ABSTRACT

Oncomodulin Alters the Ca**-Regulating Network in Cochlear Outer Hair Cells

Forrest Jones

Director: Dwayne Simmons, Ph.D.

The study of hair cells (HCs) located in the cochlea of the inner ear is beginning
to unveil the mysteries of hearing loss. HCs transform sound waves into electrical signals
that are sent to the brain for interpretation and are essential for hearing. In previous work,
analysis of the expression of cytosolic calcium (Ca*")-binding proteins (CaBPs) in HCs
has illuminated potential mechanisms for the development, maintenance, and
deterioration of hearing. In mice where a particular CaBP, Oncomodulin (OCM), was
genetically engineered to be missing, hearing loss was accelerated. In fact, 4 months after
birth, they were essentially deaf. Thus, OCM is a CaBP of interest because it is directly
involved in the maintenance of hearing. To determine how OCM maintains hearing, this
thesis project examined the impact that OCM had on Ca?" regulator proteins within the
outer hair cell (OHC). Data was collected using reverse transcription quantitative
polymerase chain reaction (RT-qPCR) for quantitative analysis and
immunohistochemistry for qualitative analysis. In OHCs, the engineered absence of
OCM altered the expression of 3 purinergic receptors, 2 voltage-gated Ca®>" channels, an
intracellular Ca?* buffer, and an ATP-driven Ca®" exporter, which suggests that OCM
modulates the OHC Ca?*-regulating network in order to establish intracellular Ca**
balance.
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CHAPTER ONE

Introduction

1.1 Statement of Purpose

Ca?" and Ca*"-regulators in OHCs play an intricate role in the process of hearing.
Experiments by Hackney et al. (2005), Pangrsic et al. (2015), and Tong et al. (2016)
suggest that OCM, a Ca** buffer protein in OHCs, is directly involved with the
maintenance of hearing. However, the exact mechanism by which OCM maintains
hearing remains unknown.

The purpose of this thesis project is to illuminate how OCM might operate within the
OHC Ca**-regulating network. Understanding OCM’s role in OHC Ca*" regulation will
yield insight into how it maintains hearing. The role of OCM in OHC Ca** regulation was
examined by analyzing differences in Ca®* regulator gene/protein expression between
Ocm wild-type (WT) and Ocm knock out (KO) mice. Changes in Ca*" regulator
gene/protein expression in the absence of OCM highlight potential mechanisms through
which OCM maintains hearing. The results shows that the absence of OCM changes
gene/protein expression in OHC Ca®* regulators from postnatal day 0 (P0) to postnatal
day 6 (P6). Altering Ca** regulator expression may compensate for the loss of OCM for a
while, but the compensation is not sustainable. This is evidenced by the progressive,

early-onset deafness that occurs in Ocm KO mice. Thus, OCM may maintain hearing by



regulating members of the OHC Ca?"-regulating network in order to sustain intracellular
Ca’" balance.

This paper is divided into four chapters. The first chapter reviews sensorineural
hearing loss, cochlear anatomy, and HC physiology to show how OHC Ca*" and Ca**
regulators are involved with hearing. This chapter also introduces members of the OHC
Ca?" regulatory network': calcium importers (Cacnalc, Cacnald, P2rx2/P2X2,
P2rx3/P2X3, and P2rx7/P2X7), calcium exporters (Atp2b2), and two calcium buffers
(Pvalb/aPV and Ocm/OCM). The functions and locations of these Ca?* regulators in
OHC:s are discussed in detail in section 1.5. An understanding of their function and
location enables speculation of how and why OCM interacts with the OHC Ca*'-
regulating network. The second chapter describes the quantitative and qualitative
methods used to measure the impact of OCM on the OHC Ca?®*-regulating network. The
third chapter displays the results. Finally, the fourth chapter discusses results,

applications, and future directions of study.

! Gene names are in italics. Protein names are in regular font. Gene expression was examined for
all Ca?* regulators while protein expression was examined for a select few.
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1.2 Sensorineural Hearing Loss

Presbycusis broadly refers to the gradual hearing loss that occurs with age. It is a
multifaceted disease that debilitates nearly 466 million people worldwide (WHO). As a
progressive disease, presbycusis is often most severe during old age. Today,
approximately 35% of adults over age 65 and 50% over age 75 suffer from hearing loss,
but hearing disabilities are not limited to adults. The World Health Organization (WHO)
estimates that 34 million of those disabled by hearing loss are children, demonstrating
that age is not the sole determinant of hearing loss. Factors contributing to this
phenomenon are abnormalities in the outer and middle ear (tympanic membrane, malleus,
incus, and stapes) morphology and general sensorineural hearing loss. This project
focuses on the latter. Sensorineural hearing loss is a broad term referring to the
progressive decline of hearing due to damage of the HCs and/or spiral ganglia within the
cochlea. Damage to HCs is primarily caused by three factors: exposure to ototoxic
substances (e.g., aminoglycoside antibiotics and salicylates that are toxic to sensory HCs
and neurons), prolonged exposure to high-intensity noise, and congenital disorders. The
deleterious effects imposed by these factors on HCs escalate with age, causing a gradual
decline in hearing ability. Studies have shown that in deaf animals, HCs disappear or
change morphology (Dallos, 1996). Once dead, HCs cannot regenerate, thereby making
hearing loss irreversible (Dallos, 1996). There is ongoing research that seeks to address
this problem by using transcription factors unique to HCs to differentiate supporting cells

into new HCs (Yamoah et al., 2020), but that is beyond the scope of this project.



HCs express an array of cytosolic and transmembrane proteins that contribute to
their dynamic and finely tuned process of mechanotransduction— the process of
converting sound waves into electrical signals that are sent to our primary auditory cortex
(via the ascending auditory pathway) for processing. In order to understand
mechanotransduction and how it involves Ca**, cochlear anatomy and HC physiology

must first be discussed.

1.3 Cochlear Anatomy
Embedded in the temporal bone, the cochlea lies medial to the middle ear (ossicles
and tympanic cavity), inferior to the vestibule and semicircular canals, and superior to the
Eustachian tube. Its snail-shell-shaped body is encased in a bony labyrinth. Deep to the

bony labyrinth lies the membranous labyrinth which lines the cavity of the inner ear.
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Figure 1. The passage of sound stimuli to and through the cochlea (Principles of Human Anatomy, 12th ed.,
Tortora and Nielsen).

Within the turns of the cochlea are three fluid-filled, tubular canals that run
parallel to each other from the base to the helicotrema (or apex; Fig. 1). The three canals
are composed of fluids that create an electrochemical gradient in the cochlea. First, the
scala vestibuli is responsible for transmitting sound waves created by the mechanical
banging of the stapes [end plate] on the oval window to the HCs. This canal is composed
of perilymph (-70mV), a fluid high in sodium (138 mM) and low in potassium (6.9 mM;
Bosher and Warren, 1968; Fig. 2). It also has a Ca®" concentration of 1.3 mM that
sustains proteins on the OHC membrane that (Fettiplace et al., 2018). Second, the scala

tympani transmits the sound waves reflected from the helicotrema to the round window



near the base of the cochlea. It, too, is filled with perilymph. The scala vestibuli and scala
tympani are joined at the helicotrema, enabling a unidirectional flow of fluid pressure
waves from the scala vestibuli to the scala tympani that stimulate the scala media, which
lies between the scala vestibuli and tympani. The scala media is physically and
chemically separated from the scala vestibuli by Reissner’s membrane and from the scala
tympani (see Fig. 2) by the supporting cells (discussed later) via tight junctions (Dallos,
1996). Within this tubular compartment lies endolymph (+80mV), a fluid characterized
by a high concentration of potassium (154 mM) and a low concentration of sodium (91
mM; Bosher and Warren, 1968)—opposite of perilymph in the adjacent scala vestibuli
and scala tympani. It also has a Ca** concentration of 1 uM (Fettiplace et al., 2018).
Endolymph is maintained by the stria vascularis, which is a 3-cell layer of vascular
epithelia along the lateral wall of the scala media that nourishes the organ of Corti (a
structure within the cochlea housing HCs and supporting cells) and creates endolymph
(Pickles, 1988). The chemical composition of endolymph and perilymph create an
electrochemical gradient across the organ of Corti that enables HCs to function. How the
electrochemical gradient is maintained is discussed in the section on the organ of Corti
and supporting cells (section 1.3b), and how the electrochemical gradient enables HCs to

function is discussed in the section on HC physiology (section 1.4).
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Figure 2: Cross section of the cochlea (Pickles J O, 1985).

1.3a Basilar Membrane
The cochlear basilar membrane is structured in a way that enables the detection of
different frequencies in a sound wave. It thickens along its length from the base of the
cochlea to the apex (Pickles, 1988). The thickness gradient of the basilar membrane
makes the cochlea fonotopic, or spatially arranged to register different frequencies. A
sound-induced travelling wave is maximally amplified at specific regions along the
length of the cochlea, with high frequency sounds producing maximum stimulation in

basal regions and low frequency sounds producing maximum stimulation toward the apex



(Pickles, 1988). This is because high frequency sounds resonate better in the thick basal
portion of the basilar membrane, while low frequency sounds resonate better in the thin
apical portion of the basilar membrane (Dallos, 1996). In humans, the boundaries of
sound frequency detection lie at 20 to 20,000 Hz. In mice, which this study utilized,
sound frequencies are normally detected from 1 to 80 kHz. The topic of tonotopicity will

return in the discussion of sound discrimination by OHCs (Table 1.2).

1.3b The Organ of Corti and Supporting Cells

The Organ of Corti, discovered by Alfonso Giacomo Gaspare Corti in 1851
(Betlejewski, 2008), rests on the basilar membrane. Running from the base to the apex of
the cochlea, the Organ of Corti consists of a sheet of epithelium composed of HCs and
supporting cells (2 rows of pillar cells, 3 rows of Deiter cells (DCs), Hensen’s cells,
border cells, and inner phalangeal cells (Dallos, 1996). The HCs are situated above DCs
and inner phalangeal cells and sit adjacent to Pillar cells (Fig. 3). In addition to rendering
HCs physical support, DCs, inner phalangeal cells, and pillar cells play a critical role in
the ion mechanics of the organ of Corti by forming the reticular lamina. The reticular
lamina consists of HC apical membranes, phalangeal actin processes from DCs and inner
phalangeal cells, and tight junctions (Dallos, 1996). It imposes a barrier impermeable to
the ions of the endolymph located in the scala media. Thus, the supporting cells of the
organ of Corti are responsible for maintaining the electrochemical gradient needed for

mechanotransduction (table
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Figure 3: Diagram of the Organ of Corti (Durrant ] D & Lovrinic J H 1984)

The other major component of the organ of Corti is the tectorial membrane, a gel-
like, viscoelastic layer of collagen (50%), glycoproteins (25%), and proteoglycans (25%;
Thalmann et al, 1986; Ghaftari et al, 2007). It is anchored to the spiral limbus on the
medial wall of the scala media and is thought to be connected with the stereocilia (Dallos,
1996). Stereocilia are rigid cilia with an actin core and mechanically-activated ion
channels. They protrude from the apical membrane of HCs and reticular lamina into the
endolymph. Another model suggests that while the tectorial membrane is not physically
attached to stereocilia, its oscillating movement during noise stimulation enables it to
brush the stereocilia to activate a cellular response. In either model, the tectorial
membrane displaces HC stereocilia as the basilar membrane oscillates at maximum

amplitude at resonant frequency, which is specified by the specific thickness of the
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basilar membrane (Pickles, 1988). Displacing HC stereocilia elicits an excitatory
response within the HC that begins the mechanotransduction pathway, which will be

discussed with HC physiology.

1.4 HC Anatomy and Physiology

There are two types of HCs in the cochlea: inner and outer HCs (IHCs and
OHC:s). They differ in shape, composition, and function. IHCs serve as the organ of
Corti’s primary sensory epithelia and are arranged in 1 row from the base to the apex of
the cochlear spiral. They are flask-shaped in appearance, have a central nucleus, scattered
organelles, and 3 to 4 rows of stereocilia in a straight line, growing in length laterally
(Fig. 4). In the basal region of the IHC lie synaptic ribbons, clusters of proteins along the
basal cell membrane that expedite the process of neurotransmitter vesicle exocytosis
(Pickles, 1988; Khimich et al., 2005). Upon Ca** influx, vesicles of glutamate form at the
base of [HCs with the help of non-neuronal SNARE proteins (Nouvian et al., 2011). The
vesicles of glutamate are released from the presynaptic membrane with the help of
synaptic ribbons. As a result, synaptic ribbons make IHCs effective transmitters of
afferent information.

Collectively known as the “cochlear amplifier,” OHCs increase IHC stimulation
from sound stimuli. The mechanism for this process is shown in Table 1. OHCs run
parallel to IHCs and are arranged in 3 rows from the base to the apex of the cochlear
spiral (Fig. 4). They have a cylindrical shape, a basal nucleus, 3 to 4 rows of stereocilia,

and organelles cluster below the cuticular plate as well as below the nucleus. This is
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largely due to the great levels of activity occurring in these regions of the cell (Dallos,
1996). While the OHC has presynaptic ribbons, there are much fewer than in IHCs. This
aligns with the fact that OHCs have minimal direct contribution to afferent signaling.
Despite having sparse afferent neuron synapses, OHCs are immensely important to
hearing because they enable pressure waves to be mechanotransduced into electrical

signals sent by IHCs (Table 1).
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Figure 4. A) TEM demonstrating the organization of cochlear HCs. Image was taken from
VR4Hearig Loss. B) Immunohistochemistry image demonstrating HC location along the spiral.
Image taken from Harvard Medical School Holt lab. The spiral is found within the bony
labyrinth of the cochlea.
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Stereocilia play a crucial role in the mechanotransduction process. When HC
stereocilia are moved during basilar membrane vibration, the stereocilia unit moves in the
same direction, creating tension in the cadherin-23/protocadherin-15 “tip links™ that rest
on the tips of stereocilia and attach to mechanoelectrical transduction channels (METs)
located on the surface of each stereocilium (Fig. 5; Dallos et al., 1996). Tip links unify
stereocilia bundle movement (Fig. 6). Further, as cadherins, tip link protein function is
dependent upon Ca*’, which is present in small quantities in the endolymph. Tension
between tip links pulls open the MET (1-4 per stereocilium) gate to the endolymph,
allowing K" influx down each stereocilium to trigger a opening of VGCCs resulting in
membrane depolarization (Pickles et al., 1984; Pickles, 1996; Corns et al. 2018). IHCs (-
45mV) are less sensitive to depolarization than OHCs (-60mV) (Pickles, 1988). In other
words, a larger voltage change is required for IHC activation than OHC activation. The
intensity of the sound wave affects the duration of basilar membrane vibration and the
extent to which the stereocilia bend underneath the tectorial membrane. Both the duration
and extent of stereocilia excitation determines the tensile force applied to the chain links
and thus the size of the K™ potential entering the HC. Thus, the greater the stimulation,

the greater the Ca** depolarization response.
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amplitude increasing from 1.7 nA at the apical turn to as much 7 nA at the basal turn (Johnson et al., 2011).
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OHC:s possess some capacity for sensory transmission, but they primarily
specialize in sound modulation and amplification. The ways in which this is
accomplished are outlined below. Table 1 outlines the way in which OHCs can protect
our HCs from damaging noise (modulation), and Table 2 outlines the way in which

OHCs can amplify sounds to improve frequency discrimination.

Table 1. OHC sound discrimination/amplification relies on cell depolarization.

1. Attempt to focus on a particular sound.

2. Presynaptic efferent cholinergic fibers innervating the OHC release
acetylcholine (ACh) into the synapse.

3. ACh binds to postsynaptic nicotinic acetylcholine receptors on the basal
surface of the OHC.

4. Ach binding causes extracellular Ca®" influx and subsequent Ca*"
induced Ca®" release (CICR) from intracellular cisternae (SERCA). The
result is a large-scale release of intracellular Ca** and depolarization.

5. The contractile protein, prestin, located in the lateral wall of the OHC,
contracts during depolarization.

6. The OHC shortens, causing an upward bowing of the basilar
membrane, improving its range of motion. Squeezing the HCs and
tectorial membrane closer together causes endolymph to displace the
hair bundle away from the tallest stereocilia.

7. QGreater HC activation ensues.

8. Improved ability to discern low-intensity noise as well as parse
frequencies from one another and background noise.

15



Table 2. OHC sound modulation/protection relies on hyperpolarization of the cell.

1. High intensity sound waves in ear cause the brain to send efferent
messages to the cochlea to prevent damage.

2. Presynaptic efferent cholinergic fibers innervating the OHC release
acetylcholine (ACh) into the synapse.

3. ACh binds to postsynaptic nicotinic acetylcholine receptors on the basal
surface of the OHC.

4. Ach binding causes extracellular Ca®" influx and subsequent Ca*"
induced Ca®" release (CICR) from intracellular cisternae (SERCA). The
result is a large-scale release of intracellular Ca** and depolarization.

5. Intracellular Ca**is bound by the Ca*'sensor, calmodulin, in the cytosol.
The Ca?*-calmodulin complex binds to a transmembrane small-
conductance K™ channel (SK2), stimulating the channel to open.

6. This causes K" to efflux, hyperpolarizing the OHC.

7. The contractile protein, prestin, located in the lateral wall of the OHC,
relaxes during hyperpolarization

8. The OHC lengthens, causing a downward bowing of the basilar
membrane, restricting its full range of motion and allowing
endolymph to rush into the space between HCs and the tectorial
membrane, thereby displacing the hair bundle away from the tallest
stereocilia.

9. HC stimulation from high-intensity noise is reduced by reduced basilar
membrane resonance. As a result, less damage is inflicted on IHCs and
OHCs, and IHCs deliver less intense signals to the brain. Hearing
sensitivity becomes temporarily dampened.

16



Hearing without OHCs has been compared to listening to somebody speak from the pool

side while sitting 6 feet underwater.

1.5 Ca’* and Ca’* Regulators in the HC

With cochlear anatomy, HC anatomy, and general OHC physiology reviewed, the
role of Ca%" in the mechanotransduction process will be discussed. Specifically, the role
of certain OHC proteins in intracellular Ca®* regulation will be reviewed.

To preface, OHCs are of particular interest when studying the role of Ca**
regulators in hearing loss for four reasons. First, they are directly involved with the
modulation and protection of hearing (Patuzzi et al., 1989; Hallworth, 1997). Second,
OHC:s are sentinels of hearing loss. They are more susceptible to damage by excessive
noise exposure, ototoxins, and age than IHCs (Furness, 2015). OHCs in the basal cochlea
are particularly vulnerable to damage. It is believed that relatively small OHC size (lower
capacitance) and lower volume of Ca®" exporters reduce their ability to handle
intracellular Ca®" (Fettiplace and Nam, 2018). The inability of basal OHCs to effectively
handle Ca** renders them susceptible to damage (Fettiplace and Nam, 2018), which
shows that Ca®" regulation is essential to OHC survival. Third, IHCs have about one tenth
the concentration of proteinaceous Ca®" buffers as OHCs (Chen et al., 2012). The large
amount of proteinaceous Ca** buffer in OHCs, similar only to the millimolar
concentrations of alpha-parvalbumin in skeletal muscle, implies that Ca®" has an

important signaling role in OHCs (Fettiplace and Nam, 2018). Finally, only about one
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percent of the Ca" that enters a cell remains free, which suggests the presence of a robust
Ca?*-regulating network in the HCs (Fettiplace and Nam, 2018). The intracellular Ca>*
concentration is approximately 100-200 nM (Sziics et al., 2004; Di Leva et al, 2008).

K* and Ca®" are the primary ions involved with the OHC mechanotransduction
and depolarization/repolarization cycle. As endolymphatic K* enters OHCs via MET
channels, the OHC endures a graded potential that stimulates voltage-gated Ca>" channels
(VGCCs) along the basolateral membranes of the HC to open, which in turn stimulates
CICR from SERCA channels in the ER-like subsurface cisternae (Corns et al.

2018). Regulation of Ca** influx in OHCs equates to regulation of the
mechanotransduction process. Six proteins involved with OHC Ca?" regulation are
reviewed below.

VGCCs have several isoforms, but of interest in this project are the voltage-gated
L-type Ca®" channels, Ca,1.2 and Ca,1.3. Ca.1.2 and Ca,1.3 differ in their distribution
around the body and in their transmembrane pore-forming a-1 subunits: a-1c¢ (Ca.1.2) and
a-1d (Ca.1.3; Hu et al., 2017; Fig. 7A-B). The al-subunit, which contains approximately
2000 amino acid residues, is organized into four repeated domains (I to IV), each of
which contains six transmembrane segments (S1 to S6) with a pore between S5 and S6
(Fig. 7A). The alternating positively charged arginine or lysine residues at every third or
fourth position in S4 of each domain regulate voltage sensitivity (Ca.1.2 is less sensitive
to depolarization than Ca.1.3; North et al., 2002). Four negatively charged glutamate
residues on the pore loop located between S5 and S6 are responsible for the Ca?*

selectivity of the channels. The other subunits are responsible for trafficking, anchorage,
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and regulatory functions (Kushnir and Marx, 2018; Lipscombe et al., 2004). In OHCs,
Ca,1.2 and Ca,1.3 were detected by RNA seq during neonatal development by Scheffer et
al (2015). Further, a mutation in the a-1d pore subunit of Ca,1.3 has been implicated in

deafness in mice and in humans as sinoatrial node dysfunction and deafness syndrome
(SANDD syndrome; Vazquez et al. 2004; Baig et al, 2010). Ca.1.2 mutations have not

yet been shown to cause sensorineural deafness.

Ca,1.2 and Ca,1.3 share similar functions. After noise-induced activation of OHCs
elicits an MET current from the stereocilia, the diffusion potential travels into the body of
the OHC. The newly polarized cell membrane then unlocks the voltage-gate of Ca.1.2
and Ca,1.3, which in turn causes CICR. The result is a large influx of Ca®" into the OHC
cytoplasm after noise stimulation, leading to OHC depolarization and subsequent sound
amplification (Table 2).

Interestingly, Ca.,1.2 and Ca.1.3 contribute differently to the genesis of the Ca**
depolarization in OHCs (-60mV; Fig 7C). Ca,1.2 is a classic L-type VGCC because it
acts with slow kinetics and a relatively high activation threshold (-30mV). On the other
hand, Ca.1.3 is defined by fast kinetics and a relatively low activation threshold (-55mV;
Lipscombe et al., 2004). The greater sensitivity of Ca,1.3 change in voltage is shown in
Fig. 7C. This is remarkable considering Ca.1.2 and Ca.1.3 differ only in their a-1 pore
subunit. Thus, with increased sensitivity to membrane polarization and faster-acting

responses, Ca,1.3 likely plays a more critical role in Ca?>" mechanics in the OHC.
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Figure 7. A-B) Diagrams of Ca,1.2 and Ca,1.3 structures, taken from Hu et al (2017). Their structures differ
only at the a -1 site, labeled here as a-1C. C) Data from Lipscombe et al. (2004) demonstrating the low
threshold sensitivity of Ca,1.3 compared to Ca,1.2. Currents were activated by step depolarizations to the
indicated test potentials from a holding potential of —100 mV; 2 mM Ca?" was the charge carrier.

Ca.1.2 and Ca.1.3 are not the only channels involved with extracellular Ca®*
influx. The ionotropic purinergic receptors P2X2, P2X3, and P2X7 are found along the
OHC and stereocilia membranes. They are stimulated by ATP-binding to open their pores
to extracellular cations, augmenting the depolarization response in the OHC. P2X
receptors consist of 3 subunits, each of which possesses transmembrane segments TM1
and TM2 and extracellular lysine (+) residues that contribute to ATP (-) binding (North et
al., 2002; Fig. 8). 3 ATP molecules bind to the extracellular loops of the P2X receptor

with the help of Zn**, which causes a conformational change in the protein that opens the
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cation-specific pore to enable Ca?* influx (Jiang et al., 2003; Nagaya el al., 2005). Their
pores are not specific for particular cations but nonetheless enable extracellular Ca** to
enter the cell down a concentration gradient (Housley et al., 1992). Patch-clamp tests by
Skellet et al. (1997) showed 5-10 uM ATP is enough to induce P2X-mediated Ca?" influx
into OHCs. While this class of purinergic receptors is often found in homomeric form,
they have the ability to assume heteromeric forms, such as P2X2/3. P2X7, however,
exists only in homomeric form. Studies by Cockayne et al. (2005) showed that 90% of
P2X2/3 heterotrimer knockouts died prematurely, suggesting an essential role for this
heterotrimer systemically. It remains to be seen if the P2X2/3 heterotrimer plays a role in

audition.
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Figure 8. Diagram of a rodent P2X receptor subunit (Khakh and North, 2006).

P2X2, P2X3, and P2X7 differ in structure, location, and kinetics. Structural
differences are the result of varying lengths of subunit amino acid chains. In adult P2
mice, P2X7 localizes weakly to the base of the OHC while P2X2 localizes to the apical
OHC (Khakh and North, 2006). Kinetically, P2X2 activates more slowly P2X3 and P2X7

(Roberts et al., 2006). Activation of voltage-gated and ATP-gated channels create an
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influx of Ca?" that, in unison with Ca.1.2 and Ca.1.3, cause CICR and a robust influx of
Ca?" into the HC. The [Ca®'] in the OHC during depolarization reaches ~ 240 nM (Sziics
et al., 2004).

A transmembrane protein involved with the restoration of the OHC resting
membrane potential is the plasma membrane Ca®" ATPase, or PMCAZ2. It too, is
involved with Ca?" regulation. This pump, located on the membranes of stereocilia, uses
1 ATP to pump 1 Ca*" out of the cell against an electrochemical gradient with a turnover
rate of about 200 Ca*" ions/second (Dumont et al., 2001; Chen et al., 2012). The PMCA2
ATP binding site is intracellular and relies upon phosphyl-aspartate (D*) and lysine (K)
for binding capabilities. Its ability to bind and extrude Ca®" from OHC stereocilia is
greatly enhanced by interactions with calmodulin, which are catalyzed by
phosphorylation by ATP (Carafoli, 1991; Albers and Siegel, 1999). Null mutations of the
Atp2b2 gene, coding for the PMCA2 pump isoform, are linked to hereditary deafness in
both humans (Ficarella et al., 2007) and mice (Kozel et al., 1998; McCullough et al.,

2004).
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Extracellular

Figure 9. Simplified PMCAZ2 structure, taken from Horakova et al. (2013). The ATP binding
site is intracellular and relies upon phosphyl-aspartate (D*) and lysine (K) for binding
capabilities. The metabolism of 1 ATP molecule causes the extrusion of 1 Ca?" ion.

Another protein associated with the OHC cell membrane is prestin, a motor
protein localized to the lateral walls of OHCs that gives electromotile and amplifying
properties to OHCs (Fig. 10; Tables 1-2; Liberman et al., 2002). Prestin uses a complex
mechanism to elongate and contract itself, and since it is in the lateral OHC membrane,
its movements elongate and contract the OHC, too. Thus, prestin is directly responsible
for OHC electromotility, which is directly coupled to cochlear amplification (Liberman et
al., 2002). Recent studies by the Simmons lab suggest that OCM and prestin interact in
ways that promote the efficacy of the OHC. Prestin was not examined in this project, but

its role in OHC function cannot be forgotten.
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Figure 10: Prestin location and structure. A) Image describing prestin location, taken from the
WADA Laboratory at Tohuku University.

Since Ca®" regulators on the membrane of the OHC and stereocilia have been
discussed, OHC CaBPs that serve as intracellular Ca>* sensors/buffers. The OHC has
several cytosolic CaBPs whose roles in hearing loss have been examined in other studies
(Pauls et al., 1996; Schwaller et al., 2002; Schwaller, 2009, 2010, 2014; Permyakov et al.,
2017). This study, however, examines two EF-hand proteins: alpha-parvalbumin (aPV)
and beta-parvalbumin (OCM). Like other EF-hand proteins, aPV and OCM Ca**-binding
sites are helix-loop-helix motifs featuring negatively charged glutamate and aspartate,
which create a net negative charge that attracts the positive charge of Ca?" (Climer et al.,

2019). As a result of their marked Ca®*-binding ability, proteins within the EF-hand
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family can serve as Ca®* sensors, buffers, or both. The role of a Ca** sensor is to activate
regulatory pathways upon binding free Ca®". The role of a Ca®" buffer, on the other hand,
is to bind free intracellular Ca** to control the intracellular [Ca®*]. Ca®" buffers ensure that
excess Ca’" does not induce reactive oxygen species formation, which can accumulate
when intracellular Ca** reaches damaging levels and lead to cell death.

aPV is a mobile Ca*" sensor in many tissues, but this study focuses on its role in
OHC cytoplasm. It has two divalent helix-loop-helix binding domains specific for Ca**.
Immunogold labeling experiments by Hackney et al (2005) demonstrated that aPV is
expressed in both IHCs and OHCs, though more so in IHCs. Immunohistochemistry
experiments by Simmons et al. (2010) showed that aPV expression declines with age in
the OHC but rises in IHCs during neonatal development. (Dechesne et al., 1991, 1994;
Pack and Slepecky, 1995; Soto-Prior et al., 1995; Schwaller et al., 2002; Yang et al.,
2004; Schwaller, 2009, 2010, 2014). After birth, aPV’s expression in IHCs increases and

diminishes in OHCs by P6 (Simmons et al, 2010; Climer et al, 2019).
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OoCM aPV

Figure 11. Ocm (left) and aPV (right) structure. Image taken from the Protein Database—
Europe via Uniprot.org. Green spheres represent Ca?" ions.

OCM shares 53% sequence homology with aPV (Berchtold, 1989). In fact, it has
traditionally been referred to as beta-parvalbumin, yet a recent phylogenic analysis
suggests it is not as closely related to aPV or even the beta-parvalbumin family as
previously thought, which implies that OCM has evolved into a new category of
parvalbumin proteins (Climer, et al., 2019). OCM differs from aPV in its affinity for
Ca?", its isoelectric point, and C-terminal helix length (Goodman and Pechére, 1977;
Hapak et al., 1989; Cox et al., 1990; Moncrief et al., 1990). OCM has one helix-loop-
helix binding domain that specializes in binding Ca*" and another capable of binding both
Ca”?" and Mg®*. Immunogold labeling experiments have shown that OCM is responsible
for most of the Ca?*-binding sites in the OHC, suggesting its role as a major modulator of
intracellular Ca®" in the OHC during mechanotransduction (Sakaguchi et al., 1998;

Hackney et al., 2003; Hackney et al, 2005). OCM is found within the OHC cytosol but is
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preferentially localized to the lateral membrane, cuticular plate, and basal pole opposite
the efferent terminals (Simmons et al., 2010). Such localization could suggest that OCM
plays a role in cochlear amplification and mechanotransduction. In the OHC, it is present
at 2 to 3 mM in the apical region and at 969 uM in stereocilia (Hackney et al., 2005).

Since EF-hands are particularly good at binding Ca**, aPV and OCM are likely
implicated in OHC Ca*"-regulating pathways. OCM is of particular interest for several
reasons. First, “knocking out” OCM from mice (Ocm KO mice) results in progressive
hearing loss from 1-3 months and deafness by 4 months (Tong et al., 2016). Distortion
product otoacoustic emissions (DPOAE), a test used to measure the functionality of
OHCs, produced elevated hearing thresholds for Ocm KO mice. In other words, the
threshold noise level needed to induce OHC responses was markedly increased in the
absence of OCM. Thus, OCM has been shown to be involved the maintenance of OHC
efficacy. Second, research has shown OCM to be a major contributor of OHC
intracellular Ca**-binding sites (Hackney et al., 2005). Third, little is known about how
OCM interacts with or within Ca**-regulating pathways. One way to illuminate what
OCM is doing in OHC:s is to examine the relationships between OCM and other

important Ca®* regulators through gene/protein expression analyses.
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Table 3. Target gene and protein information.

Protein [ Gene Age of Protein Expression in
Neonatal Murine Cochlea

OoCM Ocm P2-3
aPV Pvalb PO
Prestin | Sic26a5 P6
PMCA2 | Awp2b2 PO

P2X2 P2rx2 P1-2

P2X3 P2rx3 P1-2

P2X7 P2rx7 P1-2
Cal.2 | Cacnalc PO
Cal.3 | Cacnald PO

Hearing Onset P12
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CHAPTER TWO

Methods and Materials

2.1 Generation of Ocm KO; GCamp6+s, Atoh-1-Cre” mice

Ocm KO mice were created by cloning 17 kilobases of the Ocm gene (found on
exons 2-4). A LoxP site was engineered on the 5’ end of exon 2 and an Flp-neo-Flp-LoxP
cassette eas engineered on the 3’ end of exon 4 (Tong et al., 2016). The conditional KO
mouse was first created in C57/Bl6 mice and then transferred to CBA mice. Spontaneous
germline transmission occurred, and the deletion was transferred to the CBA/Cal mouse

genetic background for this project.

Ocm KO mice were crossed with the Ca?" reporter mouse, GCaMP6s (Jackson
Labs), which has a LoxP site flanked stop codon preventing expression. Ocm WT and
KO mice carrying the GCaMP6s™" allele were crossed with Atohl-driven Cre mice to
induce conditional expression GCaMP6s in the inner ear region. Genotyping results show
all offspring express GCaMP while nearly half of them express Cre. Cre-positive mice
were used for the following experiments. Cre negative mice were used as controls. Ocm

KO mice show signs of hearing loss at 1-2 months and are essentially deaf by 4 months.
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2.2 Cochlear Spiral Dissection

Dissections were completed under a dissecting microscope at room temperature
(18°C). Neonatal mice (P0-P6) were obtained from the Baylor University vivarium, were
sedated on ice, and euthanized by decapitation. The objective of the dissection was to
remove the spiral of epithelium containing the organ of Corti from the bony labyrinth in
the temporal lobe.

Starting from the newly-created opening on the caudal aspect of the cranium,
small scissors were used to make a superficial midsagittal cut below the fur and across
the top of the mouse’s head until the incision was just posterior to the orbit. Starting at
the anterior end of this midsagittal cut, a frontal cut was made below the fur just anterior
to both ears. From a superior view, the final product was a T-shaped incision below the
fur. Forceps were used to remove the fur created by the incision. With the fur removed
from the cranium, the sample was placed in a small dish of Gibco™ 1x Hank’s Balanced
Salt Solution (+ Ca?* / + Mg?") for subsequent steps.

The same T-shaped pattern was cut into the cranium, exposing the brain. The
brain was removed by forceps and the two cochleae were visualized in the inferior
temporal region. The cochleae were removed from the temporal lobe with the vestibular
organs by using forceps to tear the cochlear-vestibular unit away from the temporal bone
at the epiphyseal plates. Next, cochleae were separated from vestibular organs, its bulla
was removed, and the interior spiral of sensory epithelia was separated from the greater
epithelial ridge, thereby isolating the HCs, supporting cells, and basilar membrane from

the rest of the surrounding tissue. This “spiral” was obtained from each cochlea (two per
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animal) and was subjected to immunohistochemical and RT-qPCR analyses (discussed

below).

Figure 12. An example of a dissected spiral of cochlear sensory epithelium. Immunohistochemistry image
demonstrating HC location along the spiral. Green fluorescence marks HCs. Red fluorescence marks
neurons. Image taken from Harvard Holt lab, published in The Harvard Gazette.

If samples were not immediately tested, they were flash frozen in liquid nitrogen

and stored at -80°C for up to 1 week. RNaseZap spray was used to clean the dissection

station to impede RNase degradation.
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2.3 Immunohistochemistry
Discussed in this section is the immunohistochemistry protocol used for PO-P6
mice.
1. Fixation

a. Spirals were clipped at their basal region to ensure that the spiral lay down
flat under the coverslip when placed on the microscope slide.

b. Once cleaned and clipped, the spirals were placed into an upside-down,
1.5 mL tube cap and fixed in 200 uL of 4% paraformaldehyde for > 45
minutes.

c. Still in the cap, the sample was then rinsed 3 times with 200 uL of 1 x
phosphate buffered saline (PBS) by simply pipetting the 4%
paraformaldehyde out, adding the 1 x PBS, removing the 1 x PBS, and
repeating the rinse 2 more times (for a total of 3 rinses). If the procedure
could not be completed that day, the sample was left at this step (in 1 x
PBS) at 4°C for up to 3 days without effect.

2. Block

a. The rinsed sample was then placed in a 5% natural horse serum-triton
solution (NHS-T; 0.3% Triton X-100) for 1 hour on a laboratory shaker.
NHS blocks non-specific binding while Triton permeabilizes cells,
allowing the exogenous antibodies to flood the cell and bind specifically

to the target antigen.
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b. The blocked sample was rinsed 3 times for 10 minutes (4, 3, and 3
minutes) with PBS on a laboratory shaker. The sample was then ready for
primary antibody administration.

3. Primary antibody administration

a. Primary antibodies, stored at 4 °C, were diluted on ice to meet the
predetermined antibody working concentrations (Table 4). Stock antibody
was diluted with 1% NHS.

b. With the samples in the upside-down tube caps, antibodies were gently
applied under a dissecting microscope using a micropipette.

c. Once antibodies were administered to their sample, the tubes were placed
on the upside-down tube caps. The result was an upside down 1.5 mL tube
with the antibody solution/sample sitting int the cap. The total solution
volume was 100 pL per sample.

d. The samples (still in their solution) were immediately placed in a 37°C
oven for overnight storage.

4. Secondary antibody administration

a. The samples were removed from the oven and rinsed 3x in PBS.

b. Secondary antibodies, diluted in 1% NHS, were applied to the sample in
amounts that would achieve the desired working concentration (Table 5).
The total solution volume was 100 puL per sample.

c. Samples, now in their secondary antibody solution, were placed in the

37°C oven for 1 hour.
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d. Samples were rinsed 3x with PBS.
5. Mounting

a. Samples were mounted under a dissecting microscope. A drop of
VECTASHIELD mounting medium (for fluorescence with 4',6-
diamidino-2-phenylindole (DAPI)) was placed on a clear slide.

b. The sample was carefully placed in the mounting medium. It was
important to lay the cochlear spiral flat to prevent it from folding over
itself, which would hinder microscopic fluorescence imaging.

c. A coverslip was placed over the sample.

d. The slides were moved into a Fisher slide warmer until the coverslip
adherent had dried.

6. Imaging was completed using confocal microscopy and Zen software by Zeiss
which enabled the user to simultaneously take laser images and analyze them on a
nearby desktop. This experiment utilized green, far red, red, and blue laser

channels.
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Table 4. Primary antibody information. Antibodies from the same animal (donkey or goat; blue or orange)
were not applied to the same sample. For example, anti-OCM and anti-P2X2 was a compatible antibody
combination, but not anti-OCM and anti-aPV.

Primary Antibodies
Antibody Name Source Host Working Concentration
Anti-Oncomodulin SWANT Goat 1:200
Anti-aPV Goat 1:200
SWANT
Anti-P2X2 Rabbit 1:400
Protein Tech Grp.
Anti-P2X3 Protein Tech Grp. | Rabbit 1:400
Anti-P2X7 Rabbit 1:400
Protein Tech Grp.

Table 5. Secondary antibody information.

Secondary Antibody Information

Antibody Name Source Host Working
Concentration
Alexa Fluor 546 Donkey anti- | Life Technologies | Donkey anti 1:200
Rabbit IgG (H+L) Secondary rabbit
Antibody
R&D Systems Donkey anti 1:200
Northern Lights dk a gt 637 goat
DAPI (stains blue) Vector Laboratories, N/A N/A
Inc.
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2.4 RNA Extraction and Purification

RNA was extracted and purified from samples using the Qiagen RNeasy Plus

Micro Kit: Purification of Total RNA from Animal and Human Tissues. Filtered

Eppendorf pipette tips were used and the procedure was conducted at room temperature

(18°C). RNaseZap spray was used consistently throughout the experiment.

1.

Spirals were homogenized in 350 uL. RLT buffer + beta-mercaptoethanol (1%), at
room temperature, in a 2 mL tube by vortexing until spirals were no longer
visible, or no longer intact. Two spirals (n=2) were homogenized in every tube.

Tubes with homogenized spirals were centrifuged at 16,000 rpm for 3 minutes.

. Lysate was collected and transferred into the gDNA Eliminator Column, which

was then centrifuged at 10,000 rpm for 1 minute.

After removing the filter, 350 uL of 50% ethanol was added to the flowthrough of
each tube. This 700 uL solution was added to a RNeasy MinElute Spin Column
(stored at 4°C but used at 18°C).

The spin column was centrifuged at 12,000 rpm for 20 seconds. Flowthrough
discarded.

700 uL RW1 was added to each tube then centrifuged at 12,000 rpm for 20
seconds. Flowthrough discarded.

500 uL RPE was added to each tube then centrifuged at 12,000 rpm for 20
seconds. Flowthrough discarded.

500 uL 80% EtOH was added to each tube then centrifuged at 12,000 rpm for 2

minutes. Flowthrough discarded with the collection tube.
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9.

10.

11.

12.

The MinElute filter cartridge was placed in a new collection tube, its cap was left
open, and then was centrifuged at 14,800 rpm for 5 minutes. This step ensures
removal of EtOH from the filter membrane which can hinder RNA purity. The
tube and its EtOH was discarded.

The MinElute filter cartridge was placed in a new 2 uL collection tube and 14 uL
of nuclease-free water was placed gently on the filter membrane. The tube was
then centrifuged at 16,000 for 1.5 minutes.

RNA quantity (ng/uL) and quality (260/280; 260/230) were determined using a
Nanodrop spectrophotometer. RNA concentrations were normally in the 8-15
ng/uL range. 260/280 values were normally between 1.8 and 2.0. 260/230 values
were normally substandard due to the presence of ethanol, but it is possible that
the ethanol evaporated when exposed to high temperatures during cDNA
synthesis.

If RNA was not immediately reverse transcribed to complementary DNA

(cDNA), tubes were stored at -80°C for up to 2 weeks.

2.5 Primer Design

Primers for gene targets were obtained in 1 of 3 ways: 1) primers were designed

using the NCBI primer design and BLAST tools, 2) primers were found in published

journal articles, 3) primers were found on an online database, the Harvard Primer Bank

(Wang and Seed, 2003; Spandidos et at., 2008; Spandidos et at., 2010; Wang et al.,

2012). Upon arrival, primers were tested with standard curve analysis and were optimized
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by running a temperature gradient RT-qPCR to determine which annealing temperature
enabled optimal amplification. The annealing temperature used for all reactions was

60°C. The primers and their sequences are listed below in Table 3.

Table 6. RT-qPCR primer information.

Primer Target Sequence (5 2 37)

OCM F: ATGAGCATCACGGACATTCTGAGC
R: CTGGCAGACATCTTGGAGAGGC

aPV F: GACTCCTTCGACCACAAAAAG
R: ATCCTCCTCAATGAAGCCAC

PMCA2 F: GCTGCTGCTGCTGTTGTTTGA
R: ATGGTTGAATGAAGGAGGGCAGGA

P2RX?2 F: GCGTTCTGGGACTACGAGAC
R: ACGTACCACACGAAGTAAAGC

P2RX3 F: CAGGGCACTTCTGTCTTTGTC
R: CTCTTACTCCTCTTCATGGCGA

P2RX7 F: CCCTGCACAGTGAACGAGTA
R: CGTGGAGAGATAGGGACAGC

Cal.2 F: ATGGTCAATGAAAACACGA
R: ACTGACGGTAGAGATGGTTG

Cal3 F: GCAAACTATGGCACCAGAC
R: CTTTGGGAGAGAGATCCTACAGGTG

B2M F: TGGTCTTTCTGGTGCTTGTC
R: GGGTGGAACTGTGTTACGTAG
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2.6 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Once the RNA was collected and purified, it was reverse transcribed to cDNA
using the iScript Advanced cDNA Synthesis Kit for RT-qPCR. Reagents were kept on ice
and filter tips were used. RNaseZap spray was used consistently throughout the
experiment.

1. 0.5 uL PCR tubes were used for this reaction.

2. 5ul of nuclease-free water was added to each PCR tube.

3. 4uL of 5 x iScript Reaction Mix was added to each PCR tube.

4. 1uL of iScript Reverse Transcriptase was added to each PCR tube.

5. 10 uL of RNA was added to each PCR tube.

6. Tubes were placed in Bio-Rad CFX96 C1000 Touch Thermal Cycler for 20

minutes at 46°C, 1 minute at 96°C, and infinity at 12°C.

7. Subsequently, cDNA was stored in -20°C for up to 1 month

With cDNA synthesis complete, RT-qPCR was ready to begin.
1. The RT-qPCR was conducted using filter tips and at room temperature (18°C) on
the open bench top. Master mixes were made for each target gene, including the
reference gene, beta-2-microglobulin (B2M) being analyzed according to the

following ratio:
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Table 7. RT-qPCR well set-up.

Reagent Volume per well*
SsoAdvanced Universal SYBR Green Supermix 10 uL
Nuclease-free water 8.4ulL
Target Primer (forward) 0.3 uL of 10 uM
Target Primer (reverse) 0.3 ulL of 10 uM
cDNA** 1 uL

*Volumes necessary to complete this reaction were multiplied by 1.05 to account for pipetting error.
**cDNA was NOT added to master mix solutions.

2. Master mixes were homogenized by pipette mixing.

3. The 96-well plate was filled first with the master mix (19 uL each well) and then
the 1 uL of cDNA was added to each well individually to create a total reaction
volume of 20 uL. The addition of cDNA well-by-well increased the uniformity of
substrate for each reaction.

4. No template control wells were included for each target’s master mix to ensure

the absence of contamination.
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5. The plate was sealed with an optically-clear plastic sheet, centrifuged for 20
seconds, and then placed into the Bio-Rad CFX96 C1000 Touch Thermal Cycler
using the SsoAdvanced Universal SYBR Green Supermix RT-qPCR protocol.

a. Amplification:
e 96°C for 30 seconds

98°C for 30 seconds

72°C for 1 minute

60°C for 30 seconds (annealing temperature)

fluorescence image recorded

steps (iv) and (v) were repeated 40 times for quantification.
b. Melt Peak:
e 72°C for 15 seconds
e 96°C for 15 seconds
e 12°C for infinite time
6. Amplification and melt peak data were recorded by the thermal cycler,
downloaded onto a USB drive, and plugged into a computer capable of supporting
the analysis software, CFX96 Manager, used to annotate and analyze the RT-

qPCR run through fluorescence detection.
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2.7 Statistical Analysis
Quantification values were determined using the 2-AACT method, a mathematical

formula that determines the relative fold difference in expression compared to a
normalization group (Livak and Schmittgen, 2001). The group to which all data was
normalized was PO WT. B2M served as the housekeeping gene for each RT-qPCR run. A
second housekeeping gene for each RT-qPCR run was not used because previous
experiments in our lab using B2M and TBP (TATA-binding protein) were not
significantly different from those only using B2M. Also, B2M had consistent and high
levels of expression, which was optimal for relative quantification experiments. The

2-AACT method is shown below in Fig. 13.

Ctpom — Efmrggt = ACt,

'ﬂ'CtnarnlaIizEng group ﬂCtl = AACt

2788Ct — fold expression level

Figure 13. Equation used to determine the fold mRNA expression level. For example, a 2—AACT value of
3 means that the protein of interest has 3x more mRNA expression than the normalization control.

Quantification values were analyzed using Prism 8 for macOS (version 8.4.3
(471)). An unpaired t-test was used to determine whether subsets of data (by age and
genotype) had statistically significant differences. Standard deviation was also calculated

to account for variation in the RT-qPCR experiment.
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CHAPTER THREE

Results

3.1 Loss of OCM reduces neonatal VGCC expression.

To determine the impact that OCM had on VGCC gene expression, RT-qPCR was
used to obtain Cacnalc and Cacnald mRNA expression in Ocm WT and KO mice.
Cacnalc and Cacnald were found to have decreased mRNA expression both in the
absence of OCM and with age, as seen in Figure 13A. Cacnalc demonstrates
significantly lower mRNA expression in Ocm KOs compared to Ocm WTs for ages PO
and P6. Cacnald, on the other hand, demonstrates significantly lower mRNA expression
in the absence of OCM only at age PO (Fig. 13A). Generally, both Cacnalc and Cacnald
mRNA expression decline during maturation from PO to P6 (Fig. 13B).

Immunohistochemistry experiments by Simmons et al. (2010) have shown OCM
expression to occur at around P2-3 in murine OHCs. Approaching the onset of OCM at
P2, Ocm WT mice demonstrate a substantial decrease in Cacnalc and Cacnald mRNA
expression relative to Ocm KO mice (Fig. 13B). This is interesting, because if OCM
expression begins at P2, there should be no difference in Cacnalc mRNA expression
between Ocm WT and Ocm KO at P0O. Indeed, Cacnald also experiences significantly
different levels of mRNA expression between Ocm WT and KO mice before OCM
expression begins. While VGCCs in Ocm KO mice experience a decline in mRNA

expression with age, their rate of decline is slower than VGCCs in Ocm WT mice.
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Ultimately, losing the Ocm gene reduces the early gene expression of Cacnalc and

Cacnald.

2, Cacnalc . Cacnald —
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Figure 14. Relative gene expression for Cacnalc and Cacnald in organ of Corti spirals from
GCaMPo6s+ mice at PO, P2, and P6. A) Targeted deletion of Ocm causes a general reduction in
VGCC expression, particularly at P0O. B) In both OCM WT and KO, Cacnalc and Cacnald
mRNA expression decreases with age. No significant differences in mRNA expression occur
after the onset of OCM at P2. Plotted are the mean (+ SD) mRNA levels normalized to PO WT,
which were determined using RT-qPCR. Asterisks (*) indicate a significant difference between
WT and KO gene expression for the same age (p < 0.05, unpaired t-test). n = 2-4 for each

group.
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3.2 Loss of OCM causes a general upregulation of neonatal P2X expression.

Next, to determine whether OCM impacted P2X receptors, RT-qPCR was used to
measure P2rx2, P2rx3, and P2rx7 mRNA expression and immunohistochemistry to
examine P2X2, P2X3, and P2X7 protein expression at PO, P2, and P6. Results were
compared between Ocm WT and Ocm KO mice. RT-qPCR data suggests that purinergic
receptors are generally upregulated in the absence of OCM (Fig. 15A). At PO and P2,
P2rx2 mRNA expression is significantly greater in Ocm KO mice than in WT mice but
falls below WT mice mRNA expression by P6. Similarly, P2rx3 mRNA expression is
greater in KO mice than in WT mice at PO and P2 but demonstrates similar, declining
expression by P6. P2rx7 mRNA expression is significantly greater in KO mice than in
WT mice only at PO, and its expression experiences a continuous decline from PO to P6
(Fig. 15B)

Interestingly, when OCM protein expression turns on at P2-3, P2rx2 mRNA
begins to upregulate, suggesting a possible relationship between the expression of
Ocm/OCM and P2rx2/P2X2. This is further evidenced the decline in P2rx2 mRNA
expression from P2-P6 in the absence of OCM (Fig. 15B). Both P2rx3 and P2rx7 in KO
mice have high but falling mRNA expression between PO and P2. By P6, their mRNA

expression matches expression in WT mice.
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Figure 15. Relative gene expression for P2X2, P2X3, and P2X7 in Organ of Corti spirals from
GCaMP6s+ mice at PO, P2, and P6. Plotted are the mean (+ SD) mRNA levels normalized to
PO WT, which were determined using RT-qPCR. Asterisks (*) indicate a significant difference
between WT and KO gene expression for the same age (p < 0.05, unpaired t-test). A-B) 2
different graphical representations of the same data that enable the viewer to see relative
expression (A) and longitudinal expression more easily (B). n = 2-4 for each group. C)
Immunohistochemistry images taken at 63x. Two aPV P6 images have been included for both
WT and KO in order to show their expression at the subcuticular and supracuticular regions of
the OHCs. Specifically, the supracuticular region OHCs show aPV localization to the
stereocilia, especially in KO mice. Green channel represents GCaMP, a HC marker.

Immunohistochemistry complemented RT-qPCR data by showing upregulation of
P2X2 in the absence of OCM. At P2, P2X2 expression in WT mice appears greater than
in KO mice. However, most fluorescence in WT mice originates from the supporting cell
region, not the OHCs. Immunolabeling P2X2 occurred in stereocilia of P2 and P6 KO
mice.

Similar to RT-qPCR, immunohistochemistry showed that PO P2X3 expression is
greater in KO mice than WT mice. P2X3 labeling at P2 in the WT does not reflect data
obtained from RT-qPCR. However, that does not mean that either is inaccurate. It is
important to remember that mRNA levels do not always equate to protein levels, and vice
versa.

Finally, immunohistochemistry showed a small (but significant) increase in PO
P2X7 expression in the absence of OCM. This finding aligns with RT-qPCR data, except

in P6 KO mice where there was intense immunolabeling of P2X7 in OHC stereocilia.
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3.3 Loss of OCM alters Atp2b2 mRNA expression.

Having shown that OCM regulates Ca*" importer expression, attention turned toward
an important Ca®* exporter—PMCA?2 (4tp2b2). Atp2b2 mRNA expression was examined
in WT and KO at ages PO, P2, and P6. Data showed that Atp2b2 mRNA expression is
altered in the absence of OCM (Fig. 16). PO shows no significant difference between
Atp2b2 expression in Ocm WT and KO mice (Fig. 16A). At P2, however, Atp2b2 mRNA
expression falls in the absence of OCM. Because Ap2b2 mRNA expression falls if OCM
fails to turn on at P2, it is possible that OCM plays a role in Atp2b2 gene regulation.
Further, significantly greater Atp2b2 mRNA expression was found in Ocm KO mice than

in WT mice at P6—a time when OCM should already be buffering within the OHC.
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Figure 16. Relative gene expression for Afp2b2 in Organ of Corti spirals from GCaMP6s+ mice
at PO, P2, and P6. Plotted are the mean (= SD) mRNA levels normalized to PO WT, which were
determined using RT-qPCR. Asterisks (*) indicate a significant difference between WT and KO
gene expression for the same age (p < 0.05, unpaired t-test). A-B are 2 different graphical
representations of the same data that enable the viewer to see relative expression (A) and

longitudinal expression more easily (B). n = 2-4 for each group.
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3.4 aPV is downregulated in the absence of OCM.

Having seen the impact of OCM on Ca** importers and exporters, attention was
turned toward aPV/Pvalb—an important cytosolic Ca>" sensor in HCs. In Ocm KO mice,
Pvalb experienced a significant downregulation in mRNA expression from P0-P6 in
comparison to WT mice. While KO mice do show aPV immunolabeling, most of it is in
the stereocilia. Both WT and KO mice showed marked aPV immunolabeling in
stereocilia beginning at P2. aPV immunolabeling in cell bodies of OHCs occurred
primarily in WT mice. The greater total aPV expression in WT mice (cell body +
stereocilia) aligns with RT-qPCR findings (Fig. 17A).

RT-gPCR and immunohistochemistry data for OCM appear as expected—no mRNA
or protein expression at PO, increasing amounts at P2, and large amounts at P6 (see Fig
16A/C). OCM KO mice displayed little to no indication of OCM mRNA or
immunolabeling.

Fig. 17B demonstrates that, starting at P2, Ocm mRNA expression increases
significantly. Pvalb mRNA expression, however, increases until P2—when OCM
expression begins in the OHC—and then declines to nearly half its relative mRNA
expression by P6. The reason for this is unknown. In Ocm KO mice, both Ocm and Pvalb
mRNA expression do not experience a significant change during maturation. They both

exist at very low levels.
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Figure 17. Relative gene expression for Ocm/OCM and Pvalb/aPV in Organ of Corti
spirals from GCaMP6s+ mice at PO, P2, and P6. Plotted are the mean (+ SD) mRNA levels
normalized to PO WT, which were determined using RT-qPCR. Asterisks (*) indicate a
significant difference between WT and KO gene expression for the same age (p < 0.05,
unpaired t-test). A-B) 2 different graphical representations of the same data that enable the
viewer to see relative expression (A) and longitudinal expression more easily (B). n =2-4
for each group. C) Immunohistochemistry images taken at 63x. Two aPV P2 images have
been included for bot WT and KO in order to show their expression at the subcuticular and
supracuticular regions of the OHCs. Specifically, the supracuticular region OHCs show
aPV localization to the stereocilia, especially in KO mice. Green channel represents
GCaMP, a HC marker.
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CHAPTER FOUR

Discussion

In the absence of OCM, several important OHC Ca?* regulators experienced
altered gene and/or protein expression. This finding could suggest that OCM plays a role
in the regulation or maintenance of Ca?" signaling pathways in OHCs. This project
examined how gene and/or protein expression for VGCCs (Cacnalc/Cayl.2,
Cacnald/Cay1.3), ionotropic purinergic receptors (P2rx2/P2X2, P2rx3/P2X3,
P2rx7/P2X7), a Ca*" extruder (4tp2b2/PMCA?2), and a mobile Ca>" buffer (Pvalb/aPV)
developed differently without OCM. The data illuminated potential roles of OCM within

OHCs, which will now be discussed.

4.1 Effects of OCM on OHC Ca’" importers

Cacnalc and Cacnald had a general reduction in mRNA expression in Ocm KO
mice in comparison to WT mice at PO. This is fascinating because OCM does not begin
protein expression until P2 in mice, yet its genetic removal downregulates the expression
of important VGCCs in the OHC membrane. One hypothesis is that Ocm is involved with
pathways regulating the expression of Ca?* regulators. Such pathways are likely involved
with the development and maintenance of hearing and could be the agent behind the
change in VGCC mRNA expression prior to P2. How exactly this would occur is

unknown.
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From PO-P6, Cacnalc and Cacnald were downregulated in the absence of OCM.
Downregulating VGCC gene expression could be a response to decreased levels of Ca**
buffer and sensor in the OHC. Decreasing the density of Ca*>" importers would reduce the
damaging effects of having too much intracellular Ca?* in the absence of enough
intracellular Ca*" buffer (e.g., OCM).

Cacnalc and Cacnald also experienced a decrease in mRNA expression with age
in both WT and KO mice. This is consistent with the findings of Qi et al. (2019) which
showed that VGCC expression in HCs decrease with age. One explanation for the
concurrent rise of Ocm and fall of Cacnalc and Cacnald mRNA in WT mice is that
other Ca®* importers such as nAChRs and purinergic receptors begin to contribute to
OHC Ca*" influx, thereby reducing the need for VGCCs in such high quantities. Indeed,
our data shows that P2rx2 mRNA expression rises with the fall of Cacnalc and Cacnald
mRNA (P2-P6).

In contrast to VGCCs, purinergic receptors exhibited greater mRNA expression in
Ocm KO mice than in Ocm WT mice. P2rx2, the most highly expressed of the OHC
purinergic receptors considered, had a significant reduction in mRNA expression after P2
as if the missing “rise of OCM” did not sustain P2rx2 expression in OHCs. In KO mice,
most of the upregulated P2rx2, P2rx3, and P2rx7 mRNA expression occurred before or
at OCM onset. In WT mice, P2rx2 mRNA expression rose while P2X3 and P2X7 mRNA
expression was stagnant or decreased with age. This is consistent with the findings of
Nikolic et al. (2003) in rats. In contrast to Briandle et al. (1999) and (Nikolic et al. (2003),

however, this project and Scheffer et al. (2015) detected the presence of P2X3 in the
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OHC. With the exception of Cacnald, the mRNA expression levels collected for OHC
VGCCs and purinergic receptors are similar to single cell (OHC) RNA Seq data from
Scheffer et al. (2015; Fig. 18). Also, the fact that P2rx2 and P2rx3 expression patterns
differed suggests that heteromeric P2X2/3 is probably not prevalent in OHCs.

Immunohistochemistry findings largely resemble the RT-qPCR data. An
interesting exception, however, was P2X7. P2X7 demonstrated strong immunolabeling in
stereocilia in P6 KO mice. It is not known why P2X7 would localize to stereocilia in
maturing OHCs without OCM.

Considering the changes in expression levels for Ca** exporters in Ocm KO mice,

OCM may increase VGCC expression and decrease P2rx2 expression in OHCs.

4.2 Effect of OCM on an OHC Ca’* exporter

Atp2b2 mRNA expression patterns were different between Ocm WT and Ocm KO
mice. As was the case for OHC VGCCs and purinergic receptors, Atp2b2 in KO mice had
elevated mRNA expression at PO. Again, this could be the result of OCM’s role in a
regulatory network for OHC Ca?" regulator proteins. At P2, Atp2b2 mRNA expression in
KO mice dropped below expression in WT mice. A drop in PMCA2 mRNA expression at
P2 suggests that OCM plays a role in maintenance of Atp2bh2 expression. By P6, Atp2b2
mRNA expression in KO mice surpasses expression in WT mice. Greater At(p2b2 mRNA
expression in the absence of OCM suggests that Atp2b2 may undergo compensatory
upregulation to meet the demands of an OHC without an essential Ca®" buffer. In other

words, more PMCA?2 is needed to extrude the greater amounts of intracellular Ca*". Ca**

62



overload in the OHC can cause formation of reactive oxygen species, resulting in OHC
death and deterioration of hearing. This is a phenomenon that can occur without adequate
PMCAZ2 function (Fettiplace and Nam, 2019). Thus, upregulation of Atp2b2 mRNA in
the absence of OCM may promote OHC survival. This is likely unsustainable, though, as
absence of OCM causes OHC damage and deafness as early as 4 months (Tong et al.,

2016).

4.3 Effect of OCM on aPV

While OCM and aPV are similar in structure, function, and location, they are even
more intertwined that previously expected. Counterintuitively, our data suggests that aPV
is downregulated in the absence of OCM. Simultaneous downregulation of Ocm/OCM
and Pvalb/aPV in OCM KO mice is counterintuitive because without OCM, aPV should
take a bigger role in the maintenance of intracellular Ca**. However, compensatory
increase in aPV expression was not observed in either RT-qPCR or
immunohistochemistry experiments. Interestingly, Simmons et al. (2010) have shown
that during development, OCM and aPV have inverse trends of expression, with OCM
rising and aPV falling. This could be interpreted as aPV “handing” OCM the torch of
OHC Ca®" regulation. Nonetheless, the direct correlation between OCM and aPV
expression in KO mice suggests that OCM plays a role in maintaining Pvalb/aPV
expression in OHCs, at least during development.

The fact that Pvalb mRNA expression is significantly reduced at all ages in KO mice

suggests that OCM plays a role in the activation, maintenance, or functionality of aPV in
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the OHC. Additionally, the fact that Pvalb mRNA decreases from P2-P6 in WT mice

suggests that OCM is involved with aPV downregulation. Pvalb/aPV downregulation

could point to OCM’s role in a feedback loop inhibiting the overexpression of
intracellular [Ca®" buffer]. While this is conjecture, there is currently no research that
explains the relationship between OCM and aPV expression.

Immunohistochemistry data was relatively consistent with RT-qPCR findings. aPV
had lower expression in KO mice than in WT mice. Where there seemed to be high
expression levels of aPV in KO mice, expression was normally localized to stereocilia
and not the OHC body. This suggests that aPV could move into the stereocilia in
maturing KO mice, possibly to help buffer the increased levels of Ca** entering that
region of the cell from the increased presence of P2X7 in stereocilia.

For Cacnald/Cay1.3, Atp2b2/PMCA2, and Pvalb/aPV, our RT-
qPCR/immunohistochemistry data were different from the single cell RNA Seq data seen

in Fig. 18.
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Figure 18. Absolute mRNA expression levels in OHCs isolated by fluorescence-activated cell
sorting (FACS). RNA seq data taken from Scheffer et al. (2015). E16 = embryonic day 16; Cp
= Cre+ (or OHC). With the exception of Cacrnald, Atp2b2, and Pvalb, our mRNA expression
levels are similar to those found in this paper. It is unclear why there are discrepancies between
Ca,1.3 and aPV mRNA expression.
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4.4 Summary and future directions

In OHCs, the absence of OCM causes a general downregulation in VGCCs, a
general upregulation in purinergic receptors, a compensatory expression in PMCA2, and
a downregulation of aPV. Broadly, the data shows that the regulation of OHC Ca*" is
multifactorial, meaning that many proteins are intricately involved with Ca** regulation.
This was evidenced by changes in Ca** regulator expression when OCM, an important
OHC Ca** buffer, was removed from the OHC. While the OHC Ca2+-regulating network
may alter expression to reestablish a Ca** balance within the OHC, the compensatory
efforts are unsustainable, which is demonstrated by the progressive, early-onset hearing
loss that occurs in the absence of OCM. Ultimately, the data from this project suggests
that OCM plays a role in maintaining Ca** regulators’ gene expression, even before the

first expression of OCM at P2, in order to maintain Ca** balance within the OHC.

Practically, this data can be used to determine potential targets for gene therapy.
50% of inner ear disorders are caused by genetic mutations, so gene-altering therapies
may be the future for preventing or treating hearing loss (Nist-Lund et al., 2019).
Experiments in mice from Nist-Lund et al. suggest that gene therapy for hearing loss is
already within reach. Specifically, they engineered synthetic adeno-associated viral
vectors to insert the Tmc/ gene in hearing deficient mice, which codes for the TMCI1
protein. TMCI1 plays an essential role in MET channel functionality in HC stereocilia.
Their findings show that administering the viral 7mc! to hearing deficient mice improves
HC survival and function. Considering the findings of our present study, artificially
altering the expression of Ca®" regulators in OHCs with adenoviruses could become a
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method of treating hearing deficiencies. The goal is to reestablish Ca** balance in the
OHC. Based on the results of this project, reestablishing Ca?* balance would require gene
therapy targeting multiple Ca*" regulators. Multifactorial gene therapy experiments
should be conducted in cell lines prior to animal testing.

Finally, this project has highlighted other areas of potential research. Further
research must be conducted on sow the presence or absence of Ocm/OCM alters the
expression of OHC Ca®' regulators. Other regulators of OHC Ca?"* signaling such as
P2X1, P2X4, Sorcin, SK2, nAchRs, METs, and TMCs should be included in this
analysis. Lastly, western blots and greater sample size for immunohistochemistry

experiments should be used to confirm the findings of this project.
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Abbreviation

Meaning

aPV
ACh
ATP
B2M
BLAST
Ca2t
CaBPs
Cay1.2/3
cDNA
CICR
Ct
DAPI
DCs
DNA

DPOAE

ER

GCaMP

gDNA
HC
IHCs

K+

Alpha-parvalbumin
Acetylcholine
Adenosine triphosphate
Beta-2-microglobulin
Basic local alignment search tool
Calcium
Calcium-binding proteins
Voltage-gated calcium channel 1.2/3
Complementary deoxyribonucleic acid
Calcium-induced calcium release
Cycle threshold value
4’, 6-diamno-2-phenylindole
Deiter’s cells
Deoxyribonucleic acid

Distortion product otoacoustic
emissions

Endoplasmic reticulum

Genetic cyclic adenosine
monophosphate

Genomic deoxyribonucleic acid
Hair cells
Inner hair cells

Potassium
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KO
LoxP
mRNA
MET
Mg2*
nAChRs

NCBI

NHS-T
OCM
OHC

P

P2X2/3/7

PMCA2
RNA
ROS

RT-qPCR

SANDD

SERCA

SK2

TBP

Knock out (mouse)

Locus of X-over P1
Messenger ribonucleic acid
Mechanoelectric transducer channel
Magnesium
Nicotinic acetylcholine receptors

National center for biotechnology
information

Natural horse serum-triton
Oncomodulin
Outer hair cell
Postnatal day

ATP-gated P2X receptor cation
channels 2,3 & 7

Plasma membrane calcium ATPase 2
Ribonucleic acid
Reactive oxygen species

Reverse transcription quantitative
polymerase chain reaction

Sinoatrial node dysfunction and
deafness syndrome

Sarcoplasmic/endoplasmic reticulum
calcium ATPase

Small conductance potassium channel

TATA-binding protein
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T™1/2
TMCl1
VGCCs
WHO
WT

Zn2+

Transmembrane segment 1/2
Transmembrane channel-like protein 1
Voltage-gated calcium channels
World Health Organization
Wild-type (mouse)

Zinc
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