ABSTRACT
Dysfunction of Calcium Regulation Mediates Processes Involved in
Age-Related Hearing Loss
Jack Charles
Director: Dwayne D. Simmons, Ph.D.
Hearing loss is a complicated disability affecting a substantial portion of the
public. Hearing loss can occur due to a variety of reasons, but the processes involved in
such a phenomenon are considered to be similar across all types of hearing loss. Here, an
oncomodulin knock-out (KO) mouse strain is used to resemble an age-related hearing
loss model. Oncomodulin (OCM) is a calcium binding protein (CaBP) in mammalian
outer hair cells (OHC) responsible for calcium regulation. OCM is the dominant CaBP
and is the only known CaBP whose KO is known to cause progressive hearing loss. Thus,
this study sought to examine changes in the OHC that occur in response to its deletion.
Of interest were OHC survivability, electromotive function, efferent cluster connections,
and secondary CaBP expression, all of which are proposed mechanisms involved in
hearing loss. This study hypothesized that the calcium dysfunction resulting from Ocm
KO leads to changes in these four areas, which contributes to eventual hearing loss. Upon
analysis, it was found that OHC survivability and efferent cluster expression are mediated
by calcium regulation, while secondary CaBP activity and electromotive function appear
unaffected. These findings suggest that OHC presence and efferent connections are
primarily involved in processes resulting in age-related hearing loss, and that these
mechanisms are regulated by OCM function.
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CHAPTER ONE
Introduction
Purpose
Oncomodulin has been coined by some to be an enigmatic parvalbumin protein
(Climer 2019). This mysterious protein, however, is relevant in proper auditory
functioning. Perhaps to contradict its nickname, this paper seeks to uncover some of the
changes that occur when OCM is not present in the inner ear, and to further explore how
these changes contribute to hearing loss. Specifically, OCM is a calcium binding protein,
meaning it helps regulate intracellular calcium levels which is critical for numerous
cellular tasks. Removing OCM, and thus altering normal calcium relations, can disrupt
many processes critical for hearing. To explore such a dynamic, this study attempts to
view any changes that may occur in outer hair cell survivability, OHC electromotility,
OHC efferent connections, and other secondary CaBPs upon the deletion of Ocm in a
mouse model, with the hypothesis that OCM’s calcium regulation is critical for proper
functioning in these areas.
Hearing Loss
Roughly 20% of the world’s population is currently suffering from some form of
hearing loss (WHO). With the most common cause being age-related hearing loss
(ARHL), the prevalence and risks of this disability tend to increase as one ages.
However, noise and cytotoxic induced hearing loss, along with genetic predispositions
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and physical trauma, also contribute to this disability. Beyond the elderly, those also at
risk include the avid concertgoer, military personnel, cancer patients undergoing certain
drug therapies, and others partaking in relatively common activities that may subject
them to potential traumatic damage to the ear. Noise-induced hearing loss is the most
common occupational disease as a result of these factors (Stucken 2014). Ototoxicity is a
common side effect seen in patients using aminoglycoside antibiotic medications. Even
more, 50-60% of hearing loss is considered to be genetic, highlighting some unavoidable
factors that also contribute to the large prevalence of this disability (CDC). The
importance of studying this disability is clear when quality of life is considered. This
disability is accompanied with major life changes, it affects ones’ social life, and the
activities they partake in. It could put strain on personal relationships with loved ones or
family, and it has major impacts on mental health and wellbeing. As expected, adults
with hearing loss are more at risk for depression than others (Kushalnagar 2019). All to
say, the first step in creating prophylactic measures to protect from hearing loss, or the
first step towards creating treatments that reverse or slow down the progression, is to
understand the mechanisms at play.
Cochlear Anatomy
To begin understanding the process of hearing, and thus hearing loss, cochlear
anatomy first hints at cochlear function. Moving from the outer ear through the canal and
malleus, incus, and stapes, the well-known bones of the middle ear, one arrives at two
structures. These two structures, the vestibular organs and the cochlea, make up the inner
ear. Of interest here is the cochlea, and more specifically, the Organ of Corti (Diagram
1). The cochlea is located just inside the skull and is further encased in more bone called
2

the otic capsule. Housed within the otic capsule is a spiraling, tubular organ in which the
Organ of Corti lies. Upon the basilar membrane inside this organ are the sensory
epithelial cells and supporting cells that are responsible for hearing. The rest of this organ
is broken into three fluid filled compartments, containing either endolymph or perilymph.
The function of this fluid is to transmit vibrations and pressure to the sensory cells on the
organ of Corti. This transmission is the last step in the process of converting auditory
stimuli to mechanical stimuli to electrical stimuli, or in short, how one can hear. Auditory
stimuli entering the outer ears are converted to mechanical vibrations in the middle ear,
which then act on the oval window at the base of the spiraling, fluid-filled organ. This
transmits the vibrations through fluid which in turn stimulates the sensory epithelium to
transfer the mechanical information to electrical information to be sent along the auditory
nerve to the brain.
Diagram 1.
Organ of Corti
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Outer Hair Cells
How exactly do the sensory epithelial cells convert mechanical information to an
electrical representation that is understand as sound? The sensory epithelium is composed
of inner hair cells (IHCs) and outer hair cells (Diagram 2). Both types of sensory hair
cells have stereocilia projections on their apical ends that reach into the fluid-filled space
of the cochlea and have synaptic nerve connections on their basal ends. The mechanical
vibrations through the endolymph bend and interact with the stereocilia hair bundles. The
sensory hair cells then transduce this mechanical change in position of the stereocilia into
electrical information to be further transmitted from their basal nerve connections to the
brain (Hudspeth and Corey 1977). It is now known that the inner hair cells contain
afferent nerve connections to project sensory information to the brain via the auditory
nerve, and outer hair cells contain efferent nerve connections. However, they are still
largely involved in the process of hearing. As such, OHCs are typically referred to as the
cochlear amplifier, as they amplify and increase the resolution of hearing transmitted by
the inner hair cells (Ryan and Dallos 1975). Furthermore, OHC loss from any form of
damage typically occurs progressing from basal to apical regions, but OHC loss does not
directly correlate to hearing threshold loss (Ryan and Dallos 1975, Chen 2008). For
example, hearing loss resulting from Ocm knockout can precede the loss of OHCs (Tong
2016). A hearing threshold is the minimum amount of auditory intensity necessary at a
given frequency to be registered as sound by the sensory epithelium. Data provided here
further corroborate this finding in that hearing function may remain to some degree even
in the loss of outer hair cells characterized by death, damage, or presence but lack of
function. Despite this, and to emphasize the importance of OHC mechanisms, it has been
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known for decades that aminoglycosides disrupt the transduction mechanism of sensory
cells through blocking the cation channels in OHCs responsible for current passage (Kros
1992). In reference to earlier, this is possibly involved in the ototoxic side effects seen in
cancer patients taking aminoglycoside antibiotics that result in hearing loss as a side
effect. Thus, there remains a key interaction between OHCs and proper hearing ability to
still be studied, and a key factor to the way in which OHCs moderate the ability to hear
involves the usage of calcium.
Diagram 2.
Sensory epithelium

Calcium
Calcium is crucial in the process of hearing and primarily activates OHC function
through mechanoelectrical transduction (MT) channels located in the stereocilia of the
OHC. Overstimulation of the OHC by cytotoxic levels of calcium, however, can lead to
hearing loss. Thus, calcium must be and is regulated by many factors within the OHC.
Calcium influx is mediated predominantly by MT and voltage gated ion channels (Beurg
2009). Efflux is largely due to ATP coupled pumps such as PMCA2 (Yamoah 1998).
Thus, demonstrating the cytotoxic effects of unregulated intracellular calcium, PMCA2
5

mutations contribute to hearing loss (Kozel 1998). Intracellular storage of calcium also
exists among organelles such as the nucleus, endoplasmic reticulum, and mitochondria
(Patterson 2007). Lastly, and of primary importance for this paper, free cytosolic calcium
is regulated by the presence of calcium binding proteins, such as calretinin, aparvalbumin (APV), oncomodulin and calbindin (Hackney 2005).
Calcium Binding Proteins
CaBPs bind and regulate free calcium as a way of buffering calcium flow and the
resulting signal transduction, which is necessary for proper hearing. Oncomodulin, an
EF-hand CaBP and structural isoform of a-parvalbumin, has been discovered to be
unique to OHCs and contributes largely to OHC function and resulting auditory
thresholds (Hackney 2005). Of further interest is sorcin (Sri), another CaBP, that is an
OHC marker and contributor to OHC regulation of calcium in early developmental
stages, with particular interest in regulating calcium homeostasis in the endoplasmic
reticulum (Ranum 2019). In early development, OHCs are seen to largely express APV
with no expression of OCM at birth (Yang 2004). Around postnatal day 3 (P3), however,
OCM expression is upregulated while APV expression decreases (Yang 2004, Murtha
2022).
Oncomodulin
To delve further into oncomodulin being the primary focus of this study, this EFhand CaBP belongs to the parvalbumin protein family and is structurally similar to APV.
Confirming early discoveries, OCM is found to be expressed exclusively in mammalian
OHCs and vestibular hair cells (Sakaguchi 1998, Simmons 2010). Within the OHCs,
6

OCM expression onset occurs as early as P3, with localization to the basolateral
membranes of the hair cell (Simmons 2010). As an EF-hand CaBP, its function is largely
related to intracellular calcium levels. In turn, data shows that its regulation of calcium
contributes to hair cell survival. Ocm KO in C57Bl/6 mice show substantial accelerated
hearing loss, while KO of other CaBPs show minimal to no hearing loss (Tong 2016,
Pangršič 2015). This suggests that OCM is the dominant CaBP expressed in OHCs and is
the only known CaBP to result in hearing loss when knocked out. This is consistent with
previous data from this lab showing that Ocm KO accelerates age-related hearing loss in
both CBA/CaJ and C57Bl/6J mice (Climer 2021).
Electromotility
Another key aspect in hearing is the OHC’s electromotive capabilities. Early
studies found that OHCs are able to change in length in response to different
transmembrane voltages (Brownell 1985). These voltages represent differing frequency
ranges that input on to the OHC, and this phenomenon has been termed electromotility. It
has now been understood that OHC changes in response to frequencies are responsible
for their distinct ability to amplify and increase the resolution of hearing that is
transmitted by IHCs. Prestin, in relation to electromotility, is the main motor protein
found exclusively in the outer hair cells (Zheng 2000). Thus, it is believed that prestin
contributes to the amplification process of OHCs through its conformational changes in
the lateral membrane of outer hair cells. Their importance is further emphasized in prestin
KO models losing all electromotive abilities and exhibiting increased hearing thresholds
(Liberman 2002). In the late ‘80s, there was no evidence supporting that calcium, or the
lack thereof, had any effect on electromotility in the hair cell. Outer hair cells respond to
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voltage changes the same way in normal calcium environments as well as calciumdepleted environments (Ashmore 1987). Data from this study seem to corroborate this
narrative that prestin function lacks any interaction with calcium. However, a recent and
unique finding regarding prestin brings to discussion its role in synaptic organization on
outer hair cells. The lack of prestin, beyond electromotility and amplifying deficits in
OHCs, appears to disrupt the efferent connections to these OHCs (Takahashi 2018).
Efferent Connections
Efferent connections have long been studied in OHCs. Many descending
pathways innervate the outer hair cells and have been termed medial olivocochlear
(MOC) efferent neurons due to their origination in the medial olivary complex of the
brainstem. Early research on the topic found interesting interactions among MOC
activity, varying noise intensities, and hearing threshold results. It is now known that
MOC connections contribute to the OHC function of sound amplification by increasing
the signal to noise ratio required for selective attention, most likely through inhibitory
mechanisms and increased activity in response to noise (Rabbit 2009, Andéol 2011,
Lichtenhan 2016) Furthermore, MOC efferent activity possibly has protective OHC
effects in response to noise or age-induced hearing loss (Rajan and Johnstone 1989,
Liberman 2014). In continuance with this hypothesis, efferent connections were observed
in this study to determine how they respond to Ocm KO, which is known to cause agerelated hearing loss.
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Overview
In this paper, four components of hearing were analyzed on two strains of an Ocm
KO mouse model. CBA/CaJ mice are known for strong hearing that is relatively stable
throughout their lifetime up until 20-22 months of age, while C57Bl/6J mice are known
to have functional hearing in wild types up until 12 months of age. Prior data from this
lab show that Ocm KO in both models accelerate their respective age-related hearing loss
timelines (Climer 2021). Thus, CBA/CaJ KO mice exhibit hearing loss by 12 months of
age, and C57Bl/6J KO mice exhibit hearing loss by 3-6 months of age.
Within the parameters of this study, four components of hearing loss were
measured. These include OHC survivability, OHC electromotility, efferent connections
on OHCs, and secondary CaBPs. OHC counts were first conducted on KO mice when
advanced hearing loss occurs to confirm their involvement in the observed loss of
function. Next, in efforts to understand mechanisms that may be involved at the time of
hearing loss onset, the study turned to prestin’s electromotive activity and efferent
connections. These two factors were examined at timepoints that correspond to hearing
loss to determine if either of these mechanisms are affected by the Ocm KO. Finally, after
gaining further understanding of how mechanisms involved in hearing loss behave in an
Ocm KO model, the study turned to secondary CaBPs in early developmental stages of
KO mice to gain insight on what may be responsible for these changes occurring near the
onset of hearing loss.

9

CHAPTER TWO
Materials and Methods
Animals
All mice used in this experiment were from a CBA/CaJ or C57Bl/6J background.
The Ocm-/- knockout strain was created as outlined in Tong 2016. Mice used in these
experiments were bred in the Baylor University Vivarium. Euthanasia of mice consisted
of a lethal dosage of intraperitoneal (IP) sodium pentobarbital (150 mg/kg) for adults,
followed by transcardial perfusion with 0.1M phosphate buffered saline (PBS), then
fixation with 4% paraformaldehyde (PFA). Following fixation, rapid decapitation was
performed for tissue collection. P0-P3 mice are similarly anesthetized with 100 mg/kg of
pentobarbital. After confirmation of anesthesia through lack of neurological reflexes,
mice are cooled to 10°C for 1-2 minutes, after which rapid decapitation occurs.
Anesthesia for distortion product otoacoustic emission (DPOAE) testing consisted of
ketamine (80 mg/kg IP) and xylazine (15 mg/kg IP). All protocols during this experiment
are in accordance with Baylor University’s Animal Research guidelines approved by the
Institutional Animal Care and Use Committee, and in further concordance with the
National Institutes of Health animal care guidelines.
Animal Preparation
Prior to cochlear isolation for dissections, mice are anesthetized and euthanized.
Adult mice underwent transcardial perfusion. All mice at this point were similarly
decapitated. Isolation of the cochlea required scientific grade scissors and forceps
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specialized for dissections and was conducted under Leica Dissecting Microscopes. Each
dissection was performed in a 60x15 mm style tissue culture disc with the tissue
submerged under 4% paraformaldehyde. Once each cochlea was removed from the
cranium and other brain matter, holes were punctured through the apex of the otic capsule
and oval window, with special care to avoid damaging hair cells, to allow for full fixation
of PFA through the sensory organs. Cochleae remained fixed in PFA overnight in
rotating 1.5 mL tubes at 4°C, and they were transferred to 1x phosphate-buffered saline
solutions the next day for further storage at 4°C if necessary. Tissue was then decalcified
for two days if required in a 0.1M EDTA solution at room temperature and prepared for
dissection.
Cochlear Dissection Procedure
Cochlear dissections were performed under Leica Dissecting Microscopes with a
dark background for optimal vision. The cochlea was submerged in 1x PBS solution in
60x15 mm style tissue culture discs. To begin, vestibular organs of the whole cochlea
were removed from the organ of Corti and discarded using a blade breaker with a scalpel.
Excess tissue was trimmed from the surrounding organ of Corti, and the otic capsule was
removed using forceps to expose the internal organ structures. Using forceps, the organ
of Corti was gripped in the basal most region and unwound from the cochlear nerve.
Upon removal of the organ of Corti, the hair cells were still attached to a layer of
extraneous tissue. Separating the hair cells from the outer membrane was completed in a
similar fashion to their removal from the cochlear nerve, gripping the base of the spiral
with one forceps and the membrane with another, separating them in a zipper-like
fashion. After this step, the spiral was cut in five optimal regions to create six separate
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pieces, allowing for flat presentations of the six pieces when imaging (Diagram 3). Using
forceps, the tectorial membrane was then carefully removed from above the hair cells to
optimize their exposure to antibodies for imaging purposes.
Diagram 3.
Microdissection cuts

Immunofluorescence Protocol for Dissections
Following tissue preparation outlined in the dissection protocol, the spirals were
placed in 95 μL sucrose solution (30% sucrose in PBS) in 1.5 mL tube caps. Each
12

following step during this procedure similarly consisted of submerging the six pieces in
approximately 95 μL solutions sealed in the 1.5 mL caps with their respective tubes. In
the sucrose solution, the pieces were placed on a Benchmark ORBI-ShakerTM JR. shaker
at 80 rpm for 1 hour before they were frozen for 30 minutes in a -80°C freezer. The
spirals thawed for 30 minutes in a 37°C oven and were then rinsed with PBS. PBS rinses
composed of 2 quick rinses with 1x PBS followed by three 10-minute intervals of
shaking at 80 rpm. The spirals were then blocked with a 5% NHS-T solution for 1 hour
on the shaker. After removing the block, the spirals were submerged in a primary
antibody solution consisting of antibodies and 5% NHS-T as outlined in Table 1
overnight at 37°C. The following day, the spirals were washed with 1x PBS, again
repeating the wash protocol outlined above. They were then submerged in a secondary
antibody solution in 1% NHS-T as outlined in Table 2 for 2 hours at 37°C covered with
aluminum foil to prevent exposing the light-sensitive antibodies. Following one more
wash protocol with 1x PBS as previously outlined, the six pieces were then transferred to
Fisherbrand frosted microscope slides using a scooper to refrain from any mechanical
damage to the hair cells. The pieces were positioned with hair cells facing up in
VECTASHIELD Mounting Medium with DAPI. Fisherbrand microscope cover glass was
carefully lowered on top of the pieces and sealed with L.A. COLORS Electron
Microscopy Sciences Nail Polish. The slides were left in the dark to dry before imaging
or storage in a 4°C Panasonic fridge.
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Table 1.
List of primary antibodies
Name

Company

Host

Anti-Ocm
Anti-aPV
Anti-sorcin
Anti-ChAT

SWANT
SWANT
Invitrogen
Millipore

Goat
Goat
Rabbit
Goat

Concentration (in
5% NHS-T)
1:1000
1:200
1:100
1:400

Table 2.
List of secondary antibodies
Name

Company

Host

Dk anti gt 637
Dk anti rb 546
Phal488
Dapi

Northern Lights
Alexa Fluor
Abcam
Vector Laboratories

Donkey anti goat
Donkey anti rabbit
n/a
n/a

Concentration (in
1% NHS-T)
1:200
1:200
1:1000
n/a

Distortion Product Otoacoustic Emissions
As outlined earlier, animals were anesthetized prior to DPOAE assessments to
allow for OHC function measurements of hearing. All DPOAE software was calibrated
prior to each individual experiment at the beginning of each of each week. Alcohol swabs
were used to clean the outer ear for surgery, a scalpel was used to create an incision that
allowed for probe placement, and any bleeding was controlled for with cotton swabs.
Incisions were then treated with lidocaine to prevent any pain that may be experienced
during the procedure. Eyes were treated with antibiotic ointment to avoid drying out
during the procedure. Upon probe insertion, hearing measurements were taken from 2080 dBs with 10 dB increments at frequency ranges of 5.66 kHz, 8.0 kHz, 11.32 kHz, 16.0
kHz, 22.56 kHz, 32.0 kHz, and 45.2 kHz for each step. Hearing thresholds were
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computed using Eaton Peabody Laboratory Cochlear Function Test Suite software during
testing. Mice were then allowed to recover from anesthesia in a temperature-controlled
room before being returned to the Baylor University Vivarium.
Zen Imaging
All images included in this experiment were taken on a Zeiss confocal microscope
(LSM800) under 10x, 20x, or 63x (with Immersol 518F oil) objectives. Image analysis
was conducted on Zeiss Zen Blue software using the same image capture settings among
all pieces of each individual experiment. Zeiss software includes the ability to take
“snapshots” of tissue for quick analysis, as well as “z-stack” abilities to capture 3dimensional images of tissue, both of which were used. Z-stacks were then converted into
maximum intensity projections condensing the 3-dimensional structure into 2-dimensions
to allow for viewing expression levels of the entire hair cell in one image. Laser power
intensity and gain settings were adjusted accordingly to ensure no overexposure and
subsequent bleaching of the tissue occurred during imaging. Zen software also allowed
for hair cell counting. 10x images of tissue dissected as outlined earlier were taken to
allow for counting the percentage of OHC loss. 69.16x37.64 μm boxes were constructed
around hair cell regions, missing OHCs were counted, and an average percentage was
calculated to account for irregular apical/basal ends (Figure 1). Unintentional mechanical
damage during dissections was not included in these percentages. Only hair cells that
were distinguishable by hair cell markers, such as DAPI or phalloidin, were considered
during the counts.
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Statistical Analysis
Semi quantification of expression levels after imaging with the Zeiss confocal
microscope was conducted using ImageJ FIJI analysis software. Relative expression
levels of proteins of interest were accomplished by outlining each individual outer hair
cell in 63x images. FIJI software calculated the average intensity of expression within
each outline which allowed for comparison between expression intensity levels of
different tissues controlled for age and genotype. All animals of different sexes were
randomly assigned during experimentation. Further analysis was conducted using
GraphPad Prism 8 software for comparisons among age and genotypes. Unpaired twotailed t-tests with Welch’s correction were calculated for all significance measures, with
p<.05 (*), p<.005 (**), and p<.001 (***) denoting significance. Difference between
means measurements were calculated with SEM, and all figures were plotted as a mean
with SD error bars.

16

CHAPTER THREE
Results
DPOAEs
Before observing mechanisms in Ocm KO mice, one must first know where and
when to look. To view the functional ability of mice, DPOAEs were conducted at varying
ages in C57Bl/6J mice in Climer 2021 (Figure 2)1. As expected, hearing loss was
observed in KO mice earlier than in wild type (WT), with the most significant hearing
loss occurring at 6 months.

1

Figure 2 is previously published data from this lab (Climer 2021) that was assisted on, but
ownership is not being claimed.
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Similarly, the onset of hearing loss in CBA/CaJ mice was accelerated in KO mice
compared to WT as also seen in results from Climer 2021 (Figure 3)2. Significant hearing
threshold shifts were first observed at 7 and 12 months in the KO.

Ocm KO Leads to Accelerated OHC Loss
Before delving in to OHC intracellular mechanisms, it is imperative that the Ocm
KO model amplifies the OHC loss phenotype observed in mice exhibiting hearing loss. In
CBA WT mice, normal hearing is present until 22 months of age when it begins to
decline. In CBA KO mice, hearing begins declining around 5 months of age, with
deafness occurring by 15 months (Climer 2021). Findings from that study similarly

Figure 3 is previously published data from this lab (Climer 2021) that was assisted on, but
ownership is not being claimed.
2
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observe loss of OHCs that correlate with the loss of hearing ability (Figure 4)3. Thus, hair
cell counts were conducted here to further confirm the OHC loss phenotype associated
with this hearing dysfunction. 12-month-old Ocm WT and KO CBA mice were dissected,
stained for phalloidin and DAPI to identify hair cells, and imaged at 63x magnification
(Figure 1). Hair cell counts of these aged preparations revealed a significant accelerated
loss of OHCs in Ocm KO compared to that of WT. Significant accelerated hair cell loss
was observed in all regions of the cochlea (basal mean diff: 14.7 ± 4.67, p=.01), with the
most dramatic changes observed in middle (mean diff: 13.00 ± 2.14, p<.001) and apical
regions (mean diff: 16.8 ± 2.74, p<.001) (Figure 5).

3

Figure 4 is previously published data from this lab (Climer 2021) that was assisted on, but
ownership is not being claimed.
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Prestin Expression in Ocm KO
Having confirmed the relationship between OHCs and hearing ability, measures
were then taken to understand how Ocm KO affects mechanisms responsible for hearing.
These mechanisms were examined at the times in which hearing loss function begins to
decline. Prestin plays a critical role in proper hearing. Electromotility aids in the
amplification process of hearing, and the lack of prestin appears to alter hearing
thresholds as well as synaptic connections. Thus, prestin was observed on Ocm WT and
KO C57 mice at varying ages and locations. After dissection, prestin was co-labeled with
DAPI and imaged on 63x magnification (Figure 6). As observed before, WT mice appear
20

to have major OHC loss by 15 months of age, and this phenotype is seen occurring in KO
mice by 5 months of age. However, prestin labeling still appears in the remaining OHCs
at this age. Upon analyzing the prestin expression intensity, it appears that prestin
expression may decrease in KO mice (Figure 7). However, the decrease in expression
only occurs at 22 kHz in the 2-month-old KO (p=.038). This could suggest that while
prestin is subject to normal aging processes, OCM’s role in calcium regulation does not
play a large role in prestin organization. It is also not clear whether prestin loss occurs
before or after OHC death. While prestin is present in remaining OHCs, it is not
clear whether proper prestin function is maintained in these cells.

21

Ocm KO Accelerates Age-Related Efferent Loss
Similar to prestin labeling for OHC electromotive capabilities, efferent
connections were examined around the time in which hearing loss onset occurs. MOC
efferent connections are critical for proper hearing. In aging mice, synaptic dysfunction is
a common phenotype associated with the observed ARHL, and thus the loss of these
efferent connections could aid in the dysfunctional state of OHCs during hearing loss.
Choline acetyltransferase (ChAT), a prominent MOC efferent stain, was co-labeled with
DAPI, staining for the nucleus, in dissected mice imaged at 63x magnification on a C57
background. Four locations of the organ of Corti associated with selectivity for differing
frequency ranges were observed among Ocm WT and KO at varying ages (Figure 8). In
WT mice, OHCs and efferent clusters were disorganized and mostly absent at both basal
and apical ends by 15 months. In KO mice, this phenotype was observed by only 5
months of age. Efferent clusters are also absent in most remaining OHCs at 5 months of
22

age. Efferent intensity was significantly decreased in KO mice compared to WT mice at
higher frequency ranges (22 kHz p=.003, 32 kHz p<.001) in 2-month-old mice, with an
even larger effect observed in 5-month-old mice where the efferent loss progressed into
medium frequency ranges (16, 22, 32 kHz p<.001) (Figure 9). In comparing ChAT
labeling at 5 months, the presence of clusters in remaining OHCs of WT mice but
absence in remaining OHCs of KO mice could suggest that calcium regulation from
OCM is essential for MOC efferent function and organization. Further, this could suggest
that OHC death occurs after efferent cluster disruption. This data is supported by C57
hair cell counts conducted in Climer 2021, showing significant OHC loss in C57 KO
compared to WT at 5 months of age (Figure 10)4.

4

Figure 10 is previously published data from this lab (Climer 2021) that was assisted on, but
ownership is not being claimed.
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Ocm KO Does Not Alter Other CaBPs
After observing significant changes to OHC efferent connections in Ocm KO
mice, measures were taken to understand early developmental changes in these mice that
could be responsible for the resulting efferent disruption and OHC loss. Generally, the
body is a very adaptable being. Protective mechanisms are seen in relation to CaBPs in
attempts to maintain homeostasis in the central nervous system. In an Apv KO mouse
model, an upregulation of OCM is observed in the brain as a way of compensating for the
loss of a major calcium regulator (Csillik 2010). As noted, OCM is believed to be the
dominant CaBP in OHCs as its onset of expression coincides with the downregulation of
other CaBPs, and it is the only known CaBP to cause hearing loss when removed. Thus,
this study wanted to explore the compensatory interactions among OCM, APV, and
sorcin to view any changes in their developmental behavior upon the deletion of Ocm.
Ocm+/-Apv++ was compared to Ocm-/-Apv++ at age P3 (onset of OCM expression) to view
these three CaBPs of interest after dissection, staining, and imaging at 63x magnification.
As this comparison was conducted between heterozygous and KO models, OCM
intensity was first compared between the two to confirm a difference in OCM expression
(Figure 11). There was a clear significant increase in OCM expression in Het compared
to KO genotypes at P3 (mean diff: 75.2 ± 9.48, p<.001) (Figure 12). No significant
difference was found in APV expression among Het and KO mice (p=.122) at this age,
however (Figure 13,14). Similarly, sorcin revealed no significant difference either
(p=.246) (Figure 15,16). Imaging of sorcin required targeting the apical region of the hair
cell to view sorcin immunofluorescence, suggesting that sorcin is localized at or just
below the stereocilia during development. Phalloidin intensity appears to change among
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genotypes but was not quantified as it is only being used to identify hair cells. Thus, it
appears that the loss of OCM is not sufficient to trigger the upregulation of other CaBPs
at this age.
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CHAPTER FOUR
Discussion
OHC Loss
As expected, the data in this study corroborates current literature in that OHC
presence is moderated by calcium regulation, and that the loss of Ocm and its regulatory
abilities is sufficient to contribute to cell death mechanisms. Calcium is essential to both
hearing mechanisms of the OHC as well as normal survivability and internal regulatory
processes. Of particular interest here, however, were the remaining OHCs. While Ocm
KO should equally affect all OHCs, some die while others remain. It is unclear why some
hair cells die at different times. Although some OHCs still remain in 12-month-old CBA
KO mice, these cells could be nonfunctional. It could be that Ocm KO leads to
nonfunctional OHCs, which then leads to other mechanisms that cause cellular death.
Electromotility
As prestin had relatively little to no change in expression upon Ocm deletion, the
current hypothesis that OCM’s calcium regulation moderates prestin organization was not
supported. Furthermore, as images taken at 2 and 5 months showed prestin present in
remaining OHCs, it is not clear whether prestin disorganization occurs before or after
OHC loss. The bottom row of Figure 13 was the only set of images that suggest prestin
loss may occur prior to OHC loss when comparing DAPI labeling to prestin labeling, but
this conclusion was not tested. Further studies could examine the relationship between
prestin and OHC loss timing.
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Efferent Connections
Efferent intensity was significantly decreased in KO, suggesting that the calcium
regulation provided by OCM moderates efferent cluster organization. Upon analyzing
ChAT immunofluorescence, it appears that efferent clusters are also absent in remaining
OHCs. As such, it is likely that efferent disorganization occurs prior to OHC loss. This
effect could support the hypothesis that remaining OHCs are nonfunctional, as efferent
connections are essential to the amplification properties of OHCs involved in hearing.
Calcium Binding Proteins
Upon labeling for APV expression, there was no significant difference in intensity
observed between genotypes. However, phalloidin intensity appeared to decrease in KO
mice. Phalloidin stains for actin filaments, but actin was not an area of interest for this
study. Phalloidin was used solely as a marker for visualizing hair cells. Regardless, this
could suggest that calcium regulation has some interaction with actin expression or
organization, but this phenotype was not observed in sorcin imaging. On the other hand,
if calcium has no effects on actin, then it could suggest that the APV expression in KO
mice should be increased compared to WT. However, all images were taken at the same
settings. It is unclear why this decrease in phalloidin intensity was observed in APV
imaging, but if time permitted, more data would be collected. Perhaps future studies
could delve into any interaction among calcium and actin.
Although sorcin revealed no significant change in expression among genotypes,
which is consistent with Murtha 2022, immunofluorescence for sorcin expression in this
study was difficult to analyze. The background noise could be due to failure to remove
the tectorial membrane during dissection, improper antibody concentrations, improper
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handling of the antibody prior to labeling, or the antibody’s selectivity for sorcin itself.
Regardless, hair cells were still identifiable with phalloidin staining, and the results did
not contradict current literature.
In disagreement with this studies hypothesis, the loss of calcium regulation and
loss of OCM presence provided by the Ocm KO does not alter secondary CaBP behavior.
No significant change in APV or sorcin expression was observed under the parameters of
this study. This suggests that OCM is the dominant CaBP involved in OHCs and their
function. However, this lack of compensation could explain the resulting accelerated
onset of hearing loss in Ocm KO models.
Hearing Loss
In discussion of OHC loss, CBA mice begin losing hearing ability around 7 to 12
months of age in the KO as seen in Climer 2021 (Figure 16). As OHC counts in this
study were only conducted at 12 months of age, it is unclear which phenomenon occurs
first. The loss of OHCs could result in hearing loss. On the other hand, hearing loss could
occur by means of other nonfunctional mechanisms, which renders OHCs useless and so
the resulting loss of OHCs occur. Further studies need to be conducted at more ages to
conclude which occurs first.
As mentioned earlier, efferent loss appears to occur before OHC loss. This could
explain the fact that mice exhibit hearing threshold shifts despite having remaining OHCs
present. Hearing loss begins to occur at 3 and 6 months of age in C57 KO at 16 kHz. The
data here examines ChAT expression at 2 and 5 months. Thus, it is possible that the
efferent loss resulting from calcium dysregulation in the Ocm KO model contributes to
the hearing loss observed in Climer 2021.
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On the other hand, prestin expression was still observed in remaining OHCs.
However, this does not exclude the fact that prestin could be present but nonfunctional.
What could be occurring is that prestin is present but loses its function in response to the
KO of Ocm, which also contributes to the hearing loss observed in Climer 2021. It is not
clear which mechanism, efferent connections or prestin function, plays a larger role in
hearing ability, but it is likely that both contribute to hearing loss to some degree.
Limitations
As with all murine model research, large sample sizes are difficult to produce.
This does not exclude the fact that more time and more samples would lead to more
accurate significance, however. This problem clearly arose in prestin protein expression
analysis. It is unlikely that prestin expression in an Ocm KO significantly decreases in 22
kHz regions when mice are 2 months of age, but has no significant change observed by 5
months. It is more likely that there is no significant change in prestin protein expression
regardless of age, frequency location, or genotype. Thus, future data utilizing larger
sample sizes could focus on confirming this hypothesis.
Another key limitation of this study resides in the fact that all analyses consisted
of semiquantitative measures. There is a lack of quantitative analysis of mRNA and gene
expression which could provide valuable insight to the interaction between calcium
regulation and the components studied. However, the protein expression analyses
presented here do provide a foundation for future research.
While protein expression changes were observed in this study, there was no
research on the functional abilities of these OHCs included in the design. As such,
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references from hearing tests conducted in Climer 2021 from this lab were included in
discussions for comparison.
Examination of secondary CaBP expression was conducted with mice
heterozygous for Ocm. It is assumed that the presence of one allele for Ocm is sufficient
for normal activity, but this has not been studied. While Ocm+/- and Ocm-/- are
significantly different in OCM expression, future studies need to confirm that WT and
heterozygous Ocm mice exhibit the same properties.
Finally, while this study sought to examine compensatory upregulation of
secondary CaBPs, this was only studied at very young ages before the onset of hearing
around P12. As hearing loss occurs in Ocm KO models a few months into life rather than
immediately, it remains possible that secondary CaBPs could be upregulated at a later
timepoint than P3. If this is true, it could explain why hearing loss occurs when the mice
are a few months old rather than earlier on, but it would still mean that these secondary
mechanisms are insufficient to maintain proper hearing thresholds into adulthood. Thus,
OCM would remain the dominant CaBP in OHCs. On the other hand, hearing loss
occurring a few months into life could also simply result from cell death processes
requiring sufficient time to occur. Future studies should examine CaBP expression in a
longitudinal manner at different points throughout the model’s lifetime.
Concluding Remarks
Taken together, this data shows that OCM’s role in calcium regulation appears to
influence OHC presence and efferent presence, but not prestin. Further, secondary CaBPs
such as APV and sorcin do not appear to compensate for the loss of Ocm in early
developmental stages. While secondary CaBP expression is unaffected by Ocm KO, this
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lack of interaction could indirectly aid in the resulting hearing loss. In the absence of
compensation by secondary CaBPs, it is possible that other regulatory mechanisms in the
OHC are overwhelmed. This could also explain why the onset of hearing loss is not
immediate. Regulatory mechanisms in the OHC in the absence of strong support from
CaBPs may offer some protection from cell death and hearing loss, but this protection is
not indefinite. Ultimately, other regulatory mechanisms in OHCs in Ocm knockouts are
insufficient to maintain proper auditory function and seem to fail at identified ages
depending on the strain being studied. This failure, in compensation with the ensuing
cellular death, could then explain why the loss of hearing function in Ocm KOs is
accelerated when compared to wild type mice but not immediate. Further studies should
delve into secondary CaBP expression in adults, as well as analyze the timeline of OHC,
prestin, and efferent loss as it relates to functional hearing ability.

34

BIBLIOGRAPHY
Andéol, G., Guillaume, A., Micheyl, C., Savel, S., Pellieux, L., & Moulin, A. (2011).
Auditory efferents facilitate sound localization in noise in humans. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 31(18),
6759–6763. https://doi.org/10.1523/JNEUROSCI.0248-11.2011
Ashmore J. F. (1987). A fast motile response in guinea-pig outer hair cells: The cellular
basis of the cochlear amplifier. The Journal of Physiology, 388, 323–347.
https://doi.org/10.1113/jphysiol.1987.sp016617
Beurg, M., Fettiplace, R., Nam, J. H., & Ricci, A. J. (2009). Localization of inner hair
cell mechanotransducer channels using high-speed calcium imaging. Nature
Neuroscience, 12(5), 553–558. https://doi.org/10.1038/nn.2295
Brownell, W. E., Bader, C. R., Bertrand, D., & de Ribaupierre, Y. (1985). Evoked
mechanical responses of isolated cochlear outer hair cells. Science, 227(4683),
194–196. https://doi.org/10.1126/science.3966153
Centers for Disease Control and Prevention. (2020). Genetics of hearing loss. Centers for
Disease Control and Prevention.
https://www.cdc.gov/ncbddd/hearingloss/genetics.html
Chen, G., Tanaka, C., & Henderson, D. (2008). Relation between outer hair cell loss and
hearing loss in rats exposed to styrene. Hearing Research, 243(1-2), 28-34.
https://doi.org/10.1016/j.heares.2008.05.008
Climer, L. K., Cox, A. M., Reynolds, T. J. & Simmons, D. D. (2019). Oncomodulin: The
enigmatic parvalbumin protein. Frontiers in Molecular Neuroscience, 12(235).
https://doi.org/10.3389/fnmol.2019.00235
Climer, L. K., Hornak, A. J., Murtha, K., Yang, Y., Cox, A. M., Simpson, P. L., Le, A. &
Simmons, D. D. (2021). Deletion of oncomodulin gives rise to early progressive
cochlear dysfunction in C57 and CBA mice. Frontiers in Aging Neuroscience, 13.
https://doi.org/10.3389/fnagi.2021.749729
Csillik, B., Schwaller, B., Mihaly, A., Henzi, T., Losonczi, E., & Knyihar-Csillik,
E.(2010). Upregulated expression of oncomodulin, the beta isoform of
parvalbumin, in perikarya and axons in the diencephalon of parvalbumin
knockout mice. Neuroscience, 165(3), 749–757.
https://doi.org/10.1016/j.neuroscience.2009.10.048

35

Fang, Q. J., Wu, F., Chai, R., & Sha, S. H. (2019). Cochlear surface preparation in the
adult mouse. Journal of Visualized Experiments, Neuroscience, (153), e60299.
https://doi.org/10.3791/60299
Hackney, C. M., Mahendrasingam, S., Penn, A., & Fettiplace, R. (2005). The
concentrations of calcium buffering proteins in mammalian cochlear hair
cells. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 25(34), 7867–7875. https://doi.org/10.1523/JNEUROSCI.119605.2005
Hudspeth, A. J., & Corey, D. P. (1977). Sensitivity, polarity, and conductance change in
the response of vertebrate hair cells to controlled mechanical stimuli. Proceedings
of the National Academy of Sciences of the United States of America, 74(6),
2407–2411. https://doi.org/10.1073/pnas.74.6.2407
Kozel, P. J., Friedman, R. A., Erway, L. C., Yamoah, E. N., Liu, L. H., Riddle, T., Duffy,
J. J., Doetschman, T., Miller, M. L., Cardell, E. L., & Shull, G. E. (1998). Balance
and hearing deficits in mice with a null mutation in the gene encoding plasma
membrane Ca2+-ATPase isoform 2. The Journal of Biological
Chemistry, 273(30), 18693–18696. https://doi.org/10.1074/jbc.273.30.18693
Kros, C. J., Rusch, A., & Peel, R. G. (1992). Mechano-electrical transducer currents in
hair cells of the cultured neonatal mouse cochlea. The Royal Society Proceedings
B, 249, 185-193. https://doi.org/10.1098/rspb.1992.0102
Kushalnagar, P., Reesman, J., Holcomb, T., & Ryan, C. (2019). Prevalence of anxiety or
depression diagnosis in deaf adults. Journal of Deaf Studies and Deaf
Education, 24(4), 378–385. https://doi.org/10.1093/deafed/enz017
Liberman, M., Gao, J., He, D. Z. Z., Wu, X., Jia, S., & Zuo, J. (2002). Prestin is required
for electromotility of the outer hair cell and for the cochlear amplifier. Nature,
419, 300–304. https://doi.org/10.1038/nature01059
Liberman, M., Liberman, L., & Maison, S. (2014). Efferent feedback slows cochlear
aging. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 34, 4599-607. https://doi.org/10.1523/JNEUROSCI.4923-13.2014
Lichtenhan, J. T., Wilson, U. S., Hancock, K. E., & Guinan, J. J. Jr, (2016). Medial
olivocochlear efferent reflex inhibition of human cochlear nerve
responses. Hearing Research, 333, 216–224.
https://doi.org/10.1016/j.heares.2015.09.001
Murtha, K. E., Yang, Y., Ceriani, F., Jeng, J., Climer, L. K., Jones, F., Charles, J.,
Devana, S. K., Hornak, A. J., Marcotti, W., & Simmons, D. D. (2022).
Oncomodulin (OCM) uniquely regulates calcium signaling in neonatal cochlear
outer hair cells. Biorxiv. https://doi.org/10.1101/2022.03.03.482327
36

Nankali, A., Wang, Y., Strimbu, C., Olson, E., & Grosh, K. (2020). A role for tectorial
membrane mechanics in activating the cochlear amplifier. Scientific Reports,
10(1), 17620. https://doi.org/10.1038/s41598-020-73873-9
Pangršič, T., Gabrielaitis, M., Michanski, S., Schwaller, B., Wolf, F., Strenzke, N., &
Moser, T. (2015). EF-hand protein Ca2+ buffers regulate Ca2+ influx and
exocytosis in sensory hair cells. Proceedings of the National Academy of Sciences
of the United States of America, 112(9), E1028–E1037.
https://doi.org/10.1073/pnas.1416424112
Patterson, M., Sneyd, J., & Friel, D. D. (2007). Depolarization-induced calcium
responses in sympathetic neurons: Relative contributions from Ca2+ entry,
extrusion, ER/mitochondrial Ca2+ uptake and release, and Ca2+ buffering. The
Journal of General Physiology, 129(1), 29–56.
https://doi.org/10.1085/jgp.200609660
Rabbitt, R. D., Clifford, S., Breneman, K. D., Farrell, B., & Brownell, W. E. (2009).
Power efficiency of outer hair cell somatic electromotility. PLoS Computational
Biology, 5(7), e1000444. https://doi.org/10.1371/journal.pcbi.1000444
Rajan, R. and Johnstone, B. M. (1989). Contralateral cochlear destruction mediates
protection from monoaural loud sound exposures through the crossed
olivocochlear bundle. Hearing Research, 39(3), 263-277.
https://doi.org/10.1016/0378-5955(89)90046-4
Ranum, P. T., Goodwin, A. T., Yoshimura, H., Kolbe, D. L., Walls, W. D., Koh, J., He,
D. Z. Z., & Smith, R. J. H. (2019). Insights into the biology of hearing and
deafness revealed by single-cell RNA sequencing. Cell Reports, 26(11), 31603171. https://doi.org/10.1016/j.celrep.2019.02.053
Runge-Samuelson, C. L. and Friedland, D. R. (2016). Anatomy of the auditory system.
Ento Key. https://entokey.com/anatomy-of-the-auditory-system
Ryan, A. and Dallos, P. (1975). Effect of absence of cochlear outer hair cells on
behavioural auditory threshold. Nature, 253, 44–46.
https://doi.org/10.1038/253044a0
Sakaguchi, N., Henzl, M. T., Thalmann, I., Thalmann, R., & Schulte, B. A. (1998).
Oncomodulin is expressed exclusively by outer hair cells in the organ of
corti. The Journal of Histochemistry and Cytochemistry: Official Journal of the
Histochemistry Society, 46(1), 29–40.
https://doi.org/10.1177/002215549804600105
Simmons, D. D., Tong, B., Schrader, A. D., & Hornak, A. J. (2010). Oncomodulin
identifies different hair cell types in the mammalian inner ear. The Journal of
Comparative Neurology, 518(18), 3785–3802. https://doi.org/10.1002/cne.22424
37

Stucken, E. Z., & Hong, R. S. (2014). Noise-induced hearing loss: An occupational
medicine perspective. Current Opinion in Otolaryngology & Head and Neck
Surgery, 22(5), 388–393. https://doi.org/10.1097/MOO.0000000000000079
Takahashi, S., Sun, W., Zhou, Y., Homma, K., Kachar, B., Cheatham, M. A., & Zheng, J.
(2018). Prestin contributes to membrane compartmentalization and is required for
normal innervation of outer hair cells. Frontiers in Cellular Neuroscience, 12,
211. https://doi.org/10.3389/fncel.2018.00211
Tong, B., Hornak, A. J., Maison, S. F., Ohlemiller, K. K., Liberman, M. C., & Simmons,
D. D. (2016). Oncomodulin, an EF-hand Ca2+ buffer, is critical for maintaining
cochlear function in mice. The Journal of Neuroscience, 36(5), 1631-1635.
https://doi.org/10.1523/JNEUROSCI.3311-15.2016
World Health Organization. (n.d.). Deafness and hearing loss. World Health
Organization. https://www.who.int/health-topics/hearing-loss
Yamoah, E. N., Lumpkin, E. A., Dumont, R. A., Smith, P. J., Hudspeth, A. J., &
Gillespie, P. G. (1998). Plasma membrane Ca2+-ATPase extrudes Ca2+ from hair
cell stereocilia. The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience, 18(2), 610–624. https://doi.org/10.1523/JNEUROSCI.18-0200610.1998
Yang, D., Thalmann, I., Thalmann, R., & Simmons, D. D. (2004). Expression of alpha
and beta parvalbumin is differentially regulated in the rat organ of corti during
development. Journal of Neurobiology, 58(4), 479–492.
https://doi.org/10.1002/neu.10289
Zheng, J., Shen, W., He, D. Z., Long, K. B., Madison, L. D., & Dallos, P. (2000). Prestin
is the motor protein of cochlear outer hair cells. Nature, 405(6783), 149–155.
https://doi.org/10.1038/35012009

38

