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Abstract

Acoustic trauma often results in permanent damage to the cochlea, triggering changes in
processing within central auditory structures such as the inferior colliculus (IC). The serotonergic
neuromodulatory system, present in the IC, is responsive to chronic changes in the activity of
sensory systems. The current study investigated whether the density of serotonergic innervation in
the IC is changed following acoustic trauma. The trauma stimulus consisted of an 8 kHz pure tone
presented at a level of 113 dB SPL for six consecutive hours to anesthetized CBA/J mice.
Following a minimum recovery period of three weeks, serotonergic fibers were visualized via
histochemical techniques targeting the serotonin reuptake transporter (SERT) and quantified using
stereologic probes. SERT-positive fiber densities were then compared between the traumatized
and protected hemispheres of unilaterally traumatized subjects and those of controls. A significant
effect of acoustic trauma was found between the hemispheres of unilaterally traumatized subjects
such that the IC contralateral to the ear of exposure contained a lower density of SERT-positive
fibers than the IC ipsilateral to acoustic trauma. No significant difference in density was found
between the hemispheres of control subjects. Additional dimensions of variability in serotonergic
fibers were seen among subdivisions of the IC and with age. The central IC had a slightly but
significantly lowered density of serotonergic fibers than other subdivisions of the IC, and
serotonergic fibers also declined with age. Overall, the results indicate that acoustic trauma is
capable of producing modest but significant decreases in the density of serotonergic fibers
innervating the IC.

1. Introduction

The main target of acoustic trauma is the cochlea. This has been demonstrated by chronic
reductions in both cochlear potentials and the compound action potential (CAP) (Melichar et
al., 1980; Sohmer et al., 1980; Sugisawa et al., 1994), as well as decreased spontaneous
firing rate of the auditory nerve (Liberman and Dodds, 1984; Liberman and Kiang, 1978;
Eldredge et al., 1973). However, damage to the auditory periphery also induces functional
changes at multiple levels of the central auditory system (CAS). These include increased
spontaneous activity, tonotopic map reorganization, broadened tuning of response fields,
increased response amplitudes of suprathreshold auditory evoked potentials and changes in
the balance of inhibition and excitation near frequency regions related to damage (Barsz et
al., 2007; Davis et al., 1989; Ma et al., 2006; Komiya and Eggermont, 2000; Norefia and
Eggermont, 2003; Tan et al., 2007; Rachel et al., 2002; Wang et al., 2002; Vale and Sanes,
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2002; Szczepaniak and Mgller, 1996; Bledsoe et al., 1995; Milbrandt et al., 2000; Suneja et
al., 1998; Michler and Illing, 2002). While some CAS changes occur immediately as a result
of loss of input from the periphery, others suggest the induction of long term plastic
compensatory mechanisms. For example, recordings made in the dorsal cochlear nucleus
(DCN) following acoustic trauma indicate that spontaneous activity levels are initially
decreased, reflecting immediate loss of peripheral input. However, two to five days after
exposure these levels are found to be elevated, and the level of spontaneous activity can
continue to increase for up to six months following trauma (Kaltenbach et al., 2000).
Similarly, in subjects with induced selective inner hair cell loss, the compound response
amplitude measured in the inferior colliculus (I1C) is initially below normal, but increases
slowly, reaching maximal output no less than two weeks following inner hair cell
destruction (Salvi et al., 2000). This increase in response gain can still be recorded up to 6
months later, indicating a long term compensatory response. The overarching conclusion is
that the CAS is capable of adjusting the gain of cells in both cortical and subcortical areas in
order to compensate for the chronic reduction in input from damaged cochlear regions.
However, the mechanisms regulating these changes in response to acoustic trauma are
largely unknown.

The neuromodulatory serotonergic system is a potential candidate involved in regulating
CAS plasticity following chronic peripheral damage. Serotonergic involvement in plasticity
has been demonstrated in multiple sensory systems, including the visual (Vetencourt et al.,
2008; Normann et al., 2007), somatosensory (Esaki et al., 2005; Okamoto et al., 2002), and
olfactory systems (Lombion et al., 2007), where it regulates the ability to adapt to chronic
changes in sensory input. Many levels of the central auditory pathway are densely
innervated with serotonergic axonal projections originating from the raphe nuclei located
within the brainstem (Klepper and Herbert, 1991; Thompson et al., 1994; Hurley and
Thompson, 2001; Thompson and Hurley, 2004). Furthermore, serotonin is involved in
regulating the response gain and other properties of auditory responses at cortical and
subcortical levels. For example, serotonin regulates the gain of auditory cortical responses to
changes in stimulus intensity (Nathan et al., 2006) and to the temporal order of consecutive
stimuli (Johnson et al., 1998). Serotonin also regulates the gain of neural responses in some
subcortical auditory nuclei such as the IC. Increased levels of serotonin in the IC, induced by
either exogenous application (Hurley and Pollak, 2001) or endogenous release (Hall and
Hurley, 2007), have a generally inhibitory effect on the majority of I1C cells resulting in a
reduction in driven firing rates and a decrease in the frequency range of response. Response
gain and frequency tuning at this level may be mediated both via direct stimulation of
specific postsynaptic serotonergic receptors (Hurley, 2006, 2007), and indirectly by
stimulation of receptors located on inhibitory GABAergic neurons (Hurley et al., 2008). At a
perceptual level, it has been demonstrated that administration of serotonin into the central
ventricular system leads to a depression of the acoustic startle response (Davis et al., 1980),
and dysfunction within the serotonergic system has been implicated in various disorders
affecting auditory perception such as hyperacusis (Marriage and Barnes, 1995), tinnitus
(Salvinelli et al., 2003; Simpson and Davies, 2000), and schizophrenia (Johnson et al.,
1998). For these reasons, it is plausible that serotonin is capable of regulating homeostatic
gain control in the auditory system in response to chronic damage to the auditory periphery
by altering the density of serotonergic fibers within auditory nuclei.

Because serotonin has a predominantly inhibitory effect in the IC (Hall and Hurley, 2007;
Hurley and Pollak, 2001) and activity within the IC is upregulated following acoustic trauma
(Salvi et al., 2000; Szczepaniak and Mgller, 1996; Willott and Lu, 1982), we hypothesized
that acoustic trauma would lead to a reduction in the density of serotonergic fibers
innervating the IC. To investigate this hypothesis, we systematically quantified the density
of serotonergic fibers throughout the 1C in two groups of mice: those undergoing unilateral
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acoustic trauma, and a non-traumatized control group. Density results were then compared
within unilaterally traumatized and control animals.

2. Methods

All procedures used in this study were approved by the Institutional Animal Care and Use
Committee (IACUC) of Indiana University at Bloomington.

2.1. Acoustic trauma

Subjects were adult male CBA/J mice. Ten mice received unilateral acoustic trauma, and
eight served as control subjects. All subjects were anesthetized via intraperitoneal injections
of 120 mg/kg ketamine and 5 mg/kg xylazine. Supplemental doses of anesthesia were
administered during the induction of acoustic trauma as needed based on reflexive response
to tail and toe pinches. No more than five mice were acoustically traumatized concurrently.
The acoustic trauma stimulus consisted of an 8000 Hz tone presented at a level of 113 dB
SPL for 6 h via a Selenium ST300 SLF Super Tweeter speaker. The speaker was placed
directly above the mouse enclosure. The stimulus was calibrated against a Briel and Kjeer
1/8th inch microphone positioned in the location of the subjects’ head in the mouse
enclosure with the speaker located directly above. In subjects undergoing unilateral acoustic
trauma, the left ear was exposed to the acoustic stimulus while the right ear was plugged via
application of petroleum jelly (Coles et al., 1982; Kelly and Reger, 1937). Petroleum jelly
was removed immediately following exposure to the stimulus. Control subjects were
anesthetized in a manner and duration identical to those of experimental subjects, but were
not exposed to an acoustic trauma stimulus. Following trauma induction and/or
administration of anesthesia (depending upon subject group), mice were returned to animal
quarters for a minimum of three weeks and maximum of 16 weeks. The purpose of the
recovery period was to allow any changes in the auditory CNS resulting from acoustic
exposure to stabilize. Experimental and control subjects were processed concurrently to
control for effects of age and duration of recovery period.

This stimulus significantly increased auditory brainstem response (ABR) thresholds in a
group of mice subjected to bilateral trauma (r7= 7). ABRs were measured in anesthetized
mice through silver wire electrodes placed subcutaneously with one reference located just
caudal to the pinna along the midline, another reference located at the vertex, and a ground
electrode located at the nape of the neck. Stimuli were tone bursts of 1 ms duration with 0.1
ms rise/fall times presented at a rate of 20 tone bursts/second, and ABR waveforms were
based on a minimum of 1024 stimulus repetitions. Thresholds were measured after recovery
periods ranging from 21 to 81 days (median = 41 days) and compared between control and
bilaterally traumatized subject groups at frequencies of 4, 8, 16, and 20 kHz. Thresholds
between the two groups were significantly different at 16 kHz (ANOVA, A1 10) = 5.639, p=
0.039) with the thresholds of control mice averaging 14.5 dB better than those of bilaterally
traumatized mice. This relatively modest threshold shift above the frequency of trauma is
characteristic of tonal trauma, in which large threshold shifts immediately after trauma
recover substantially after 2—4 weeks, and are often observed at frequencies above the
trauma frequency (Dong et al., 2010a; Li, 1992; Salvi et al.,1990; Willott and Henry, 1974).

2.2. Visualization of serotonergic innervation

Subjects were perfused (phosphate buffered 4% paraformaldehyde in 0.1 M PBS with pH of
7.0), brains were extracted, and a pin was placed in the left hemisphere in a location that did
not interfere with the IC to facilitate differentiation of hemispheres. Brains were then
incubated in 15% sucrose solution followed by 30% sucrose solution for 24 h each. Brains
were sliced into 50 pm sections along the coronal axis using a sliding microtome and placed
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in a phosphate buffered saline (PBS) solution (0.1 M, pH 7.4). Slices were quenched in
0.5% hydrogen peroxide for 30 min, followed by a 1 h incubation in a general blocking
solution (1% bovine serum albumin + 5% normal goat serum + PBS-Tx) and a 20 min
incubation in 1:5 avidin:PBS-Tx and then 1:5 biotin: PBS-Tx (avidin/biotin blocking kit,
Vector Labs). Slices were then rinsed five times for 5 min each in PBS-Tx. The primary
rabbit antibody targeted the serotonin reuptake transporter (SERT) (Immunostar, #24330,
Hudson, WI), a transporter found only on serotonergic cells. Visualization of serotonergic
axons via targeting SERT has been shown to be comparable to visualization using antibodies
targeting serotonin and may reduce non-specific background staining (Mamounas et al.,
2000). Samples were incubated in 1:5000 primary antibody + 1% normal goat serum in PBS
for 48 h at a temperature of 4 °C on a rotator plate. Following rinses in PBS-Tx, samples
were incubated in 1:500 biotinylated goat anti-rabbit antibody + 2% normal goat serum in
PBS-Tx for 1 h. Samples were rinsed, and the secondary antibody was amplified for
visualization via a 45 min treatment with ABComplex (Vectastain Elite ABC kit, Vector
Labs, Burlingame, CA) in PBS. Following a rinse in PBS, the samples were then incubated
in a DAB solution containing nickel (DAB kit, Vector Labs). Samples were then rinsed in
distilled water, plated on chromium gel coated slides, allowed to air dry, and cover-slipped
using DPX Mounting Medium (Sigma-Aldrich, St. Louis, MO). Control subjects not
exposed to trauma were processed concurrently with experimental subjects in order to
mitigate differences in immunohistochemical staining due to daily variance in ambient
conditions.

In addition, controls for the immunohistochemical staining procedure consisted of the
omission of primary antibody, the omission of secondary antibody, and the preadsorption of
the primary antibody with a control peptide (Immunostar, #24332, Hudson, WI) for 36 h.
Controls were performed in parallel with routine antibody staining for SERT in two separate
subjects. In both subjects, all three control treatments abolished labeling of serotonergic
fibers in the IC (Fig. 1).

2.3. Stereological quantification of fiber length density

Serotonergic fiber length density (SFLD) was estimated using the space balls method
(Kreczmanski et al., 2009; Calhoun and Mouton, 2001) provided by Stereolnvestigator
software (MBF Bioscience, Williston, VT) at 60x magnification on a Nikon E800 light
microscope. Space ball probes consisted of virtual spheres centered within the thickness of a
tissue slice (average thickness of 15-20 um following immunohistochemical processing).
This probe configuration allows for unbiased estimation of linear anatomical structures by
avoiding issues of tissue slice and/or structure orientation, and has been used previously to
estimate length density of linear neural structures (Calhoun and Mouton, 2001; Shamy et al.,
2007). Spheres with a radius of 10 um (generated by Stereolnvestigator while focusing
through the section thickness) were systematically and randomly placed every 150 um
within the tissue sections through each IC region of interest with a guard zone of 2.5 um
both between the upper surface of the section and the upper surface of the space ball sphere
and between the lower surface of the section and the lower surface of the sphere. This
spacing ensured that a minimum of 20 space ball probes were placed within each region of
each hemisphere of each tissue sample, and most samples contained many more probes
depending upon the area of the IC region within a given tissue slice. SFLD for each IC
region was obtained from the total number of intersections between SERT-positive fibers
and space ball spheres using the following formula derived from the description of the space
balls method in the literature (Kreczmanski et al., 2009; Calhoun and Mouton, 2001):

i X (Dy x Dy X 1) 1
X

r?

SFLD=

0]

<l
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In which SFLD is serotonergic fiber length density, Y 7 represents the sum of intersections
between spheres and SERT-positive fibers, Dyand D, represent the distance between the
center of the sphere and the x- axis and y- axes, respectively (75 um for each), tis the actual
average section thickness after histologic processing, rrepresents the radius of each sphere,
and Viis the total volume of sampled tissue.

Within each hemisphere, the inferior colliculus (IC) of each brain was divided into three
regions for analysis based on stereotaxic mouse brain coordinates (Paxinos and Franklin,
2004). These regions, demonstrated in the center panel of Fig. 2, included the dorsal IC
(ICd), the external I1C (ICe), and the central nucleus of the IC (ICc). The central nucleus of
the 1C was further divided into roughly equal regions corresponding to low- and high-
frequency responsiveness based on tonotopic maps in mice (Romand and Ehret, 1990).
Estimates of SFLD within each IC region were calculated separately for each hemisphere of
unilaterally exposed subjects. A demonstration of fiber density analysis using space balls
probes is shown in the left and right panels of Fig. 2 for the ‘1Cd’ and *ICc’ subdivisions,
respectively. Space ball probes are represented in each panel as two-dimensional circles seen
at one tissue depth. Individual regional density measurements were calculated by averaging
the serotonin fiber length density measurements from a minimum of six and a maximum of
eight slices for each individual. Samples were evenly spaced from the rostral to caudal pole
of each IC to ensure even sampling throughout. Researchers obtaining density
measurements were blind as to which subject group each sample belonged. An error
analysis, conducted by counting SERT-positive fibers in six of the sample regions twice
with random placement of the space ball probes by Stereo-Investigator, gave variation in
fiber density estimates of less than 15%.

2.4. Data analysis

3. Results

Hemispheric differences in SFLD in unilaterally acoustically traumatized subjects and
control subjects were assessed using a repeated measures analysis of variance (ANOVA),
treating IC subdivision and hemisphere as within-subjects variables and treatment (trauma or
control) as a between-subjects factor. Pearson’s correlations were used to determine whether
serotonergic fiber density corresponded to age. Multiple regression was used to assess
whether with the effects of trauma correlated with ages at the time of perfusion or trauma.
All statistics were performed using SPSS (IBM, Armonk, NY).

3.1. Serotonergic fibers in the IC

Previous research has provided qualitative evidence that the density of serotonergic
innervation varies along a general gradient within the mammalian IC. Although all regions
of the IC contain abundant serotonergic fibers, more fibers innervate shell regions, including
the dorsal and external cortices, than the central IC (Hurley and Thompson, 2001; Kaiser
and Covey, 1997; Klepper and Herbert, 1991; Zeng et al., 2007). Within the central IC,
dorsolateral regions have reduced fiber density toward the ventromedial region (Hurley and
Thompson, 2001; Kaiser and Covey, 1997; Klepper and Herbert, 1991). The results of the
present study quantitatively support these findings. The dorsal region of the IC demonstrated
the greatest SFLD, followed by the external region and finally the central region. In control
mice, differences in SFLD were significant among all regions (ANOVA with repeated
measures: A2,14) = 6.10, p < 0.05; Bonferroni post-hoc tests, p < 0.05). When both control
and traumatized mice were included, the dorsal and external regions were each significantly
different from the central region, but not from each other (Fig. 3; ANOVA with repeated
measures F(z 34) = 13.51, Bonferroni post-hoc tests p < 0.05).
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3.2. SFLD and unilateral acoustic trauma

Unilateral trauma caused a significant difference in serotonergic fiber density. SFLD is
plotted in Fig. 4 in terms of the percent difference in the right IC compared to the left IC of
each individual, with control group data presented on the left and unilaterally traumatized
group data shown on the right. A percent difference value of 0 would indicate equal SFLD
between the hemispheres, while positive values indicate greater SFLD in the right compared
to the left and negative values indicate reduced SFLD in the right compared to the left.
Boxes represent the 25th and 75th percentiles, and whiskers represent the 5th and 95th
percentiles. Individual data points are displayed as circles within each group. Notice that the
SFLD in the right hemisphere of unilaterally traumatized subjects averages approximately
8% lower than the SFLD in the individual’s left IC. Every individual in the experimental
subject group demonstrated at least some reduction in SFLD in the right IC compared to the
left IC. The hemispheric difference for each individual varied widely, however, ranging
from a less than 1% to almost 40% difference between the contralateral and ipsilateral sides
(Fig. 4, Table 1). The data were submitted to a repeated-measures ANOVA treating
hemisphere and IC region as within-subjects variables and treatment (control vs trauma) as a
between-subjects factor. This confirmed that differences in SFLD between hemispheres
were greater for the traumatized group than the control group (interaction of side x
treatment, A1 16) = 5.90, Bonferroni post-hoc test p < 0.05). Subdivisions of the IC did not
differ from each other in the effect of trauma on SFLD (interaction of region x side x
treatment, A, 15) = 0.216, Bonferroni post-hoc test p> 0.05).

Since our acoustic traumawas a tone at 8 kHz and mice hear well into the ultrasonic range
(Portfors et al., 2009), we assessed whether the trauma differentially affected fiber densities
in low- versus high-frequency regions of the central IC in our control versus unilaterally
traumatized groups. We did this by dividing the central nucleus into a low- and high-
frequency regions based on electrophysiologically derived tonotopic maps in mice (Romand
and Ehret, 1990). We found no evidence of interhemispheric differences that diverged
between low- and high-frequency regions (repeated measures ANOVA: A1,16) = 0.289, p=
0.599 for 3-way interaction among treatment group, frequency region, and hemisphere). We
conclude that the acoustic trauma did not cause differential effects on fiber densities in low-
and high-frequency regions of the central IC.

3.3. Effects of age on SFLD and susceptibility to trauma

Previous work in our lab has indicated that the serotonergic system is influenced by age,
with socially evoked increases in serotonin diminishing up to several months in age (Hall et
al., 2011). In the present study, we likewise found that subject age had a strong effect on
SFLD (Pearson’s correlation, p< 0.001, r=-0.83). Over a range of age of 55-175 days at
the time of perfusion, SFLD diminished by approximately threefold across the traumatized
and control groups of mice (Fig. 5). The factor of age thus accounts for a substantial degree
of interindividual variability in the density of serotonergic fibers in the mice in our study.

Because the serotonergic fiber system was sensitive to age, we also assessed whether
sensitivity to trauma also varied with age by comparing the ratio of contralateral versus
ipsilateral SFLD in the mice with unilateral trauma to their ages at the time of trauma and
the time of perfusion (Table 2). These comparisons were not significant (multiple
regression, p> 0.05), suggesting that the serotonergic system is capable of change in both
the youngest and oldest subjects in our study. Another factor which may have affected
bilateral differences in SFLD was the duration of subject recovery following acoustic
exposure (Table 2). However, no significant relationship existed (Pearson’s correlation, p >
0.05), indicating that bilateral differences in SFLD in the unilaterally traumatized subjects
were present at three weeks post-trauma and persisted for up to sixteen weeks.
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4. Discussion

We have shown that when mice are subjected to unilateral acoustic trauma, the IC
contralateral to the traumatized ear has a lowered density of serotonergic projections than
the ipsilateral IC. To our knowledge, this is the first study indicating that serotonergic
projections within the CAS are capable of plasticity following damage to the auditory
periphery. The lateralized change in serotonergic fibers that we observed is comparable to
lateralized changes in other neurotransmitter systems in the IC following unilateral trauma,
including multiple features of inhibitory neurotransmitter systems (Dong et al., 2010b; Vale
et al., 2004). In the following discussion we address the potential implications of our
findings for serotonergic involvement in auditory plasticity and dysfunction.

4.1. Regional differences in serotonergic fiber density in the IC

The densities of serotonergic fibers were significantly different among subregions of the IC,
confirming previous qualitative reports of a higher density of fibers in the peripheral regions
of the IC compared to the central nucleus in a wide range of species (reviewed in Hurley and
Hall, 2011). In the current study, the dorsal cortex contained the highest fiber density,
followed by the external cortex and the central nucleus of the IC. Although differences
among subregions were significant, they were relatively small (Fig. 3), supporting a
widespread influence of serotonin in all subdivisions of the IC.

Despite the differences in fiber density among subdivisions of the IC, acoustic trauma did
not have different effects among subdivisions. Within the central nucleus of the IC, we
separately analyzed the effects of trauma on two broad tonotopic regions, based on the
rationale that we used a tonal acoustic trauma. However, there was no difference in the
effect of trauma in relatively low-frequency and relatively high-frequency regions. The lack
of a tonotopic difference is not especially surprising, given that there is no evidence for
tonotopic organization of serotonergic projections from their origin in raphe nuclei to the
inferior colliculus.

4.2. Age-related changes in serotonergic fiber density

An additional and previously unreported dimension of variability in the densities of
serotonergic fibers in the IC related to age. A substantial decline in fiber density on the order
of threefold occurred over a range of age at the time of perfusion from approximately 8-25
weeks. We have previously observed an interesting parallel in a functional measure of the
serotonergic system. In male mice presented with an intruder, serotonin increases locally
within the IC (Hall et al., 2011). This serotonergic response is significantly related to age,
declining over the course of 7-18 weeks. Previous measurements of the tissue content of
serotonin and its metabolite in another auditory nucleus, the anteroventral cochlear nucleus
(AVCN) have shown an increase in rats of 21-24 months of age relative to younger rats
(Cransac et al., 1996), so the serotonergic system may not stabilize with adulthood, but
instead continue to change with increasing age.

Although we demonstrated age-related plasticity, it did not interact with plasticity due to
trauma in our modestly sized group of 10 mice undergoing trauma. The size of the disparity
in fiber density did not significantly correlate with the age at trauma or at perfusion.
Moreover, the effect of trauma on fiber density did not correspond to the amount of time
allowed for recovery, suggesting that the plasticity we observed in serotonergic fiber density
had stabilized by the time we measured it. This reflects the timecourse of other types of
plasticity induced by acoustic trauma such as threshold or the expression of GABA receptor
subunits. These changes stabilize several weeks after the exposure to acoustic trauma (Dong
etal., 2010a; Li, 1992; Salvi et al., 1990).
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4.3. Features of plasticity following unilateral trauma

Although we demonstrated a significant alteration in serotonergic fiber density in the IC
following trauma, several features of this difference, particularly those related to the
lateralization of changes in fiber density, remain unexplored. Most directly, the proximate
cause of differences we observed between contralateral colliculi following unilateral trauma
are unclear. Differences may have resulted from a decrease in innervation in the IC
contralateral to trauma, an increase in innervation in the IC ipsilateral to trauma, or a
combination of both. In comparison, investigations of plasticity within other sensory
systems have suggested that serotonin is downregulated in response to chronic deprivation
of sensory input (Qu et al., 2000). A second set of issues relates to the extent of the trauma-
evoked serotonergic changes. It is possible, for example, that similar changes occur in other
auditory regions. Whether events at the level of raphe neurons play a role in the changes we
observed, or whether alterations in serotonergic projections occur in nonauditory brain
regions innervated by raphe neurons, also remain to be explored. Finally, we did not
investigate functional correlates of changes in serotonergic fiber density in this study.
Although the lateralized plasticity in fiber density followed from acoustic trauma, we did not
measure changes in threshold unilaterally. Thus, we cannot assess whether the severity of
change in fiber density is directly related to the degree of change in threshold.

4.4. Functional implications for the role of serotonin in sensory plasticity

A change in the density of serotonergic fibers has the potential to alter auditory processing
in a number of ways. A change in the release of serotonin could directly modulate intrinsic
excitability and synaptic properties in the IC, interact with trauma-evoked changes in other
neurotransmitter systems, or trigger upstream gating of plasticity. Here we briefly discuss
these possibilities.

In the IC, serotonin influences the rate of spontaneous firing and both the rate and timing of
evoked responses of single neurons in a range of ways. The effect of serotonin on a given
neuron is determined in part by the type of receptor mediating its effects. Different types of
serotonin receptors in the IC may regulate intrinsic excitability (Hurley, 2006, 2007), alter
the release of GABA (Hurley et al., 2008), or contribute to activity-dependent plasticity
(Bohorquez and Hurley, 2009; Hall et al., 2010). However, a major effect of serotonin is to
decrease the responsiveness of IC neurons, reducing both spontaneous and evoked activity
(Hall and Hurley, 2007; Hurley and Pollak, 1999). If serotonin availability corresponds to
fiber density, a consequence of decreased serotonergic fiber density could therefore be an
increased level of spontaneous and evoked neural activity following acoustic trauma. Since
serotonin levels are relatively elevated in the IC of awake animals and during stressful
events (Hall et al., 2010), the effects of altered fiber density could be highest in these
situations.

The density changes in the serotonergic system we observed may also interact with other
responses to acoustic trauma, including those in additional neurotransmitter systems as well
as modulation of the serotonergic system at the receptor level. For example, bilateral
deafening yields persistent downregulation of 5-HT5B receptor expression and upregulation
of the 5-HT2C receptor in the mouse IC (Holt et al., 2005). In addition, the altered fiber
density we observed suggests that the availability of serotonin transporters were altered,
something that could also influence the amplitude or timing of serotonin availability.
Peripheral damage leads to changes in other neurotransmitter systems within the I1C such as
the GABAergic and dopaminergic systems (Milbrandt et al., 2000; Mossop et al., 2000;
Tong et al., 2005). The serotonergic system exerts mutual influence on each of these systems
(Hurley et al., 2008; Peruzzi and Dut, 2004; Prisco et al., 1994; Smith et al., 1997), raising
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the possibility that interactions among neurotransmitter systems may influence the effect of
the serotonergic system on auditory processing following acoustic trauma.

A final possibility is that serotonin may gate plasticity following trauma. In the visual
system, exogenously increasing serotonin levels, or providing sensorimotor enrichment that
leads to an increase in serotonin, can activate ocular dominance plasticity following
monocular deprivation in adults (Baroncelli et al., 2010; Vetencourt et al., 2008;). Previous
authors have proposed that serotonin similarly acts by triggering plasticity in the adult
auditory system via multiple mechanisms (Tadros et al., 2007). Thus, serotonin could
potentially play an upstream role in regulating plasticity in other neurotransmitter systems in
the IC, but this possibility has been poorly explored in the auditory system.

4.5. Serotonin and tinnitus

Our findings are consistent with an existing hypothesis on the involvement of serotonin in
the generation of tinnitus following acoustic trauma (Marriage and Barnes, 1995). Most
tinnitus etiologies involve loss of input from the auditory periphery to the CAS, such as
found in cases of ototoxicity, auditory nerve or cochlear ablation, acoustic trauma, noise-
induced hearing loss, and presbycusis (Eggermont and Roberts, 2004). In these cases, loss of
normal excitation provided by input from the periphery leads to a reduction of inhibitory
neurotransmission in corresponding CAS areas (Szczepaniak and Mégller, 1995; Abbott et
al., 1999). This, in turn, is believed to cause hyperexcitability in CAS structures (Salvi et al.,
2000; Mgller, 2006; Bartels et al., 2007; Schaette and Kempter, 2006) which is perceived as
tinnitus. Serotonin has been proposed to play an intermediary role in this process, expressing
plasticity following acoustic trauma and regulating the balance between excitation and
inhibition in central auditory circuits (Marriage and Barnes, 1995). The results we have
presented here support the hypothesis that the serotonergic systemdoes express plasticity
even in response to relatively narrow-band acoustic trauma.

Support for this model is found in another uniquely reversible type of tinnitus is that arising
from high doses of sodium salicylate. In the CAS, sodium salicylate reduces release of
inhibitory neurotransmitters such as GABA (Wang et al., 2006), thereby increasing
spontaneous firing rates in the IC (Basta and Ernst, 2005) and secondary auditory cortex
(Eggermont and Kenmochi, 1998) and increasing the amplitude of local field potentials
recorded from the auditory cortex (Yanget al., 2007). Such effects are reminiscent of the
long term effects of peripheral damage on CAS activity. In the case of sodium salicylate, the
normal increase in GABAergic transmission found in response to the presence of serotonin
in the IC is suppressed following administration of sodium salicylate (Wang et al., 2008).
This finding implies that at least a portion of the effects of sodium salicylate and resulting
tinnitus are controlled via modulation of serotonin and its effects on GABAergic
neurotransmission.

5. Summary and conclusions

In summary, the results of the present study indicate that pure tone acoustic trauma is
capable of producing significant changes in the density of serotonergic fibers innervating the
IC contralateral to the ear of damage. This finding helps to bolster the conclusion of
previous studies that serotonin is involved in modulating the activity of sensory cells
following persistent changes in sensory input. Serotonin may therefore play a role in the
generation of pathologies related to auditory plasticity such as tinnitus. It remains to be seen
whether similar changes in serotonergic innervation occur in response to other types of
insults to the auditory system, such as exposure to ototoxic drugs or auditory nerve
transection. If serotonin is involved in modulating auditory plasticity in response to damage,
further study of its effects may lead to improved understanding of central auditory response

Hear Res. Author manuscript; available in PMC 2012 May 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Papesh and Hurley

Page 10

to peripheral damage including the potential for treatment of auditory disorders such as
tinnitus and hyperacusis.
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Fig. 1.

Control treatments remove SERT labeling in the IC. Sections at 20x processed in parallel
from a single brain illustrating (A) normal staining of SERT fibers using primary antibody at
1:5000, (B) lack of fiber staining with omission of the primary antibody, (C) lack of fiber
staining with omission of the secondary antibody, and (D) lack of fiber staining following
preadsorption of the primary antibody at 1: 5000 with the control peptide. All images were
normalized to the range of pixel values present.
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Fig. 2.

Serotonergic fiber staining in the inferior colliculus (IC). Center panel shows a transverse
section of a typical mouse IC demonstrating SERT-positive fiber staining at 4x
magnification. The three subdivisions of the IC (dorsal (1Cd), external (ICe), and central
(ICc)) are superimposed. Notice that the ICd as well as dorsomedial portions of the ICe and
ICc regions contain darker staining, indicating a greater density of serotonergic fibers in
these areas compared with more ventrolateral areas. Panels on the left and right show SERT-
positive fiber staining in areas of the ICd and I1Cc subdivisions, respectively, at a
magnification of 40x. A ‘space ball’ probe has been superimposed in each, appearing as a
black 2D circle. Notice that at this plane of focus, SERT-positive fibers cross the perimeter
of the space ball probe six times in the area of the ICd, but only three times in the area of the
ICc.
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Fig. 3.

Mean SFLD in the dorsal cortex (ICd), external cortex (ICe), and central I1C (ICc)
subdivisions in both traumatized and control groups of mice. Densities in ICd and ICx were
each significantly different from the central IC, but not from each other. Letters designate
the outcome of a repeated measures ANOVA.
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Fig. 4.

Comparison of SFLD between the hemispheres within unilaterally traumatized and control
subject groups. Individuals in the unilateral acoustically traumatized group had significantly
lower SFLD in the right hemisphere (contralateral to acoustic trauma) compared to the left
hemisphere. No significant differences were found between SFLD of the right and left
hemispheres of control subjects. Circles represent individual subject values within each
group. Boxes represent 25th and 75th percentiles. Whiskers represent 5th and 95th
percentiles.
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Fig. 5.

Age-related decline in serotonergic fiber density. Age is represented in days at the time of
perfusion. Circles represent untraumatized controls, and squares represent unilaterally
traumatized animals. Serotonin fiber length density is averaged for all subdivisions of both
colliculi.
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Comparison of hemispheric difference in SFLD between traumatized and control subjects.

Table 1

Dorsal External Central  Individual

(1Cd) (ICe) (ICc) Average
El -32.90% -25% -20.50% -26.13%
E2 -37.50% 0% -33.40% -23.63%
E3 -9.70% -19.70% -0.50% -9.97%
E4 -38.90% 0.30% -18.30% -18.97%
E5 -38.20% -31.90% 44.20% -38.10%
E6 -1.70% 1.10% 0.20% -0.13%
E7 -1.80% -7.80% -2.50% -4.03%
E8 -11.10% 0.40% 1.70% -3.00%
E9 -1.00% -11.50% -11.70% -8.07%
E10 0.40% -9.90% -10.70% -6.73%
Experimental Group Average -17.24% -10.40% -13.99% -13.88%
Cl -30.70% 21.80% -13.70% -7.53%
C2 5.40% 19.20% 12.00% 12.20%
C3 5.80% 0.10% -10.40% -1.50%
C4 -23.40% 1.60% -17.50% -13.10%
C5 1.50% —-7.20% 2.60% -1.03%
C6 4.80% -2.30% 9.00% 3.83%
Cc7 3.10% -23.20%  10.40% -3.23%
C8 -1550% 0.30% -3.00% -6.07%
Control Group Average -6.13% 1.29% -1.33% —-2.05%
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Comparison of age and SFLD in all mice.

Table 2

Subject ID  Age at trauma

Recovery  Age at perf

Avg SFLD (fibers/

(days) (days) (days) pm3 x 1074

Trauma

E1l 95 38 133 2.64
E2 95 38 133 2.40
E3 95 48 143 291
E4 95 55 150 2.14
E5 65 80 145 2.96
E6 65 80 145 2.57
E7 42 28 70 6.15
E8 42 13 55 4.98
E9 57 43 100 6.55
E10 43 63 106 5.54
Control

C1l 95 38 133 2.39
C2 95 48 143 2.54
C3 95 55 150 1.98
C4 65 80 175 4.08
C5 60 0 60 4.44
C6 35 33 68 591
Cc7 48 27 75 5.55
C8 60 72 132 3.03
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