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Abstract: Endogenous glucocorticoids (GC) are known to modulate basic elements of cochlear physi-
ology. These include both noise-induced injury and circadian rhythms. While GC signaling in the
cochlea can directly influence auditory transduction via actions on hair cells and spiral ganglion
neurons, evidence also indicates that GC signaling exerts effects via tissue homeostatic processes
that can include effects on cochlear immunomodulation. GCs act at both the glucocorticoid receptor
(GR) and the mineralocorticoid receptor (MR). Most cell types in the cochlea express both receptors
sensitive to GCs. The GR is associated with acquired sensorineural hearing loss (SNHL) through its
effects on both gene expression and immunomodulatory programs. The MR has been associated with
age-related hearing loss through dysfunction of ionic homeostatic balance. Cochlear supporting cells
maintain local homeostatic requirements, are sensitive to perturbation, and participate in inflamma-
tory signaling. Here, we have used conditional gene manipulation techniques to target Nr3c1 (GR)
or Nr3c2 (MR) for tamoxifen-induced gene ablation in Sox9-expressing cochlear supporting cells of
adult mice to investigate whether either of the receptors sensitive to GCs plays a role in protecting
against (or exacerbating) noise-induced cochlear damage. We have selected mild intensity noise
exposure to examine the role of these receptors related to more commonly experienced noise levels.
Our results reveal distinct roles of these GC receptors for both basal auditory thresholds prior to
noise exposure and during recovery from mild noise exposure. Prior to noise exposure, auditory
brainstem responses (ABRs) were measured in mice carrying the floxed allele of interest and the Cre
recombinase transgene, but not receiving tamoxifen injections (defined as control (no tamoxifen treat-
ment), versus conditional knockout (cKO) mice, defined as mice having received tamoxifen injections.
Results revealed hypersensitive thresholds to mid- to low-frequencies after tamoxifen-induced GR
ablation from Sox9-expressing cochlear supporting cells compared to control (no tamoxifen) mice.
GR ablation from Sox9-expressing cochlear supporting cells resulted in a permanent threshold shift
in mid-basal cochlear frequency regions after mild noise exposure that produced only a temporary
threshold shift in both control (no tamoxifen) f/fGR:Sox9iCre+ and heterozygous f/+GR:Sox9iCre+

tamoxifen-treated mice. A similar comparison of basal ABRs measured in control (no tamoxifen)
and tamoxifen-treated, floxed MR mice prior to noise exposure indicated no difference in baseline
thresholds. After mild noise exposure, MR ablation was initially associated with a complete threshold
recovery at 22.6 kHz by 3 days post-noise. Threshold continued to shift to higher sensitivity over time
such that by 30 days post-noise exposure the 22.6 kHz ABR threshold was 10 dB more sensitive than
baseline. Further, MR ablation produced a temporary reduction in peak 1 neural amplitude one day
post-noise. While supporting cell GR ablation trended towards reducing numbers of ribbon synapses,
MR ablation reduced ribbon synapse counts but did not exacerbate noise-induced damage including
synapse loss at the experimental endpoint. GR ablation from the targeted supporting cells increased
the basal resting number of Iba1-positive (innate) immune cells (no noise exposure) and decreased the
number of Iba1-positive cells seven days following noise exposure. MR ablation did not alter innate
immune cell numbers at seven days post-noise exposure. Taken together, these findings support
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differential roles of cochlear supporting cell MR and GR expression at basal, resting conditions and
especially during recovery from noise exposure.

Keywords: mineralocorticoid receptor; glucocorticoid receptor; Nr3c1; Nr3c2; cochlea; conditional
gene ablation; noise-induced hearing loss; cochlear support cells

1. Introduction

Noise exposure is a major contributor to acquired sensorineural hearing loss and
is second only to age-related hearing loss in the number of individuals affected. Cur-
rently, there are no FDA-approved drugs that reduce noise-induced hearing loss (NIHL).
A significant unmet medical need worldwide is the production of advanced therapeutics
designed to reduce NIHL, which is a permanent loss of auditory frequency representation
because lost cochlear hair cells are not replaced in the mammalian cochlea. Currently, in
human patients, glucocorticoids (GCs) are administered to reduce immune-related hearing
losses such as those generated from cochlear implantation, sudden sensorineural hearing
loss (SNHL), and acutely after noise exposure (reviewed by [1]). The justification for us-
ing GCs in an attempt to ameliorate hearing loss produced via such disparate challenges
stems from the idea that inflammation plays an integral role in injury and recovery cycles.
To date, however, therapeutic outcomes following GC treatments unfortunately only result
in mixed success when treating forms of hearing loss [2]. A better understanding of the
dynamics and processes served by GCs in the cochlea, especially with respect to any role
leading to maintenance of normal auditory function in the face of acute challenges, could
suggest novel interventional strategies.

In rodents, the major bioactive corticosteroid is corticosterone (Cort), which is typically
released from the adrenals in a circadian rhythm and in response to stress. There are
two ligand-activated nuclear receptors sensitive to corticosteroids—the glucocorticoid and
mineralocorticoid receptors (GRs and MRs, respectively). While the MR has high affinity
for the major mineralocorticoid aldosterone, it has an equally high affinity for Cort. Both
the MR and GR are expressed in many cochlear cell types [3]. MR can exert rapid effects
through various signaling cascades and slow effects through transcriptional regulation
(reviewed by [4,5]. The GR is broadly expressed throughout the body, but despite its name
has roughly ten times lower affinity for Cort than does the MR.

In cells expressing both MR and GR, the MR is the first Cort-responsive system activated,
with GR signaling occurring only after the MR pool has been saturated. For example, at times of
peak circulating Cort levels such as that caused by stress or during certain cycles of the circadian
program, Cort levels will surpass the ability of the MR pool and spill over to the GR pool. Thus,
when GR is activated in cells that also express MR, it will indicate (code for) increased Cort
levels. Thus, functionally, the MR:GR ratio has been considered crucial for normal adaptation
to constantly changing environmental stressors at the organism, tissue, and even cellular
level for those cells expressing both receptors (reviewed by [6]). Within the auditory system,
stimulated GC signaling in the cochlea activates GR to initiate anti-inflammation programs
through NF-κB inhibition [7–9], while stimulated MR activity may improve auditory function
through stabilization of ionic and water balance [10,11]. Unique combinations of MR and GR
expression and intracellular signaling components can produce cell-type-specific responses. For
example, steroid-responsive gene expression is differentially regulated across cells within the
stria vascularis, organ of Corti, and spiral ganglion neurons (SGN) [12]. Indeed, the systemic
stress axis and noise exposure modify spiral ganglion neural adaptation potentially through
the sensitivity of MR and GR expressed in SGN [13,14]. Importantly, synthetic GC signaling
produces effects rooted in broader cochlear homeostatic functions implicating multicellular,
tissue-based adaptation.

The innate immune response is a well-known process involved in recruiting multiple
cell types to a site of injury and contributes to inflammation for tissue maintenance and
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ultimate recovery after injury. The cochlea harbors resident immune cells and is the
target of immune response which alters recovery of the damaged cochlea [15–19]. Noise
exposure generates glutamatergic excitotoxicity and metabolic oxidative stress as primary
generators of cellular damage driving cochlear inflammation and immune response. Cort
levels naturally cycle with the circadian rhythm and are positively correlated with NIHL
susceptibility and proinflammatory signaling [20]. A circadian influence on NIHL in mice
appeared distinct from noise-driven excitotoxicity, suggesting multicellular patterning of
GC-related cochlear response to noise exposure. Inflammatory response, the dominant
response of the cochlea to noise [21], is thought to be contributed in part by supporting
cells [22]. Given that GC-based effects on cochlear homeostasis are likely to be important in
shaping responses to stressors such as noise while also being influenced by the circadian
state, further investigation of potential causal links between GC signaling and homeostatic
programs in the cochlea is warranted.

The complex multicellular organization of the cochlea underlies its sensory functional-
ity. The constant functional responsiveness to sound coupled with the lack of regenerative
abilities of the sensory cells highlight the requirement for surveillance of potential home-
ostatic challenges to the cochlea that invoke cellular programs responsible for restoring
homeostasis. Thus, the specialized sensory function of the cochlea is made possible only by
the coordinated activities of the non-sensory “supporting cell” structures of the cochlea.
These cells maintain the basal physiology of the cochlea to allow sensory transduction to oc-
cur. The cochlear “supporting cells” are an organization of heterogeneous non-sensory cell
types that line the scala media (we exclude from consideration here those cells of the spiral
ligament) and are sensitive to the local cochlear micro-environment (reviewed by [23–25]).
Most supporting cell types are stress responsive and contribute to cochlear inflammation
through the expression of pro-inflammatory mediators [22,26,27]. Indeed, supporting cells
are known contributors to direct and indirect GC-signaling effects within the cochlea that
include inflammation and immune response resolution [28]. Co-expression of GR and
MR suggests a potential for overlapping and complementary effects of GC signaling in
most cochlear cell types [3]. Since supporting cells near the organ of Corti can assume
macrophage-like functions [29], MR activity in supporting cells may be proinflammatory as
other studies indicate for myeloid and microglia cells [30,31]. However, data on MR activity
resolving inflammation seem to be related to cerebral ischemia [30] and in the cochlea, to
conditions related to autoimmune disorders [32] and processes involving ionic imbalance
such as hydrops [33,34].

Systemically, release of corticotropin releasing factor (CRF) by the paraventricular
nucleus initiates a signaling system across the hypothalamic–pituitary–adrenal (HPA) axis
to induce adrenal release of glucocorticoids such as cortisol (in humans) and corticosterone
(in rodents) and the mineralocorticoid, aldosterone. These products of CRF signaling
bind to the GR and MR. Both GR and MR are widely expressed in many tissues/cells of
the body. Our early work on CRF-like urocortin signaling in the cochlea revealed heavy
expression of CRF receptors in the non-sensory supporting cells lining the scala media [35],
suggesting that intercellular signaling via CRF-like peptides may represent a local HPA-like
signaling system. Because GR and MR play major roles in general physiology throughout
the body and may have complementary or overlapping roles in the cochlea, an experimental
approach must be used to separate the roles for systemic GR and MR signaling from the
roles of GR and MR in the cochlea to allow specific conclusions to be drawn about cochlear
MR and GR function in the maintenance of normal cochlear functional and structural
states at rest and following homeostatic challenges. Given that systemic HPA signaling
is initiated via CRF signaling for ultimate release of GCs, and that in the cochlea the vast
majority of cells susceptible to CRF-like signaling are the supporting cells lining the scala
media, we adopted a cell-specific, inducible gene knockout strategy designed to parse MR
and GR function from these supporting cells likely participating in CRF signaling. It has
been shown that Sox9 is expressed in supporting cells of the inner ear but not hair cells
or ganglion cells [36–41] and thus the Sox9 gene may represent a useful driver for Cre
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recombinase expression by which spatially and temporally targeted gene manipulation can
be produced specifically in cochlear-supporting cells.

The specific goals of the current study were to assess the influence of mineralocorticoid
and glucocorticoid receptors expressed in cochlear non-sensory-supporting cells on basal
threshold sensitivity, the dynamics of threshold recovery from noise exposure while leaving
systemic GC signaling intact, and the immune cell response to noise exposure. Given the
correlation between cochlear supporting cells and various aspects of homeostatic response
to stressors, we sought to target manipulation of MR and GR expression in those cells and
define the role of the corticosterone-related stress response emanating from these cells by
way of MR and GR activation. Specifically, we investigated the roles of supporting cell MR
and GR on the susceptibility to NIHL and auditory functional recovery after mild noise
exposure of naïve mice. We used targeted cell-specific, inducible genetic knockout mouse
models to eliminate MR or GR expression from Sox9-expressing cochlear-supporting cells.
We assessed cochlear functional and structural integrity following mild noise exposure
by examining auditory brainstem responses (ABRs), 2f1–f2 distortion product otoacoustic
emissions (DP’s), the degree of synaptopathy following noise by examining the pairing
of pre- and post-synaptic afferent elements associated with IHCs, and finally the cellular
aspects of immune response/inflammation by examining the presence and phenotype
of Iba1-positive immune cells at 7 days post-noise exposure. We found that supporting
cell GR ablation induced noise susceptibility distinct from ribbon synapse vulnerability.
Supporting cell MR ablation was dispensable for stable recovery from noise exposure but
instead was associated with an acute but transient ABR P1 reduction. This study is the first
to divorce the roles of MR and GR, the dual receptors for GC signaling, in the cochlea and
suggests distinct functional roles for expression of MR and GR in cochlear-supporting cells
for basal auditory brainstem thresholds and the ability for recovery from noise-induced
hearing loss.

2. Results
2.1. Sox9iCre Drives Gene Recombination in Cochlear-Supporting Cells

Sox9 is expressed in pro-sensory regions during early development of the inner ear, but
by E14.5, expression is limited to supporting cells [41]. To reveal the cells that functionally
express Sox9-driven inducible Cre recombinase (iCre) in the cochlea, mice carrying a Sox9i
BAC fused with iCre were crossed with ROSA26 tdTomato reporter mice (Ai14) harboring
a floxed stop codon ahead of the tdTomato gene to generate double transgenic mice
(Sox9iCre:tdTomato). To ensure that only the expected adult-stage cochlear-supporting
cells express the iCre recombinase and therefore would harbor any targeted gene ablation,
only adult (2–4 month-old) progeny were injected with tamoxifen to induce tdTomato
expression. Immunostaining for red fluorescent protein (RFP, tdTomato) revealed that
tamoxifen activated Sox9iCre and induced tdTomato expression in numerous supporting
cell types of the adult cochlea (Figure 1). The tdTomato red fluorescent reporter was present
in Reissner’s membrane, epithelial-supporting cells lining the cochlear duct, including
cells within the inner and outer sulcus, and to a lesser degree, within the type-IV fibrocyte
region, and portions of the stria vascularis. The distribution of tdTomato fluorescence (an
indication of tamoxifen activatable Sox9iCre) in the mature mouse cochlea was consistent
with previous assessments of Sox9 mRNA expression. tdTomato expression was limited to
supporting cells and was not expressed by hair cells or spiral ganglion cell neurons [37,41]
(and see Figure 4f in [38]). The RFP-positive cells therefore represent the full set of cells
that could undergo inducible recombination of any floxed gene of interest. The final subset
of these RFP-positive cells that could express a functional phenotype resulting from the
genetic ablation of floxed exons of our genes of interest are only those cells lining the
scala media that also express GR or MR (i.e., those cells expressing both Sox9iCre and
either floxed Nr3c1 (GR) or Nr3c2 (MR)). A number of studies have localized GR and
MR along the cochlear spiral using immunohistochemical [3,42], in situ hybridization [43],
autoradiographic binding [44], and traditional biochemical binding [45,46] methods. MR
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and GR seem to be co-expressed in many classes of supporting cell, including supporting
cells: (1) at the top of the spiral limbus, including the interdental cells; (2) lining the spiral
limbus inner sulcus; (3) leading from the inner sulcus to the inner hair cells; (4) of the outer
sulcus, which range from the region lateral to the outer hair cells to the spiral prominence
(inclusive of these cells); as well as (5) the pillar cells, (6) Deiter’s cells, and (7) Henson’s
cells. Using immunostaining, Kil and Kalinec also report GR expression in Type I, III,
and IV fibrocytes of the lateral wall, while MR expression was localized in some cells of
the stria vascularis [3]. However, earlier work reports a heavier expression of MR in the
stria vascularis [42–44].
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Figure 1. Cre recombinase activity was assessed in the mouse cochlea. Transgenic mice produced
to carry a BAC clone containing the promoter region of the Sox9 gene and an ERT2 inducible Cre
recombinase were bred with the Ai14 tdTomato mouse line. Tamoxifen treatment activates the Cre
recombinase that then removes the stop codons in front of the tdTomato reporter sequence. All cells
with tamoxifen-activated Cre recombinase then express the red fluorescent tdTomato reporter gene.
In the adult cochlea, cells that harbor activatable Cre recombinase include interdental cells and inner
sulcus cells (poorly visible here) of the spiral limbus, pillar cells and Deiter’s cells, supporting cells
lateral to the outer hair cells (arrowheads), cells of the spiral prominence, cells of the stria vascularis
(SV, large arrow), and a scattering of Type II fibrocytes of the spiral ligament (asterisk).

2.2. Validation of Floxed GR and Floxed MR Mouse Lines for Manipulation of Nr3c1 and Nr3c2

We assessed the overall efficiency of the tamoxifen-driven recombination event in
the cochlea at the floxed Nr3c1 and floxed Nr3c2 gene exon 2 via a qRT-PCR approach.
We adhered to MIQE guidelines [47] for qRT-PCR, specifically assessment of primers for
intra- and intermolecular disqualifications (presence of hairpin loops, primer dimers, etc.),
validation of amplification efficiency, fidelity of amplification, and use of multiple reference
genes for assessing ∆∆Ct-based target gene expression level changes. To validate the
qRT-PCR experimental design, primers to be used for cochlear expression studies were first
tested on cDNA generated from total RNA isolated from mouse brain. Brain cDNA was
used as template for primer validation purposes because of the low recovery rates of total
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RNA from the mouse cochleae samples. All designed primers amplified targets between
20 and 26 cycles (average approximately 24 cycles, Supplementary Materials Figure S1).
The cycle number required to reach threshold has been shown to be a good predictor
of amplification of desired target or artifact, with only 5% of reactions with a Ct under
27 producing spurious amplification [48]. This suggests that amplicons are produced from
the desired target. Further, melt curves were produced for amplicons of all primer sets
at the end of the PCR (Supplementary Materials Figure S2). Melt curves showed a single
peak, indicating a homogeneous amplicon population. Finally, PCR amplification efficiency
was assessed. A three-step serial dilution of total brain cDNA was used for assessing
amplification efficiency of all primers. Amplification efficiency (Supplementary Materials
Figure S3) of all primers ranged between 108% and 111% with an R2 of 0.977 to 1.000. The
outcomes of these preliminary tests indicate high confidence that the primer designs and
isolation of high-quality RNA are excellent components of a qRT-PCR experimentation
panel. These results were used to select the best primer sets for each gene of interest for use
on the cochlear samples.

Total cochlear RNA was extracted from floxed GR and floxed MR mice that had
undergone intraperitoneal (IP) tamoxifen injections for 5 consecutive days (75 mg/kg/day).
One week following the last tamoxifen injection, cochleae were isolated and pooled into
groups as described in the Methods section. Total RNA was isolated and validated for
integrity and purity as described in the Methods section. cDNA was prepared and used for
qRT-PCR analysis of tamoxifen-driven alterations to expression levels of GR and MR in
both homozygous floxed mouse lines. Expression data were then plotted normalized to the
control (no tamoxifen) f/fGR when assessing expression levels of GR and MR in tamoxifen-
treated f/fGR mice (Figure 2A). Similarly, expression data were plotted normalized to
the control (no tamoxifen) f/fMR when assessing expression levels of GR and MR in
tamoxifen-treated f/fMR mice (Figure 2B). In the tamoxifen-treated floxed MR mouse line,
qRT-PCR analysis revealed a knockdown of Nr3c2 (the MR gene) by approximately 16%
relative to the control (no tamoxifen injection) mice. A slight increase (approximately 10%)
was observed in the expression level of Nr3c1 (the GR gene) in tamoxifen-treated f/fMR
mice. Surprisingly, tamoxifen treatment of the floxed GR mice resulted in a 260% increase
in Nr3c1 expression relative to baseline (no tamoxifen treatment) conditions. Analysis
revealed that this increase was just outside of standard definitions for statistical significance
(p = 0.052) when normalized to GR baseline. While perhaps of limited interpretive use,
when normalizing to MR baseline (no tamoxifen treatment), this GR over-expression does
reach significance (p = 0.022). There was no change to Nr3c2 expression in tamoxifen-
treated f/fGR mice. The amplification efficiency of all reactions was monitored (Figure 2C)
and falls within the acceptable range such that the ∆∆Ct procedure for quantification of
expression level changes can be used. We noted tight variances for some samples. These
observations were traced to our use of a compound reference gene set (beta-actin and
GAPDH) whose arithmetic mean was used as a comparator for differential gene expression
analysis. See Methods for further discussion. Only small changes to either Nr3c1 or Nr3c2
expression levels should be expected following tamoxifen treatment given that the number
of cells undergoing tamoxifen-induced recombination events is small compared to the total
number of cells in the cochlea. Thus, the tamoxifen-induced events should be thought of
from a global cochlear perspective as a transcriptional knock-down of each target gene
in the targeted cell population only. Overall, these results demonstrate that tamoxifen
treatments of adult floxed GR and MR alter the expression levels of the genes of interest.
These procedures can therefore be used to further explore the roles of these genes in the
targeted cell populations of the cochlea.
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Figure 2. qRT-PCR results. Expression levels are grouped by target gene as assessed in each mouse
line and with either the GR or MR serving as normalizer. (A) qRT-PCR results are normalized
to the control (no tamoxifen) expression level of GR. Following tamoxifen treatment, Nr3c1 (GR)
expression (green bars) is increased approximately 2.6×. When normalizing to GR this trend lies
just outside standard statistical significance (p = 0.052), but when normalizing to MR, this increased
GR expression is significant (p = 0.022). Expression of Nr3c2 is slightly elevated (pink bars) when
normalized to Nr3c1 control (no tamoxifen). Expression of Nr3c2 is slightly (approximately 16%)
decreased following tamoxifen treatment. No change was observed in Nr3c1 expression level under
these conditions. (B) Similar trends as described when normalizing results to Nr3c1 in (A) were
observed when normalizing data to Nr3c2. Up-regulation of Nr3c1 was statistically significant
(asterisk). (C) The amplification efficiency for all sample reactions (X symbols), including reference
genes (circles), is plotted. Average amplification efficiency was 110.5%. See Supplementary Materials
Figures S4 and S5 for PCR subject group design and analysis plots of individual biological repeats.
Boxes indicate mean with upper and lower quartiles; whiskers indicate SEM.

2.3. MR and GR Ablation Effects on Auditory Physiology
2.3.1. Supporting Cell MR Ablation Alters Cochlear Physiological Response to Noise

We performed a battery of auditory physiology assessments to investigate the influ-
ence of supporting cell MR expression on peripheral auditory function at rest and during
recovery from 100 dB SPL, 8–16 kHz noise exposure in adult mice (5 months old at start of
study). Physiological assessments included recordings of distortion product otoacoustic
emission (DPOAE) amplitudes and pure-tone auditory brainstem response (ABR) thresh-
olds and threshold shifts (Figure 3A–D). DPOAEs and ABRs were recorded at baseline and
on days 1, 3, 5, 7, 10 and 30 post-noise exposure. Floxed MR mice received either corn oil
(control (no tamoxifen)) or tamoxifen (conditional knockouts, cKOs) injections (75 mg/kg
IP 1×/day for 5 consecutive days). Auditory physiological recordings were completed for
control (no tamoxifen) MR mice (n = 8: 5 males; 3 females) and cKO MR mice (n = 8: 5 males;
3 females). At baseline (Figure 3A), there were no differences in ABR thresholds. Day 1
post noise exposure (dpn) and 30 dpn were selected as times representative of the greatest
temporary threshold shift (day 1 threshold minus baseline threshold is day 1 compound
threshold shift; day 1 compound threshold shift minus day 30 threshold is defined as the
maximal (day 1) temporary threshold shift) and permanent threshold shift (defined as
threshold on day 30 minus baseline threshold) (Mills 1973; Miller 1974). One day following
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noise exposure, both groups exhibited a maximum threshold shift of approximately 30 dB
SPL at 22.6 kHz and 32 kHz. There were no differences in noise-induced ABR threshold
shifts across the tested frequencies between the groups at 1 dpn (Figure 3B). At 30 dpn,
however, frequency-specific permanent threshold shifts appeared slightly elevated in con-
trol (no tamoxifen) MR mice at 32 kHz (10 dB SPL) and 45.25 kHz (20 dB SPL) while the
cKO MR mice exhibited not only a return toward baseline but appeared improved in cKO
MR mice. At 22.6 kHz and 32 kHz, thresholds had improved by approximately 10 dB SPL
over baseline. While a permanent threshold shift persisted at 45.25 kHz, the threshold
shift was approximately 10 dB SPL better than the permanent shift observed in control (no
tamoxifen) mice.
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Figure 3. ABR threshold and DP amplitudes (mean ± SEM) from five-month-old mice (n = 8 each
group) after supporting cell MR ablation and 100 dB SPL mild noise exposure. (A) Baseline ABR
threshold frequency tuning curve. Data from cKO MR mice are green. Ablation of MR did not result
in a significant change to baseline thresholds. (B) ABR threshold shift plots for 1 and 30 dpn. A
threshold shift of zero indicates a full return to pre-noise threshold and would be indicated by a
plot along the dashed line. While at 1 dpn there was no difference in threshold shift between MR
control (no tamoxifen) and cKO mice, by 30 dpn, cKO mice demonstrated a trend toward more
sensitive ABR thresholds at frequencies mapped basal of the region directly impacted by noise.
(C) ABR threshold shift at 22.6 kHz plotted against days post noise exposure clearly demonstrates the
temporal dynamics leading to increased threshold sensitivity. (D) DP amplitudes with f2 = 22.6 kHz
sound stimulus at baseline, 1, and 30 dpn did not change between groups, suggesting that changes
in mechanics of the basilar membrane may not produce the increased threshold sensitivity shown
in (B,C). Two-way ANOVA tests were used for statistical assessments with statistical significance
assigned to p < 0.05.

To illustrate recovery dynamics from the 100 dB SPL 8–16 kHz octave band noise
exposure, we examined the response properties at 22.6 kHz further (Figure 3C). The
22.6 kHz region shows the highest 1 dpn temporary threshold shift and the most dramatic
recovery by 30 dpn. Mouse auditory function at 22.6 kHz is relatively sensitive and the
half-octave shift phenomenon defines the 22.6 kHz frequency region as the most vulnerable
to the 8–16 kHz noise band [49]. Recovery dynamics were virtually identical between
control (no tamoxifen) and cKO mice for the first 3 days. Temporary threshold shifts
maximally recovered within the first 3 dpn, indicated by the plateau of threshold shift from
5 to 30 dpn. In the MR cKO mice, recovery continued beyond 3 dpn, hitting the baseline
value at 5 dpn (control (no tamoxifen) mice never recovered to baseline), remained at
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approximately the same recovery level through 7 dpn, then underwent an apparent second
phase of “enhanced recovery” between 7 and 10 dpn and again further improving between
10 and 30 dpn, hitting a re-established threshold of 10 dB SPL better (more sensitive) than
baseline. No plateau was recorded for recovery of the MR cKO 22.6 kHz ABR threshold
because the experiment was terminated at 30 dpn. While these data indicated a strong trend
for a differential recovery of ABR thresholds between groups, strict statistical significance
was not attained. There were no classical outlier data points that could force the data
away from statistical significance and variance was similar between groups. The 2f1–f2
distortion product otoacoustic emission with f2 = 22.6 kHz was not statistically different
between control (no tamoxifen) and cKO MR mice at baseline or at either 1 dpn or 30 dpn
(Figure 3D) as would be expected for the relatively mild noise exposure. Because the
22.6 kHz frequency region is vulnerable to 8–16 kHz noise band, we analyzed this frequency
more extensively to assess noise-induced effects. We explored the ABR P1 amplitude and
latency to further assess whether MR plays a role in modulating afferent activity following
noise exposure.

The first peripheral auditory component vulnerable to noise-induced damage and loss
are the IHC-SGN afferent fibers. The ABR P1 amplitudes and latencies are indicators of
increasing afferent fiber recruitment and coordinated neural response, respectively, with
increasing sound stimulus [50]. To assess the compound neural response generated by ABR
stimulation with 22.6 kHz sound, we used linear mixed-effects models: the P1 amplitude
model included all recordings (baseline, 1, 3, 5, 7, 10, and 30 dpn) and the P1 latency model
included recordings at baseline, 10 and 30 dpn. Noise drove a significant reduction in P1
amplitude at 1 dpn in MR cKO mice which recovered to baseline amplitudes by 3 dpn
(Figure 4A). Neither P1 amplitude nor P1 latency was reduced at later times (Figure 4A,B).
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Figure 4. The 22.6 kHz ABR P1 amplitude and latency (mean ± SEM) of cKO MR and control (no
tamoxifen) mice following 100 dB SPL mild noise exposure. (A) ABR P1 amplitude at 1, 3, and 30 dpn
is indicated by a dashed line. Baseline P1 amplitudes are indicated by a solid line (BL). P1 amplitudes
were suppressed 1 dpn in the MR cKO mice, but this rapidly recovered to baseline by 3 dpn. No
effects of 100 dB SPL noise were observed in control (no tamoxifen) mice. (B) ABR P1 latency at
10 and 30 dpn is plotted with baseline P1 latency. No noise-induced changes were evident. Linear
mixed effects models were performed in R for statistical analysis.
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2.3.2. Supporting Cell GR Ablation Enhances ABR Threshold Sensitivity but Impairs ABR
Threshold Recovery after Mild Intensity Noise Exposure

Tamoxifen (or corn oil vehicle for controls) was administered to heterozygous (f/+)
and homozygous (f/f) floxed GR:Sox9iCre mice (all 2–4 months old) as described for
the MR cKO mice. Auditory physiological recordings were completed for control (no
tamoxifen) GR mice (n = 10: 6 males; 4 females), and for tamoxifen-treated f/+ cKO GR
mice (n = 9: 5 males; 4 females), and f/f cKO GR mice (n = 14: 10 males; 4 females). Baseline
ABR thresholds were obtained after tamoxifen or corn oil injections. In f/+ and f/f cKO GR
mice, baseline ABR thresholds were 5–10 dB SPL lower at low frequencies (5.66–16 kHz)
compared to control (no tamoxifen) GR mice (Figure 5A). Larger DPOAE amplitudes were
also detected with f2 = 22.6 kHz for f/+ cKO GR mice, and trended larger for f/f cKO GR
mice, compared to control (no tamoxifen) GR mice (Figure 5D). Across the remainder of f2
frequencies at baseline, no other DPOAE amplitudes were larger than those in control (no
tamoxifen) GR mice.
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Figure 5. ABR threshold and DP amplitudes (mean ± SEM) were measured in 2–4-month-old mice
(n = 33) after supporting cell GR ablation and 94 dB SPL mild noise exposure. (A) Baseline ABR
thresholds from low-to-high recording frequency. Data from f/+ cKO GR mice are blue and f/f
cKO GR mice are light blue. Ablation of GR resulted in a decrease of ABR thresholds. (B) ABR
threshold shift plots following 94 dB SPL exposures at 1 and 21 dpn. The grey bar indicates 94 dB
SPL exposing noise bandwidth. Baseline at zero is indicated by a dashed line. While all mice recover
from the noise-induced TTS, the f/f mice do not regain baseline sensitivity except at 45.25 kHz.
(C) ABR threshold shift with 22.6 kHz sound stimulus along dpn, demonstrating lack of full threshold
recovery of tamoxifen-treated f/f mice. (D) DP amplitudes with f2 = 22.6 kHz sound stimulus at
baseline, 1, and 21 dpn. At 1 dpn, all groups show a depressed 2f1–f2 amplitude at 22.6 kHz. While a
trend occurs with f/+ mice recovering slightly more amplitude than control (no tamoxifen) or f/f
mice, no statistical significance was found. Overall, recovery of DP amplitudes by 21 dpn nearly
returned to baseline values, with some small permanent loss at the lowest sound intensities. Asterisks
indicate p < 0.05 difference to control (no tamoxifen). In all panels, the color-coded asterisks are
coupled with the similarly color-coded data for each genotype group (plotted along each colored line)
and indicate significant difference from control (no tamoxifen) of that group at p < 0.05. Two-way
ANOVA tests were used for statistical assessments with statistical significance assigned to p < 0.05.
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To assess recovery from mild noise exposure, mice were exposed to 94 dB SPL,
8–16 kHz sound for two hours. There were similar ABR threshold shifts across groups
at 1 and 21 dpn. We chose to examine the temporal dynamics of recovery from noise
exposure in more detail by looking at the 22.6 kHz threshold for two reasons: (1) this is the
frequency region primarily affected by the 8–16 kHz octave band noise [51]; and (2) this is
a frequency that normally has low thresholds and relatively large neural representation
and therefore has the greatest range for detecting and quantifying potential threshold shifts
and suprathreshold activity changes.

Examining baseline-normalized ABR threshold shifts revealed that all groups of mice
experienced an approximately 45 dB SPL threshold shift at 1 dpn (Figure 5B). Control (no
tamoxifen) and f/+ cKO GR mice recovered to baseline ABR values by 10 dpn while f/f
cKO GR mice did not recover to baseline ABR threshold values by 21 dpn and maintained
a significant threshold shift of approximately 18 dB SPL at 7 dpn and 10 dB SPL at 10, and
21 dpn (Figure 5C). Thus, conditional ablation of both GR alleles from Sox9+-supporting
cells induced greater vulnerability to permanent noise-induced threshold shift at 22.6 kHz
following a noise exposure that did not induce a permanent shift in control (no tamoxifen)
or f/+ tamoxifen-treated (heterozygous cKO GR) mice. We further analyzed ABR P1
amplitudes and latencies to characterize noise vulnerability.

To assess recovery dynamics in ABR P1 amplitudes, we used a linear mixed-effects
model to analyze level-driven P1 amplitudes at 22.6 kHz sound stimulus with baseline,
3, 5, 7, 10 and 21 dpn. Multiple comparisons to baseline values revealed that both control (no
tamoxifen) and f/+ tamoxifen-treated (heterozygous cKO GR) mice recovered to pre-noise
P1 amplitudes driven by 50–80 dB SPL sound intensities. Across control (no tamoxifen)
and f/+ tamoxifen-treated (heterozygous cKO GR) mice, amplitudes were altered by noise
from 3 to 7 dpn but were already statistically similar to baseline followed by appearance
of a complete recovery by 10 dpn. However, f/f cKO GR mice had incomplete recovery
to baseline P1 amplitudes. f/f GR mice presented with significant ABR P1 reduction at
3, 7, and then persistently at 21 dpn (Figure 6A). A trend toward slightly longer latencies
was observed in both the tamoxifen-treated f/+ and f/f mice compared to control (no
tamoxifen) mice, but this did not reach the level of statistical significance (Figure 6C).

We next sought to investigate potential sex effects related to GR functionality. We
modeled sex effects on 80 dB sound stimulus-driven 22.6 kHz ABR P1 amplitudes using
a Bayesian inferential framework to improve detection of mild injury types [52]. Sex dif-
ferences were supported for the f/f cKO GR noise-vulnerable group. Specifically, male
mice had less P1 reduction at 1 dpn compared to the females (Bayes Factor [BF10] = 3.2),
but there was evidence to support a moderate P1 amplitude decrease at 21 dpn in male
mice when compared to baseline (BF10 = 4.4, 95% CrI = −0.85 to −0.16) (Figure 6B,
0 value = dashed line). In contrast, at 21 dpn, female f/f cKO GR mice have P1 amplitude
shift intervals which overlap zero (BF10 = 0.4, 95% credible interval [CrI] = −0.8 to 0.2).
While support was diminished for f/+ heterozygous cKO GR male mice, credible intervals
suggest relatively greater support for P1 amplitude loss (BF10 = 0.9, 95%
CrI = −0.96 to −0.02). For control (no tamoxifen) GR male mice, credible intervals suggest
near complete recovery of P1 amplitudes (BF10 = 0.4, 95% CrI = −0.71 to 0.1). GR-related
male noise vulnerability is consistent with reports of male susceptibility to sensory and
neural hearing losses compared to noise susceptibility of females [53–55].
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Figure 6. The 22.6 kHz ABR P1 amplitude and latency (mean ± SEM) of GR cKO and control (no
tamoxifen) mice following 94 dB SPL mild noise exposure. (A) ABR P1 amplitude at 3, 5, 7, 10, and
21 dpn is the dashed line. Baseline P1 amplitudes are indicated by a solid line. Plots are grouped
column-wise by genotype and row-wise by dpn. P1 amplitudes were suppressed in f/f cKO GR
mice at all dpn, although the suppression was less at 10 dpn before increasing again by 21 dpn.
(B) Resampled P1 amplitude shift with 22.6 kHz and 80 dB SPL sound stimulus. Plots are grouped
row-wise by genotype. Male mice are indicated in yellow. (C) ABR P1 latency at 10 and 21 dpn
is plotted with baseline P1 latency. No noise-induced changes were evident. Statistical analyses
included use of linear mixed effects models for data plotted in A and C and Bayesian repeated
measures for B.

2.4. Effects of GR and MR Ablation on Afferent Synapse Innervation to Inner Hair Cells

Next, we assessed ribbon synapse counts and orphaned ribbon counts per inner hair
cell as a morphological correlate of afferent synaptopathy. C-terminal binding protein 2
(CtBP2) is a constitutive protein of the presynaptic “ribbon” release site in photoreceptor
cells and hair cells and some specialized neurons within the brain. The glutamate recep-
tor AMPA subunit 2 (GluA2) controls calcium permeability through AMPA-responsive
glutamate receptors and is present in all adult AMPA glutamate receptor patches on SGN
dendrites [56]. Paired (directly opposing) CtBP2-GluA2 immunolabelled patches are in-
dicative of a functional afferent synapse between the hair cells and ganglion cells. We
immunostained cochlear whole mount tissue of f/f MR control (no tamoxifen) mice (with-
out noise: n = 3 mice [2 males; 1 female] and plus noise: n = 5 mice [2 males; 3 females])
and f/f MR cKO mice (without noise: n = 4 mice [4 males] and plus noise: n = 4 mice
) (Figure 7A) with antibodies to CtBP2 and GluA2 (Figure 7A,B) and then counted CtBP2-
GluA2 pairings as a measure of afferent synapse integrity (Figure 7C,D). We chose the
22.6 kHz cochlear region for analysis because this region is predicted to be one of the most
affected by an 8–16 kHz noise band [49,57–59] and is ideal to assess noise-induced damage.
We analyzed the average number of synapses per image with a linear mixed-effects model.
We identified a significant effect of noise as driving ribbon synapse loss in control (no
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tamoxifen) MR mice. In cKO mice, in which supporting cell MR was ablated, ribbon
synapse numbers were decreased even prior to noise (Figure 7C). The median number of
averaged CtBP2-GluA2 opposed profiles was 12 per IHC, roughly similar to the median
number of intact synapses of control (no tamoxifen) mice that experienced the 2 h, 100 dB
SPL sound exposure (13 per IHC). Interestingly, cKO MR mice experienced only marginally
greater noise-induced ribbon synapse loss beyond that observed in the cKO mice that did
not experience noise exposure (Figure 7C). Prior research has shown that orphaned rib-
bons, defined as CtBP2 profiles not opposed by postsynaptic GluA2 profiles, are increased
immediately after noise exposure but are resolved by 7 dpn [60,61]. We examined afferent
synapse integrity in mice that were recovered to at least 30 dpn, our experiment endpoint.
Our analyses of orphaned ribbons at 30 dpn showed no differences among wild-type and
cKO mice in both the noise-exposed and control animals (Figure 7D). In a similar manner,
we analyzed ribbon synapses in fGR:Sox9iCre mice (control (no tamoxifen) without noise:
n = 5 mice [3 males; 2 females], control (no tamoxifen) plus noise: n = 4 mice [2 males; 2
females], cKO without noise: n = 5 mice [3 males; 2 females], cKO plus noise: n = 6 [4 males;
2 females]) (Figure 7B,E,F) to asses noise-induced loss of ribbon synapses (afferent pre-
and post-synaptic elements). Analysis of ribbon synapse counts revealed similar ribbon
synapse vulnerability to mild 94 dB SPL noise exposure across control (no tamoxifen) and
f/f cKO GR mice (Figure 7E). Noise-exposed control (no tamoxifen) GR mice had reduced
ribbon synapse counts compared to age-matched control (no tamoxifen) no-noise. A trend
was revealed in which noise-exposed cKO GR mice had reduced ribbon synapse counts
relative to age-matched no-noise cKO GR mice. Additionally, a trend for cKO GR mice to
have reduced ribbon synapse counts under basal conditions might have influenced the final
results, producing a non-significant noise-induced ribbon synapse loss (Figure 7E). Neither
noise nor expression status of GR in supporting cells altered counts of IHC orphaned
ribbons (Figure 7F).
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Figure 7. Ribbon synapse and orphaned ribbon counts per inner hair cell in the approximate 22 kHz
region from mice at 21 dpn and from age-matched controls. Representative images of inner hair cell
ribbon synapse staining from a control (no tamoxifen) MR mouse (A) and a control (no tamoxifen)
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GR mouse (B) are shown. (C) Paired CtBP2-GluA2 counts averaged over inner hair cells imaged
from fMR:Sox9iCre mice. (D) Orphaned CtBP2 counts per inner hair cell averaged over inner hair
cells imaged from fMR:Sox9iCre mice. (E) Paired CtBP2-GluA2 counts averaged over inner hair cells
imaged from fGR:Sox9iCre mice. (F) Orphaned CtBP2 counts per inner hair cell averaged over inner
hair cells imaged from fGR:Sox9iCre mice. Scale bar = 10 µm. Magenta: CtBP2, green: GluA2, blue:
DAPI. Linear mixed effects models were employed for data plotted in C-F. Multiple comparisons
were with Tukey correction. Significance (*) is p < 0.05 and ns indicates “not significant”.

2.5. Effects of GR and MR Ablation on Innate Immune Cell Presence near the Organ of Corti under
Basal and Noise-Exposure Conditions

Iba1+ microglia, macrophage-like glial cells of the CNS, are classically described in one
of two morphological phenotypes. Ramified microglia are considered to be surveilling their
environment. These cells typically retract their processes and attain an ameoboid shape
when a physical injury occurs and in this form function as macrophages, phagocytosing
cellular debris. However, while not producing overt pathology, stressful events are also
known to impact microglial morphology. Previous work has demonstrated that under
chronic stress conditions, Iba1+ microglia do not transform to the ameoboid morphology,
but rather increase process ramification [62]. Further, such morphological changes seem
not to be in response to CNS injury. Iba1 is a marker of macrophage-like cells in the
cochlea [15,17] and noise exposure increases the cochlea’s immune response, resulting in
an increase in Iba1+ cells.

To investigate whether the noise-induced inflammatory state of the cochlea was altered
by MR or GR ablation from Sox9+-supporting cells, we counted Iba1+ immunolabeled
cells in the sensory epithelium at 7 dpn. While Iba1+ immunostaining cannot by itself
distinguish between resident and infiltrating macrophage-like cells [63–66], it is still a
useful morphologically-based assessment of potential inflammatory processes occurring in
response to noise exposure. We chose 7 dpn because previous research has shown innate
immune response increases to its greatest levels in the cochlea after intense (105 dB SPL)
noise exposures [15,16,64,65,67] between 3 and 7 dpn and might therefore also be an ideal
time to detect differences for innate immune cell presence after the relatively mild (100 dB
SPL) noise exposures [18,19,68].

We immunostained wholemount cochlear pieces from control (no tamoxifen) and homozy-
gous (f/f) cKO MR mice with anti-Iba1 antibodies (control (no tamoxifen) without noise: 3 mice
[3 males], control (no tamoxifen) with noise: 4 mice [3 males; 1 female], cKO without noise: 4
mice [4 males], cKO with noise: 6 mice [3 males; 3 females]). A representative immunolabeling
of the middle-turn sensory epithelium containing the 22.6 kHz region is shown in Figure 8A.
The sensory epithelium length (range: 576 to 861 µm) was imaged to ensure that roughly equal
areas were assessed among specimens. While control (no tamoxifen) MR mice exhibited nearly
identical numbers of Iba1+ cells at basal (no noise) conditions, a trend occurred in which the
mean number of Iba1+ cells decreased and variation between mice increased at 7 dpn (Figure 8B).
Under MR cKO conditions, both no noise and noise exposed mice were similar to the control
(no tamoxifen) noise exposed group with respect to mean number of cells present and variation
between samples.

Similar to the analysis of MR control (no tamoxifen) and cKO mice, we immunos-
tained wholemount cochleae of control (no tamoxifen) and homozygous (f/f) cKO GR
mice to quantify the presence of Iba1+ cells in the middle-turn sensory epithelium that
includes the 22.6 kHz frequency region (control (no tamoxifen) without noise: 4 mice
, control (no tamoxifen) with noise: 4 mice [2 males; 2 females], cKO without noise:
3 mice [3 males], cKO with noise: 6 mice [3 males; 3 females]). Sensory epithelium length
was similar between groups (range: 600 to 840 µm). Counts and analysis of Iba1+ cells
(Figure 8C) revealed an interaction of supporting cell GR expression and noise expo-
sure with the number of Iba1+ cells present in the sensory epithelium. GR ablation from
Sox9-expressing supporting cells induced a greater number of Iba1+ cells in the sensory
epithelium under no-noise conditions. Further, noise exposure of cKO GR mice resulted
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in fewer Iba1+ cells at 7 dpn when compared to noise-exposed control (no tamoxifen) GR
mice (Figure 8B).
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Figure 8. Iba1+ cells within the middle-turn sensory epithelium of mice at 7 dpn and from age-
matched controls. (A) A representative image of a sensory epithelium wholemount prep from a
noise-exposed control (no tamoxifen) fMR:Sox9iCre mouse. (B) Iba1+ cell counts per stretch of the
middle turn imaged from fMR:Sox9iCre mice. (C) Iba1+ cell counts per stretch of the middle turn
imaged from fGR:Sox9iCre mice. (D) Total branch length of Iba1+ cells within the sensory epithelium.
(E) Iba1+ cell soma surface area within the sensory epithelium. Scale bar = 100 µm. Red: Iba1,
blue: DAPI. Two-way ANOVA tests were used for statistical assessments of data plotted in B-C and
linear mixed effects models were used for data plotted in D-E. Multiple comparisons used the Tukey
correction. Significance (*) is p < 0.05 and ns indicates “not significant”.

In an effort to further classify the activity state of these cochlear microglia/macrophage-
like Iba1+ cells, we analyzed the Iba1+ cell phenotype of the GR cKO mice by examining
total branch length and cell soma area as an indicator of activation [69] similar to what
was reported for microglia. Following GR ablation from supporting cells, there was a
trend for immune cells under basal (no noise) conditions to have an increased total branch
length (Figure 8D). This result is similar to that described for a chronic-stress state [62,70],
indicating that loss of basal cochlear GR signaling from Sox9+-supporting cells induces
a transition to a stress-activated Iba1+ cell phenotype and not a phenotype normally
associated with physical damage. However, total branch length and soma area were not
different between the noise exposed groups (Figure 8D,E), indicating that supporting cell
GR expression may influence the number of Iba1+ cells in this cochlear subregion but not
the activity state (assessed by cell morphology) induced by mild 94 dB SPL noise exposure.

3. Discussion

The goal of our study was to assess the role of the major corticosteroid receptors
(glucocorticoid and mineralocorticoid receptors) in a subset of epithelial “supporting cells”
along the basilar membrane of the scala media during recovery from mild noise exposure
in naïve mice. Using conditional genetic manipulations designed to ablate MR or GR
in Sox9+ epithelial-supporting cells of the mouse cochlea, we assessed the influence of
receptor loss spanning acute and long-term recovery from noise exposure. Our genetic
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approach forgoes surgical manipulations such as adrenalectomy and enabled investigation
of cochlear MR and GR expression in defined cell types of intact mice without impacting
extra-cochlear receptor expression (e.g., in neurons or circulating myeloid cells). Our
study begins an investigation of complementary roles of MR and GR co-expressed in
supporting cell populations with a focus on the physiological impacts of noise on cochlear
function and on noise-induced inflammatory responses and regulation occurring in the
cochlea. We found that supporting cell MR ablation resulted in transient ABR P1 amplitude
decrease after mild noise exposure without affecting physiological outcome. Loss of
supporting cell GR expression induced vulnerability to mild noise exposure, including
slower and incomplete ABR threshold recovery and persistent physiological impairment.
Immune cell presence, used as an indicator of the cochlear inflammatory state, revealed
a role of supporting cell GR for basal and noise-induced immune cell activity at 7 dpn.
Together, the data indicate distinct roles of Cort-sensitive nuclear receptors expressed in
epithelial-supporting cells that may impact intercellular communication throughout the
cochlear duct.

As with most gene ablation studies, the observable effect after receptor ablation could
be complex and include some degree of compensation (e.g., [71]), either by overstimula-
tion of the remaining Cort-sensitive receptor in other cells/regions of the cochlea or by
upregulating receptor expression in cells that have not undergone the gene recombination
event. The latter appears to have occurred following the conditional ablation of the GR
from Sox9+-supporting cells. Our expression data indicate a significant upregulation of
GR following tamoxifen activated Cre recombinase in Sox9+-supporting cells. The cells
participating in this unexpected upregulation of the GR gene are yet to be identified. Both
the MR and GR are thought to exist in two states: a cytosolic state that, once bound by
ligand, enters the nucleus and modulates transcriptional activity; and a membrane bound,
faster-acting state that exerts its activity over other proteins, including ion channels, and sig-
nal cascades. Our work here does not dissociate such functional aspects of these receptors
but rather considers receptor involvement in cochlear function in a broader context.

A caveat to cKO manipulation of genes of interest lies in understanding when the
gene of interest has reached its lowest expression level, especially when subpopulations
of cells in a complex tissue are targeted. One may assay mRNA for the gene of interest,
or attempt to assess protein levels, but these have the disadvantage that if the target cell
population is modest in size relative to other cells, RNA and/or protein-level changes
may either seem modest or, in worst cases, be barely detectable. Thus, understanding
the mechanisms that rule RNA and/or protein stability for the targeted gene is criti-
cal, but such information is often not available. We used two sources of information to
think about this problem for the GR (and assumed the MR may behave similarly). Neu-
ronal and synaptic proteins have been investigated and are thought to have a half-life of
3–14 days [72,73]. Our experimental design (five daily tamoxifen injections, at least
2 days of rest (and sometimes more than 5 days), and more than 2 days following baseline
testing before experimentation began) suggests that if our gene products act in a man-
ner similar to other neuronal proteins, expression levels would be within the half-life
time frame. A study on GR (and by extension, given that MR functions similarly as a
DNA-binding/transcriptional factor, we presume a similar fate for MR) demonstrated that
the ubiquitin-proteosome degradation pathway terminates GR signaling and that GR is
hyperphosphorylated upon ligand (GC) binding, initiating the degradation program [74].
It is conceivable that as the level of GR expression drops in targeted cells, low levels of GC
will bind a greater share of remaining GR, accelerating proteosome-associated degradation
of the remaining pool of GR.

3.1. Validation of the cKO Mouse Models

The cochlea expresses both GR (Nr3c1) and MR (Nr3c2) based on binding assays
(MR: [45], GR: [46]), in situ hybridization (MR: [43], GR: [75] and immunolocalization
(MR: [42], GR: [3,76]. We produced cKO mouse lines targeting MR and GR expression by
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using the Sox9 gene to drive tamoxifen-inducible Cre recombinase in cells of interest—the
supporting cells lining the scala media. These cells were targeted because our previous
work suggested that this population may be involved in cellular stress-response programs.
We validated that the supporting cells of interest expressed functional Cre recombinase
following tamoxifen treatment by using the tdTomato reporter mouse bred to the Sox9iCre
line. While other cells in the cochlea probably also express MR and GR, it is only those cells
that express both the iCre (defined by visualizing the tdTomato reporter and the floxed
gene of interest (based on previous reports) that will harbor the MR or GR knockout. The
cells with both iCre and floxed alleles are the supporting cells lining the scala media, and it
is from manipulation of these cells that the observed phenotypes emanate.

3.2. The Influence of Supporting Cell MR Expression on Auditory Functional Recovery

Based on the differential occupancy profile by endogenous GCs in the brain, GRs are
thought to mediate negative feedback signals following elevated GC levels produced by,
e.g., stress, whereas MRs, via their enhanced GC binding affinity (ten-fold higher) over that of
the GRs are thought to be involved with tonic influences of GCs [77,78]. Thus, in the absence
of significant levels of aldosterone and stress-elevated levels of Cort, the high-affinity miner-
alocorticoid receptor is thought to be occupied and activated by basal levels of Cort during
periods (i.e., non-stress) of low circulating levels of Cort, reserving GR activation for the highest
but transitory levels of Cort. Given their higher affinity for Cort, MRs can therefore modify
circadian and inflammatory responses via a direct action of competition for ligand until the MR
pool is fully saturated. Additionally, MR activity can dampen GR sensitivity to stress-induced
levels of GC via direct MR transcriptional regulation of the heat-shock protein 90-associated
co-chaperone FK506-binding protein 51 (FKBP5) [79,80].

A role for MR activity during cochlear inflammatory response has not been previously
assessed. After MR ablation in the Sox9+ epithelial-supporting cell population, we did
not observe an effect for peripheral auditory outcome after mild (100 dB SPL) noise chal-
lenge. Instead, in MR cKO mice, ABR P1 amplitude was decreased at day 1 post noise,
without apparent alteration to OHC activity. It is possible that MR cKO mice experience
an exacerbated decrease in endolymphatic potential (EP) driven by noise, though this
possibility was not assessed in these studies. Cochlear MR, especially in the stria vascularis,
is implicated in ion homeostasis [11,81,82]. MR expression in supporting cells along the
cochlear basilar membrane is likely to be involved in endolymphatic ionic balance where
partial loss of MR expression could alter the ionic environment enough to produce the
temporary threshold changes observed. Indeed, noise challenge produces a decrease in
K+ ion concentration [83]. However, other reports suggest no change or an increase in K+

ion concentration with the occurrence of noise exposure [84,85]. Noise-induced K+ con-
centration increase was suggested to occur after damage to hair cells which normally flux
K+ along its electrochemical gradient. In addition, noise exposure induces cellular stress
within the ion cycling pathway [27]. The effect of decreased EP is well-known to reduce
outer hair cell activity. Inner hair cell and afferent fiber activity is also uniformly reduced
upon EP decrease [86]. Indeed, ABR P1 amplitude decrease at 1 dpn appeared consistent
with poor EP stabilization. Therefore, we consider it most likely that loss of supporting
cell MR expression in the cochlea, combined with noise exposure, has induced an acute,
noise-induced effect that temporarily impaired generation of the EP [87]. While further
experimentation will be required to assess whether MR activity in cochlear-supporting
cells modifies the gap junction protein connexon 43 (Cx43) expression and therefore ion
recycling between the cochlear duct and spiral ligament in the cochlea, indications from
other tissues such as heart and kidney support the general idea that MR signaling can
influence ion distribution. In ventricular cardiomyocytes, the activity of MR and its ef-
fects on Cx43 are complex [88]. Activation of MR by aldosterone significantly upregulates
Cx43, concomitantly increasing conduction velocity significantly, but overstimulation with
higher concentrations of aldosterone decreased Cx43 expression. Similarly, complex phe-
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nomena may occur in the cochlea. Cx43 is required for EP maintenance and normal
auditory function [89].

At the morphological level, supporting cell MR ablation induced ribbon synapse
loss. Chronic EP reduction may contribute to age-related hearing loss (ARHL). Auditory
neuropathy appeared to be the first sensorineural morphological loss in human and rodent
ARHL [90–93]. Recent investigation demonstrated increased K+ concentration in culture
media can induce ribbon synapse loss in mouse cochlear explants [94]. However, ribbon
synapse loss with supporting cell MR ablation and noise exposure was not exacerbated.
Dysregulation of the inflammatory microenvironment may contribute to synaptopathy;
pathological levels of TNFα perfused into guinea pig cochleae resulted in auditory afferent
loss [95], and the innate immune cell response to noise exposure is implicated in ribbon
synaptic regeneration [19]. A representative immune response in the sensory epithelium
did not associate noise exposure or supporting cell MR with innate immune cell presence.
Altogether, the data from fMR:Sox9iCre mice support the idea of a role for supporting
cell MR expression in ionic balance regulation rather than modulation of a noise-induced
inflammatory and innate immune response.

3.3. The Influence of Supporting Cell GR Expression on Auditory Functional Recovery

Glucocorticoids are implicated in modulation of auditory sensitivity. Adrenalectomy,
synthetic GCs, and stress exposure can each alter auditory sensitivity [13]. Here, cKO of
Sox9+-supporting cell GR expression of either one (f/+ mice) or both (f/f mice) alleles
induced lower baseline ABR thresholds, especially of low frequencies. These changes
to auditory afferent sensitivity are presumably related to greater otoacoustic emission
amplitudes across frequencies similar to that produced by f2 = 22.6 kHz and 50–80 dB
SPL. Our analysis of noise exposure focused on the 22.6 kHz region because this region is
simultaneously sensitive (so it has a low threshold and thus maximal range for quantifying
threshold shifts before any ceiling effect truncates data collection) and is one of the most
affected regions following exposure to an 8–16 kHz noise band. The 22.6 kHz region
is therefore useful for detecting degradation of auditory thresholds after noise-induced
damage. While in control (no tamoxifen) and f/f cKO GR mice, DP amplitudes recovered
by 21 dpn, the DP amplitudes of f/+ heterozygous cKO GR mice did not recover. ABR
thresholds and P1 amplitudes recovered to wild-type values for both control (no tamoxifen)
and f/+ heterozygous cKO GR mice. However, the f/f cKO GR mice never regained
baseline ABR threshold sensitivity or P1 amplitudes. GR-related physiological vulnerability
of f/f cKO GR mice did not relate to increased auditory sensitivity. Indeed, similar ABR
threshold shift across groups at 1 dpn (see Figure 6B) suggests that the degree of noise
induced dysfunction was not related to an increased initial threshold shift [96] and thus any
change in dynamic recovery between the GR mouse lines is not explained by an initially
greater vulnerability to noise-induced damage. Overall, though we have targeted a range
of supporting cell types, an effect on auditory sensitivity could be through Deiter’s cell
modulation of outer hair cell electromotility [97] but appeared independent of vulnerability
to noise exposure.

GR ablation from Sox9+-supporting cells resulted in delayed and incomplete recovery
to baseline ABR threshold and long-term decrease of ABR P1 amplitude after mild (94 dB
SPL) noise exposure. Interestingly, auditory physiological impairment was not associated
with ribbon synapse loss. However, vulnerability to noise-induced changes in physiology
appeared related to the presence of Iba1+ immune cells in the sensory epithelium in two
ways: GR ablation (1) increased the basal number of immune cells, yet (2) decreased the
number of noise-induced immune cells compared to noise-exposed control (no tamoxifen)
mice. The first observation appears similar to GR-related regulation of innate immune
cell presence near the sensory epithelium [28]. Secondly, we expected supporting cell GR
ablation to positively feedback on proinflammatory signaling and exacerbate the immune
response. Inflammatory and immune response magnitude driven by noise exposure asso-
ciates with ribbon synapse repair [19] and permanent threshold shift [98]. In the current
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study, innate immune response assessed as Iba1+ cell counts within the sensory epithelium
at 7 dpn was not exacerbated, and instead was reduced, despite auditory physiological
deficits in f/f cKO GR mice. Noise–dose divergent cochlear immune response was also
found in investigations of circulating Cort related to circadian rhythm state, patterning
levels of noise-induced damage with auditory physiology [20,99,100]. Some distinctions
about the influence of GR expressed in supporting cells may be made: (1) supporting cell
GR knockdown (f/+ heterozygous cKO GR), which could represent circadian time (based
on available open receptors) distinct from control (no tamoxifen) mice, had typical physio-
logical recovery from noise exposure and (2) supporting cell GR ablation was detrimental
to auditory physiological recovery from noise exposure. The latter is in comparison to a pro-
tective effect of adrenalectomy on circadian-patterned susceptibility to noise exposure [20].
However, our expression analysis of GR mRNA levels unexpectedly demonstrated that a
loss of Sox9+-supporting cell GR expression induces a significant (roughly 2.5×) increase
in cochlear GR expression overall. The baseline changes to ABR thresholds shown in the
current study suggest a cell-type-specific role of cochlear GR activity that interacts with
and may dictate the influence of systemic Cort. Though circadian influence of cochlear-
supporting cells should be further investigated (e.g., see [25,101]), the data indicate a role
of supporting cell GR expression to modify noise-induced damage to auditory function.

Supporting cells may influence auditory physiology through various physiological
effects. Sex effects provide insight into potential pathologic mechanisms after supporting
cell GR ablation. In the current study, male mice were more susceptible to noise-induced
reduction of P1 amplitudes following ablation of genes expressed in cochlear-supporting
cells. Our observations of differential sensitivity to damage between male and female
mice is consistent with a meta-analysis in which male rodents experienced greater hair
cell loss and threshold shift compared to female rodents [102]. Studies have also found
male vulnerability to mild noise exposure and P1 amplitude reduction [54,103], though
see [53]. Recent investigation suggests that estrogen may directly modulate spiral ganglion
neurons [54]. Our current study suggests that a GR-related pathologic mechanism was
in part blunted by estrogen signaling. A prominent protective effect of estrogen in the
cochlea is through brain-derived neurotrophic factor (BDNF) signaling (reviewed by [104]).
However, BDNF signaling is also reported to exacerbate ribbon synapse loss [105,106].
In our experiments, noise-induced synapse loss was not detected after supporting cell
GR ablation (see Figure 8). P1 amplitude reduction in female mice at 1 dpn, which was
greater than the P1 reduction of male f/f cKO GR mice at 1 dpn as assessed by Bayesian
inferential credible intervals, (Figure 6B) suggests noise-induced neural adaptation present
in female mice consistent with the possibility of estrogen-associated neural adaptation.
Other potential sex-related differences, such as to OHC adaptation [107,108], inflammatory
response, or lateral wall function, will have to be explored by further investigation. Impor-
tantly, whichever pathologic mechanisms contributed to noise exposure vulnerability in
male f/f cKO GR mice appeared shielded in female mice. Investigation of sex effects for
cochlear-supporting cell biology is expected to further mechanistic understanding of these
cell types, compensatory processes in the cochlea, and the influence of estrogen signaling.

3.4. The Role of Supporting Cells for Auditory Homeostasis and Recovery

Supporting cells perform multiple functions to maintain auditory sensitivity. Within
the epithelial-supporting cells, specialized functions include ionic balance through con-
nexin expression and mechanical support, glia-like functions through neurotrophic factor
expression and release, and maintenance of extracellular glutamate levels by the glutamate–
glutamine cycle [87,109–112]. Dysregulation of supporting cell functions including clear-
ance of extracellular glutamate, maintenance of K+ ion concentration, and alterations to
neurotrophic factors each induce synapse loss [94,113,114]. Supporting cell populations
are stress responsive and have been associated with injury modulation and as sources of
secondary damage. Supporting cell-mediated adaptation involves paracrine release of
effector molecules [112,115–117]. Furthermore, a cochlear HPA-like homeostatic signaling



Int. J. Mol. Sci. 2023, 24, 3320 20 of 33

system implicates supporting cells as a local stress-response system [118], which may
combat dysfunction via induction of various intra- and extracellular signaling systems
following harmful noise levels without recruiting slower systemic stress responses. Indeed,
HPA-like signaling systems expressed in other organs have been demonstrated to allow
local immunomodulatory response to their own unique stressors without necessitating
systemic stress response [119].

A prominent role of HPA-like activity is immunomodulation via its modulated re-
lease of GCs and activation of GC-sensitive receptors. Innate immune cell phenotypic
differentiation and proinflammatory macrophage clearance of debris is sensitive to GC
signaling [120–122]. Our studies showed that in the absence of GR expression in cochlear-
supporting cells, Iba1+ cells of the cochlea at baseline, no noise conditions presented with
a hypertrophied ramification morphology that indicated a chronic stress condition was
underway. Interestingly, Iba1+ immune cells decreased in number after supporting cell GR
ablation and noise exposure (see Figure 8). Fewer Iba1+ cells (see Figure 8C,D) is consistent
with a state mirroring increased Cort signaling. This appeared to increase resolution of
the innate immune cell response. Furthermore, we observed a trend in which loss of
supporting cell GR expression reduced ribbon synapse counts (Figure 7E). However, given
our finding that cochlear GR expression levels significantly increase following GR ablation
from Sox9+-supporting cells, care must be taken in interpretation of results. Further work
will be necessary to determine where (cell types, regions within the cochlea, etc.) and how
this compensation occurs.

Long-term GC signaling can induce glutamatergic excitotoxicity [123,124]. However,
GR ablation from Sox9+ support cells, which induced a significant compensatory response
that increased GR expression 2.5× over baseline levels in other cells, was not associated
with noise-induced ribbon loss. Given that prolonged stress and higher circulating Cort is
apparently involved with greater noise-induced ribbon synapse loss and spiral ganglion
neuron loss [13,125,126], the GR expression compensation observed in our experiments
may not reflect higher GR signaling.

Our study represents a first attempt at uncovering the functional role of the GR and
MR in distinct cell populations of the cochlea. Further, our approach allowed for the first
time the manipulation of GC (Cort and aldosterone) signaling in the cochlea while leaving
intact these systemic signaling systems. Despite the advanced methods used to accomplish
these tasks, limitations in both experimental design and in interpretation exist. First, in
addressing immunomodulatory roles for GR and MR, we assessed Iba1+ cell numbers at
pre-noise exposure and, importantly, a single discrete post-noise time (day 7) as a metric
for inflammatory/immune state responses. However, we have not conducted experiments
to assess the more acute phase of inflammatory response, nor longer-term changes, thus
leaving open the question of dynamic response of the local immune response to noise under
condition of cell-specific MR and GR ablation. Further, our stimuli were relatively mild
in this study. Indeed, most studies of the noise-induced cochlear immune response use
intense noise exposures and immune cell analysis at day 7. Our results may not represent a
maximally recruited immune response with 94 dB SPL noise, but nonetheless are important
since most subjects are exposed to less intense noise intensities that arguably do not induce
physical damage (hair cell death, membrane rupture, etc.) that can be produced by the higher
intensity noise levels used in other studies. Second, our morphological assessment of cochlear
damage was primarily through ribbon synapse counts without assessing rearrangement [127]
or puncta ultrastructure. The noise exposures used were not expected to impact outer hair
cell survival. Assessment of the OHC region by a simple DAPI stain in fact did not reveal any
significant loss of OHCs (data not shown). While the ABR P1 amplitudes decreased after noise,
amplitudes recovered despite structural synaptopathy based on counts of GluA2/ribbon
pairing (see Figures 3, 4, 7 and 8). Synaptopathy without amplitude reduction in the cKO
MR loss could be further related to afferent fiber diversity [128] and differential vulnerability
to damage/loss.
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Overall, this study used a genetic approach to produce a cell-specific, temporally
defined conditional ablation of GC receptors that together participate in the basal and
stress-related physiological state of the cochlea. Importantly, our mouse models allowed us
to separate cochlear MR and GR function from each other while also maintaining normal
MR and GR activity outside of the cochlea. Our work demonstrated differential roles of
MR and GR during recovery from noise exposure. Sox9+-supporting cell GR influenced the
susceptibility to permanent NIHL and the rate of auditory functional recovery and resulted
in a decrease of ABR P1 amplitudes over the entire time frame examined. The fact that
the tamoxifen-treated f/+ heterozygous cKO GR mice mirrored the control (no tamoxifen)
mice in both general ABR thresholds and P1 amplitudes further suggests that one allele of
GR is sufficient to drive normal GR-based processing in the cochlea. While there was not
good evidence that loss of MR from Sox9+-supporting cells influences the early dynamics
of threshold recovery following noise exposure, our data clearly showed a trend in recovery
from 10 to 30 dpn that ended with a state of hypersensitive ABR thresholds. How long that
hyper-sensitive state might last and, given our findings that ABR P1 amplitudes seem only
to transiently change following noise, what mechanism(s) underlie this heightened state
of sensitivity must be further studied. Related to the innate immune cell presence within
the cochlea, loss of GR from Sox9+-supporting cells resulted in an increase in Iba1+ cells
observed prior to noise exposure but led to a decreased innate immune response driven
by noise assessed at 7 dpn. It will be important to further define the dynamic response
over time to ensure that the timeframe over which data were collected did not miss a shift
in maximal Iba1+ cells present in the cochlea following noise. Sox9+-supporting cell MR
gene manipulation did not alter either baseline or noise-induced innate immune responses
assessed by counting Iba1+ cells but transiently influenced ABR P1 neural amplitude.

4. Materials and Methods
4.1. Production of Compound Transgenic Mouse Lines, Breeding and Genotyping

Double-transgenic mice were generated by breeding mice carrying either lox P sites
flanking exon 2 of the Nr3c1 gene encoding the GR (B6.129S6-Nr3c1tm2.1Ljm/J, JAX stock
#012914) or lox P sites flanking exons 5–6 of the Nr3c2 gene encoding the MR (maintained
on a C57BL/6J background, gift of Dr. Iris Jaffe, Tufts Univ. School of Medicine) with
mice carrying an inducible Cre recombinase transgene driven by promoter elements of
the Sox9 gene (Tg(Sox9-cre/ERT2)1Msan/J, JAX stock 018829). Mice were genotyped
with standard PCR procedures from tail snips collected at weaning age. Briefly, samples
were digested 2–18 h in 500 µL tail lysis buffer (100 mM Tris-HCl, pH8.5, 5 mM EDTA,
200 mM NaCl, 0.2% SDS) containing 100 mg/mL Proteinase K (Fisher, Waltham, MA, USA)
at 56 ◦C on an orbital shaker followed by precipitation of genomic DNA in an equal volume
of 100% isopropanol. DNA was recovered and redissolved in 500 µL dH2O for use in
PCR genotyping reactions. PCR primer sequences (all listed as 5′ to 3′ in orientation)
were as follows: floxed GR primer set: fGR1 AATCAGAATTGCTCACTCACAA; fGR2
CAGTGTTACTACTTCCAGTTC producing a 290 bp mutant band or a 219 bp WT band;
floxed MR primer sets: wild type allele—MR1 CCA CTT GTA TCG GCA ATA CAG TTT
AGT GTC, MR2 CAC ATT GCA TGG GGA CAA CTG ACT TC, producing a 214 bp WT
band; floxed allele—MR3 CTG TGA TGC GCT CGG AAA CGG, MR4 GGA GAT CGT ACA
AAC ATA CGA ACA GC, producing a 565 bp mutant band. Sox9iCre transgene expression
was checked by PCR for each line using the following primers: Sox9Cre1 GCG GTG TGG
CAG TAA AAA CTA TC, Sox9Cre2 GTG AAA CAG CAT TGC TGT CAC TT, producing a
100 bp Tg band; IntCon1 CTA GGC CAG AGA ATT GAA AGA TCT, IntCon2 GTA GGT
GGA AAT TCT AGC ATC ATC C, producing a 324 bp loading control band (present in all
lanes when DNA was loaded to ensure that a negative lane was the product of the lack of
transgene and not a missed DNA load).
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4.2. Housing

Mice were housed in a standard ventilated cage rack system in the UMMC vivarium
(12 h light/dark cycle, food and water ad libitum, ambient sound) until used in experiments.
Mice were screened for absence of middle-ear infection prior to inclusion in experiments
(no mice were excluded due to middle-ear infection). Mice of both sexes were used.

4.3. Tamoxifen Injections

To generate conditional knockouts (cKO), two- to five-month-old f/f GR:Sox9iCre mice,
f/+ GR:Sox9iCre mice, and f/f MR:Sox9iCre mice underwent five once-daily injections
of tamoxifen (Sigma, St. Louis, MI, USA, 75 mg/kg, IP) previously dissolved in corn oil
(Sigma) by heating for 1–2 h at 45 ◦C. Dissolved tamoxifen was stored in 1 mL aliquots
in amber-colored Eppendorf-style tubes at −20 ◦C further protected from light by using
a cardboard freezer box. Prior to use, tamoxifen aliquots were thawed and inspected for
precipitate. If tamoxifen was precipitated, the tube was warmed to 45 ◦C while also being
mixed by inversion on a rotator to redissolve the drug. A similarly aged cohort of each
floxed line was injected (IP) with corn oil alone to produce control (non-cKO) lines. Mice
rested for a minimum of two days and sometimes up to 5 days following the last tamoxifen
injection before proceeding with experiments.

4.4. Morphological Verification of Mouse Lines as Useful for Experiments

Targeted ablation of the gene of interest can only occur in cells that express both
the floxed gene of interest and the inducible Cre recombinase. We first visually assessed
whether Sox9 iCre could be activated by tamoxifen delivered IP and concomitantly as-
sessed which cells would undergo tamoxifen-induced Cre recombination. To perform this
experiment, we bred mice harboring the Sox9iCre transgene with a ROSA26 flox-stop-
flox tdTomato reporter mouse line (Ai14, B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J,
JAX stock 7914) to generate double transgenic mice (tdTomato:Sox9iCre). Cochleae were
processed and inspected via confocal microscopy.

4.5. Verification of Mouse Lines as Useful for Experiments-Isolation and Validation of Total RNA
from Cochleae

Next, because we targeted only a subset of cells in the cochlea for ablation of each
gene of interest, we also used quantitative real-time PCR (qRT-PCR) techniques to assess
the degree to which expression of each gene was knocked down. Tamoxifen or corn oil
injections were given IP daily for 5 days. Cochlear total RNA was isolated 7 days after the
last tamoxifen injection. Mice underwent cervical dislocation and decapitation. Skin was
reflected toward the snout, the bulla was localized and removed, and the cochleae were
quickly accessed and pulled from the temporal bone using #5 Dumont forceps. Care was
taken to ensure no brain remnants were carried along with the isolated inner ears. Tissue
isolation for each pool was completed in approximately 30–45 s per mouse. The cochleae
were immediately immersed in ice cold 500 µL Trizol Reagent (Invitrogen/Ambion) in an
RNase-free 15 mL tube maintained on ice. Immediately following isolation of cochleae
for each condition (i.e., before the next group was processed), the pooled cochleae were
homogenized using an Omni handheld homogenizer (Omni International) and Omni
disposable 7 mm × 110 mm plastic rotor stator generator tips designed for hard tissue
(Omni 30750H). Generator tips were changed between pools of tissue from each group. Care
was taken to minimize any heat produced by the homogenization process by maintaining
the tube and tissue on ice and using the lowest speed necessary to homogenize the tissue.
Homogenization was completed within 5–6 min from the start of tissue isolation for
each pool. Homogenized samples were maintained on ice until all group samples were
homogenized. After all tissue from all conditions were homogenized, the samples were
transferred to RNase-free 1.6 mL Eppendorf-style tubes and centrifuged at 4 ◦C to sediment
debris. Supernatant was then transferred to Direct-Zol RNA mini-prep Plus columns
(Zymo Research) and total RNA was isolated following the manufacturer’s instructions.
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This included an in-column 15 min DNase I treatment (room temperature) to remove
genomic DNA from the sample. Total RNA was recovered in 30 µL RNase-free PCR grade
water (Ambion). Assessing integrity of samples and sample purity are important starting
points for a robust qPCR assay and are critical to understanding PCR reaction efficiency (in
addition to proper primer design). Nanodrop assessed purity (A260/A280) ranged from
1.903 to 1.995. RNA yields were analyzed using RNA binding dyes. A Qubit 4 fluorometry
Qubit RNA HS Assay kit was used, and results ranged from 19 ng/mL to 432 ng/µL. RNA
integrity was assessed with RNA binding dyes using Qubit 4 fluorometry and the Qubit
RNA IQ assay kit. All samples had an integrity score above 75%.

Verification of Mouse Lines as Useful for Experiments—qRT-PCR Procedures

To establish whether tamoxifen injections in the floxed GR:Sox9iCre and floxed
MR:Sox9iCre double transgenic mice produced modifications of the target genes of interest,
a SYBR Green-based qRT-PCR approach was taken. cDNA was produced from the total
RNA isolated from the cochleae of each group as described above. The Bio-Rad iScript
cDNA synthesis kit was used following the manufacturer’s instructions. An amount of
50 ng of cDNA was used per PCR reaction. qRT-PCR was carried out as triplicate technical
repeats on the biological duplicate samples. Reactions were run on a Bio-Rad CFX96 Touch
Real-Time PCR Detection System (UMMC Genomics core).

Design of the qRT-PCR followed a set of core MIQE guidelines [47,129]. Three primer sets
for each gene of interest were designed with the online IDT primer design system and targeted
exon 2, the floxed exon, of each gene of interest. Selected sequences were submitted to the NCBI
Primer-Blast and compared against the mouse genome to ensure no amplification of spurious
product might occur. Prior to performing the qRT-PCR reaction on the cochlear samples, the
PCR amplification efficiency of all primer sets was first tested on cDNA generated from whole
mouse brain total RNA following the same steps used for cochlear samples. Production of
single amplicons for each primer set was established via melt curve analysis at the conclusion
of the mouse-brain test PCR run. One primer set for each gene of interest performing best in
terms of both amplification efficiency and production of single amplicons evidenced by a single
melt curve peak from the test brain sample was then used with cochlear cDNA to quantify
tamoxifen-induced effects on expression levels. Triplicates of cDNA from each group were
run. Primers used for qRT-PCR were as follows: floxed GR—Nr3c1ex2FWD: 5′ GGA AGC
GTG ATG GAC TTG TAT 3′, Nr3c1ex2REV: 5′ GCTTGG AAT CTG CCT GAG AA 3′; floxed
MR—Nr3c2ex2FWD: 5′ GAG AGA TGC CGA GTA CAC TTA TG 3′, Nr3c2ex2REV 5′ GGA
CCT GTG ACC ATT CTC TTT 3′. Two genes, beta actin and GAPDH, were used as comparators,
serving as control genes (unchanging expression level) on which the qRT-PCR ∆∆Ct calculations
were based. Use of averaged multiple reference genes guards against unexpected changes to
reference genes that can skew ∆∆Ct calculations when only one reference gene is used and is
not fully validated as unchanging under the experimental conditions being surveyed [47,130].
Arithmetic and geometric means were virtually identical for control genes (and thus by the
arithmetic-geometric mean inequality, suggestive that the expression levels were similar between
reference genes), so a simple arithmetic mean of the control genes expression levels was used in
calculating potential expression level changes of the genes of interest (note that the arithmetic
mean will always be larger than the geometric mean unless the values are identical and therefore
the decision to use one or the other mean will slightly alter final differential expression values of
genes of interest). Primer sequences for these genes were as follows: beta actin—ACTB-fwd: 5′

GGC TGT ATT CCC CTC CAT C 3′, ACTB-rev: 5′ CCA GTT GGT AAC AAT GCC ATG T 3′,
for GAPDH—GAPDH-fwd: 5′ AGG TCG GTG TGA ACG GAT TTG 3′, GAPDH-rev: 5′ TGT
AGA CCA TGT AGT TGA GGT CA 3′.

The design for the qRT-PCR was as follows. Two main groups based on treatment were
created for each line of mice (fGR or fMR). For the fGR line, there were two groups based
on whether tamoxifen was administered (fGR with tamoxifen) or not (fGR, no tamoxifen).
The same was done for the fMR line (fMR, with tamoxifen; fMR, no tamoxifen). Thus, the
main groups created reflect a genotype x condition grouping. For each condition of each
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mouse line, two groups of 4 mice each were created. Cochleae from the 4 mice of each
group were collected, homogenized together, and total RNA was extracted. This created
two replicate pools of cochlear total RNA for each genotype x condition main group. The
total RNA samples isolated from the two groups of 4 mice each are biological replicates,
having come from the same genotype x condition main group but representing a different
pool of mice. Thus, a total of 8 mice were used to produce 2 biological replicate groups
(4 mice per biological replicate). The biological replicates (the two groups of pooled cochleae
from 4 mice each) were then used to run triplicate technical repeats of the qRT-PCR. Data
from the triplicate repeats of each biological repeat were then used for statistical analysis of
gene expression level changes. The final data represented by the box and whisker plots of
Figure 2 are the statistical assessment of the combined qPCR data gathered over the two
biological repeats, each of which is composed of the triplicate technical repeats, normalized
to the reference genes. An example of the experimental design is found in Supplementary
Materials Figure S4.

Results of all PCR reactions were analyzed with CFX Maestro software. The extended
methodological description here and results provided in the Supplementary Materials
section are provided to ensure that MIQE guidelines are met with respect to primer de-
sign, similar amplification efficiency across reactions (see results) and purity/lack of con-
tamination of starting material. From this, the ∆∆Ct calculation is a viable estimate of
tamoxifen-induced effects on the genes of interest.

4.6. Auditory Physiology—ABRs and DPOAEs

Mice received 5 daily Tamoxifen injections. Minimally two days (and more often
at least 5 days) elapsed between the last tamoxifen injection and collection of basal ABR
data. Prior to auditory physiological measurements, mice were housed in a walk-in sound-
attenuating chamber (Industrial Acoustics Co., North Aurora, IL, USA).

For all lines of mice, both sexes were used. To assess sex effects, we used Bayesian
inferential modeling. Otherwise, data from both sexes were compiled and analyzed in the
same batch. Auditory thresholds, peak 1 amplitudes and latencies were assessed via the
auditory brainstem response (ABR). The 2f1–f2 distortion product otoacoustic emission
(DPOAE) amplitudes were also recorded. Mice were anaesthetized with a mixture of
ketamine (100 mg/kg, IP) and xylazine (10 mg/kg, IP). Body temperature was maintained
at 37 ± 1 ◦C with a heating pad controlled by monitoring body temperature via a rectal
probe (FHC temperature regulation system). Subcutaneous needle leads were placed at
the tail (ground), under the right pinna (reference) and at the vertex of the head (active).
A custom produced speaker/microphone probe (contact Eaton Peabody Labs (Boston,
MA, USA) engineering for stereolithography files) was lowered to the outside of the right
ear canal. Custom LabView software (Cochlear Function Test Suite, Eaton Peabody Labs
(Boston, MA, USA), Mass. Eye and Ear Infirmary) was used to present sound stimuli to
the ear canal and record DPOAEs and ABRs. Recording frequencies spanned from 5.66 to
45.25 kHz and were presented in half-octave steps as previously described [112]. The ABR
neural trace stack and the 2f1–f2 DPOAE was saved to the lab computer and then exported
to a personal laptop for offline analysis. The ABR operator recorded initial decisions of
ABR thresholds. As a secondary check on threshold, ABR Peak Analysis software was used
to independently identify auditory thresholds and determine peak amplitude and latency
of ABR wave 1 [131] (for software code see [132]).

Auditory Physiology—Noise Exposure

Those mice receiving noise exposure underwent the tamoxifen injections and basal
ABR data gathering as described above. A minimum of 2 days (and up to 5 days) after basal
ABR data gathering, mice were exposed to noise. Thus, 9 to as many as 15 days elapsed
between the first tamoxifen injections and noise exposure. Custom LabView software (Eaton
Peabody Labs, MEEI) was used to generate octave-band noise (8–16 kHz). A maximum
of two mice were placed in a wire mesh cage (6 × 6 × 6 in), and up to four cages were
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placed within a custom-built noise exposure chamber on a rotating platform. Awake mice
were exposed to noise for 2 h, beginning at approximately 10:00 a.m. (to control circadian
rhythm influences on physiology). Mice were visually monitored over the entire span of
the noise exposure using a standard wireless baby monitor system composed of camera
and associated screen. Noise intensity was constantly measured from a centrally located
free-field microphone (PCB Piezotronics) hung approximately to the level of the head of
a mouse. Prior inspection of the noise exposure chamber revealed that noise intensity
varied within ± 0.5 dB SPL around the target intensity and across the space occupied by
the mouse cages within the exposure box. As prior studies have demonstrated a role of GR
after traumatic noise exposure, our experiments with fGR:Sox9iCre double-transgenic mice
used 94 dB SPL to assess vulnerability to non-neuropathic noise [133]. With fewer studies
investigating the role of MR after noise exposure [13], fMR:Sox9iCre double-transgenic
mice were exposed to 100 dB SPL intensity noise with the expected outcome to drive
noise-induced injury in these mice.

4.7. Neuroanatomical Analyses-Tissue Preparation and Immunofluorescent Labeling

Mice were transcardially perfused first with 1× PBS (vascular rinse), followed by 10 mL
room temperature 0.1 M sodium phosphate buffered 4% paraformaldehyde (PFA). Immediately
following perfusion of fixative, a lateral approach was used to access the cochleae. Cochleae
were slowly perfused via the round and oval windows with fixative (approximately 1 mL),
dissected free of the skull, and postfixed in the same fixative for between 30 minutes and
2 hours dependent on requirements. The cochleae were then decalcified in 8% EDTA in
1× PBS overnight on a rotator either at 4 ◦C or room temperature. For wholemount sensory
epithelium preparations used for afferent synapse and Iba1+ immune cell visualization, cochleae
were dissected into apical, middle and basal pieces by removing the lateral wall and tectorial
membrane and cutting into regions with spring scissors [134,135].

Tissue used for immunolabeling afferent synapses was cryoprotected in 30% sucrose
for approximately 20–30 min, permeabilized by freeze/thawing at −80 ◦C, rinsed three
times in 1× PBS, and then blocked in 5% normal donkey serum (Jackson ImmunoResearch)
with 0.5% Triton X−100 (Sigma, St. Louis, MI, USA) in PBS for 1 hour at room temp.
For immunostaining of synaptic profiles, rabbit monoclonal anti-CtBP2 (Abcam, 1:200,
Cambridge, UK), and mouse anti-GluA2 (Millipore, 1:1000, Billerica, MA, USA) primary
antibodies were diluted in 1× PBS with 1% normal donkey serum and 0.1% Triton X−100.
Tissue was incubated in the primary antibody cocktail overnight at 37 ◦C. The following
morning, tissue was rinsed 3 times in 1× PBS, then incubated 2 hours at 37 ◦C with Alexa
labeled secondary antibodies (Alexa 488 anti-mouse IgG2A and Alexa 594 anti-rabbit, both
1:1000 dilution) with 0.1% Triton X−100 and 1% normal serum. Tissue was incubated at
room temperature for 2 h. Following three 5 minutes rinse in 1× PBS, tissue underwent
final trimming to ensure the specimens were flat and then coverslipped with SlowFade
Gold with DAPI (Invitrogen, Carlsbad CA, USA).

For immunofluorescence labeling of immune cells, cochlear whole-mount pieces were
blocked 1 hour at room temperature in 5% normal donkey serum, incubated overnight at
4 ◦C with rabbit monoclonal anti-Iba1 (1:1000) primary antibody (Abcam), washed three
times for 5 minutes each in 1× PBS, then incubated 2 hours at 37 ◦C with Alexa 594 anti-
rabbit secondary antibody. Wholemount cochleae were mounted on microscope slides with
antifade FluoroGold with DAPI (Pierce/Fisher, Waltham, MA, USA) and coverslipped.

To visualize Sox9-driven Cre-mediated recombination, SoxiCre:tdTomato double trans-
genic mice were administered tamoxifen as described above. Mice were perfused with
aldehyde fixative and cochleae isolated, as described above. Cochleae were decalcified
in 8% EDTA for three days at 4 ◦C. The cochlear apex was opened, and cochleae were
cryopreserved through sequential graded sucrose incubations (10%, 15%) before OCT
embedding. Cryostat sections were cut at 12 microns and placed onto gelatin double
subbed slides. Sections were incubated overnight at room temperature with anti-RFP
(Rockland, 1:1000) primary antibody in 1% normal donkey serum with 0.1% Triton X−100.
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Incubation proceeded in a humidified chamber. Slides were then washed with 1× PBS,
incubated for 1 h at room temperature with Alexa 594 anti-rabbit secondary antibody in
the same diluent as the primary incubation. Following final 1× PBS washes, cochleae were
DAPI counterstained and mounted and coverslipped with Fluorogel (Electron Microscopy
Sciences, Darmstadt, Germany).

Neuroanatomical Analyses-Confocal Imaging and Image Analysis

Immunohistochemically stained tissue was imaged on a Zeiss LSM 880 confocal micro-
scope. A custom ImageJ2 plugin (Eaton Peabody Labs, Boston, MA, USA, (MEEI)) was used
to determine approximate cochlear-place frequency in mouse cochlear wholemounts [136].
Images of immunostained cochlear pieces from the 22.6 kHz region were obtained using a
40×/1.3 NA oil immersion objective and 3.5× digital zoom. Layers through the z-stack
were scanned at one-micron intervals with a resolution of 0.06 µm per pixel. For immune
cells in the sensory epithelium, the middle turn was imaged with a 20×/0.8 NA objective
and 0.6× digital zoom. Layers through the z-stack were scanned at two-micron intervals
with a resolution of 0.69 µm per pixel.

Images were exported to ImageJ (1.53o) for analysis [137]. Inner hair cell nuclei were
marked using the Cell Counter plugin. The puncta channels were passed through a filter
with 0.7 µm rolling ball radius. From maximal intensity projections, an ImageJ2 plugin
was used as a first pass puncta detection with default settings to determine mean puncta
intensities [138]. The images were then median filtered with 0.3 µm diameter to develop
the background intensity. The channel background was subtracted from each slice and
tiffs were generated for synapse detection using SynapseJ (v.1) [139]. Detection threshold
was set to one-fourth the mean puncta intensity per channel. A median blur of 0.3 µm
was applied and puncta size had a maximum diameter of 1.4 µm. Default noise and Find
Maxima were applied. Detected puncta were imported into R and processed using the
following packages: readr (2.1.2), rlang (1.0.6), tidyverse (1.3.2), reshape2 (1.4.4), rgdal
(1.5.32), spatstat (2.3.4), and nabor (0.5.0). Orphaned ribbons and synapses were observer
classified from raster plots of 1.5 × 1.5 × 3 µm (X × Y × Z) voxel space around detected
CtBP2 puncta. Counts were divided by the number of IHC in the image (typically 5–7 IHCs)
to arrive at an average count per hair cell. Three or four images taken of the 22.6 kHz region
of each cochlea. Middle turn segments were brightness and contrast adjusted for counting
Iba1+-cells with the Cell Counter ImageJ plugin. The sensory epithelium was observer
delimited by tracing a line through the IHC nuclei and then though the outer sulcus cells
using DAPI stain as a guide. The shape of the sensory epithelium was reconstructed using
the sf package (1.0.8). Immune cells in the vicinity of the sensory epithelium counted
and their morphology was further analyzed. From summed intensity projections, the cell
soma was outlined using the polygon selection tool and branches were traced using the
segmented lines tool.

4.8. Data Analysis

Analysis was conducted in R (version 4.2.1 (2022–06−23 ucrt)) using the following
packages: lme4 (1.1.30), lmerTest (3.1.3), afex (1.1.1), emmeans (1.8.0). Numbers of mice
for each analysis are indicated in figure legends or the results section. Physiological data
collection was designed for within-group recovery analysis. The statistical approach em-
phasized comparison to baseline values with Dunnett-equivalent correction while pairwise
comparisons were performed with Tukey correction. Linear mixed-effects models were
chosen to consider recovery dynamics of growth-curve data. Additionally, analysis of
ABR P1 amplitudes and ABR P1 latencies were limited to a sound stimulus of 50 or 60 dB
SPL, respectively. Mixed effects for the best model specified day as a nested effect within
each mouse and slopes which varied by sound-intensity level. The full mixed effects were
not supported for all datasets in which case slopes were not allowed to vary by level for
that model. To analyze data collected over multiple images per mouse, image was treated
as a nested effect within mouse. Denominator degrees of freedom and F-statistics were
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computed with the Satterthwaite method. Data were plotted as mean ± SEM. Significance
was set at p < 0.05.

A Bayesian approach was chosen for analysis of sex effects following the rationale
of Saber et al. [52]. Mixed-effects models have suppressed type I error rates but inflated
type II error rates with small sample sizes and increasing model variables. Bayesian
models can handle small sample sizes and produce reliable effect estimates with weakly
informative priors on the expected data distribution. Bayesian inference further supports
reproducibility of results from variable or mild injury types, such as mild noise exposure,
enabling discussion of probability and magnitude of injury effects. To model data in a
Bayesian inferential framework, we used the Stan computational platform (rstan, 2.26.13)
implemented with the brms package (2.17.0). Weakly informative priors were placed on
model parameters and variance components [140]. ABR P1 amplitude data with 80 dB
sound stimulus were fit to a gaussian regression model. Normal priors, ~Normal(0, 1), were
set to population-level parameters (e.g., male [coded for Sex]) and the intercept to constrain
posterior draws to expected sample space. A half-Cauchy prior, ~Cauchy(0, 5), was placed
on the residual variance as recommended for hierarchical models. Random intercepts
varied by individual mice and group-level variance was estimated by genotype. The model
was fit with four Markov chains: burn-in was 2000 iterations followed by 3000 sampling
iterations, culminating in 4000 posterior iterations per effect estimate. Convergence of
estimates was numerically assessed with potential scale reduction factor (R̂) and effective
sample sizes (ne f f ) with optimal values of R̂ = 1.0–1.1 and ne f f > 1000. Convergence
and sampling behavior was viewed with trace plots and auto-correlation plots. Posterior
sampling was visually assessed with bayesplot (1.9.0) to produce posterior predictive
checks with 1000 draws over the actual data. Stability of estimates was assessed by
doubling iterations and calculating effect bias. Effect estimates were plotted as median
values with quantile interval bars depicting 66% and 95% credible intervals (CrI) using
tidybayes (3.0.2). To aid interpretation, we calculated a point-based Bayes Factor (BF10) for
the null-hypothesis density ratio with the Savage–Dickey method [141,142]. For instance,
BF10 = 2 supports the model such that the actual data are twice less likely to contain a
compared data distribution of point value after seeing the data. A BF10 < 1 indicates
support for the null hypothesis whereas a BF10 > 3 and <10 provides moderate support
that two distributions are distinct or do not contain a value of interest (i.e., a value of
0 for baseline normalized distributions) [143]. While we have calculated BF10 for some
estimations, we primarily consider estimates in terms of credible intervals which in the
results are represented graphically (median + CrI).
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