduce decreases in spike rate evoked by 8-OH-DPAT in
some neurons (Fig. 8A, middle and lower rows, left). Both antagonists
could also reverse the effects of iontophoresed serotonin (Fig. 8A,
middle and lower rows, right), even when serotonin increased rather
than decreased spike count in some cases (Fig. 8A, upper row, right).
The effects of these two antagonists were quite variable. Across the
neuron population, neither of the 5-HT1A antagonists significantly
reduced the effect of 8-OH-DPAT (Fig. 8B; for 8-OH-DPAT vs.
8-OH-DPAT + WAY100135, Z = )1.16, P = 0.248, n = 23; for
8-OH-DPAT vs. 8-OH-DPAT + MM77, Z = )0.56, P = 0.58,
n = 10; Wilcoxon signed rank tests).

5-HT1A and 5-HT1B antagonists both influenced the spike rate
when applied alone as well as when applied in combination with their
respective agonists. This suggests that the 5-HT1A and 5-HT1B
receptors are activated endogenously in our preparation, even though
serotonin levels in the IC are lower during ketamine ⁄ xylazine
anesthesia than in awake animals (Hall et al., 2010). The effects of
antagonists alone reflected their effects during the application of
complementary agonists. That is, the distribution of the effects of
NAS-181 alone mirrored the distribution of CP93129, with CP93129
increasing, and NAS-181 decreasing, spike rates across the population
(Fig. 9A). In contrast, the distribution of the effects of the 5-HT1A
antagonists alone on spike rate did not mirror the effect of 8-OH-
DPAT alone, despite the ability of antagonists to block the effect of the
agonist. 8-OH-DPAT predominantly decreased the spike rate, but
WAY100135 and MM77 could decrease or increase the spike rate
when applied alone (Fig. 9B; P = 0.79 for the distributions of
WAY100135 vs. MM77, chi-squared test). Thus, for the 5-HT1A
receptor, the effects of the selective antagonists on spike rate were
qualitatively different from the effects of the selective agonist.

Discussion

Insights into how particular receptors interact with each other are
essential to understanding the role that neuromodulators play in fine-

tuning sensory processing. The IC provides an opportunity to assess
such interactions between specific receptor types. 5-HT1A and 5-
HT1B heteroreceptors are commonly co-expressed within sensory
regions (Mooney et al., 1996; Butt et al., 2002; Peruzzi & Dut, 2004).
In the IC, these receptors have opposite effects on responses to
auditory stimuli (Hurley, 2006). We tested three hypotheses of how
these receptors could act in complementary or cooperative ways.
These were that the receptors affect different neurons, that when
activated at the same time they influence response properties in
different or synergistic ways, and that they have different patterns of
endogenous activation. We found that the two receptor types
interacted to some extent at each of these levels.

5-HT1A and 5-HT1B receptors do not target exclusive sets
of neurons

The hypothesis that the 5-HT1A and 5-HT1B receptors always affect
separate neuron populations was not supported by the application of
selective agonists of each of the two receptors to the same neurons.
There was no inverse relationship between the effects of the agonists,
and a substantial subpopulation of neurons responded to both. This
pattern is consistent with previous reports that 5-HT1A and 5-HT1B
receptors are widely expressed by neurons in the IC (Thompson et al.,
1994; Peruzzi & Dut, 2004). The fact that many neurons responded to
agonists of both receptor types also suggests that the iontophoretic
application of drugs in this study effectively reached both types of
receptors.
Some neurons were responsive to the agonist for one receptor but

not the other, suggesting that the effects of the presynaptic 5-HT1B
receptor and the postsynaptic 5-HT1A receptor do not always
converge. Although the populations of 5-HT1A-responding and
5-HT1B-responding neurons overlapped in our study, the overlapping
effects of different serotonin receptors can still distinguish among
classes of neurons in other brain regions, such as the visual cortex
(Xiang & Prince, 2003). The effects of activating serotonin receptors
have corresponded to whether neurons share other characteristics, such
as depth, CF, or latency, in several previous studies (Hurley, 2007;
Bohorquez & Hurley, 2009).
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5-HT1A and 5-HT1B receptors differentially influence rate vs.
timing

One of the most intriguing and unexpected findings of this study was
that the effects of concurrently activating the 5-HT1A and 5-HT1B
receptors differentially influence evoked response properties. Agonists
of the 5-HT1A and 5-HT1B receptors interacted additively to
influence properties related to response magnitude, including the
spike rate and measurements of the bandwidth of frequency respon-
ses. In contrast, the effect of co-application closely matched that of
activating the 5-HT1A receptor, but not the 5-HT1B receptor, across
the neuron population. Thus, even when both receptors were activated,
as would occur during increasing levels of endogenous serotonin, the
5-HT1A agonist dominated the timing of responses to auditory
stimuli. This finding could partly result from limits on the amount by
which latency can be shortened as opposed to lengthened, but the
selective 5-HT1B agonist is capable of shortening latency in IC
neurons.
We obtained these findings by using iontophoresis to locally

apply drugs with minimal damage to tissue. The absolute concen-
trations of drugs are not controllable with this technique, so we are
not certain that we reached all of the 5-HT1A and 5-HT1B
receptors that are capable of influencing a particular neural circuit
in the IC. However, we demonstrated in this study and in previous
studies that increasing levels of iontophoretic current create effects
that are dose-dependent and saturate (Hurley & Pollak, 2001;
Hurley, 2006). In addition, affecting all available receptors is not
crucial to the argument that the 5-HT1A and 5-HT1B receptors
interact additively to influence spike rate but nonadditively to
influence spike timing. This is because the same level of drug co-
application differentially influenced these response properties in the
same neurons and at the same time.
Our findings with 5-HT1A and 5-HT1B agonists are mechanisti-

cally consistent with previous models of the 5-HT1A and 5-HT1B
receptors in the IC. The 5-HT1A receptor is usually somatodendritic-
ally located, triggering the opening of potassium channels (Lanfumey
& Hamon, 2004; Ögren et al., 2008). Such an effect could increase
membrane conductance, an intrinsic property that is important in
determining spike latency in the IC (Sun & Wu, 2008). Potassium
channels activated through the 5-HT1A receptor also contribute to
regulating the level of spontaneous activity (Russo et al., 2008; Saenz
del Burgo et al., 2008). 5-HT1B receptors regulate GABAergic inputs
to IC neurons (Hurley et al., 2008). GABAergic inputs also regulate
both spontaneous and evoked activity in the IC (Faingold et al.,
1989), and influence latencies by triggering rebound responses or
by delaying spikes (Park & Pollak, 1993; Peruzzi et al., 2000;
Xu-Friedman & Regehr, 2005; Sun & Wu, 2008; Voytenko &
Galazyuk, 2008). Many studies point to GABA as playing an
important role in the encoding of different features of acoustic stimuli,
including sound source location (Park & Pollak, 1993), and GABA is
also implicated in the generation and elaboration of defensive
behavior in response to threatening stimuli (Brandão et al., 1988;
Castellan-Baldan et al., 2006, 2007). Activation of the 5-HT1B
receptor did indeed change spike latencies and ISIs in some neurons
in this study, as well as in a previous study [Fig. 5 in the current
study; also see Fig. 7 from Hurley et al. (2008)]. However, when the
two receptors were co-activated, the 5-HT1A receptor dominated the
modulation of first-spike latency across the neuron population,
potentially because its effects are more proximal to the spike
initiation site (Amargos-Bosch et al., 2004).
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5-HT1A and 5-HT1B receptors may have different patterns of
endogenous activation

The application of 5-HT1A and 5-HT1B antagonists alone created
qualitatively different patterns of effects from each other, and from the
application of agonists. The 5-HT1B antagonist not only reversed the
effects of the 5-HT1B agonist, but also had an effect opposite to that of
the agonist when applied alone. This is consistent with the endogenous
activation of 5-HT receptors in our preparation by the relatively low
level of endogenous serotonin (Hall et al., 2010). In contrast, the
effects of two separate 5-HT1A antagonists were unexpectedly similar
to those of the agonist in many neurons. For one of these, MM77, its
lower aqueous solubility could have made it a less effective antagonist
in our study. One possibility that would account for this finding is that
the two 5-HT1A antagonists used in this study have pharmacological
targets other than the 5-HT1A receptor, particularly as the absolute
concentrations of the antagonists during iontophoresis are not known
(Mokrosz et al., 1994). The observed pattern of effects is also
consistent with the block of 5-HT1A receptors located on inhibitory
neurons presynaptic to the ones recorded in this study, a possibility
considered in a previous model of 5-HT1A receptors in the IC (Hurley,
2006). This hypothesis is testable by examining the influence of

5-HT1A agonists and antagonists on inhibitory inputs to IC neurons,
as has been done previously for the 5-HT1B receptor (Hurley et al.,
2008).
In the current study, we focused on 5-HT1A and 5-HT1B receptors

because we have a relatively well-substantiated model for how each of
these receptors acts in the IC (Hurley, 2006, 2007; Hurley et al.,
2008), which suggests an interesting interplay between presynaptic
and postsynaptic modulation. Additional 5-HT receptor types could
also have potentially contributed to our findings. 5-HT1A and 5-HT1B
receptors are only two of the many types of serotonin receptor that are
expressed by IC neurons (Hurley et al., 2002, 2004). Endogenous
serotonin may be present at low levels in our in vivo preparation, so
our agonists and antagonists were likely to be acting in a background
of endogenously activated receptor types. Indeed, the fact that the
application of antagonists alone affected neural responses supports this
hypothesis. The activation of at least two additional receptor types,
5-HT2C and 5-HT3 receptors, alters the evoked responses of IC
neurons (Hurley, 2006; Bohorquez & Hurley, 2009). Blocking the
5-HT1A or 5-HT1B receptors could therefore have unmasked the
effects of other receptors, or disrupted cooperative receptor effects.
Thus, our findings serve as an illustration of one of multiple types of
5-HT receptor interactions that are possible.

Model of receptor interaction

The fact that activation of the 5-HT1A and 5-HT1B receptors
differentially alters the rate and timing of responses in the IC raises the
possibility that interaction of receptors could have highly specific
effects on stimulus encoding. Within multiple sensory systems, spike
rates, first-spike latencies and the timing of spike trains may all encode
relevant stimulus properties (e.g. Panzeri et al., 2001; Reich et al.,
2001; Foffani et al., 2008). In different regions of the auditory system,
including the IC, these properties include frequency and spatial
location (e.g. Phillips, 1998; Sanderson & Simmons, 2000; Furukawa
& Middlebrooks, 2002; Stecker & Middlebrooks, 2003; Nelken et al.,
2005; Chase & Young, 2006, 2007, 2008; Chechik et al., 2006; Qiu
et al., 2007).
Although few IC neurons displayed large amounts of suprathresh-

old spontaneous activity in this study, consistent with previous
studies in our and other laboratories (Pollak & Bodenhamer, 1981;
Hurley & Pollak, 1999; Basta & Ernest, 2004), it is instructive that
both 5-HT1A and 5-HT1B receptors altered spontaneous and evoked
activity. These effects on spontaneous activity suggest that 5-HT1A
and 5-HT1B receptors contribute to the regulation of the excitatory–
inhibitory ‘tone’ of neurons, and that they could therefore play a
role in regulating the information conveyed by spontaneous
spikes, including synchronization to the hippocampal theta rhythm
(Pedemonte et al., 1996). In neurons displaying spontaneous activity,
5-HT1A receptors could abolish spontaneous activity but not evoked
activity, suggesting further that the signal ⁄ noise ratio of evoked
activity could be favorably influenced by this receptor type.
Our results contribute to a model of how serotonin modulates

auditory processing in accordance with behavioral state. Levels of
serotonin in many regions of the brain, including the IC, vary not
only across the sleep–wake cycle, but also relatively rapidly (within
minutes) in response to sensory stimuli, stressors, or social
challenges (Boutelle et al., 1990; Mas et al., 1995; Clement et al.,
1998; Hall et al., 2010). Serotonin is therefore a physiological signal
that can translate information about behavioral context into changes
in auditory processing. The details of this translation process,
however, are rather poorly understood. Here, we have demonstrated
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that multiple serotonin receptors can interact in nonlinear ways to
differentially shape the rates and latencies of evoked responses. The
effects of serotonin are therefore multifaceted, even for the simple
tonal stimuli that we used in this study. We have previously
proposed that serotonin promotes the selective encoding of acoustic
signals such as species-specific vocalizations in the IC (Hurley et al.,
2004; Hurley & Pollak, 2005a). Determining whether the character-
istics of the serotonergic receptor machinery that we have identified
modify the encoding of natural stimuli in a way that matches the
behavioral significance of such signals will be a good test of this
hypothesis.
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