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Abstract

The impact of conductive hearing loss (CHL), the second most common form of hearing loss, on
neuronal plasticity in the central auditory pathway is unknown. After short-term (1 day) monaural
earplugging, the GluA3 subunits of the AMPA receptor (AMPAR) are upregulated at auditory
nerve synapses on the projection neurons of the cochlear nucleus; glycine receptor al (GlyRal)
subunits are downregulated at inhibitory synapses in the same neuronal population. These data
suggest that CHL affects receptor trafficking at synapses. We examined the impact of 7 days of
CHL on the general expression of excitatory and inhibitory receptors by quantitative biochemistry
and immunohistochemistry, using specific antibodies to detect AMPAR subunits (GIuA1, GIuA2,
GluA2/3, and GluA4), GlyRal, and the GABA receptor subunit 32/3. Following monaural
earplugging and an elevation of the hearing threshold by approximately 35 dB, the
immunolabeling of the antibody for the GluA2/3 subunits but not the GIuA2 subunit increased on
bushy cells (BCs) and fusiform cells (FCs) of the ipsilateral ventral and dorsal cochlear nuclei.
These same cell types showed a downregulation of the GlyRal subunit. Similar results were
observed in the contralateral nuclei. The expression levels of GABAp [2/3 were unchanged.
These findings suggest that, following longer periods of monaural conductive hearing loss, the
synthesis and subsequent composition of specific glutamate and glycine receptors in projection
neurons and their synapses are altered; these changes may contribute to abnormal auditory
processing.
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Introduction

Monaural conductive hearing loss (MCHL) reduces auditory nerve activity and affects
sound processing along the central auditory pathway (Potash and Kelly, 1980). In addition,
MCHL alters the metabolism and synthesis of proteins in central auditory system structures
(Tucci et al., 1999; Hutson et al., 2007). The extent of such alterations depends on the
duration, experimental procedure, and animal age (Tucci et al., 1999; Hutson et al., 2007).

Moreover, in response to decreased auditory nerve activity by MCHL (earplugging),
homeostatic scaling mechanisms in the principal neurons of the cochlear nucleus cause
compensatory changes in the surface expression of excitatory and inhibitory
neurotransmitter receptors (Whiting et al., 2009). After 1 day of monaural earplugging (an
approximately 20 dB reduction in sound), bushy cells (BCs) of the anteroventral cochlear
nucleus (AVCN) and fusiform cells (FCs) of the dorsal cochlear nucleus (DCN) upregulate
specific AMPA receptor (AMPAR) subunits and downregulate glycine receptor subunits.
These findings suggest that short-term MCHL can alter the trafficking mechanisms of
excitatory and inhibitory receptors to and from the synaptic plasma membrane.

Changes in receptor expression impact synapse strength (Savtchouk and Liu, 2011), as seen
in the visual system in response to monocular deprivation or eyelid suture (Turrigiano and
Nelson, 2004; Davis, 2006). Receptor trafficking in and out of synapses constitutes the
molecular basis of the adaptive regulation of the density of receptors at synapses (Lévi et al.,
2008). Neurotransmitter receptors are synthesized in the smooth endoplasmic reticulum
(Malinow and Malenka, 2002; Derkach et al., 2007); this intracellular pool recycles
continuously to and from the plasma and postsynaptic membranes, depending on the levels
of synaptic activity (Malinow and Malenka, 2001; Passafaro et al., 2001; Park et al., 2004;
Derkach et al., 2007). Therefore, we must assess whether longer periods of MCHL also lead
to modifications in the synthesis of neurotransmitter receptors, because these alterations
affect receptor trafficking at auditory nerve synapses. By examining the changes that occur
in response to MCHL in the general pool (intracellular and at the plasma membrane) of
excitatory and inhibitory receptors in cochlear nucleus neurons, we can assess the
modifications in receptor synthesis and, consequently, the trafficking of receptor subunits at
the synapse.

In this study, we assessed whether 1 week of MCHL (earplugging) affected the general
expression of ionotropic glutamate (AMPA) and inhibitory receptors (GlyRal and GABAA
2/3 subunits) in the principal cells of the cochlear nucleus complex using biochemistry and
immunohistochemistry. BCs and FCs of earplugged animals expressed more GIUA3
AMPAR subunits than sham animals. This increase in GIuUA3 expression was accompanied
by a decrease in GlyRal subunit levels.

Materials and Methods

Animals

Twenty-five P30 Sprague-Dawley rats were used. All experiments were performed per local
and international guidelines on the ethical use of animals. All animals underwent auditory
brainstem response (ABR) hearing tests and structural analysis. The animals were separated
into a sham group (n = 9) and a monaural earplugged experimental group (n = 16). In the
sham group, animals were subjected to the same surgical and anesthetic procedures for ABR
testing as the earplugged animals but did not receive an earplug or stitches at the base of the
pinna (see below). After sham or earplug surgery, animals were caged individually in
adjacent cases so as to be exposed to the same acoustic environment. The handling and
housing of the sham and earplugged animals was the same. No behavioral differences were
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observed between the 2 animal groups. The handling of the animals prior to and during the
experiments was approved and supervised by the University of Connecticut and University
of Pittsburgh IACUC per NIH guidelines.

The number of animals used and their suffering was minimized. Rats were anesthetized with
isofluorane for ABR measurements, a mixture of ketamine (60 mg/kg) and xylazine (6.5 mg/
kg) for insertion of the earplug and intracardiac perfusion, and CO, for biochemical tests.

Monaural earplugging and ABRs

Antibodies

The earplugging protocol was similar to that of Whiting and colleagues (2009). Once
anesthetized, the animals were placed on a warm blanket under a stereomicroscope. The skin
was disinfected, and foam earplugs (Ear Classic, Aearo Company, Indianapolis, IN, USA)
were cut to the appropriate size and placed in the right external canal in the experimental
animals. ABR testing was conducted in a sound isolation cubicle (MED Associates Inc, St.
Albans, VT, USA) using Tucker Davis Technology (TDT, Alachua, FL, USA) and a
computer-based digital signal processing package and accompanying software (BioSig,
Alachua, FL, USA).

Sound stimuli were presented through a calibrated TDT CF1 closed-field speaker, which
was connected to a 2-mm diameter plastic probe that was inserted into the ear canal. Three
subdermal electrodes were placed on the midline of the scalp at the vertex (+), the cheek
toward the ear (=), and the animal's hind leg (ground). Threshold shifts were measured in
the ipsi- and contralateral ears before, immediately after, and 1 week after the earplugging.
ABR thresholds were obtained for clicks, and evoked potentials were averaged over 1024
sweeps. The waveforms were filtered using a 300-3000-Hz band-pass filter, and the
stimulus levels were varied in 5-dB descending steps. The ABR threshold was defined as the
lowest intensity at which reliable responses were recorded. The thresholds were confirmed
by a second independent observer. The attenuation measured in each animal was averaged to
determine the mean earplug attenuation. Average ABR thresholds were compared by a
paired Student's t-test.

We used affinity-purified polyclonal primary antibodies against the following AMPA
glutamate receptors: GIuAL, GIuA2/3, GluA4 (gifts from Dr. Robert Wenthold), and GIuA2
(Chemicon/Millipore, Temecula, CA, USA). These antibodies were used at a concentration
of 1.5 pug/ml each (Rubio et al., 2008; Whiting et al., 2009). We also used monoclonal
antibodies against the glycine receptor al subunit (GlyRal) (1:250; Alexis Biochemicals,
San Diego, CA, USA) and GABA B2/3 (1:200; De Blas et al., 1998; Miralles et al., 1999).
To assess the specificity of the primary and secondary antibodies, sections were prepared in
the absence the primary antibody during the incubation step or by preadsorption of the
GluA2/3 and GIuA2 antibodies with the corresponding peptides (Petralia et al., 1997; Rubio
and Wenthold, 1997; Rubio and Wenthold, 1999, Matsui et al., 2005; Rubio, 2006). No
immunostaining was observed on the sections after any control procedure.

Biochemical Analysis

Ten P30 Sprague-Dawley rats were used for the biochemical analysis (3 sham and 7
monaurally earplugged). After 1 week of earplugging, the animals were anesthetized with
CO» and decapitated. Brains were removed rapidly, and the entire cochlear nucleus of sham
and earplugged animals (only ipsilateral to the earplug) and the cerebellum from sham rats
were dissected in cold water with a protease inhibitor cocktail (Pierce, Thermo Fisher
Scientific, Rockford, IL, USA). Tissues were homogenized in ddH20, 10% sucrose, 50 mM
Tris, and the protease inhibitor cocktail. Protein concentration was determined using a micro

Neuroscience. Author manuscript; available in PMC 2012 December 29.



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

1duasnuey Joyiny vd-HIN

Wang et al.

Page 4

BCA protein assay (Pierce), and the samples were separated in an SDS gel as previously
described (Rubio and Wenthold, 1999; Douyard et al., 2007). Affinity-purified antibodies
against GluA2/3, GluA2, and GlyRal were used. The membranes were developed by
chemiluminescence. The mean gray value (MGV) of each band was determined with ImageJ
(version 1.43 u-Java 1.6.0_26; http://rsh.info.nih.gov/ij) and converted to a relative gray
value (RGV) using the following equation: RGV = 100 — [(MGVband/MGVbackground) x
100] (see below). Samples were normalized to B-actin values. A Student's t-test was used to
calculate the significance of the sample (P < 0.05) using Excel.

Immunohistochemistry

After 1 week of monaural earplugging and ABR testing, normal hearing (sham; n = 6) and
experimental (n = 9) animals were transcardially perfused with 4% paraformaldehyde in 0.1
M phosphate buffer, pH 7.4. Brains were dissected and postfixed in the same fixative for 1
hr at 4°C. Brainstems from sham animals were cut through the midline. To differentiate
between the ipsilateral (plugged) and contralateral (unplugged) sides, a small hole was made
on the left hemiside near the midline in the brainstems of earplugged animals.

Coronal vibratome sections were cut (approximately 40 um thick) and subjected to
immunohistochemistry. Half-brainstem sections from sham and whole brainstem sections
from experimental animals were divided into 3 groups (each of which had 2 to 3
representative sections of the areas of interest). Sections from the control and earplugged
animals were placed in the same container and exposed to the same conditions during the
entire immunohistochemistry procedure, including the colorimetric development with 3,3’-
diaminobenzidine (DAB).

Sections were blocked for 1 hr with 10% normal goat or horse serum in buffer and
developed with DAB per a standard protocol (Rubio et al., 2008). Sections were mounted on
glass slides, air-dried, and coverslipped for analysis on an Olympus BX51 microscope.
Images of the normal hearing and earplugged AVCN and DCN were captured at 40x with a
CCD camera and densitometrically analyzed using the Olympus MicroSuite Biological Suite
(version 2.6, Melville, NY, USA). The image acquisition parameters were the same for the
sham and earplugged sections. Grey values, which reflect immunostaining density, were
measured over the regions of interest on the digitized images (see below). Specific
immunostaining over an area of interest was defined by subtracting the background grey
level value by a value obtained over a white matter area located near the region of interest in
the same brainstem section (see below). Background values were not significantly different
between groups (P > 0.05). Each of the micrographs of sham and earplugged animals was
assigned a unique code for densitometric analysis by an independent observer.

Identification of cell types

The location within the cochlear nucleus, the shape and size of the cell bodies, and the
proximal dendritic arborizations were used as criteria to identify bushy, fusiform, and
cartwheel cells.

BCs in the AVCN—Sections were examined under a brightfield microscope, and only
those that contained the AVCN (from caudal to rostral regions) were selected for
densitometric analysis. BCs were located in the core region of the AVCN and were
distinguished from multipolar stellate cells by the morphology of both their cell bodies and
dendrites, following previously described criteria (Gomez-Nieto and Rubio, 2009). The BCs
(globular and spherical) included in this study had round or ovoid cell bodies with a major
diameter of approximately 20-25 um. The nucleus was eccentric, located in the cell body,
and unlabeled. Typically, 1 or 2 dendrites extended from opposite poles of the soma. Cell
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bodies with 3 or more primary dendrites were considered stellate cells and were not included
in the analysis.

FCs and cartwheel cells (CwCs) in the DCN—The analyzed FCs were located in the
FC layer and had a pyramidal or elongated cell body (approximately 25-30 um major
diameter and approximately 20 um minor diameter) that was typically observed
perpendicular to the pia. One or 2 apical and 1 basal dendritic tree extended from opposite
poles of the cell body. The CwCs had medium sized (approximately 10 um in diameter) cell
bodies located in the molecular layer (Ryugo et al., 1995; Rubio et al., 2008).

Densitometry

For the densitometry analysis, we collected images from the caudal to the most rostral
regions of the AVCN. The posteroventral cochlear nucleus was not included in the analysis.
In the DCN, we selected sections in which we could clearly differentiate all layers of the
nucleus. The most caudal sections of the DCN were not included in the analysis. The
immunolabeling expression levels in normal hearing and earplugged animals were measured
per Léhrke and Friauf (2002). Gray values of the digitized micrographs were analyzed with
imaging software, wherein only the outlines of all identifiable (labeled) in-focus somata of
the BCs of the AVCN (Figs. 3, 5; arrowhead) and the FCs and CwCs of the DCN (Figs. 4, 6,
7, 8; arrowhead and arrow, respectively) within a section were hand-drawn using the image
software tools. Only those cell bodies with a clear and unlabeled nucleus were analyzed. The
cell body outlines were considered to be regions of interest (a total of 100-313 somata per
cell type, antibody, and animal). The outlined regions of interest for the corresponding cell
types were compared between the antibodies used and were found to be similar in size (P >
0.5). Other neuronal cell bodies, glial cells, and out-of-focus structures (presumably labeled
neurons) were excluded from the sample. The background of each section was measured by
outlining an area in the nearby tissue in which the stain was very weak. The tonotopic axes
of the ventral and dorsal cochlear nucleus were not considered in the analysis.

Because the digitized micrographs were taken at 8 bits of resolution, the pixels could have
absolute gray values (AGVs) between 0 (black) and 255 (white). For each section of the
AVCN and DCN analyzed, we calculated the mean AGV from the total number of
corresponding pixels (AGVsoma and AGVbackground). These AGVs represent an objective
measurement of the gray values. In contrast, the perception of gray values by eye is
subjective and can lead to incorrect interpretations.

When AGVs are used to quantify the intensity of epitope-specific labeling (i.e., the signal)
within a section, nonspecific labeling (i.e., noise) can occur. To compensate for the noise,
we determined AGVbackground and calculated the signal-to-noise ratio, i.e., the relative
gray value (RGV), per the following equation (L6hrke and Friauf, 2002): RGVsoma = 100 —
[(AGVsoma/AGVbackground) x 100].

For each soma, the RGV (RGVsoma) was calculated from its AGV (AGVsoma) and the
AGV of the background (AGVbackground). The equation above has several implications.
First, if the signal of a soma has the same intensity as the background (AGVsoma =
AGVbackground), when there is no epitope-specific labeling, the RGV will be zero. Second,
negative RGVs can occur if the labeling of the somata is weaker than that of the
background. Third, darkly stained somata (equivalent to a low AGVsoma) in sections with
weak backgrounds (equivalent to a high AGVbackground) will generate a high RGV.
Finally, an AGVsoma of zero (black) corresponds to an RGVsoma of 100 (which never
occurred in our samples). We considered a soma to be immunoreactive if its RGV was
greater than zero.
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No significant difference in the RGVs was found between the animals in the control group
(ANOVA, P > 0.05). There was also no significant difference in the RGVs between the
animals in the experimental group (ANOVA, P > 0.05). Therefore, we were able to used
pooled results to compare the sham group to the experimental group. The mean (£ standard
error of the mean, SEM) of all of the RGVsoma was calculated to obtain an average value
for each section (RGVsomata; Table 1). RGVsomata values were ultimately used to
objectively compare the immunoreactivity of a given antibody between sections of sham and
earplugged animals. A Student's t-test was used to calculate the significance of the sample
(P < 0.05) using Excel.

As a positive control for immunostaining, we measured the gray level intensity for GIuA2/3
and GIuA2 immunostaining in the cerebellar cortex (Purkinje cell somata of lobules I-I1).
The RGVsomata of the Purkinje cells were found to be similar in sham and earplugged
animals (P > 0.5).

All animals in this study showed an acoustic startle reflex, suggesting that their auditory
systems were intact. The sensitivity of the peripheral hearing of sham and monaurally
earplugged rats was established using the ABR thresholds in response to clicks. Thresholds
were measured prior to, 20 min after, and 1 week after earplugging.

As shown in the top of Figs. 1A-B, prior to the earplugging, sham and experimental rats
exhibited characteristic ABR waveforms at sound pressure levels as low as 10 dB. Twenty
min after earplugging, sham and monaural earplugging animals were retested (Figs. 1A-B,
bottom). Upon insertion of the earplug, experimental animals showed an approximately 35
dB increase in ABR thresholds, a shift that was maintained for all 7 days of earplugging
(Fig. 1C, ipsilateral). Twenty min after the sham treatment, the ABR thresholds in the
control animals were the same as before the procedure (Fig. 1C, ipsilateral). There were no
significant threshold shifts in the ABR thresholds of the contralateral ears for either sham or
the earplugged animals (Fig. 1C).

One week of monaural earplugging altered the expression of GluA2/3 but not GIuUA2 or
GluA4 in the BCs of the AVCN and the FCs of the DCN

In western blot analysis, the antibodies for the GluA2/3 and GluAz2 subunits labeled a single
band that migrated to approximately 105 kD in homogenates of sham cerebellums and
cochlear nuclei and earplugged cochlear nuclei (Figs. 2A-B). We calculated the RGVs for
the bands of the sham and earplugged cochlear nuclei. The RGV for GIuA2/3 in the
earplugged group was 8.8% higher than the RGV in the control group, but this difference
was not statistically significant (P > 0.05). The RGVs for GIuA2 were similar between sham
and earplugged animals (P > 0.05) (Fig. 2B).

We determined the changes in the expression levels of GIuA2/3, GluA2, and GluA4 in BCs
and FCs by immunohistochemistry in sham and 1-week earplugged animals. The
immunostaining pattern of GluA2/3, GIuA2, and GluA4 in the AVCN of sham sections was
similar to what has been described (Petralia et al., 1996; 1997). Specifically, the antibodies
against GluA2/3 and GluA4 labeled cell bodies and primary dendrites of BCs (Fig. 3A; data
not shown), but the GIuUA2 immunoreactivity was weak (data not shown). In earplugged
animals, BCs were labeled with GIuA2/3, and the reaction product was more robust than in
shams (Fig. 3B). Qualitatively, GIuA2 labeling in the earplugged animals was light, as it
was in the shams. The immunostaining for GluA4 was also similar to the shams.
Densitometric analysis of BC cell bodies showed a significantly higher RGV for GluA2/3
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but not for GIuAZ2 in the earplugged animals compared to the shams (Table 1; Fig. 3D).
Thus, the higher levels of GluA2/3 in the earplugged animals were related to an upregulation
of the GIuA3 subunit. The RGVsoma for GluA4 was found to be similar between
earplugged animals and shams (Table 1).

In the DCN of sham animals, GluA2/3 and GIuA2 immunostaining were observed in many
types of neurons throughout the nucleus, as previously described (Petralia et al., 1996;
1997). The labeling for GluA4 was dispersed throughout the nucleus, and the neuronal cell
bodies were not distinguishable from the immunostaining in the neuropil (data not shown;
Rubio and Wenthold, 1997). FC cell bodies, identified by their typically elongated shape
and their location within the FC layer, were positively immunostained for GluA2/3 (Fig.
4A). Generally, the staining extended along the primary apical and basal dendrites, which
were perpendicular to the surface and in the deep regions of the nucleus. Similar
immunostaining patterns were observed with the GIuA2 subunit-specific antibody (Fig. 5A).

In sections from 1-week monaurally earplugged animals, the antibody for GluA2/3 labeled
similar cells throughout the DCN as in shams. Cell bodies and dendrites of FCs were
positive for GIuA2/3, although the stain was darker than in shams (Fig. 4B). Qualitatively,
GluA2 immunostaining in the DCN and the FCs was similar to that in shams (Figs. 5A-B).
Densitometric analysis of FC cell bodies showed a significantly higher RGVsoma for
GluA2/3 but not for GIUA2 in the earplugged animals compared to the sham animals (Table
1, Figs. 4D, 5D). Thus, the higher levels of GluA2/3 were related to an upregulation of the
GIuA3 subunit. The immunostaining for GluA4 was similar in the DCN of earplugged and
sham animals. The cell bodies of the FCs were not distinguishable from the rest of the
immunostaining for GluA4; therefore, we could not calculate the RGVsoma for this subunit.
Instead, we calculated the RGV for the entire DCN and found no differences between
earplugged and sham animals (sham: 25.5 = 2.76 SEM; earplugged: 24.0 + 1.1 SEM).

BCs and FCs had lower expression of the GlyRal subunit in response to 1 week of
monaural earplugging

In western blot analysis, the GlyRal subunit appeared as a band at approximately 48 kD in
homogenates from sham (cerebellum and cochlear nucleus) and earplugged (cochlear
nucleus) animals (Fig. 2C); the band in the earplugged animals was thinner than in the
shams. We calculated the RGVs for the cochlear nucleus bands and observed a significantly
lower (approximately 29.6%) expression of GlyRal in the earplugged cochlear nuclei than
the sham cochlear nuclei (P < 0.05) (Fig. 2C).

We performed immunohistochemistry with a specific antibody for GlyRal to determine its
distribution and expression levels in cochlear nuclei. Cell bodies and dendrites of BCs
within the AVCN of shams were labeled (Fig. 6A). In earplugged animals, BCs were
positive for GlyRal, although the stain was lighter than in shams (Fig. 6B). The RGVsoma
data from the BCs showed that GlyRal expression was significantly lower in earplugged
animals than in shams (Table 1; Fig. 6D).

In the DCN of sham animals, GlyRal subunit immunostaining was observed in medium to
large cell bodies (Fig. 7A). This subunit was also expressed along the primary dendrites and
throughout the neuropil, as previously described (Wang et al., 2009). FCs were identified by
the shape and location of the cell body within the nucleus, which stained positive for
GlyRal.

After 1 week of monaural earplugging, GlyRal immunostaining was lighter than in shams
(Fig. 7B). The cell bodies of the FCs were identified, and the RGVsoma was significantly
lower than in shams than in the earplugged animals (Table 1; Fig. 7D).
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GABA, B2/3 immunolabeling in normal hearing and in response to 1 week of monaural

earplugging
In the AVCN and the posteroventral cochlear nucleus of normal hearing animals, GABAA
2/3 staining was weak and did not appear to be expressed in the cell bodies (Figs. 8A-B).
In contrast, robust neuronal labeling was observed in the medial (high frequency) regions of
the DCN (Figs. 8C-C’). GABAA 2/3 was observed only in medium to large neurons and
extended from the cell bodies to the primary dendrites. Some of these neurons were
identified as FCs, whereas others were larger and lay deeper in the nucleus and were
identified as multipolar cells. We obtained a similar pattern of immunostaining in
parasagittal brainstem sections containing the DCN (unpublished data).

To determine the specificity of the immunolabeling, we examined the cerebellar cortex. As
previously described (De Blas et al., 1998; Miralles et al., 1999), GABAa 2/3 staining was
robust in the granular cell layer (data not shown).

Similar patterns of GABAa 2/3 immunostaining were observed in the 1-week earplugged
animals and the shams, and the RGVsoma of FCs were not significantly different between
these groups (Table 1).

CwCs of the DCN modified only the expression of GIuA2/3 in response to 1 week of
monaural earplugging

CwCs are the chief inhibitory interneurons in the superficial DCN and innervate the apical
dendrites of FCs. In sham animals, CwCs were positive for GIuAL (data not shown),
GluA2/3, GIuA2, and GlyRal but not for GABA B2/3 (Figs. 4, 5, 7, 8). Similar labeling
was observed in 1-week monaurally earplugged animals, although the GIuA2/3
immunoreaction was stronger than in shams. We calculated the RGVsoma of sham and
monaurally earplugged animals for GIuA1, GIuA2/3, GIuA2, and GlyRal. Only GluA2/3
showed a higher expression in the earplugged animals than the shams; the values for GIuAL,
GluA2, and GlyRal were similar to those seen in the sham animals (Table 1; Figs. 4D, 5D,
7D). Thus, the increase in GIuA2/3 was related to an upregulation of the GIuA3 subunit.

BCs and FCs of the contralateral side modified the expression of GIuA2/3 and GlyRal, but
not GluA2, GluA4 or GABA B2/3 after 1 week of monaural earplugging

To determine whether the BCs and FCs contralateral to the earplugging responded to 1 week
of MCHL, we analyzed the immunostaining patterns and expression levels of GIUA2/3,
GluA2, GlyRal, and GABAA B2/3 (the latter only in FCs). Qualitatively, the labeling for all
subunits was similar to that seen on the side ipsilateral to the earplug (Figs. 3—7; data not
shown). In densitometric analysis of BCs and FCs, only the RGVsoma for GluA2/3 and
GlyRal were significantly higher and lower, respectively (Table 1; Figs. 3—-7) in earplugged
animals than in sham animals. We also analyzed the GIuA1, GluA2/3, GIuA2, and GlyRal
RGVsoma of CwCs. As observed on the ipsilateral side of the earplug, only the GIuA2/3
RGVsoma was higher for these cells in earplugged animals than in the sham animals (Table
1; Figs. 4,5, 7).

Discussion

In this study, we addressed whether the general expression of excitatory and inhibitory
ionotropic receptors in the principal neurons of the AVCN and DCN was altered after 1
week of MCHL. BCs and FCs upregulated GIuA3 and downregulated GlyRa1 expression on
both the ipsilateral and contralateral sides of the earplug. These data suggest that 1 week of
MCHL can modify the synthesis and trafficking of neurotransmitter receptors in cochlear
nucleus principal neurons, which could affect auditory processing.
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Technical considerations

We used the relative gray values obtained from computer-assisted image analysis to
normalize the results following DAB immunostaining for GluA1-4 AMPAR, GlyRal, and
GABA B2/3 receptor subunits in cochlear nucleus neurons following 1 week of monaural
earplugging. This is an indirect method to detect the corresponding antigen in the sections
and is not a direct measurement of antigen expression. This is because it is not possible to
control of all the amplification steps in the staining procedure to obtain reliable information
on the quantity of the antigen present (Leblond, 1979). In our study, to minimize the
variability of the immunostaining amplification steps, we put brainstem sections from both
sham and experimental animals in the same vials. In this way, the immunohistochemical
procedure and the DAB development were performed simultaneously on tissue from the 2
groups. In addition, it has been shown that the analysis of immunocytochemical staining
with computer-assisted image analysis, as performed in this study, can be a reliable and
sensitive method to determine the relative levels of antigens in tissue sections and to detect
discrete regional changes in specific proteins of interest (Huang et al., 1996).

We used additional procedures and analyses to support our results. We used densitometry of
cochlear nucleus homogenates of sham and earplugged animals to determine changes in the
expression levels of glutamate and glycine receptor subunits. These densitometric results
support the data obtained with the immunostaining. We also used the cerebellar cortex as
positive control. We found no differences in the expression levels of GluA2/3 and GIuA2
subunits between shams and earplugged animals. Furthermore, 2 independent researchers
performed the quantitative analysis of the DAB immunostaining in sham and earplugged
brainstem sections and obtained similar results.

One week of MCHL altered the synthesis of GIuA3 and GlyRal

Neuronal networks must maintain a balance between excitation and inhibition for normal
brain function. In response to a decrease in neuronal activity, neurons upregulate excitatory
neurotransmitter receptors and downregulate inhibitory ones (O’Brien et al., 1998;
Turrigiano and Nelson, 2004; Davis, 2006; Hou et al., 2008).

In the cochlear nucleus, we have shown that short-term MCHL (1 day) redistributes the
synaptic expression of specific glutamate and glycine receptor subunits (Whiting et al.,
2009). The GIuA3 subunit of AMPARSs was upregulated in auditory nerve synapses on BCs
and FCs, while the GlyRal subunit was downregulated in inhibitory synapses on the same
cell types. The replacement of these subunits at the synapse, from or toward the
extrasynaptic or intracellular pools, suggests that the recycling of receptors in and out of the
postsynaptic membrane can be modified relatively quickly with only an approximately 20—
35-dB reduction in sound.

Changes in the subunit composition of AMPA and glycine receptors at the synapse can
affect neuronal synaptic responses (Liu and Cull-Candy, 2000; Lévi et al., 2008; Savtchouk
and Liu, 2011). If the GIuA3 and GlyRal subunits regulate the balance of excitation and
inhibition in cochlear nucleus principal neurons, we should expect similar changes in
response to longer periods of MCHL. Moreover, under longer periods of MCHL, neurons
will likely adapt by modifying the translation mechanisms of excitatory and inhibitory
receptors, which will affect the general expression of GIuA3 and GlyRal receptor subunits
in the cell body.

Our study supports this model, because, in densitometry analysis, we observed that the
expression of both the GluA3 and GlyRal subunits in BCs and FCs was altered (higher and
lower, respectively) when an ear was plugged for 1 week. Whether long-term MCHL alters
the subcellular synaptic expression of these subunits requires further examination.
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Nevertheless, changes in the neuronal cytoplasmic pool can affect receptors at the synapse
(Malinow and Malenka, 2002; Shepherd and Huganir, 2007; Newpher and Ehlers, 2008).

After 1 week of monaural earplugging, we also observed an upregulation of the GIuA2/3
subunits in CwCs, without a modification in the expression levels of GluA2. Therefore,
synthesis of new GIuA3 subunits might explain the upregulation seen when an antibody
recognizing both the GIuA2 and GIuA3 subunits was used. Although CwCs respond to
sound (Davis and Young, 1997; Portfors and Roberts, 2007), they do not receive direct
auditory nerve inputs. These inhibitory interneurons receive glutamatergic innervation from
the parallel fiber endings of granule cells, which convey information from a wide range of
auditory and nonauditory sources. Granule cells preferentially receive somatosensory and
vestibular inputs, auditory cortex and inferior colliculus descending inputs, and possibly
type Il auditory nerve fiber inputs (Itoh et al., 1987; Weinberg and Rustioni, 1987; Brown et
al., 1988; Caicedo and Herbert, 1993; Weedman and Ryugo, 1996; Wright and Ryugo,
1996; Shore et al., 2003; Haenggeli et al., 2005; Zhou and Shore, 2004; Schofield and
Coomes, 2005). Evidence suggests that CHL could affect descending auditory pathways (Xu
etal., 2007). Thus, it is possible that the response we obtained in CwCs after 1 week of
MCHL was related to a modification in the normal processing of descending inputs to
cochlear nucleus neurons.

BCs and FCs contralateral to the earplug upregulated GluA3 and downregulated GlyRal in
response to 1 week of MCHL

MCHL alters the cellular metabolism and protein synthesis in cells of the cochlear nucleus
of the contralateral side (Tucci et al., 1999; Hutson et al., 2007). In this study, we observed
that BCs and FCs on the side contralateral to the earplug altered their general expression of
GIuA3 (up) and GlyRal (down) in response to 1 week of MCHL. These neuronal responses
could be attributed to altered firing rates of afferents to the contralateral side of the earplug.

The cochlear nucleus complex is the first site at which binaural information converges in the
CNS (for review, see Cant and Benson, 2003). Communication between cochlear nuclei
occurs through commissural projections (Alibardi, 2003; Shore et al., 2003) or via
descending inputs from upper auditory nuclei (Sprangler et al., 1987; Shore et al., 1991). It
appears that glutamatergic neurons in the ventral cochlear nucleus and collateral projections
from cholinergic neurons mediate the excitation in response to contralateral sound (Bledsoe
et al., 2009; Sumner et al., 2005). Alternatively, stimulation by contralateral sound
suppresses auditory nerve activity through the olivocochlear bundle (Liberman and Brown,
1986; Warren and Liberman, 19893, b; Darrow et al., 2006). Thus, it appears that MCHL
creates an imbalance in the neuronal synaptic circuitry of the contralateral cochlear nucleus
through 2 pathways, the commissural fibers and the auditory nerve of the unplugged ear.

More research is needed to determine the contribution of each pathway in normal hearing
and in response to monaural hearing loss. However, our studies show that, independent of
the duration (1 day or 1 week) or the procedure (monaural deafferentation or MCHL), BCs
and FCs on the contralateral side have similar homeostatic responses to compensate for
unilateral reductions in sound. The GIuA3 subunit of the AMPAR is upregulated, whereas
the GlyRal subunit is downregulated (Rubio, 2006; Whiting et al., 2009; present study).

Function of the GABAA B2/3 subunit in the cochlear nucleus

Glycine and GABA are the principal inhibitory neurotransmitters in the cochlear nucleus
(Alibardi, 1998; Moore et al., 1996; Doucet et al., 1999; Davis and Young, 2000). The
expression of glycine receptor subunits in normal hearing animals has been shown (Wang et
al., 2009). Further, the expression of glycine receptors has been shown to be lower in the
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hearing impaired (Potashner et al., 2000; Whiting et al., 2009; Wang et al., 2009; the present
study).

However, the expression and localization of ionotropic GABA (GABA,) receptor subunits
in cochlear nuclei have not been well described. GABAA receptors are pentamers that
assemble from at least 2 a and 2 B subunits and include a single y2 or & subunit (Luscher and
Keller, 2004). GABA receptors in the CNS mediate both fast synaptic (mediated by low-
affinity receptors at the synapse) and tonic (mediated by high-affinity receptors at
extrasynaptic sites) inhibition. Electrophysiological and anatomical evidence from the
cerebellum suggests that phasic inhibitory currents are mediated by postsynaptic GABAA
receptors (Farrant and Nuser, 2005) that contain the y2 subunit in combination with diverse
a and B subunits. In general, 6 subunit-containing receptors are extrasynaptic, although not
all extrasynaptic GABA receptors contain & subunits. In the cochlear nucleus, a study of
GABA receptor mRNA levels in normal hearing rats reported that BCs and FCs expressed
similar subunits (a1, a3, a5, y2L, and B3) but that a5 was not detected in FCs (Campos et
al., 2001). Thus, both types of principal neurons in the cochlear nucleus could theoretically
mediate both fast and tonic inhibition.

We examined the expression and distribution of most of these subunits in normal hearing
rats (sham) and rats after 1 week of MCHL using proprietary and commercial antibodies.
We observed positive and consistent neuronal cell body staining for the GABAA p2/3
subunits in both sham and earplugged animals (Fig. 8; unpublished data). Notably, only FCs
and large neurons in the deep layers of the medial (high-frequency region) DCN were
labeled. The expression levels of GABA 2/3 were unchanged in response to 1 week of
MCHL. In another study, Dong and colleagues (2009) found a decrease in the mMRNA
expression of the al subunit in the guinea pig cochlear nucleus ipsilateral to a partial
peripheral deafferentation (Dong et al., 2009).

In the absence of data on the expression of other GABA receptor subunits at the protein
level, it would be premature to speculate on the subunit composition of the channel and its
function in cochlear nucleus neurons. Furthermore, more targeted studies are needed to
determine whether cochlear nucleus neurons modify GABAA receptors in response to
hearing loss.

GluA3 and GlyRal appear to be important receptor subunits in response to hearing loss

MCHL is not the only hearing deficit that alters the balance between excitation and
inhibition along the auditory pathway. Studies on sensorineural deafferentation and hair cell
damage after exposure to noise or chemical ototoxicity have reported changes in the
expression of glutamate and glycine receptor types in auditory central structures (Milbrandt
et al., 2000; Potashner et al., 2000; Vale and Sanes, 2002; Rubio, 2006; Argence et al., 2008;
Whiting et al., 2009). Recent evidence indicates that hyperactivity in the DCN is a potential
cause of tinnitus following acoustic overexposure. It is thought that chronic tinnitus
develops from a net loss of glycinergic or GABAergic inhibition in the DCN and higher
auditory structures (Brozoski et al., 2002, 2007; Bauer et al., 2008; Middleton et al., 2011,
Wang et al., 2009).

Whether MCHL leads to hyperactivity in the cochlear nucleus should be investigated.
However, our data on 1-day and 1-week MCHL suggest that, in conjunction with decreased
glycinergic innervation, the increased synthesis and recomposition of synaptic AMPARs
may contribute to hyperactivity in the dorsal and ventral cochlear nuclei.
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Figure 1.

Monaural earplugging effects on ABR thresholds. A) Representative ipsilateral ABR
recordings before (top) and 20 min after earplugging (bottom). Sham control rats exhibited
the characteristic ABR waveform at sound pressure levels 10 dB before and after the
procedure. B) For monaural earplugged rats, ipsilateral ABR threshold was elevated about
40 dB 20 minutes after earplugging. C) Mean ABR thresholds are shown for clicks from
ipsilateral and contralateral ears. Monaural plugged ears (ipsilateral) showed significant
threshold elevation 20 mins after and one week following earplugging (P<0.05, 6 shams, 7

earplugged animals). Error bars represent SEMs.
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Figure 2.

Western blots of cochlear nucleus homogenates for GluA2/3 (A), GluA2 (B) and GlyRal
(C) of normal hearing and plugged side. The bar on the right sight points out to the
molecular weight of the proteins ~ 108 kD for GluA2/3 and GluA2 and ~ 48 kD for GlyRal.

Histograms show the gray value levels. (*P < 0.05).
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Figure 3.

Micrographs show immunoreaction for GIuA2/3 in the AVCN of normal hearing (A) and
monaural earplugged animals (B: ipsilateral plugged side; C: contralateral unplugged side).
In A-C arrowheads = bushy cells. Scale bar : 50 um. D, histogram of the RGVsoma values.
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Figure 4.
Micrographs show immunoreaction for GIuA2/3 in the DCN of normal hearing (A) and
monaural earplugged animals (B: ipsilateral plugged side; C: contralateral unplugged side).
In A-C arrowheads = fusiform cells; arrows = cartwheel cells. ML: molecular layer; FCL:
fusiform cell layer; DL: deep layer. Scale bar : 50 um. D, histogram of the RGVsoma
values.
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Figure 5.
Micrographs show immunoreaction for GIuA2 in the DCN of normal hearing (A) and

monaural earplugged animals (B: ipsilateral plugged side; C: contralateral unplugged side).
In A-C arrowheads = fusiform cells; arrows = cartwheel cells. ML: molecular layer; FCL:
fusiform cell layer; DL: deep layer. Scale bar : 50 um. D, histogram of the RGVsoma

values.
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Figure 6.

Micrographs show immunoreaction for GlyRal in the AVCN of normal hearing (A) and
monaural earplugged animals (B: ipsilateral plugged side; C: contralateral unplugged side).
In A-C arrowheads = bushy cells. Scale bar : 50 um. D, histogram of the RGVsoma values.
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Figure 7.

M?crographs show immunoreaction for GlyRal in the DCN of normal hearing (A) and
monaural earplugged animals (B: ipsilateral plugged side; C: contralateral unplugged side).
In A-C arrowheads = putative fusiform cells; arrows = putative cartwheel cells. ML:
molecular layer; FCL.: fusiform cell layer; DL: deep layer. Scale bar: 50 pm. D, histogram of
the RGVsoma values.
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Figure 8.
Micrographs show immunoreaction for GABAp 2/3 in the VCN (A-B) and DCN (C-C”)

of normal hearing animals. Scale bars AVCN: anteroventral cochlear nucleus; PVCN:
posteroventral cochlear nucleus; DCN: dorsal cochlear nucleus.; D: dorsal; L: lateral
Arrowheads: fusiform cells; arrow: multipolar cells. Scale bars, A-C: 200 um; C’: 50 pm.
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Table 1
RGV values of AMPAR and GlyRal in FCs, CwCs and BCs in response to 1-week monaural CHL.

Normal Hearing  1-wk monaural 1-wk monaural
(xSEM) earplugging earplugging
Ipsilateral side  Contralateral unplugged
AVCN-BC (£SEM) side (+SEM)
AMPA
GluA2/3 120+0.6 143+04 16.0+1.1
GluA2 9.0+0.4 11.0+0.8 115+0.6
GluA4 92+04 98+05 -
GlyRal 23.0+0.8 142+05 18.0+0.6
DCN-FC
AMPA
GluA2/3 16.0+ 1.0 228+0.6 28.0%0.7
GluA2 143+13 149+05 13.0+0.6
GlyRal 20.8+0.9 158+0.6 19.0+£0.6
GABApB2/3 26.2+1.2 273+16 272+12
DCN-CwC
AMPA
GluAl 16.0+18 140+0.8 141+10
GluA2/3 17.0+0.9 19.5+05 28.1+0.1
GluA2 19.2+0.8 179+04 186+ 0.4
GlyRal 20.2+05 21.0+£0.2 20.7+0.3

RGVsoma values of BCs of the AVCN, and FCs and CwCs of the DCN of normal hearing and earplugged animals. SEM: standard error of the
mean.
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