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INTRODUCTION TO THESIS

Introduction to Thesis

Located within the inner ear is the cochlea, the specialised peripheral end organ of the
auditory system which mediates the transduction of sound waves into electrical nerve
impulses that travel to the brain for central processing of auditory information. The cochlea is
an exquisitely sensitive organ, allowing us to perceive and distinguish among the myriad
sounds around us. Unfortunately, this extreme sensitivity of the cochlea comes at a cost as it
makes it highly susceptible to injury when exposed to loud sound. The injury inflicted on the
cochlea affects almost all cell types, particularly the sensory hair cells, and since sensory cells
in the mammalian cochlea are incapable of regeneration, this damage is irreversible, leading
to cochlear dysfunction and permanent hearing loss. According to recent global estimates
released by the World Health Organisation (WHO, 2012), there are 360 million people
worldwide (5.3% of the world’s population) with disabling hearing loss. A significant
proportion (16%) of the disabling hearing loss in the adult population is attributed to

occupational noise exposure (WHO, 2002).

There is a growing body of evidence that oxidative stress in the cochlea is a key mechanism
of noise-induced cochlear injury. However, emerging evidence suggests that cochlear
inflammation may also be a major contributor. Several studies have demonstrated an
inflammatory response in the cochlea following noise exposure involving an upregulation of
proinflammatory mediators by various resident cochlear cells, followed by the rapid
recruitment and infiltration of inflammatory cells from the systemic circulation which may
cause bystander tissue injury to the delicate structures in the cochlea. Cochlear inflammation
has also been implicated as a major etiologic factor in a range of other conditions that cause
hearing loss, such as otitis media, meningitis, ototoxicity, and autoimmune inner ear disease.
The cochlea thus responds to trauma and infection like organs elsewhere in the body.
Although a great deal has been learned over the years of the noise-induced inflammatory
response in the cochlea from animal models, the precise molecular mechanisms underlying
the response and its role in the development of cochlear injury remain to be elucidated. This
thesis thus aims to improve our understanding of the underlying mechanisms and time course

of the noise-induced cochlear inflammatory response.

Hearing loss can be caused not only by an acute exposure to loud sound but also from

repeated exposure to noise over an extended period of time. Previous research has
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demonstrated the inflammatory response following acute noise exposure, however studies
focussing on cochlear inflammation associated with chronic noise exposure, which leads to
slowly developing hearing loss, are lacking. There is a strong possibility that chronic
environmental noise exposure at moderate noise levels, such as the workplace noise, could be
linked to the development of an inflammatory response in the cochlea, which can contribute
to cochlear injury in the long run. The second study of the thesis thus investigates the

cochlear inflammatory response induced by chronic exposure to moderate noise levels.

At present, there is no cure for noise-induced hearing loss, or any other type of sensorineural
hearing loss. Steroid-based drugs (corticosteroids) have long been used in the management of
sensorineural hearing loss of various causes, including noise-induced hearing loss, and have
been able to suppress excessive inflammation at appropriate doses, but are unable to recover
the associated hearing loss. Higher doses, on the other hand, can be deleterious to cochlear
function in the long term and are often accompanied by a wide range of adverse side effects.
There is therefore a need to develop more effective pharmacological therapies for cochlear
inflammation and the associated hearing loss. Extensive evidence has demonstrated the
strong anti-inflammatory potential of adenosine, a ubiquitous signalling and cytoprotective
molecule, in a range of tissues, suggesting that adenosine may also confer a similar effect in
the cochlea. Adenosine mediates anti-inflammatory effects primarily via the adenosine Asa
receptor, one of the four adenosine receptor subtypes. The final study of this thesis
investigates the role of adenosine A,a receptor signalling in the regulation of noise-induced
cochlear inflammation and explores the therapeutic potential of the selective adenosine Aja

receptor agonist, regadenoson, in mitigating noise-induced cochlear inflammation.
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CHAPTER 1: LITERATURE REVIEW

1.1. Introduction

This introductory chapter presents a comprehensive review of the existing literature related to
noise-induced cochlear inflammation. It commences with a general outline of the anatomy
and physiology of the cochlea, followed by a detailed overview of the current knowledge
regarding cochlear inflammation and its various aetiologies, with particular emphasis on
noise-induced cochlear inflammation. The review concludes with a summary of the
adenosine signalling system (including the anti-inflammatory role of adenosine) and a

discussion of adenosine-based therapeutic approaches.

1.2. Cochlear Anatomy and Physiology

1.2.1. General Organisation of the Cochlea

The ear is divided into three main anatomical compartments, the outer, the middle, and the
inner ear (Figure 1.1). The outer or external ear consists of the pinna or auricle and the
external auditory meatus (ear canal). The pinna collects and funnels sound to the ear canal, a
long tube connecting the pinna to the tympanic membrane. The tympanic membrane,
commonly known as the eardrum, is a thin and delicate semi-transparent membrane that
separates the outer ear from the middle ear and transmits sound vibrations to the three
ossicles (Latin for “tiny bones”; malleus, incus and stapes) in the middle ear, a small air-filled
cavity. Located within the inner ear are the organs for the sense of hearing (the cochlea) and
balance (the semi-circular canals, saccule and utricle). The cochlea spirals around the
modiolus, a conical bony structure. The total uncoiled length of the human cochlea is
approximately 35 mm, which coils into 2 %2 to 2 % turns (Tabuchi & Hara, 2012). The
cochlea has three fluid-filled compartments known as the scala vestibuli, scala media (or
cochlear duct) and scala tympani (Dallos et al., 1996; Raphael & Altschuler, 2003) (Figure
1.2). The scala vestibuli and scala media are separated by Reissner’s membrane, a two cell

layered membrane, whereas the scala media and the scala tympani are separated by the organ
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of Corti sitting on the basilar membrane. At the apex of the cochlea is a narrow opening
called the helicotrema, through which the scala vestibuli communicates with the scala
tympani. At the base of the scala vestibuli and the scala tympani there are two membrane-
covered holes, the oval window and the round window respectively (Dallos et al., 1996;
Raphael & Altschuler, 2003). The fluid within the scala media, known as endolymph, has an
ionic composition similar to intracellular fluid, with high K* (157 mM) and low Na'
(1.3 mM), whereas the scala vestibuli and scala tympani are filled with perilymph, an
extracellular-like fluid with high Na" (141 mM in scala vestibuli, 148 mM in scala tympani)
and low K' (6.0 mM in scala vestibuli, 4.2 mM in scala tympani), which communicates with
the cerebrospinal fluid via the cochlear aqueduct (Wangemann, 2006). The endolymph is also
unusual for its low Ca®" concentration (0.023 mM), which is critical for sensory transduction

in the cochlea (Wangemann, 2006).

Outer Middle Inner
Ear Ear Ear

Ossicles  Semicircular Canals

Oval Window

% 3

ae

Auditory
Nerve

Cochlea

External  Tympanic
Auditory  Membrane Window
Canal

Figure 1.1: Structure of the ear. The ear is divided into three main anatomical
compartments: the outer ear consisting of the pinna, the external auditory canal (ear canal)
and the outer part of the tympanic membrane; the middle ear, an air-filled cavity containing
the three ossicles (malleus, incus and stapes); and the inner ear comprising the cochlea and

the peripheral end-organs of the vestibular system.
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Figure 1.2: Schematic diagram of a cross-section of the cochlea. The organ of Corti, the
sensory organ of hearing, resides on the basilar membrane, and is made up of sensory hair
cells (inner and outer hair cells) interdigitating with various supporting cells. The lateral wall
of the cochlea, with an important role in K" secretion and cycling, is composed of the spiral
ligament fibrocytes and secretory epithelial cells of the stria vascularis, whilst the spiral
ganglion, which provides afferent and efferent innervation to the sensory hair cells, is located
in the modiolus, a conical shaped central axis of the cochlea. (Figure reproduced from Davis

(1953), with permission from Acoustical Society of America).

1.2.2. Organ of Corti

Attached to the basilar membrane is the organ of Corti, the sensory organ of hearing (Figure
1.2). The organ of Corti is a highly differentiated sensory epithelium, consisting of
specialised hair cells interdigitating with various types of supporting cells in an orderly
pattern (Dallos et al., 1996; Raphael & Altschuler, 2003). The basilar membrane, on which
the organ of Corti sits, is a complex structure of connective tissue composed mainly of
extracellular matrix components. The apical surfaces of the sensory and supporting cells are

joined together by an elaborate network of tight junctions and adherens junctions to form the
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reticular lamina which acts as a barrier between the endolymph of the scala media and the
perilymph-like fluid bathing the cells of the organ of Corti (Dallos et al., 1996; Raphael &
Altschuler, 2003).

1.2.2.1. Hair Cells

Two types of hair cells exist — the inner hair cells, which are the primary sensory cells,
forming a single row medially, and the outer hair cells, which enhance the sensitivity and
frequency selectivity of hearing (often referred to as the “cochlear amplifier”), forming three
rows laterally (Housley et al., 2006). Occupying the apical surfaces of the sensory cells are
cellular projections known as stereocilia (or sensory hairs and hence the name “hair” cell),
interconnected by tip links and side links (Pickles et al., 1984; Furness & Hackney, 1985).
The tips of stereocilia contain mechanoelectrical transduction (MET) channels that mediate
the electrical responses of the hair cells (Fettiplace & Hackney, 2006). The basilar membrane
is a hydromechanical frequency analyser that encodes high frequency sound at the base and
low frequency sound at the apex in response to sound (Dallos, 1992). Movement of the
basilar membrane results in displacement of hair cell stereocilia and opening of the
mechanically-gated transduction ion channels (Raphael & Altschuler, 2003). Influx of K"
from the endolymph in the scala media occurs through these transduction channels,
depolarising the inner hair cells, which in turn activate voltage-gated calcium channels. Ca*"
entry triggers the release of glutamate, which generates nerve impulses postsynaptically in
the primary auditory neurons, whose cell bodies cluster together to form the spiral ganglion
located within the modiolus. These nerve impulses are conducted along the brainstem
auditory pathways all the way to the primary auditory cortex located in the temporal lobe for

complex processing of sound information.

1.2.2.2. Supporting Cells

The supporting cells of the organ of Corti are highly differentiated epithelial cells that
surround the sensory hair cells, providing them with structural stability and metabolic support
(Dallos et al., 1996; Raphael & Altschuler, 2003). There is evidence that supporting cells
have a role in regulating the ionic environment within and around the organ of Corti (Kikuchi
et al., 2000). Most of these cells span the distance between the basilar membrane and the
reticular lamina and numerous microvilli cover their apical surfaces which protrude into the
endolymph of the scala media. The supporting cells include the inner sulcus cells, inner

border cells, inner phalangeal cells, inner and outer pillar cells, Deiters’ cells (outer
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phalangeal cells), Hensen’s cells, Claudius’ cells, Boettcher’s cells, and outer sulcus cells
(Dallos et al., 1996; Raphael & Altschuler, 2003). The inner sulcus cells form an epithelial
layer joining with the connective tissue of the spiral limbus and terminate laterally with the
inner border cells, which are located on the modiolar side of the inner hair cells. The inner
hair cells are surrounded by inner phalangeal cells and inner pillar cells. The basal parts of
the inner and outer pillar cells slant in opposite directions creating the tunnel of Corti, which
provides a triangular basis of support and separate the inner hair cells from the outer hair
cells. Deiters’ cells run from the basilar membrane to the reticular lamina, with the middle
portion providing a “seat” for the outer hair cells. Each Deiters’ cell makes contact with five
different outer hair cells. Hensen’s cells form the lateral border of the organ of Corti, directly
adjacent to the third row of Deiters’ cells. Extending from the organ of Corti laterally, the
Claudius’ cells rest on the basilar membrane (those in the basal turn of the cochlea lie on top
of Boettcher’s cells), filling the distance between the Hensen’s cells and the lateral wall. At
the lateral extremity are the outer sulcus cells (or root cells), which are situated at the junction
of the basilar membrane with the lateral wall, and are either exposed to endolymph (apical
turn) or completely covered by Claudius’ cells (basal turn) (Jagger & Forge, 2013). Finger-
like basolateral projections extend from their cell bodies to the spiral ligament and

interdigitate with the fibrocytes.

1.2.3. Lateral Wall

Cochlear fluid homeostasis and generation of the endocochlear potential (the main driving
force for sensory transduction) strongly depend on normal functioning of cochlear lateral wall
tissues (Wangemann, 2006). The spiral ligament and the stria vascularis, which comprise the
lateral wall of the cochlea, play an integral role in the maintenance of electrochemical

homeostasis (Raphael & Altschuler, 2003; Wangemann, 2006).

1.2.3.1. Spiral Ligament

The spiral ligament forms the lateral part of the cochlear lateral wall, situated between the
otic capsule (part of the temporal bone) and the stria vascularis. The spiral ligament
comprises connective tissues (fibrocytes), epithelial cells, extracellular matrix material, and
blood vessels. The fibrocytes of the spiral ligament have been classified into four different
classes (type I — IV) based on their morphology, location and function (Dallos et al., 1996;
Spicer & Schulte, 1996; Hirose & Liberman, 2003) (Figure 1.3). Type I fibrocytes are
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located in the area between the stria vascularis and otic capsule and are connected to the basal
cells of the stria vascularis via gap junctions (Forge et al., 2007). Type II fibrocytes occupy
the area below the spiral prominence close to root processes of the outer sulcus cells. They
have a distinct appearance, characterised by numerous cytoplasmic extensions, and are also in
gap junction continuity with type I fibrocytes and strial basal cells. Fibrocytes of similar
characteristics are also found in the suprastrial region near the insertion of Reissner’s
membrane (sometimes referred to as type V fibrocytes). Type III fibrocytes border the bony
otic capsule and consist of irregular extensions and branches. Type IV fibrocytes are spindle-
shaped and are located in the inferior region of the spiral ligament. Fibrocytes in the upper
and lower regions of the spiral ligament are in direct contact with the perilymph from the
scala vestibuli and scala tympani respectively. Tight junctions between epithelial cells lining
the spiral prominence (a highly vascularised region that bulges into the scala media) and the
outer sulcus cells form a barrier preventing the perilymph in the spiral ligament and scala

tympani from mixing with the endolymph in the scala media.

_ :1"

Tvpe IV

Figure 1.3: Schematic diagram of the cochlear duct illustrating the spatial organisation
of the fibrocytes (type I — IV) in the spiral ligament. (Figure reproduced from Hirose and

Liberman (2003), with permission from Springer).



CHAPTER 1 | LITERATURE REVIEW IENNEGEE

1.2.3.2. Stria Vascularis

The stria vascularis, representing the medial part of the lateral wall, is a highly vascularised
epithelium comprising three main cell types — marginal, intermediate and basal cells (Dallos
et al., 1996; Raphael & Altschuler, 2003). The marginal cells form a single layer of epithelial
cells that line the endolymphatic space of the scala media. Their apical luminal surface
contains an abundance of microvilli, indicative of their role in absorption and secretion. The
basal cell layer faces the spiral ligament, and the intermediate cells, as their name indicates,
are situated between the marginal and basal cells. Tight junctions between the marginal cells
of the stria vascularis help protect the intrastrial space from the endolymph in the scala
media, while the tight junctions of the basal cells protect the intrastrial space from perilymph.
Both marginal and intermediate cells abundantly express Na'/K'-ATPases and play an
important role in the generation of the endocochlear potential. The intermediate cells are
melanocytes capable of synthesising melanin and are presumably derived from the neural
crest (Hilding & Ginzberg, 1977; Steel & Barkway, 1989). The basal cells communicate with
type I and II fibrocytes of the spiral ligament via gap junctions (Forge et al., 2007).

1.2.4. Spiral Ganglion

The spiral ganglion, located within the modiolus, is made up of the cell bodies of the spiral
ganglion neurons, satellite glial cells and blood vessels. There are two classes of spiral
ganglion neurons — type I spiral ganglion neurons, which comprise 90-95% of the neurons,
innervate the inner hair cells; and type II spiral ganglion neurons, which innervate the outer
hair cells (Rosenbluth, 1962; Thomsen, 1967). The type I neurons are large, bipolar and
myelinated, while the type II neurons are smaller, pseudounipolar and unmyelinated. The
axons of the spiral ganglion neurons enter the auditory nerve, a branch of the
vestibulocochlear nerve (cranial nerve VIII), which projects to the cochlear nuclei (dorsal

cochlear nucleus and ventral cochlear nucleus) in the brainstem (Bear et al., 2007).

1.2.5. Spiral Limbus

The spiral limbus (limbus laminae spiralis) is a structure located medial to the organ of Corti,
consisting of epithelial cells, fibrocytes, extracellular matrix and blood vessels (Van De
Water & Staecker, 2011). The epithelial cells, which are known as interdental cells, form

well-arranged rows on the top surface of the spiral limbus. The tectorial membrane, an
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acellular connective tissue overlying the organ of Corti, is anchored medially to the
interdental cells, which secrete components of the tectorial membrane during foetal and
postnatal life (Dallos et al., 1996; Raphael & Altschuler, 2003). Occupying the main stroma
of the spiral limbus beneath the interdental cells are fibrocytes, of which four types have been
identified (stellate, mesothelial, osmiophilic, and light cells) (Kimura et al., 1990). The
fibrocytes of the spiral limbus are thought to play a significant role in maintaining cochlear
fluid homeostasis. Below the spiral limbus is the osseous spiral lamina, which consist of two
plates of bone, with the afferent and efferent nerve fibres innervating the sensory hair cells

running between them.

1.2.6. Cochlear Vasculature

Adequate blood supply to the cochlea is critical to the normal functioning of the cochlea. The
vascular anatomy of the cochlea shows widespread similarity among most mammalian
species, including humans (Axelsson, 1988). The cochlear vasculature is segmentally
arranged, with the capillary beds in the modiolus completely separated from those in the
lateral wall by avascular structures such as Reissner’s membrane, tectorial membrane and the
peripheral part of the basilar membrane. No other organ in the body has such a number of

distinct, specialised, microvascular networks as does the cochlea.

The inner ear is supplied by the internal auditory artery (also known as the auditory artery or
labyrinthine artery), which arises from either the anterior inferior cerebellar artery or the
basilar artery (Mom et al., 2005). The internal auditory artery gives rise to the common
cochlear artery near the site where the cochlear nerve enters the modiolus, and this in turn
gives rise to the spiral modiolar artery in the modiolus. Radiating arterioles which branch off
the spiral modiolar artery pass through the bone over the scala vestibuli into the lateral wall.
In the lateral wall, the arterioles branch further to form distinct capillary beds in the
suprastrial region of the spiral ligament, the stria vascularis, the peripheral region of the spiral
ligament, and the inferior region of the spiral ligament (spiral prominence) (Hawkins, 1976;
Dallos et al., 1996). These capillary networks are arranged in parallel with no cross-
connections between them. The walls of the capillaries form a continuous layer, with tight
junctions between adjacent endothelial cells and a lack of fenestrations, thereby preventing
free diffusion of solutes from the blood into the tissue spaces (blood-labyrinth barrier). The

capillaries are also surrounded by a prominent basement membrane and pericytes. All of
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these capillaries are drained by collecting venules, which leave the lateral wall through the
bone under the scala tympani and empty into the spiral modiolar vein within the modiolus.
Radiating arterioles arising from the spiral modiolar artery also branch to form capillary beds
within the modiolus, spiral ganglion, spiral limbus, tympanic lip, and basilar membrane
(Hawkins, 1976; Dallos et al., 1996). The modiolar capillaries are fenestrated, which allows
for rapid transfer of fluids and solutes. At the tympanic lip portion of the spiral limbus near
the basilar membrane, the capillaries loop to form a network, which in most species is the
nearest blood supply to the sensory hair cells of the organ of Corti. An additional blood

vessel runs underneath the basilar membrane in a few species (Dallos et al., 1996).

1.3. Inflammation

1.3.1. Introduction

Inflammation underlies a wide range of physiological and pathological processes. It is an
immediate response by the body to infection, tissue injury, or noxious stimuli (Han &
Ulevitch, 2005; Medzhitov, 2008). In general, an inflammatory reaction, if controlled
properly, is beneficial. However, if unregulated, inflammation becomes detrimental. This
forms the basis of the two general types of inflammation: acute and chronic. Acute
inflammation is a short-term and well-controlled response that usually results in healing. In
contrast, chronic inflammation is a long-term, dysregulated and maladaptive response that
usually involves tissue destruction, and is associated with a wide variety of chronic
conditions and diseases such as cardiovascular disease, arthritis, type 2 diabetes, cancer,

allergy and autoimmune diseases.

The inflammatory pathway consists of inducers, sensors, mediators and effectors, with the
type of inflammatory response determined by each component (Medzhitov, 2008) (Figure
1.4a). Inducers of inflammation are the signals that initiate the response, and can be divided
into two main classes: exogenous or endogenous (Figure 1.4b). Exogenous inducers are
external signals that are either microbial or non-microbial in nature. Endogenous inducers are
signals produced by tissues that are stressed, damaged or malfunctioning. Sensors of
inflammation sense the signal, become activated, and then elicit the production of specific

sets of inflammatory mediators. These in turn alter the functional state of the downstream
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effectors of inflammation — different types of cells and organs. There are in general seven
groups of mediators in relation to their biochemical properties: vasoactive amines, vasoactive
peptides, complement fragments, lipid mediators, inflammatory cytokines (discussed later),
chemokines and proteolytic enzymes. Most inflammatory mediators have similar effects on

the vasculature and on the recruitment of leukocytes.

a Inducers — Sensors —» Mediators —» Effectors
b L}
Microbial — P’W""’
* Virulence factors
Exogenous
= Allergens
Mon-microbial * |rritants

» Foreign bodies
= Toxic compounds

Cell derived
/ N

/ : ) N\ = Signals released from stressed,
/e \ malfunctioning or dead cells
Endogenous and from damaged tissues

\“‘x Blasrs dervad /;7 » Endogenous crystals
\\ * Products of ECM breakdown

ECM derived

Figure 1.4: The general inflammatory pathway. (a) The general inflammatory pathway
consists of inducers, sensors, mediators and effectors; (b) Inducers of inflammation can be
classified as either exogenous or endogenous, which can be further subdivided as shown
above. Abbreviations: PAMP, pathogen-associated molecular pattern; ECM, extracellular
matrix. (Figure reproduced from Medzhitov (2008), with permission form Nature Publishing

Group).

1.3.2. Proinflammatory Cytokines

Proinflammatory cytokines, which are small soluble secretory proteins that are normally
produced by leukocytes but also by a range of other cell types, play a key role in promoting
and modulating inflammation (Dinarello, 2000; Adams, 2002; Khan et al., 2010). They
mediate their effects by binding to-their distinet receptors on the-surface, of cells, activating

intracellular signalling cascades.“€ytokines" can®act in“eithervan autoctineé or paracrine
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manner, and consequently, cells that express them also have corresponding surface receptors.
The cytokines most traditionally associated with inflammation include tumour necrosis
factor-alpha (TNF-a)), interlukin-lbeta (IL-1B) and interleukin-6 (IL-6). These
proinflammatory cytokines are together actively involved in the initiation and regulation of
the inflammatory response. They have pleiotropic roles, but TNF-a, IL-1B and IL-6 are
chiefly involved in the recruitment of inflammatory cells, the activation of T and B
lymphocytes, and promoting the differentiation of proliferating B cells into plasma cells and
the secretion of antibodies respectively (Yoshida et al., 1999; Dinarello, 2000; Khan et al.,
2010). Cytokines such as these also participate in a variety of other important roles, such as
development, tissue remodelling, apoptosis and cellular stress response (Adams, 2002; Khan
et al., 2010). Because of their important physiological roles, the actions of cytokines are
regulated by numerous exquisite molecular mechanisms (e.g. cytokine networks). When such
cytokine regulating mechanisms become disrupted, a range of inflammatory and autoimmune

disorders may develop (Nishimoto, 2010).

1.3.2.1. Tumour Necrosis Factor-Alpha (TNF-a)

TNF-a is a potent proinflammatory cytokine produced by a vast array of cell types, including
macrophages, monocytes, T and B lymphocytes, fibroblasts and keratinocytes (Tracey &
Cerami, 1993; Baud & Karin, 2001; Khan et al., 2010; Park & Bowers, 2010). It is
considered one of the primary mediators of the inflammatory response, inducing the
production of several other cytokines and activating and recruiting leukocytes and
lymphocytes. Additionally, it plays a central role in apoptosis, cell proliferation and
differentiation. TNF-a is 212-amino acid protein that exist and is active in both cell-
associated (as a type-II transmembrane protein) and soluble forms. It elicits its effects via two
distinct cell surface receptors, TNFR1 and TNFR2 (Baud & Karin, 2001; Park & Bowers,
2010). Binding to either receptor triggers the activation of one of three major signalling
cascades: apoptotic signalling cascade, nuclear factor-kappa B (NF-«kB) signalling pathway,
or the c-Jun N-terminal kinase (JNK) signalling pathway (Baud & Karin, 2001; Park &
Bowers, 2010).

1.3.2.2. Interleukin-1Beta (IL-1B)
IL-1pB, which is part of the IL-1 family, is another proinflammatory cytokine playing an
important role in immune and inflammatory responses (Dinarello, 2002; Fogal & Hewett,

2008; Dinarello, 2009; Khan et al., 2010). It is produced as a proprotein (precursor) that



CHAPTER 1 | LITERATURE REVIEW

requires cleavage by a specific intracellular cysteine protease called IL-1p converting enzyme
(also known as caspase-1) to become biologically active. IL-1P is released by many cell
types, including monocytes, macrophages, dendritic cells, and B lymphocytes, and binds to
IL-1 receptor type I (IL-1RI) or IL-1 receptor type II (IL-1RII) (Dinarello, 2002; Dinarello,
2009). IL-1P shares several biological properties with TNF-a, but does not induce apoptosis
in contrast to TNF-a. Some of the fundamental properties of IL-1f include the activation of
T and B lymphocytes, and the induction proinflammatory cytokines, extracellular proteases,
cyclooxygenase-2 (COX-2), type 2 phospholipase A,, and inducible nitric oxide synthase
(INOS) (Dinarello, 2002; Fogal & Hewett, 2008; Dinarello, 2009).

1.3.2.3. Interleukin-6 (IL-6)

IL-6 is a pleiotropic cytokine that has important functions in the immune response,
inflammation, and haematopoiesis (Nishimoto & Kishimoto, 2006; Khan et al, 2010;
Nishimoto, 2010; Wakabayashi et al., 2010). It is produced and secreted by various types of
cells, including T lymphocytes, B lymphocytes, monocytes, endothelial cells, astrocytes,
microglia, neurons, fibroblasts and keratinocytes. Some of its biological activities include
inducing the differentiation of activated B cells into antibody-producing plasma cells, the
proliferation of T cells, the differentiation of cytotoxic T cells, and the infiltration of
macrophages to local damaged areas via upregulation of cell adhesion molecules. IL-6
protects from oxidative stress by upregulating anti-apoptotic genes (Fujioka et al., 2006).
IL-6 exerts its effects through a unique cell-surface receptor system consisting of a ligand-
binding component (IL-6R) together with a signal-transducing chain (gp130) (Nishimoto &
Kishimoto, 2006). Binding of IL-6 to IL-6R activates the receptor complex and initiates a
signal transduction cascade involving Janus kinases (JAKs) and Signal Transducer and

Activator of Transcription (STAT) proteins.

1.3.3. Chemokines

Chemokines are chemotactic cytokines that mediate the directional migration of immune
cells (chemotaxis) to sites of injury and inflammation, and are also involved in routine
immunosurveillance, lymphocyte development, central nervous system development,
haematopoiesis, angiogenesis, cardiogenesis, metastasis, tumorigenesis, and HIV infection
(Le et al., 2004; Allen et al., 2007; M¢lik-Parsadaniantz & Rosténe, 2008; Griffith et al.,
2014). Produced by a variety of cell types, chemokines constitutes the largest family of
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cytokines, with approximately 50 endogenous chemokines identified to date. They exert their
effects by binding to G protein-coupled receptors, which are differentially expressed on all
leukocytes. They have been classified into four subfamilies on the basis of the arrangement of
N-terminal cysteine residues: C, CC, CXC, and CX3C (C represents cysteine; X/X3
represents one or three non-cysteine amino acids). These chemokine subfamilies attract
distinct classes of leukocytes. For example, the chemokines of the CC subfamily are
primarily chemotactic for monocytes and macrophages, and include chemokine (C-C motif)
ligand 2 (CCL2), which was previously known as monocyte chemoattractant protein-1

(MCP-1). CCL2 binds to the chemokine receptors CCR2 and CCRA4.

1.3.4. Cell Adhesion Molecules

During an inflammatory response, circulating leukocytes adhere to and transmigrate across
the vascular endothelium to the site of tissue damage or infection. This process, known as
extravasation (or diapedesis), is predominantly orchestrated by various vascular cell adhesion
molecules including E-selectin, P-selectin, ICAM-1, VCAM-1 and PECAM-1 (Crawford &
Watanabe, 1994; Shi & Nuttall, 2007). These cell adhesion molecules are constitutively
expressed at low levels on the luminal surface of vascular endothelial cells, but can become
significantly increased under inflammatory conditions. They are also present on the surface
of some circulating leukocytes. E-selectin and P-selectin are involved in the initial step in the
extravasation process, mediating the deceleration and rolling of leukocytes along the luminal
surface of activated endothelial cells by forming loose connections with the circulating
leukocytes. Intercellular adhesion molecule-1 (ICAM-1), also known as Cluster of
Differentiation 54 (CD54), is essential for the temporary adherence of leukocytes to the
vasculature prior to their transendothelial migration into tissue. They are ligands for
leukocyte function associated antigen-1 (LFA-1) and macrophage adhesion ligand-1
(MAC-1), which are B2 integrin molecules present on leukocytes (Hubbard & Rothlein,
2000; Lawson & Wolf, 2009). Firm connections are formed between leukocytes and
endothelial cells via interactions between (2 integrins and ICAM-1. Vascular cell adhesion
molecule-1 (VCAM-1; CD106) plays a similar role to ICAM-1, facilitating the temporary
immobilisation of leukocytes to the endothelium (Zhang, 2000). The final phase of leukocyte
emigration involves platelet-endothelial cell-adhesion molecule-1 (PECAM-1; CD31), and
like ICAM-1 and VCAM-1, is a membrane protein of the immunoglobulin (Ig) superfamily.

PECAM-1 is constitutively expressed in the intercellular junctions of vascular endothelial
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cells and mediates the transmigration of leukocytes across the endothelium (Muller et al.,
1993; Woodfin et al., 2007). The entire extravasation process thus consists of three
successive stages: 1) rolling, mediated by E-selectin and P-selectin; 2) firm adhesion,
mediated by ICAM-1 and VCAM-1; and 3) transendothelial migration, mediated by
PECAM-1.

1.3.5. Macrophages

Macrophages are a class of white blood cells or leukocytes that serve as effector cells of the
immune system. They are generally considered to be derived from circulating monocytes via
the process of differentiation, and are classified into two broad categories: 1) infiltrating
macrophages, which transmigrate from the circulation into tissues (a process referred to as
extravasation, mediated by cell adhesion molecules) in response to specific inflammatory
signals, and 2) resident tissue macrophages, which reside in specific tissues during steady-
state conditions, and are present in almost all tissues of the body (Luster et al., 2005; Okano
et al., 2008). Resident tissue macrophages are versatile cells, having multiple key roles such
as recognising and phagocytosing foreign bodies (e.g. pathogens) or dying (senescent) cells,
producing and secreting various cytokines that influence cell function, and regulating specific
immune and inflammatory responses (Warchol, 1997; Okano et al., 2008). Macrophages are
also recruited to sites of tissue injury and have been reported to be involved in initiating the

process of wound healing (Warchol, 1997).

1.3.6. Resolution of Inflammation

A prerequisite for successful resolution of the inflammatory response is effective elimination
of granulocytes and the return of the macrophage and lymphocyte population to normal
baseline numbers. Emerging evidence suggests that inflammation is resolved by an active,
coordinated program that is engaged early in the inflammatory response (Serhan & Savill,
2005). This so called “resolution program” involves the production of specific chemical
mediators, programmed leukocyte death by apoptosis and subsequent clearance of the dead
cells by the phagocytic action of macrophages. The usual fate of these inflammatory

macrophages is departure from the inflamed tissue site through nearby lymphatics.
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1.4. Cochlear Inflammation

Cochlear inflammation has been implicated as a major etiologic factor in a range of
conditions that cause hearing loss. These include acoustic trauma (noise-induced cochlear
damage), otitis media (middle ear infection), meningitis, autoimmune inner ear disease, and
ototoxicity (drug-induced inner ear damage, e.g. by aminoglycoside antibiotics, platinum-
based chemotherapeutic agents) (Kawauchi et al., 1988; Gloddek et al., 1999; Hirose et al.,
2005; Trinidad et al., 2005; Tornabene et al., 2006; So et al., 2007; So et al., 2008; Cayé-
Thomasen et al., 2009). Inflammation can also be evoked by cochlear surgery and the
insertion of cochlear implants (Backhouse et al., 2008; Okano et al., 2008). Pathogen-
induced labyrinthitis as a consequence of otitis media or meningitis is usually associated with
bacterial and viral infections. Labyrinthitis secondary to otitis media (tympanogenic
labyrinthitis) primarily occurs by the spread of the infection from the middle ear into the
inner ear through the three-layered round window membrane (Kawauchi et al., 1988;
Cureoglu et al., 2005; Trinidad et al., 2005; MacArthur & Trune, 2006). Meningogenic
labyrinthitis most likely occurs by the spread of infection from the meninges into the
perilymphatic space of the cochlea through the cochlear aqueduct (Merchant & Gopen, 1996;
Klein et al., 2008; Cayé-Thomasen et al., 2009). Mycotic (fungal) labyrinthitis is rare, and is
usually associated with systemic debilitating diseases and occurs by either the tympanogenic,

meningogenic or hematogenic route (Cureoglu et al., 2005).

Labyrinthitis usually affects the cochlea more severely than the vestibular system, resulting in
adverse effects on cochlear function (Cureoglu et al, 2005). A well-documented
complication of cochlear inflammation is partial or complete sensorineural hearing loss.
Pathological consequences that have been observed in animal models of cochlear
inflammation include degeneration of hair cells of the organ of Corti, disruption of fibrocytes
in the spiral ligament, loss of interdental cells of the spiral limbus, swelling of the stria
vascularis, and vascular damage (Ichimiya et al., 2000; Barkdull etz al., 2005; Cureoglu et al.,
2005; Moon et al., 2006). The disruption of the spiral ligament fibrocytes has been suggested
as a major contributor to the inflammation-induced cochlear dysfunction (Ichimiya et al.,
2000, 2004). Decreased immunostaining for gap junction protein connexin 26 in type I and
type 11 fibrocytes and decreased Na'-K -ATPase staining in type II fibrocytes, both of which
are critical in the maintenance of cochlear homeostasis, were observed in a guinea pig model

of labyrinthitis induced by inoculation of the protein antigen keyhole limpet hemocyanin
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(KLH) into the scala tympani (Ichimiya et al., 1998). In addition, reduced connexin 26
immunostaining in the spiral ligament was also demonstrated in a mouse model of otitis
media induced by the transtympanic inoculation of viable Streptococcus pneumonia

(Ichimiya et al., 1999).

Analogous to the central nervous system and the retina of the eye, the cochlea is separated
from the systemic circulation by a blood-labyrinth barrier, which has similar physiological
characteristics as the blood-brain barrier and the blood-retinal barrier. This barrier is
important in maintaining the ionic composition of the cochlear fluid compartments, and is
essential for the functional integrity of the cochlea (Harris & Ryan, 1995). Because of the
existence of this blood-labyrinth barrier and the relative absence of resident tissue
macrophages, the inner ear was originally considered an immunologically privileged organ,
isolated from the immune system and protected from immune surveillance. However, this
hypothesis has been refuted by research demonstrating that the inner ear is capable of rapidly
generating an active inflammatory/immune response in the presence of antigens or pathogens
(Harris, 1983; Harris, 1984; Harris et al., 1990; Fukuda et al., 1992). In addition, connections
exist between the inner ear and the systemic lymphatic system through cervical lymph nodes

(Yimtae et al., 2001).

Although the intended purpose of the immune response in the inner ear is to defend the
hearing organ against invading pathogens and to clear cellular debris, the inflammatory
response can also cause significant bystander injury to the delicate structures of the cochlea
(Harris & Ryan, 1995; Ma et al., 2000). Because mammalian inner ear tissues have limited
abilities of repair and regeneration (unlike avian auditory hair cells which have the capacity
to regenerate), this damage is irreversible, leading to permanent hearing loss. Immune-related
cochlear inflammation is increasingly recognised as a potential mechanism of inner ear
disease and associated hearing loss. Systemic administration of immunosuppressive drugs
(e.g. corticosteroids) has been shown to effectively ameliorate some cases of idiopathic,
rapidly progressive bilateral sensorineural hearing loss, implicating inner ear inflammation as
an underlying mechanism of the hearing loss (Ryan et al., 2002). Histopathological studies of
human temporal bones also support the hypothesis that a number of otological disorders are
linked with inflammatory responses (Keithley et al, 1998). The severity of hearing
impairment and the potential for recovery correlate with the extent of inflammation-induced

tissue damage. Animal studies have demonstrated that the development of inflammation and
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hearing loss following an immunological challenge can be rapid, with the onset of hearing
loss occurring at 12 to 15 hours, and peaking at 24 to 48 hours (Keithley et al., 1989; Kesser
etal., 1999).

Regardless of the cause, the cochlear inflammatory response, which lasts approximately three
to seven days, is characterised by the production of proinflammatory mediators such as
cytokines and chemokines, an increased expression of cell adhesion molecules, the
recruitment and infiltration of inflammatory cells such as polymorphonuclear leukocytes
(mostly neutrophils), monocytes, macrophages and lymphocytes, and the breakdown of the
blood-labyrinth barrier (Barkdull et al., 2005; Schramm, 2010). In more severe forms of
cochlear inflammation, this phase is followed by a chronic stage, in which a fibrotic matrix is
formed in the perilymphatic spaces, which later becomes calcified (Schramm, 2010). This
bony occlusion of the fluid-filled cochlear scalae, known as labyrinthitis ossificans, is most

extensive in post-meningitis cases (Xu et al., 2009).

The cochlea itself can mount an immune response. Resident cells in the cochlea can express a
range of inflammatory mediators, which are thought to play critical roles in the inflammatory
response (Yoshida et al., 1999; Fujioka et al., 2006; Tabuchi & Hara, 2012). The cochlea
communicates with the immune system via the systemic circulation. Entry of inflammatory
cells occurs primarily through the spiral modiolar vein and its tributaries (collecting venules)
situated at the base of the scala tympani (Harris et al.,, 1990; Fukuda et al., 1992).
Inflammatory cells accumulate in the perivascular space surrounding the spiral modiolar vein,
and then stream into the scala tympani along the extravascular space of the collecting
venules. Other areas where circulating inflammatory cells enter the cochlea include the blood
vessels of the spiral ligament and the spiral ganglion. The lateral wall of the cochlea and the
spiral ganglion represent the most permeable parts of the blood-labyrinth barrier, partly due
to their high vascularisation (Sato et al., 2008; Sato et al., 2010).

The mammalian cochlea contains resident macrophages at normal/steady state (Hirose et al.,
2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 2008). These macrophages are
phenotypically similar to the tissue macrophages in other organs of the body (e.g. microglia
of the central nervous system) and are found in small numbers predominantly in the spiral
ligament and the spiral ganglion. Moreover, it was recently reported that a large number of

perivascular resident macrophages (PVMs) are present in the stria vascularis surrounding the



CHAPTER 1 | LITERATURE REVIEW

endothelial cells of the capillaries (Shi, 2010). Data from radiation chimeras have shown that
these resident macrophages in the cochlea form an exchanging and migratory population,
supplied continuously from haematopoietic precursors in the bone marrow, and exhibiting
slow turnover during steady-state conditions (Okano et al., 2008; Sato et al., 2008; Shi, 2010)
(Figure 1.5). These haematopoietic precursors migrate into the cochlea and differentiate into
tissue macrophages. Bromodeoxyuridine (BrdU) labelling has demonstrated that the marked
increase in macrophage numbers in the cochlea following an insult such as noise exposure is
not due to the proliferation of these resident cochlear macrophages, but rather occurs by the
migration of macrophages from the vascular system (Hirose et al., 2005; Ladrech et al.,

2007).

Figure 1.5: Distribution of haematopoietic cell-derived cells in the cochlea. (a)

Distribution of haematopoietic cell-derived cells (expressing EGFP) in the cochlea of a bone
marrow. chimeric mouse 6 months after transplantation. Blue fluorescence shows nuclear
staining with DAPI. EGFP-positive cells were observed predominantly in the lower portion
of the spiral ligament among type Il and IV fibrocytes (b) and along nerve fibers in the spiral
ganglion (¢) and auditory nerve (d). Abbreviations: SL, spiral ligament; OC, organ of Corti;
SG, spiral ganglion; AN, auditory nerve. Scale bars = 500 um (in a); 50 um (in b-d). (Figure

reproduced from Okano et al. (2008), with permission from John Wiley and Sons).
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The signals that initiate the recruitment and infiltration of inflammatory cells into the cochlea
are still under scrutiny, and a wide range of soluble mediators (e.g. cytokines, chemokines)
may be involved. The sources of proinflammatory mediators in the cochlea include various
resident cochlear cells types (e.g. spiral ligament fibrocytes, supporting cells) and infiltrating
leukocytes migrating from the cochlear vasculature. In vitro studies using cultured murine
spiral ligament fibrocytes have shown that upon stimulation with proinflammatory cytokines,
fibrocytes secrete a variety of inflammatory mediators such as TNF-a, IL-1p, IL-6, CCL2,
macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived chemokine (KC), soluble
intercellular adhesion molecule-1 (SICAM-1) and vascular endothelial growth factor (VEGF),
which play important roles in the recruitment of inflammatory cells into the cochlea (Yoshida
et al., 1999; Ichimiya et al., 2000; Maeda et al., 2005; Moon et al., 2006). The secretion of
sICAM-1 is compatible with an earlier study that reported strong ICAM-1 expression in the
spiral ligament and spiral modiolar vein in the early phase of labyrinthitis induced by the
inoculation of KLH into the scala tympani (Suzuki & Harris, 1995). It has been speculated
that these mediators produced by the fibrocytes are presented on the surface of vascular
endothelial cells via the process of transcytosis, which consequently attract and activate
inflammatory cells (Yoshida et al, 1999). Fibrocytes, vascular endothelial cells, and
inflammatory cells together may form networks interconnected by cytokines, chemokines and

various other inflammatory mediators (Yoshida et al., 1999; Ichimiya et al., 2000).

It 1s well documented that inhibition of TNF-a with the soluble TNF-a receptor-FC fusion
protein Etanercept, given either systemically or directly into the cochlea, significantly
attenuates the cochlear inflammatory response (Satoh et al., 2002; Wang et al., 2003b). The
reduction in inflammation by blocking TNF-a strongly suggests that TNF-a plays a critical
role in the development of cochlear inflammation. Studies on organ of Corti explants have
shown that TNF-a alone, in the absence of antigens or pathogens, has the ability to induce the
recruitment of inflammatory cells into the cochlea from the systemic circulation (Keithley et
al., 2008). TNF-a is also expressed by infiltrating leukocytes, suggesting that it is likely
involved in a positive feedback loop that further amplifies the recruitment of inflammatory
cells. This is supported by the evidence that TNF-a inhibition can prevent the recruitment of
inflammatory cells into the cochlea (Satoh ef al., 2002). TNF-a can also induce nitric oxide
synthesis by stimulating the expression of iNOS, which can further aggravate inflammation

and degeneration in the cochlea (Khan et al., 2010).
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The expression of many proinflammatory mediators is mostly regulated by nuclear factor-
kappa-light-chain-enhancer of activated B cells (NF-kB) (So ef al., 2008). NF-kB comprises a
family of inducible transcription factors that play a pivotal role in immune and inflammatory
responses. Activation of NF-kB induces the transcription of cytokines such as TNF-a, IL-1
and IL-6, as well as iNOS, and the cell adhesion molecules, ICAM-1 and VCAM-1. NF-xB
activation in the cochlea has been demonstrated following intraperitoneal injection of
lipopolysaccharide (LPS) (Adams, 2002; Adams et al., 2009), suggesting that the cochlea can
become immunologically active even after systemic administration of bacterial toxins.
Cochlear activation of NF-«xB has also been reported to occur following acoustic trauma
(Ramkumar et al., 2004; Masuda et al., 2006; Adams et al., 2009; Yamamoto et al., 2009)
(see Section 1.6) and in cisplatin-induced ototoxicity (So ef al., 2007).

At present, it is technically impossible to positively identify inflammatory processes within
the human inner ear. There are no well-defined detection methods available and diagnostic
biopsy of the human cochlea is not feasible. To overcome this limitation, high field magnetic
resonance imaging (MRI) techniques were recently developed by our group to quantitatively
evaluate the development of cochlear inflammatory processes in a guinea pig model induced
by the intratympanic injection of LPS (Le Floc'h ef al., 2013). For the first time, dynamic
changes in cochlear vascular permeability following cochlear inflammation was quantified
using dynamic contrast enhanced (DCE)-MRI and ultrasmall superparamagnetic iron oxide
particles (USPIOs) were used to characterise the recruitment of macrophages into the
cochlea. These methodologies therefore hold considerable potential as diagnostic tools for
human inner ear diseases such as labyrinthitis and could also be used to quantitatively assess

the efficacy of treatments for cochlear inflammation.

Below is a brief discussion of each of the main aetiologies of cochlear inflammation (otitis
media, meningitis, autoimmune inner ear disease, ototoxicity, and cochlear surgery),
including how they are suggested to induce inflammation in the cochlea and the reported
inflammatory and pathological features specific to the condition. Noise-induced cochlear
inflammation, which is the primary focus of this thesis, will be discussed in depth in a
subsequent section (Section 1.6) following an overview of noise-induced cochlear injury and

hearing loss (Section 1.5).
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1.4.1. Otitis Media

Acute or chronic suppurative otitis media (SOM), a bacterial or viral infection of the middle
ear, is one of the most prevalent inflammatory diseases among young children, with
significant personal and societal costs (MacArthur & Trune, 2006; Ghaheri et al., 2007). The
middle ear disease is caused most frequently by the bacteria Streptococcus pneumonia and
Haemophilus influenza (Engel et al., 1995). Partial or complete sensorineural hearing loss
and vestibular dysfunction (vertigo) are well-recognised sequelae of otitis media (Trinidad et
al., 2005). These otitis media-induced inner ear complications are believed to be caused by
immune-mediated tissue damage as a result of inner ear inflammation. Human temporal bone
studies of patients who had chronic otitis media show that inner ear pathology (inflammation

and damage) occurs in 20% to 67% of cases (Ghaheri et al., 2007).

A long-standing debate of how SOM impacts the inner ear has led to a widely accepted
opinion that the labyrinthitis secondary to SOM primarily occurs by the spread of otitis media
pathogens, bacterial toxins (endotoxins and exotoxins) and other bacterial molecules,
inflammatory cells or inflammatory mediators (e.g. cytokines, chemokines) from the middle
ear into the inner ear through the three-layered round window membrane (Kawauchi et al.,
1988; Ichimiya et al., 2000; Cureoglu et al., 2005; Trinidad et al., 2005; MacArthur & Trune,
2006). This is considered the most likely pathway between the middle and inner ear, as the
round window membrane is the only true soft tissue/permeability barrier between the two
compartments (Engel et al., 1995; Cureoglu et al., 2005). However, very recent evidence has
demonstrated that there is also some permeability through the oval window (King et al.,
2014). Once in the cochlea, these inflammatory agents are thought to induce an inflammatory

reaction.

Studies have shown that various biological substances placed in the middle ear cavity diffuse
across the round window membrane or are recovered from the perilymph (Cureoglu et al.,
2005). These substances are usually confined to the basal turn of the cochlea (Cureoglu et al.,
2005), hence otitis media-induced cochlear damage is often limited to the high frequency
region (Engel et al., 1995). It has been suggested, based on histopathological findings, that
substances can also spread from the inner ear to the middle ear (Cureoglu et al., 2005).
Furthermore, it has been reported that exposure of the round window membrane to
endotoxins such as LPS results in structural and permeability changes to the membrane

(Spandow et al., 1990; Watanabe et al., 2001).



CHAPTER 1 | LITERATURE REVIEW

The spread of middle ear disease to the cochlea has been the subject of numerous studies.
SOM has been successfully modelled by intratympanic or transbullar inoculation of viable
bacteria (e.g. S. pneumonia, H. influenza) or endotoxin (e.g. LPS) into the middle ear cavity
(Hess et al., 1999; Ichimiya et al., 2000; Watanabe et al., 2001; Ichimiya et al., 2004;
Hashimoto et al., 2005; Trinidad et al., 2005; Ghaheri ef al., 2007). The extensive middle ear
inflammation that occurs in these animals is often seen to spread to the inner ear. Pathological
findings in the cochlea include inflammatory cell invasion particularly in the perilymphatic
spaces, disruption of the spiral ligament fibrocytes (decreased connexin 26 immunostaining
in the spiral ligament), disruption of the blood-labyrinth barrier (marked fibrinogen
deposition primarily in the lower region of the spiral ligment), loss of outer hair cells, and
strial swelling (Ichimiya et al., 2000, 2004; Trinidad et al., 2005; MacArthur & Trune, 2006;
Moon et al., 2006; Ghaheri et al., 2007). SOM-induced inner ear inflammation has also been
associated with increased ABR thresholds (MacArthur et al., 2006; Ghaheri et al., 2007)

Cultured spiral ligament fibrocytes (type I) treated with S. pneumonia or H. influenza release
various cytokines and chemokines, suggesting that they respond to otitis media pathogens
and may play a role in the recruitment of inflammatory cells (Moon et al., 2006). In addition,
intratympanic inoculation of the middle ear with H. influenza significantly affects the
cochlear expression of numerous genes involved in inflammation (Ghaheri et al., 2007). This
study provides clear evidence that cochlear inflammation induced by SOM occurs not only
by inflammatory agents permeating the round window membrane into the cochlea, but also

by the local production of inflammatory mediators within the cochlea.

1.4.2. Meningitis

Sensorineural hearing loss is the most frequent complication of meningitis, an inflammatory
disease of the meninges, the membranous envelopes of the central nervous system (Merchant
& Gopen, 1996; Kesser et al., 1999; Kastenbauer et al., 2001; Klein et al., 2008; Cayé-
Thomasen et al., 2009). The hearing loss usually develops in the very early stages of the
disease and the severity of it can range from mild to severe and even profound deafness.
Meningogenic inflammation of the cochlea has been demonstrated to occur via one of three
different routes: 1) spread of inflammatory cells from the meninges to the perilymphatic
space via the cochlear aqueduct, 2) spread of inflammatory cells from the bloodstream to the

endolymphatic space via capillaries within the spiral ligament, or 3) spread of inflammatory
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cells from the scala tympani to Rosenthal's canal and the spiral ganglion via canaliculi of the
osseous spiral lamina (Merchant & Gopen, 1996; Klein et al., 2008; Cayé-Thomasen et al.,
2009). Cochlear injury caused by infiltration of inflammatory cells secreting cytotoxic
mediators include damage to the organ of Corti, spiral ganglion, and the blood-labyrinth
barrier (Klein et al., 2008). With chronic meningitis-associated hearing loss, bony occlusion
of the membranous labyrinth occurs in the final stage, a process known as labyrinthitis

ossificans.

1.4.3. Autoimmune Inner Ear Disease

Cases of idiopathic, bilateral, rapidly progressive hearing loss are often suspected to be of
autoimmune origin. This was first described by McCabe (1979) in which an improvement in
auditory function was observed in patients following immunosuppressive therapy
(dexamethasone with or without cyclophosphamide). Autoimmune inner ear disease is
considered a rare disorder and can affect patients at any age, but is more common in adults
than in children (Gopen & Harris, 2008). A number of experimental animal models of
autoimmune inner ear disease have been developed using various antigens and these have
demonstrated the occurrence of labyrinthitis in the cochlea, with large infiltration of
inflammatory cells and damage to cochlear tissues (Harris, 1983; Yoo et al., 1983; Gloddek
et al., 1999; Carcia-Berrocal et al., 2004). An animal model of autoimmune inner ear disease
mediated by the adoptive transfer of T cells specific for calcium-binding protein S-1008, an
autoantigen, induces severe labyrinthitis and is associated with an impairment of hearing
(Gloddek et al., 1999). The inflammatory response is characterised by an infiltration of
lymphocytes (mainly T-helper cells) predominantly in the scala vestibuli, and perivasculitis

of the modiolar blood vessels.

1.4.4. Aminoglycoside and Cisplatin-Induced Ototoxicity

Ototoxicity refers to drug-induced damage to inner ear structures, and is typically
characterised by sensorineural hearing loss and balance disorders. Drugs with ototoxic
potential include aminoglycoside antibiotics (e.g. kanamycin, streptomycin, neomycin,
amikacin) and platinum-based chemotherapeutic agents (e.g. cisplatin, carboplatin).
Inflammatory cell infiltration into the cochlea has been documented following amikacin

(Ladrech et al., 2007) and kanamycin (Sato et al., 2010; Hirose ef al., 2014) treatment. A
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peak increase in macrophage density occurs during the first week post-amikacin treatment,
coinciding with the massive hair cell death by apoptosis (Ladrech et al, 2007). This
macrophage infiltration ends by the end of the first week when all the outer hair cells and
most of the inner hair cells have died, suggesting that hair cell death triggers macrophage
infiltration to phagocytose cellular debris. Increase in expression of the proinflammatory
cytokines IL-1B, IL-6 and TNF-a via activation of extracellular signal-regulated kinase
(ERK) and NF-kB has also been observed with cisplatin administration (So et al., 2007; So et
al., 2008), suggesting that these inflammatory mediators may contribute to tissue injury.
Cisplatin also induces the activation of signal transducer and activator of transcription-1
(STAT1), a transcription factor that regulates the expression of a number inflammatory
genes, such as iNOS, COX-2 and TNF-a (Kaur et al., 2011). Knockdown of STAT1 by short
interfering RNA (siRNA) was shown to suppress cisplatin-induced cochlear inflammation
and protect against ototoxicity, implicating an essential role of STAT]1 in cisplatin-mediated

ototoxicity.

1.4.5. Cochlear Surgery

Cochlear surgery also evokes an inflammatory reaction due to the local exogenous stress on
the cochlea (Backhouse et al., 2008; Okano et al., 2008). Application of physiological saline
into the posterior semicircular canal, a surgical procedure which has been used for
administering drugs or cells into the inner ear, has been shown to increase the number of
inflammatory cells in the spiral ligament and spiral ganglion, peaking seven days post-
surgery (Okano et al., 2008). This increase in cochlear macrophages, which was shown to be
due mainly to the migration of macrophages from the systemic circulation, was associated
with a temporary increase in ABR thresholds. A recent study examining the early response of
the cochlea to implantation of a cochlear electrode into the scala tympani reported an
increased expression of ICAM-1 in the spiral ligament (type II and IV fibrocytes) and a large
infiltration of inflammatory cells (neutrophils and macrophages) (Kel et al., 2013). This
response is thus similar to that observed following other types of cochlear injury such as

acoustic trauma, infection, and inner ear antigen challenge.
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1.5. Noise-Induced Hearing Loss

1.5.1. Introduction

The human ear is an exquisitely sensitive organ, allowing us to perceive and distinguish
among the myriad sounds around us, be they pleasurable, informative or damaging.
Unfortunately, this extreme sensitivity of the cochlea comes at a cost as it makes it highly
susceptible to injury when exposed to loud sound. The consequence of this injury is the loss
of hearing, which can be either temporary or permanent. Noise-induced hearing loss may
result from either brief exposure to an intense “impulse” noise or sustained and repeated
exposure to excessive sound levels (i.e. continued exposure to high levels of noise over an
extended period of time). The hearing loss from noise exposure is typically binaural
(symmetric), and the severity of it is related to the intensity, frequency, duration and temporal
characteristics (e.g. impulse/impact, intermittent or continuous noise) of the noise exposure

(Henderson et al., 2008; Thorne et al., 2008).

Excessive noise is the most common occupational and environmental health hazard.
Dangerous levels of noise are generated in a large number of workplaces such as construction
sites, mines, saw mills, military bases, and airports, among many others. Although usually
associated with occupational exposure, noise-induced hearing loss is becoming increasingly
prevalent in recreational settings. Many people, especially children and teenagers, voluntarily
expose themselves to potentially injurious noise levels via portable music players, stereos,
video games, rock concerts, and nightclubs. Other non-occupational sources of loud noise
include firearms, power tools such as chain saws and drills, lawn mowers, and recreational
vehicles such as motorcycles. Table 1.1 illustrates some common sources of sounds and their

associated sound intensity (dB).
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Table 1.1: Common sounds and their decibel level (Table modified from Daniel (2007),

with additional examples from http://www.ata.org and http://american-hearing.org).

Sound Level (dB) Source ‘
0 Quietest sound that can be heard (threshold of hearing)
10 Normal breathing
30 Whisper, quiet library
50-65 Normal conversation, sewing machine
70 Washing machine
80-85 Heavy traffic
90 Lawnmower
95-110 Motorcycle
100 Chainsaw, drill, hair dryer, subway train
110 Busy video arcade, screaming child
120 Nightclub
110-125 Stereo, portable music player
120 Rock concert, thunder
140-150 Gunshot, firecracker, jet plane (nearby)

Noise-induced hearing loss is the second most common sensorineural hearing deficit, after
age-related hearing loss (presbyacusis), and is the leading cause of preventable sensorineural
hearing loss in the industrialised world (Kopke, 2007). According to recent global estimates
released by the World Health Organisation (WHO, 2012), there are 360 million people
worldwide (5.3% of the world’s population) with disabling hearing loss. Of these, 328
million (91%) are adults (183 million males, 145 million females) and 32 million (9%) are
children. Disabling hearing loss, as defined by WHO, is “hearing loss greater than 40 dB in
the better hearing ear in adults (15 years or older) and a hearing loss greater than 30 dB in the
better hearing ear in children (0 to 14 years)”. A significant proportion (16%) of the disabling
hearing loss in the adult population worldwide is attributed to occupational noise exposure
(WHO, 2002), ranging from 7% in the most developed countries to 21% in developing
regions (Nelson et al., 2005). In the United States, approximately 15% (26 million) of people
between 20 to 69 years of age have high frequency hearing loss from overexposure to loud

noise at work or during leisure activities (www.nidcd.nih.gov). It is estimated that
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approximately 10% of the New Zealand population (445,000 people) suffer from hearing
loss, and between 30 to 50% of the hearing loss in adults are associated with noise exposure
(Thorne et al., 2008). Hearing loss has considerable social and economic implications at both
the individual and societal level. This devastating sensory disability and the serious
communication difficulties that arise have a negative impact on the quality of life of affected

individuals and can lead to feelings of loneliness, social isolation and depression.

1.5.2. Historical Perspective

The association between noise exposure and hearing loss was first recognised by the
physician Sir Francis Bacon (1561 — 1626) (Hawkins, 2004). In 1890, Habermann was the
first to describe the cochlear histopathological features of noise-induced hearing loss from
examining the temporal bones of an elderly ex-boilermaker (Hawkins & Schacht, 2005).
However, it was not until 1907 that Wittmaack conducted the first experimental research of
noise-induced deafness in animals (Hawkins & Schacht, 2005; Talaska & Schacht, 2007).
Substantial insights into the pathophysiology of noise-induced cochlear injury were gained by
Wittmaack’s experiments and that of many others that followed, including Hallowell Davis’s

systemic studies on guinea pigs and humans at Harvard University in 1943.

1.5.3. Preventive Measures

Noise-induced hearing loss is virtually 100 percent preventable (Rabinowitz, 2000).
Obviously, the best preventive measure against noise-induced hearing loss is to completely
avoid or minimise exposure to noisy environments. When this is not possible, the only
preventative measure available is the consistent and proper use of hearing protection devices
such as earplugs and earmuffs. When used correctly, these protective devices can provide 20
to 40 dB of attenuation. However the use of these devices is often impractical in certain
industrial and military settings. In addition, they are often ineffective because of incorrect or
lack of use (Verbeek et al., 2012). Recreational activities and loud music from personal
listening devices also contribute to the growth of hearing disability, and this type of hearing

loss is highly preventable.
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1.5.4. Risk Factors

Avoiding or reducing modifiable risk factors associated with noise-induced hearing loss such
as voluntary exposure to loud noise, non-use of hearing protection, cigarette smoking, lack of
exercise, poor diet (low dietary intake of antioxidant-rich food), and poor oral health (tooth
loss) may reduce the risk or delay the onset of this debilitating condition (Daniel, 2007;
Trivedi & Pingle, 2013). The presence of cardiovascular disease and diabetes are also major
risk factors. In addition to these, several non-modifiable risk factors related to noise-induced
hearing loss exist, particularly age and genetics (Daniel, 2007). Age plays the most significant
role, with the risk typically increasing with advancing age and exposure. Furthermore, great
genetic variability in the susceptibility to noise-induced hearing loss has been documented in

both humans and mice (Gong & Lomax, 2012; Wong et al., 2013).

1.5.5. Noise-Induced Cochlear Injury

The cochlea sustains dramatic cellular injury following noise overexposure. The pathological
consequences (pattern and extent) depend on the acoustic characteristics of the noise (i.e.
sound intensity, frequency and duration), and age and genetics of the individual (Talaska &
Schacht, 2007). The two types of hearing loss from noise exposure - temporary and
permanent hearing loss (also known as temporary and permanent threshold shift) - also vary
in their mechanisms (Wang et al., 2002). Noise exposure is known to produce a variety of
structural changes to the various cells within the cochlea (Figure 1.6). The most vulnerable
are the sensory hair cells, particularly the outer hair cells, which have traditionally been the
focus of most hearing loss studies. A major impact is on sensory hair cell stereocilia which
can undergo mechanical damage during noise exposure. Stereocilia can become
broken/fractured, fused, or have broken tip links (Thorne et al, 1986; Liberman, 1987;
Pickles et al., 1987). Other pathological changes include the loss of outer hair cells by
apoptosis or necrosis, damage to the inner hair cell — auditory nerve synapse, swelling and
rupturing of the dendrites of primary auditory neurones, damage to the supporting cells, acute
swelling of the stria vascularis, reduced cochlear blood flow, and the loss of fibrocytes in the
spiral ligament and spiral limbus (Spoendlin, 1971; Axelsson & Dengerink, 1987; Thorne &
Nuttall, 1987; Fredelius, 1988; Hu et al., 2002; Wang et al., 2002; Henderson et al., 2006;
Henderson ef al., 2008; Hu, 2012).
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Figure 1.6: Noise-induced cochlear injury. The schematic diagram illustrates the major
areas of the cochlea (A) that are vulnerable to loud noise: outer hair cell stereocilia (B-D),
outer pillar cells (E-F), inner hair cell-auditory nerve synapse (G-H), strial capillaries (I-J).
Abbreviations: SV, scala vestibuli; SM, scala media; ST, scala tympani; Sp.L, spiral
ligament; SLV, stria vascularis; BM, basilar membrane; IHC, inner hair cell; OHC, outer hair
cell; IPC, inner pillar cell; OPC, outer pillar cell; TC, tunnel of Corti; D, Deiters’ cell; C,
Claudius cell; H, Hensen’s cell. (Figure reproduced from Henderson et al. (2006), with

permission from Wolters Kluwer Health).
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1.5.6. Mechanisms of Noise-Induced Cochlear Injury

Research over the years has advanced our understanding of the underlying cellular and
molecular mechanisms of noise-induced cochlear injury. Based on observations from various
animal models of noise-induced hearing loss, two main theories have been suggested:
mechanical damage and metabolic damage. Direct mechanical disruption of the cochlea is
usually associated with exposure to impulse noise. This includes disruption of hair cell
stereocilia, direct damage to sensory and supporting cells, and rupturing of the organ of Corti
and its separation from the basilar membrane (Hamernik ef al, 1986; Henderson &

Hamernik, 1986; Henderson et al., 2006).

One of the most compelling hypotheses postulates oxidative stress, the excessive formation
of reactive oxygen species (ROS) or free radicals, in the cochlea as a key mechanism of
noise-induced hearing loss (Ohlemiller et al., 1999; Henderson et al., 2006; Talaska &
Schacht, 2007; Poirrier et al., 2010; Wong et al., 2013; Hu & Henderson, 2014). The
appearance of free radicals in the cochlea following noise exposure was first observed by
Yamane et al. (1995). Superoxide (O, ) was detected along the luminal surface of the
marginal cells of the stria vascularis immediately after exposure. This finding was
corroborated by a subsequent study by Ohlemiller et al. (1999) which demonstrated an early
elevation of hydroxyl radicals (HO) in the cochlea following noise exposure. In addition to
superoxide and hydroxyl radicals, another common type of free radical that has been
identified in noise-exposed cochlear tissues is nitric oxide (NO ) (Shi & Nuttall, 2003). It is
suggested that acoustic overstimulation causes intense metabolic activity, which overdrives
the mitochondria and leads to increased formation of free radicals. Traumatic noise also
reduces cochlear blood flow, resulting in ischemia and hence a shortage of oxygen for
mitochondrial function, leading to further superoxide production (Le Prell et al, 2007
Henderson et al., 2008). The subsequent reperfusion of available oxygen can lead to even
more free radicals. Oxidative stress alters the redox balance of the cells, leading to the
activation of cell death pathways (apoptosis and necrosis) in the cochlea. The outer hair cells
at the base of the cochlea seem to be more vulnerable to free radical damage than those at the
apex, while supporting cells are considerably less susceptible to injury (i.e. more survival
capacity) than sensory cells (Sha et al., 2001). It is well documented that death of outer hair
cells continues days after the termination of the noise exposure, from the centre of the lesion
toward the base of the cochlea (Fredelius, 1988). The mechanism driving this post-exposure

expansion is primarily by free radical=mediated apoptosis: (Hu etral 12002) Oxidative stress
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is also thought to be implicated in age-related and drug-induced hearing loss (ototoxicity)

(Poirrier et al., 2010; Hu & Henderson, 2014).

Another established mechanism of noise-induced cochlear damage is the excess release of the
excitatory neurotransmitter glutamate at the inner hair cell / type I spiral ganglion neuron
synapse due to noise-induced overstimulation of the inner hair cells (Puel et al., 1998; Pujol
& Puel, 1999). This results in a phenomenon known as glutamate excitotoxicity, which is
characterised by swelling and disruption of the afferent dendrites of type I spiral ganglion
neurons as a result of a large influx of ions such as Ca®" across the post-synaptic membrane.
The disruption of the afferent dendrites leads to synaptic uncoupling and a loss of function.
Increased Ca’" influx can also trigger a cascade of metabolic events, such as production of
ROS, and activation of calcium-dependent proteases (e.g. calpains) and endonucleases,
leading to the apoptotic and necrotic death of type I spiral ganglion neurons. Acoustic
overstimulation also increases the entry of Ca®" into outer hair cells via voltage-sensitive
L-type Ca®" channels, contributing to the degeneration of the hair cells (Fridberger et al.,

1998).

1.6. Noise-Induced Cochlear Inflammation

Several studies have implied the involvement of inflammation in the development of noise-
induced cochlear injury. Early ultrastructural studies in the noise-exposed mammalian
cochlea have identified macrophage-like cells in the damaged organ of Corti, mainly in the
tunnel of Corti and in the outer hair cell region, appearing five days after acoustic
overstimulation (Fredelius, 1988; Fredelius & Rask-Andersen, 1990). These macrophages are
likely involved in clearing cellular debris. The presence of transforming monocytes in the
area and mononuclear leukocytes within the spiral lamina blood vessels suggested that these
dendritic macrophages originated from blood-borne monocytes (Fredelius & Rask-Andersen,

1990).

A number of studies have demonstrated that after acoustic trauma, a large influx of
inflammatory cells from the vasculature can be observed in the cochlea, generally peaking
between two and seven days after exposure to traumatic noise, and diminishing thereafter

(Discolo et al., 2004; Hirose et al., 2005; Tornabene et al., 2006, Tan et al., 2008;
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Wakabayashi et al, 2010). Inflammatory cells within the cochlea were identified
immunohistochemically using their cell surface markers CD45, a receptor tyrosine
phosphatase present on all hematopoietic/bone marrow-derived leukocytes or F4/80, a marker
of activated macrophages and monocytes. The study by Tornabene et al. (2006) showed that
CDA45-positive cells increased from an average of 0.3 cells/section in the non-exposed
cochlea to a maximum of 88 cells/section at two and four days after noise exposure. These
infiltrating cells were localised predominantly in the spiral ligament, particularly in the
inferior region among type I and type IV fibrocytes and in the region adjacent to the bony
cochlear capsule among type III fibrocytes, and in the perilymph-filled spaces of the scala
tympani and scala vestibuli (Hirose et al., 2005; Tornabene et al., 2006; Tan et al., 2008;
Wakabayashi et al., 2010) (Figure 1.7 and Figure 1.8). Leukocytes were also observed
within the spiral limbus, another region known to be susceptible to acoustic injury, and in the
spiral ganglion (Hirose et al., 2005; Tan et al., 2008; Wakabayashi et al., 2010). A few cells
were also found in the stria vascularis and the perivascular spaces of the modiolus
(Tornabene et al., 2006; Du et al., 2011). This recruitment of macrophages to the cochlea
following excessive stimulation is similar to what occurs in other sensory organs, such as the
retina of the eye. Thus, exposure to damaging light causes an infiltration of inflammatory

cells to the light-damaged region of the retina (Rutar et al., 2010).
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Figure 1.7: CD45" infiltrating macrophages in the cochlear upper basal turn of
CBA/CaJ mice after noise exposure. (a) In the non-exposed control cochlea, a small
resident population of CD45" cells (CD45 is a cell surface marker of hematopoietic/bone
marrow-derived leukocytes) were seen in the lower region of the spiral ligament. (b) 7 days
after noise exposure (112 dB SPL, 8-16 kHz for 2 h), CD45" cells increased greatly in
number, particularly in the inferior region of the spiral ligament and in the fluid-filled space
of the scala tympani (arrows). The insert shows a high magnification of a CD45" macrophage
adherent to the wall of the scala tympani. (¢) CD45" cells in the inferior region of the spiral
ligament (arrowheads point to the nuclei of CD45" cells). (d) CD45" cells were also observed
in the spiral limbus 7 days after noise exposure, but only in the lower apical turn where
fibrocyte loss has previously been observed. Scale bars = 100 um (a, b, d); 25 um (c) (Figure

reproduced from Hirose ef al. (2005), with permission from John Wiley and Sons).
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Figure 1.8: CD45" and F4/80" infiltrating macrophages in the spiral ligament from the
cochlear basal turn of (NIH)-Swiss mice after noise exposure. (a) 7 days following noise
exposure (118 dB SPL, 8-16 kHz for 2 h), CD45" inflammatory cells (CD4S5 is a cell surface
marker of hematopoietic/bone marrow-derived leukocytes) were found throughout the spiral
ligament, but mostly in the inferior region among type I and IV fibrocytes and adjacent to the
junction of the spiral ligament with the otic capsule among type III fibrocytes. (b) CD45"
cells were also seen in the perivascular space of venules and adherent to the wall of the scala
tympani (24 h after noise exposure). (¢) F4/80" cells (F4/80 is a cell surface marker of
activated macrophages and monocytes) were also seen mainly in the inferior portion of the
spiral ligament 7 days following noise exposure. Abbreviations: SL, spiral ligament; SV,
scala vestibuli; SM, scala media; ST, scala tympani. (Figure reproduced from Tornabene et

al. (2006), with permission from Elsevier).

BrdU labelling has demonstrated that these inflammatory cells migrate from the vasculature,
and it appears that most of these cells enter the cochlea through the blood vessels of the
lateral wall (Hirose et al., 2005). The lateral wall is highly vascularised, and the spiral
ligament is the site where the large majority of inflammatory cells can be found.

Immunostaining with other monocyte/macrophage markers (CD68, CX3CRI1, Iba-1)
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demonstrated that the vast majority of these infiltrating cells are derived from the
monocyte/macrophage lineage, with a small number representing other leukocytes such as T
and B lymphocytes (Hirose et al., 2005; Okano et al., 2008). Hirose et al. (2005) coined the
term “cochlear macrophage” for those inflammatory cells, to indicate an inducible

exchanging population of phagocytic cells that respond to acoustic injury.

The recruitment and extravasation of these inflammatory cells into the cochlea is mediated by
cytokines (e.g. TNF-a, IL-1B, IL-6), chemokines (e.g., MCP-1, MCP-5, MIP-1§) and cell
adhesion molecules (e.g. ICAM-1, PECAM-1), which are upregulated immediately after
noise exposure (Fujioka et al., 2006; Tornabene et al., 2006; Ohlemiller, 2008; Jo et al.,
2010; Nakamoto et al., 2012). Fujioka et al. (2006) demonstrated an upregulation of the
proinflammatory cytokines TNF-a, IL-1p and IL-6 in the noise-damaged cochlea as early as
three hours after noise exposure. IL-6 immunoreactive cells were observed initially in the
lower and lateral regions of the spiral ligament, specifically in the cytoplasm of type IV and
III fibrocytes, then throughout the spiral ligament and even in the stria vascularis (Fujioka ef
al., 2006). Double labelling with NeuN, a neuronal marker, showed IL-6 expression in the
spiral ganglion neurons 12-24 h after noise exposure. IL-6 upregulation in the noise-exposed
cochlea likely contributes to cochlear injury, as the inhibition of IL-6 suppressed cochlear
inflammation and mitigated the hearing loss (Wakabayashi et al., 2010). Chemokines that are
chemotactic for macrophages such as CCL2/MCP-1, monocyte chemoattractant protein-5
(MCP-5/CCL12), and macrophage inflammatory protein-1p (MIP-1B/CCL4) are upregulated
in the noise-exposed cochlea two hours following acoustic trauma (Tornabene et al., 2006).
The early expression of chemokines suggests that resident cochlear cells may be responsible

for this upregulation.

ICAM-1 is a vascular cell adhesion molecule that plays a critical role in mediating temporary
adhesion/immobilisation of leukocytes to vascular endothelial cells in preparation for
extravasation. Increased expression of ICAM-1 at the protein level is seen 24 h after noise
exposure, reaching a maximum at 2 and 4 days, and returning to basal levels by 14 days
(Tornabene et al., 2006). This elevated expression is seen chiefly in the vascular endothelial
cells and fibrocytes occupying the root region of the spiral ligament, and less intensely in the
region of the spiral ligament adjacent to the cochlear bony capsule (Figure 1.9). The
endosteal cells lining the scala tympani and scala vestibuli and capillaries of the stria

vascularis also show increased ICAM-1 immunolabelling. Upregulation of ICAM-1 at the
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mRNA level is first observed two hours after noise exposure. The increased ICAM-1
expression in these cells regulates and directs the extravasation and cellular infiltration of
inflammatory leukocytes. Other cell adhesion molecules that show increased expression
following noise exposure include P-selectin, PECAM-1 and VCAM-1 (Shi & Nuttall, 2007,
Yamamoto et al., 2009). Shi and Nuttall (2007) demonstrated that the expression of these cell
adhesion molecules is modulated by poly(ADP-ribose) polymerase-1 (PARP-1), a DNA
repair enzyme. They suggested that noise activates PARP-1 in capillary endothelial cells of
the spiral ligament and stria vascularis, which may act through NF-kB to regulate the

expression of adhesion proteins in the lateral wall.

ST

Figure 1.9: ICAM-1 immunostaining in the spiral ligament from the cochlear basal turn
of (NIH)-Swiss mice after noise exposure. (a) In the normal non-exposed cochlea, ICAM-1
was expressed by vascular endothelial cells and type IV fibrocytes in the inferior region of
the spiral ligament, as well as the endothelium of collecting venules and endosteal cells lining
the scala tympani. (b) Four days following noise exposure (118 dB SPL, 8-16 kHz for 2 h),
ICAM-1 immunostaining greatly increased to cover a much larger area of the inferior region
of the spiral ligament. Abbreviation: ST, scala tympani. (Figure reproduced from Tornabene

et al. (2006), with permission from Elsevier).

The expression of many proinflammatory mediators that participate in the acute
inflammatory response is broadly regulated by the transcription factor NF-xB. Apart from its
pivotal role in immune and inflammatory responses, NF-kB is also implicated in a range of

processes such as cell survival, apoptosis, development, differentiation and cell growth (Denk
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et al., 2000). NF-xB comprises a family of five inducible transcription factors, pS0/p105
(NF-«xB1), p52/p100 (NF-kB2), p65 (RelA), RelB, and c-Rel (Ghosh et al., 1998). They exist
as hetero- or homo-dimeric complexes, with the p50/p65 hetero-dimer being the predominant
form. In quiescent cells, NF-kB is expressed in the cytoplasm in a latent form, with an
inhibitory protein (IkB) bound to the dimer. Upon stimulation, the inhibitory protein is
degraded, activating the NF-«B dimer, which then translocates to the nucleus where it binds
to the promoters of its target genes. NF-kB activation in the cochlea has been demonstrated
following noise exposure (Ramkumar et al., 2004; Masuda et al., 2006; Adams et al., 2009,
Yamamoto et al., 2009). Following a 2 h exposure of mice to traumatic noise (124 dB SPL),
translocation of p65 and p50 to the nucleus of fibrocytes in the lateral wall was observed,
indicating NF-«B activation (Masuda et al., 2006) (Figure 1.10). Prominent nuclear
localisation of NF-«kB occurred two hours after noise exposure, but the nuclear
immunostaining subsided after 72 h, suggesting an early response of NF-kB to acoustic

overstimulation.
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Figure 1.10: NF-kB p65 and p50 immunostaining in the noise-exposed C57BL/6 J mouse
cochlea. In the non-exposed cochlea, little or no nuclear immunostaining for p65 and p50
was observed (A, D). However, prominent nuclear immunostaining of p65 and p50 (arrows)
occurred in the lateral wall 2 h after noise exposure (124 dB SPL, octave band centred at
4 kHz for 2 h) (B, E), indicative of NF-«B activation, and became much less intense at 72 h
post-exposure (C, F). Scale bar = 50 um (A-F). (Figure reproduced from Masuda et al.

(2006), with permission from Elsevier).

As mentioned earlier, a large population of PVMs exist in the stria vascularis, however, these
cells are not found elsewhere in the cochlea, including the spiral ligament (Shi, 2010). The
PVMs play an important role in regulating the integrity of the intrastrial fluid-blood barrier
by modulating the expression of tight- and adherens-junction proteins between the

endothelial cells via the secretion of pigment epithelium growth factor (PEDF) (Zhang et al.,
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2012; Neng et al., 2013). The integrity of the barrier is critical for establishing and
maintaining the endocochlear potential and preventing the entry of toxic substances into the
cochlea (Juhn et al., 2001). Exposure to excessive noise leads to breakdown and increased
permeability of the blood-labyrinth barrier by causing PVMs to change morphology and
detach from strial capillaries and also by causing a significant downregulation of PEDF
production and tight junction protein expression (Zhang et al., 2013). Similar to the cochlea,
the retina of the eye contains perivascular macrophages, which also contribute to the
maintenance of the blood-retinal barrier (Mendes-Jorge et al., 2009). Recent evidence has
demonstrated that bone marrow-derived cells (BMDCs) are recruited to the stria vascularis
during the first week after acoustic injury to repair and restore the noise-damaged blood
vessels (Dai et al, 2010). These cells promote angiogenesis and neovascularisation,
differentiating into PVMs, pericytes and endothelial cells and integrating into the strial blood
vessels by four weeks after noise exposure. This recruitment is mediated by an intrinsic
(iINOS)-dependent stromal cell-derived factor-1a (SDF-1a) signalling pathway. Blocking the
activity of iNOS or SDF-1a significantly reduced both the number of infiltrating BMDCs and

the capillary density (vascular repair) in the stria vascularis of the noise-exposed cochlea.

Similar to noise-induced hearing loss, oxidative stress and inflammation are major
contributing factors to cisplatin-induced ototoxicity. Cisplatin has been shown to increase the
expression of inflammatory mediators such as iNOS, COX-2 and TNF-a, which are
downstream targets of the transcription factor STATI1 (Kaur et al., 2011). Cisplatin-induced
activation of STAT1 is dependent on ROS generation through NOX3, a member of the NOX
family of superoxide-generating nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases. NOX3 is expressed almost exclusively in the inner ear and serves as the primary
source of ROS generation in the cochlea (Banfi et al., 2004). siRNA-mediated gene silencing
of NOX3 mitigates cisplatin-induced hearing loss, demonstrating a key role of NOX3 in the
development of cisplatin-mediated ototoxicity (Mukherjea et al., 2010). In contrast to these
findings, recent data from our group showed that exposure to noise results in a significant
down-regulation of NOX3 in the cochlea (Vlajkovic et al., 2013). It was proposed that the
reduction in NOX3 may represent an endogenous protective mechanism to reduce oxidative
stress in the noise-exposed cochlea. These studies provide evidence that NOX3 is involved in

the development of noise- and cisplatin-induced cochlear injury, albeit in a different way.
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The exact role inflammatory cells play once recruited to the noise-damaged cochlea remains
unclear. It is possible that the inflammatory response exacerbates the cellular damage in the
cochlea by causing bystander tissue injury. It has also been suggested that the recruitment of
inflammatory cells following acoustic injury is part of a wound healing response, given that
infiltrating cells are largely observed in the region of the spiral ligament where noise-induced
fibrocyte loss is most evident (Hirose et al., 2005; Tornabene et al., 2006; Ohlemiller, 2008;
Sato et al., 2008). Leukocytes may play a critical role in promoting repair by removing
cellular debris created by the primary insult. These cells may contribute to the repair process
by changing the local environment via the secretion of chemical mediators such as cytokines
and growth factors. Inflammatory leukocytes could function along with resident fibrocytes of
the spiral ligament to regulate repair of the noise-damaged cochlear structures. It has been
speculated that the fibrocytes initiate the local inflammatory process (Tan ef al., 2008). These
cells express similar cytokines, chemokines and cell adhesion molecules, and also respond to
signals used by leukocytes for cell-cell signalling. Cochlear fibrocytes can perhaps be
considered facultative resident macrophages, serving some functions normally performed by

circulating macrophages.

1.7. Adenosine Signalling

1.7.1. Introduction

While having positive effects in the short term, the currently used steroid-based drugs for the
treatment of cochlear inflammation may have deleterious consequences to cochlear function
in the long term (Barkdull ez al., 2005; Fujioka et al., 2006). This therefore underlies the need
to develop more effective therapies for cochlear inflammation that prevent (or rescue)
cochlear tissue from injury and the associated hearing loss. Recent studies have demonstrated
a critically important role of the signalling molecule, adenosine, in the regulation of
inflammatory processes in a range of tissues, by exhibiting a strong anti-inflammatory effect
(Cronstein, 1994; Sullivan & Linden, 1998; Ohta & Sitkovsky, 2001; Kirkpatrick, 2002;
Haské & Cronstein, 2004; Cunha, 2005; Bours et al., 2006; Jacobson & Gao, 2006; Linden,
2006; Cronstein, 2007; Fredholm, 2007; Blackburn et al., 2009; Hasko et al., 2013). Hence,
adenosine may have robust therapeutic potential in the treatment of cochlear inflammation. In

the cochlea, adenosine is knewn ‘to.regulate’a number of physielogical processes, and also
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appears to play an important role in pathological conditions, such as acoustic overstimulation,
hypoxia, ischemia, and trauma, when its extracellular levels become elevated (Vlajkovic et
al., 2009). Previous studies by our group have demonstrated the otoprotective role of
adenosine via the adenosine A; receptor in noise-induced cochlear injury (Vlajkovic et al.,
2010a; Wong et al., 2010; Vlajkovic et al., 2014). The following provides a detailed
overview of the adenosine signalling system, including its main roles (with particular
emphasis on its role in inflammation), adenosine receptors, and its metabolism. Moreover,

several potential treatment strategies based on adenosine signalling are discussed.

1.7.2. Adenosine

Adenosine [(2R,3R,4R,5R)-2-(6-aminopurin-9-yl)- 5-(hydroxymethyl)oxolane-3,4-diol] is an
endogenous purine nucleoside consisting of the purine base, adenine, and the pentose sugar,
ribose, joined by a B-glycosidic bond (Figure 1.11). It is a ubiquitous signalling molecule,
existing within and released by all cells of the body, and mediates a diverse range of
physiological functions (Ribeiro et al., 2002; Fredholm, 2007). Adenosine is also a
neuromodulator, controlling neurotransmitter release and neuronal excitability (Cunha, 2001;

Fredholm et al., 2005a; Sebastido & Ribeiro, 2009).
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Figure 1.11: Structure of adenosine. The molecular formula of adenosine is C;oH3N504
and its molecular weight is 267.241. (Figure reproduced from Jacobson and Gao (2006), with

permission from Nature Publishing Group).
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1.7.3. Adenosine Receptors

Extracellular adenosine mediates its diverse effects by binding to and activating specific
receptors known as adenosine or P1 purinergic receptors (Fredholm et al., 2000; Fredholm et
al., 2001; Fredholm et al., 2005a; Jacobson & Gao, 2006; Jacobson, 2009; Sheth et al., 2014).
Adenosine receptors have been cloned and characterised from several non-mammalian and
mammalian species including humans. Currently four distinct subtypes have been identified
and designated as A, Aa, Azp and Ajz. The adenosine A, Ajs, and Ajp receptors are well
conserved among mammals while the adenosine A; receptors show considerable structural
variability. All four subtypes belong to the G protein-coupled receptor (GPCR) family,
possessing seven transmembrane domains, with an extracellular amino terminus and an
intracellular carboxyl terminus. The adenosine-binding pocket of the receptor is thought to be
formed by both transmembrane domains and extracellular regions (Fredholm et al., 2001).
There are consensus sites for N-linked glycosylation on the extracellular regions, and all but
the adenosine A,a receptor have palmitoylation sites near the C-terminus (Fredholm et al.,

2001).

From the perspective of signal transduction, adenosine A; and Aj receptors preferentially
couple to inhibitory G proteins (G; or G,) that inhibit adenylate cyclase, whereas adenosine
Asa and Ajp receptors couple primarily to stimulatory G proteins (Gg) that stimulate
adenylate cyclase (Fredholm et al., 2000; Fredholm et al., 2001; Fredholm et al., 2005a;
Jacobson & Gao, 2006; Sheth et al., 2014) (Figure 1.12). However, there is some evidence
that these receptors may signal via other G proteins as well as various other signal
transduction pathways in different cell types, i.e. they are pleiotropic receptors. Furthermore,
they can also directly or indirectly (via second messengers) control the opening of ion

channels (e.g. different types of K™ and Ca®" channels) (Ribeiro ez al., 2002).
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Figure 1.12: Adenosine receptor signalling pathways. Activation of the A; and Aj

adenosine receptors (ARs) inhibits adenylyl cyclase activity through activation of pertussis
toxin-sensitive G; proteins and results in increased activity of phospholipase C (PLC) via Gg,
subunits. Activation of the Ay and Asg ARs increases adenylyl cyclase activity through
activation of Gy proteins. Activation of the A;oAR to induce formation of inositol phosphates
can occur under certain circumstances, possibly via the pertussis toxin-insensitive G415 and
G,16 proteins. A;gAR-induced activation of PLC is through G4 proteins. All four subtypes of
ARs can couple to mitogen-activated protein kinase (MAPK), giving them a role in cell
growth, survival, death and differentiation. Abbreviations: CREB, cAMP response element
binding protein; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate; PI3K,
phosphatidylinositol 3-kinase; PIP,, phosphatidylinositol-4,5-bisphosphate; PK, protein
kinase; PLD, phospholipase D; NF-kappaB, nuclear factor-kappaB. (Figure and caption

reproduced from Jacobson and Gao (2006), with permission from Nature Publishing Group).

The four adenosine receptor subtypes bind extracellular adenosine with varying affinities.
Basal adenosine concentrations are sufficient to activate adenosine A, Ay and Aj receptors
because of their high affinity for adenosine (Fredholm, 2007). In contrast, the adenosine A,p
receptor is a low affinity receptor, requiring higher adenosine concentrations for activation.

The effect of adenosine receptor-mediated signalling is partly determined by the extent of
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receptor expression, and there is evidence that various forms of stress can influence the
expression of adenosine receptors (Fredholm, 2007). In addition, the different subtypes

exhibit different rates of desensitisation (Fredholm et al., 2005a).

In the brain, the adenosine A; receptor is the most abundant and widespread, and has an
inhibitory neuromodulatory role, inhibiting neurotransmitter release presynaptically and
hyperpolarising neurons postsynaptically (Cunha, 2005; Sebastido & Ribeiro, 2009). In the
rat cochlea, adenosine receptors are differentially distributed among the sensory hair cells and
supporting cells of the organ of Corti, spiral ganglion neurons, lateral wall tissues and
cochlear blood vessels, with the adenosine Aj receptor having the broadest distribution
(Vlajkovic et al., 2007) (Figure 1.13 and Figure 1.14). The localisation of adenosine
receptors in these cellular regions of the cochlea implicates adenosine signalling in the
modulation of sound transduction, auditory neurotransmission, cochlear micromechanics, and

cochlear blood flow.
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Figure 1.13: Distribution of adenosine A,, receptors in the rat cochlea. (a) A;aR
immunostaining was found in the organ of Corti and spiral ganglion neurons. (b) Detail of
immunofluorescence in the organ of Corti showing immunolabelling of the inner hair cells
and supporting Deiters’ cells, whereas the outer hair cells had limited immunofluorescence
labelling. (¢) Immunolabelling in the cochlear vasculature was confined to the modiolar
blood vessels. (d) Strong immunofluorescence was observed in the root region of the spiral
ligament. (e) Minimal fluorescence signal was detected in the peptide block control.
Abbreviations: sl, spiral ligament; SV, stria vascularis, o/C, organ of Corti, tm, tectorial
membrane; lim, spiral limbus; sgn, spiral ganglion neurons; ihc, inner hair cell; ohc, outer
hair cell; dc, Deiters’ cell; bv, blood vessel; rr, root region. Scale bars = 50 um (a, €); 20 um

(b—d). (Figure reproduced from Vlajkovic et al. (2007), with permission from Springer).
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Figure 1.14: Distribution of adenosine Aj; receptors in the rat cochlea. (a) A;R
immunolabelling was found in the organ of Corti, inner and outer sulcus cells, interdental
cells of the spiral limbus and spiral ganglion neurons. The spiral ligament was also labelled,
whereas the tectorial membrane and Reissner’s membrane were not stained. (b) In the organ
of Corti, strong immunofluorescence was observed in the apical region of the outer hair cells,
in Deiters’ cells and in head and footplate regions of the pillar cells. Moderate
immunostaining was observed in the inner hair cell region, Hensen’s cells and Claudius’
cells. (¢) Peptide block control. Abbreviations: sl, spiral ligament; SV, stria vascularis, o/C,
organ of Corti, tm, tectorial membrane; lim, spiral limbus; sgn, spiral ganglion neurons; ihc,
inner hair cell; ohc, outer hair cell; dc, Deiters’ cell; 1s, inner sulcus cell; os, outer sulcus cell;
hc, Hensen’s cell; cc, Claudius’ cell; idc, interdental cell. Scale bars = 50 um (a, ¢); 20 um

(b). (Figure reproduced from Vlajkovic et al. (2007), with permission from Springer).
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1.7.4. Role of Adenosine in Tissue Protection and Repair

The extracellular role of adenosine was first described in a seminal study by Drury and Szent-
Gyorgyi (1929), which demonstrated its potent cardiovascular effects on the heart. Adenosine
extracted from heart muscle had negative inotropic and vasodilatory effects, and this has been
proposed to serve a protective function against the deleterious effects of hypoxia and
ischemia by reducing the metabolic demand of the myocardium and by increasing coronary

blood flow and oxygen delivery respectively (Hask6é & Cronstein, 2004).

Subsequent studies have provided further evidence for the protective role of extracellular
adenosine in a range of cellular and organ systems. Adenosine is released locally and has
protective effects under a wide range of stressful and traumatic stimuli, including
inflammation, hypoxia, ischemia, seizures, pain, and sepsis (Haské & Cronstein, 2004; Hasko
et al., 2013). Based on this property, adenosine has been considered a “retaliatory metabolite”
or a “homeostatic” modulator of cellular function (Newby et al, 1990). Extracellular
adenosine protects tissues from injury and promotes tissue repair via four different receptor-
mediated mechanisms: (i) increasing the oxygen supply to demand ratio, (ii) mediating
ischemic preconditioning, (iii) stimulating anti-inflammatory responses, and (iv) promoting

angiogenesis (Linden, 2005) (Table 1.2).
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Table 1.2: Tissue protection and repair by adenosine receptors. Adenosine, via activation
of adenosine receptors, promotes tissue protection and repair through four general modes of
responses: 1) increased oxygen supply/demand ratio; 2) ischemic preconditioning; 3).anti-
inflammatory effects; and 4) stimulation of angiogenesis. (Table adapted from Linden (2005),
with permission from The American Society for Pharmacology and  Experimental

Therapeutics).

Receptor Tissue Response ‘

Increase in oxygen supply/demand ratio

Asa, A2p Vasodilation

Aq Decreased heart rate

Decreased neuronal activity

Decreased sympathetic nerve activity

Ischemic preconditioning and postconditioning

Ay, Az Preconditioning

Agp? Postconditioning

Anti-Inflammatory Responses

Asa Heart
Kidney
Liver
Spinal cord
Skin
Lung
Angiogenesis
Aaa Decreased endothelial cell thrombospondin
Ay Chorioallantoic membrane
Asp Increase endothelial cell release of angiogenic factors

Asg, Az Increased mast cell release of angiogenic factors
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1.7.5. Anti-Inflammatory Effects of Adenosine

Extensive evidence from in vitro and in vivo studies has indicated a central role of
endogenous adenosine in the regulation of inflammatory responses in a range of tissues. The
functions of immune cells involved in both innate (neutrophils, monocytes, macrophages,
dendritic cells, mast cells, natural killer cells) and adaptive immunity (B and T lymphocytes)
are influenced by endogenous adenosine due to their abundant adenosine receptors (Sullivan
& Linden, 1998; Bours et al., 2006; Fredholm, 2007; Blackburn et al., 2009; Haské et al.,
2013). Adenosine mediates different effects in the inflammatory response depending on the

cell type and the adenosine receptor subtype it binds to.

Of the four adenosine receptor subtypes, the adenosine A, receptor has been reported as the
principal regulator of the inflammatory response. An adenosine A,a receptor knockout study
(Ohta & Sitkovsky, 2001) demonstrated the crucial role of the receptor in the suppression of
inflammation and tissue damage as no other in vivo anti-inflammatory mechanism could fully
compensate for the lack of adenosine A, receptors on immune cells. Numerous other studies
have also indicated the powerful anti-inflammatory effects of adenosine Aja receptor
activation in a variety of tissues. The activation of adenosine A5 receptors by endogenous
adenosine has been referred to as a “brake for inflammation” (Kirkpatrick, 2002). The
functional expression of the adenosine A,s receptor, found on almost all immune cells,
undergoes constant modulation during the course of an inflammatory reaction (Bours ef al.,
2006; Hasko et al., 2013). The receptor was maximally up-regulated in neutrophils in
response to LPS or TNF-a stimulation (Fortin et al., 2006).

The anti-inflammatory effects of adenosine A;s receptor activation include: reduced
recruitment of leukocytes into tissues (including adhesion to vascular endothelium,
transendothelial extravasation, and migration to inflamed site), reduced production of
proinflammatory cytokines, reduced formation of oxygen-centred free radicals, decreased
platelet activation, inhibition of lymphocyte activation and proliferation, and enhanced
production of anti-inflammatory cytokines (Cronstein, 1994; Hask6 & Cronstein, 2004;
Cunha, 2005; Linden, 2005; Bours et al., 2006; Jacobson & Gao, 2006; Fredholm, 2007).
These cellular responses are mediated predominantly by cyclic adenosine monophosphate
(cAMP)-dependent pathways (Haskd & Cronstein, 2004), but some have been reported to be

mediated by cAMP-independent mechanisms, e.g. inhibition of superoxide anion generation



CHAPTER 1 | LITERATURE REVIEW

by neutrophils occurs by the activation of a membrane-associated phosphatase and

desensitisation of chemoattractant receptors (Cronstein, 1994).

1.7.6. Adenosine Metabolism

A wide range of enzymes, both intracellular and extracellular, are involved in the metabolism
of adenosine (Figure 1.15). Extracellular adenosine levels are tightly and dynamically
regulated by the interplay between the activity of these enzymes and the release and reuptake
of adenosine across the cell membrane (Boison, 2006; Benarroch, 2008). The potential
sources of extracellular adenosine include: (i) adenosine released from cells via facilitated
diffusion through nucleoside transporters following increased intracellular adenosine levels,
(i1) the extracellular catabolism of released adenine nucleotides, especially adenosine
triphosphate (ATP), into adenosine by a cascade of ectonucleotidases (ectoenzymes), which
include the ectonucleoside triphosphate diphosphohydrolase (E-NTPDase) family (CD39),
the nucleotide pyrophosphatase/phosphodiesterase (NPP) family, the rate limiting ecto-5’-
nucleotidase (CD73), and (iii) the extracellular catabolism of released cAMP into adenosine
by NPP (Cunha, 2005; Fredholm et al., 2005a; Bours et al., 2006; Park & Gupta, 2013). In
the cochlea, hydrolysis of extracellular nucleotides is mainly mediated by the E-NTPDase
members, NTPDasel and NTPDase2, which are extensively distributed in cochlear tissues
and are likely involved in the regulation of P2 receptor signalling (Vlajkovic et al., 1996;
Vlajkovic et al., 1999; Vlajkovic et al., 2002a, 2002b).

Clearance of adenosine from the extracellular space is mainly driven by its intracellular
phosphorylation by adenosine kinase (Fredholm et al., 2005a). The decrease in intracellular
adenosine promotes the rapid reuptake of adenosine into the cell. Intracellular and
extracellular adenosine is also catabolised into inosine by adenosine deaminase and ecto-
adenosine deaminase respectively (Fredholm ez al., 2005a). Enzymes involved in regulating
intracellular adenosine concentrations include adenosine kinase (phosphorylates adenosine to
adenosine monophosphate (AMP)), 5’-nucleotidase (dephosphorylates AMP to adenosine)
and adenosine deaminase (converts adenosine to inosine) (Figure 1.15). Because the
physiological half-life of adenosine is in the order of seconds, its actions are highly localised

to its site of release (Kowaluk ez al., 2000).
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The principal nucleoside transporter is an equilibrative (non-concentrative) bidirectional
facilitated diffusion transporter, with the net direction of transport being dependent upon the
concentration gradient of adenosine across the cell membrane (Griffith & Jarvis, 1996;
Baldwin et al., 1999; Baldwin et al., 2004; Kong et al., 2004). Because they equilibrate the
levels of intracellular and extracellular adenosine, changes in the level on one side can alter
the level on the opposite side of the membrane. There is also a group of concentrative
nucleoside transporters that transport adenosine against the concentration gradient (Griffith &
Jarvis, 1996; Baldwin et al., 1999; Gray et al., 2004; Kong et al., 2004). In contrast to
equilibrative nucleoside transporters, concentrative nucleoside transporters are sodium-
dependant active transporters (requiring energy from Na'-K'-ATPase), and show higher
affinity as well as selectivity for nucleoside substrates. In the rat cochlea, extracellular
adenosine concentrations are regulated by two equilibrative (ENT1 and ENT2) and two

concentrative (CNT1 and CNT2) nucleoside transporters (Khan ez al., 2007).

ATP
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\NTPDase & NPP
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Figure 1.15: Diagram of the purinergic metabolic cascade. A wide range of enzymes, both
intracellular (adenosine kinase, 5’-nucleotidase, adenosine deaminase) and extracellular
(ectonucleotidases), are involved in the metabolism of adenosine. These enzymes, together
with nucleoside transporters (equilibrative and concentrative) located in the cell membrane,

are involved in the regulation of intracellular and extracellular adenosine levels.

Under stressful conditions, such as inflammation, hypoxia and ischemia, an imbalance
between energy supply and demand occurs, leading to a net hydrolysis of intracellular ATP

(Cunha, 2005; Fredholm et al., 2005a). Intracellular adenosine levels rise and adenosine is



CHAPTER 1 | LITERATURE REVIEW

released into the extracellular space via equilibrative nucleoside transporters. Because the
intracellular concentration of ATP is about 100,000 times higher than that of adenosine,
slight changes in ATP concentration will result in substantial changes in adenosine levels
(Cunha, 2005; Fredholm et al., 2005a). The extracellular concentration of adenosine in
unstressed tissues is usually below 1 uM, whereas in tissues subjected to stressful stimuli, it

can reach as high as 100 uM (Haské & Cronstein, 2004).

1.7.7. Adenosine Kinase

Adenosine kinase [ATP:adenosine 5’-phosphotransferase] is an intracellular enzyme that
catalyses the phosphorylation of adenosine to AMP, using ATP as the phosphate donor.
Because of its high affinity (i.e. low K;,) for adenosine, adenosine kinase is the key metabolic
enzyme of adenosine under physiological conditions, and therefore an important regulator of
intracellular and extracellular adenosine levels (Boison, 2006; Park & Gupta, 2008; Park &
Gupta, 2013). Furthermore, it is the most abundant nucleoside kinase in mammals as

indicated by tissue distribution studies (Mathews et al., 1998; Park & Gupta, 2008).

In various mammalian species including humans, two isoforms of adenosine kinase exist
(Park & Gupta, 2013). These isoforms show no difference in their kinetic properties, and are
identical in structure except at the N-terminus, where one isoform contains extra amino acids.
The structure of human adenosine kinase has been solved by X-ray crystallography and
shown to be a monomer consisting of two alpha/beta domains, with the active site located
between these domains (Mathews et al., 1998) (Figure 1.16). Two adenosine binding sites
exist, one being a catalytic site with high affinity for adenosine, while the other being a low

affinity regulatory site that binds MgATP*" (McGaraughty ef al., 2005).
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Figure 1.16: Ribbon diagram of the human adenosine kinase (with two bound adenosine
molecules) as determined by X-ray crystallography. (Figure reproduced from Mathews et

al. (1998), with permission from American Chemical Society).

A recent study conducted by our group provided the first evidence for the expression and
tissue distribution of adenosine kinase in the adult mammalian (rat) cochlea (Vlajkovic et al.,
2010b) (Figure 1.17). Adenosine kinase immunofluorescence was extensively distributed in
the cochlea, with nuclear or perinuclear immunostaining detected in the fibrocytes in the
spiral ligament, marginal cells in the stria vascularis, spiral ganglion neurons and satellite
cells in the spiral ganglion, endothelial cells of the modiolar blood vessels, and sensory outer
hair cells and supporting cells (inner and outer sulcus cells) of the organ of Corti. This
distribution of adenosine kinase coincides with the adenosine receptors in the adult rat
cochlea, suggesting that adenosine kinase may be the principal regulator of adenosine

signalling in the cochlea.
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Figure 1.17: Adenosine kinase distribution in the adult rat cochlea. (A) Adenosine kinase
immunostaining was present in the spiral ligament, stria vascularis, organ of Corti, interdental
cells of the spiral limbus and spiral ganglion neurons. (B) No immunostaining was detected
in the absence of the primary antibody for adenosine kinase. (C) Adenosine kinase
immunolabelling of the spiral ligament and outer sulcus cells. (D) Strong nuclear
immunolabelling in spiral ganglion neurons and weaker staining in satellite cells. (E)
Adenosine kinase immunostaining of blood vessels in the modiolus. (F) Adenosine kinase
immunostaining in the outer hair cells and inner sulcus cells. Abbreviations: sl, spiral
ligament; sv, stria vascularis; oc, organ of Corti; lim, spiral limbus; idc, interdental cell; sgn,
spiral ganglion neuron; tm, tectorial membrane; osc, outer sulcus cell; sc, satellite cell; mbv,
modiolar blood vessel; ohc, outer hair cell; isc, inner sulcus cell. Scale bar = 50 um. (Figure

reproduced from Vlajkovic et al. (2010b), with permission from John Wiley and Sons).
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1.7.8. Adenosine-Based Treatment Strategies

As mentioned earlier, adenosine exhibits vigorous anti-inflammatory effects in a wide range
of tissues (Cronstein, 1994; Sullivan & Linden, 1998; Ohta & Sitkovsky, 2001; Kirkpatrick,
2002; Haskd & Cronstein, 2004; Cunha, 2005; Bours et al., 2006; Jacobson & Gao, 2006;
Linden, 2006; Cronstein, 2007; Fredholm, 2007; Blackburn et al., 2009; Hasko et al., 2013).
This suggests that adenosine may also confer a similar effect in the cochlea. Adenosine Asa
receptor is therefore a highly promising target for anti-inflammatory therapies for various
inflammatory conditions. The systemic administration of exogenous adenosine, however, is
limited by its peripheral side effects, due to its non-selective nature and the widespread
distribution of adenosine receptors (Haskdé & Cronstein, 2004). Alternative adenosine

receptor-based strategies have therefore been sought and have been rather promising.

1.7.8.1. Selective Activation of Adenosine A, Receptors

The adenosine A,s receptor is a promising pharmacological target for the treatment of
inflammatory disorders. Selective adenosine A;a receptor agonists have been developed and
used successfully in the therapy of sepsis, inflammatory bowel disease, skin inflammation

and arthritis (Jacobson & Gao, 2006; Blackburn et al., 2009).

Regadenoson, a derivative of adenosine (2-[4-[(Methylamino)carbonyl]-1H-pyrazol-1-
yl]adenosine) (Figure 1.18), is a selective adenosine Aja receptor agonist used clinically as a
coronary vasodilator in radionuclide myocardial perfusion imaging, a diagnostic test for
coronary artery disease (Astellas Pharma, 2008; Al Jaroudi & Iskandrian, 2009; Garnock-
Jones & Curran, 2010; Chen et al., 2013; Ghimire et al., 2013). Regadenoson was approved
for clinical use by the US Food and Drug Administration (FDA) on 10 April 2008 (the only
adenosine receptor-specific drug to gain approval thus far) based on the results of two large
phase III trials in patients with known or suspected coronary artery disease (Iskandrian et al.,
2007; Cerqueira et al., 2008). Patients undergoing myocardial perfusion imaging are
normally asked to exercise on a treadmill or bicycle to increase coronary blood flow
(hyperaemia), but about 50% of patients are unable to exercise adequately because of medical
conditions and hence need to be given a pharmacological stress agent to simulate the effects
of exercise. Since its approval, regadenoson has become the most widely used
pharmacological stress agent in the United States, accounting for 76% of the vasodilator

market share (Ghimire et al., 2013).
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Figure 1.18: Structure of regadenoson. Regadenoson is an adenosine derivative (2-[4-
[(Methylamino)carbonyl]-1H-pyrazol-1-yl]adenosine)  with the molecular formula
C1sH1gsNgOs and a molecular weight of 390.35. (Figure reproduced from http://www.trc-
canada.com/detail.php?CatNum=R 142800, Toronto Research Chemicals Inc., Toronto,

Ontario, Canada).

In the United States, regadenoson is marketed by Astellas Pharma under the trade name
Lexiscan®, while in the European Union, the drug is marketed by GE Healthcare under the
brand name Rapiscan®. The recommended dose of Lexiscan®/Rapiscan® is 0.4 mg/5 mL. It
comes in a pre-filled syringe containing 400 pg of regadenoson (Figure 1.19) and is
administered in patients as a rapid (approximately 10 s) intravenous injection into a
peripheral vein using a 22 gauge or larger catheter or needle (Astellas Pharma, 2008). The
injection is immediately followed by the intravenous administration of saline flush (5 mL
over 10s) and then the radionuclide myocardial perfusion imaging agent (over 10-20 s)
(Astellas Pharma, 2008). Table 1.3 summaries the features and properties of regadenoson

(Lexiscan®).
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Figure 1.19: Lexiscan® prefilled syringe. Lexiscan® is supplied as a standard, IV-injection
dose in a prefilled syringe containing 0.4 mg of regadenoson in a 5 mL solution. (Figure

reproduced from http://www.lexiscan.com).
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A recent study demonstrated that regadenoson intravenously administered in mice and rats
increased the permeability of the blood-brain barrier, facilitating the entry of macromolecules
into the brain (Carman et al, 2011). Based on this finding, it can be speculated that
regadenoson can cross the blood-brain barrier and possibly the blood-labyrinth barrier in the
cochlea. This would therefore be an advantage as regadenoson could be administered
systemically avoiding the inconvenience of intratympanic injections or the surgery required

for direct cochlear injections.

In the clinical trials, regadenoson appeared to be well tolerated in patients, with no serious
side effects such as acute myocardial infarction, congestive heart failure, or stroke
(Iskandrian et al., 2007; Astellas Pharma, 2008; Cerqueira et al., 2008). The majority of the
adverse effects were reported to be mild, and included shortness of breath (dyspnea),
headache, flushing, chest discomfort or chest pain, dizziness, angina pectoris, nausea, and
abdominal discomfort. Most of these effects were transient in nature, beginning soon after
administration and generally resolving within approximately 15 minutes, apart from headache

which lasted about 30 minutes in most patients.
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Table 1.3: Features and properties of regadenoson. (Table adapted and modified from

Garnock-Jones and Curran (2010), with permission from Springer).

Features and properties of regadenoson (Lexiscan®) ‘

Indication

Pharmacologic stress agent (coronary vasodilator) for radionuclide myocardial perfusion
imaging in patients unable to undergo adequate exercise stress

Mechanism of action
Selective adenosine A, receptor agonist

Dosage and administration

Dose 400 pg
Route of administration - Intravenous
Frequency of administration Single bolus

Pharmacokinetic profile
Mean maximum plasma concentration (Cpax) 13.6 ng/mL

Time to Cpax 1-4 min
Area under the concentration-time curve from time zero to infinity | 11.7 ngeh/mL

Mean steady-state volume of distribution 75 L
Mean clearance 35L/h

Mean terminal elimination half-life =2h
Most common adverse reactions

Shortness of breath (dyspnea), headache, flushing, chest discomfort or chest pain,
dizziness, angina pectoris, nausea, and abdominal discomfort

1.7.8.2. Pharmacological Inhibition of Adenosine Kinase

An approach for augmenting the availability of extracellular adenosine, which has received
increasing attention in recent years, is the inhibition of adenosine kinase (Cronstein, 1994;
Rosengren et al., 1995; Boyle et al., 2001). Adenosine kinase inhibition decreases AMP
formation from adenosine, leading to increased intracellular adenosine levels. An outward
adenosine concentration gradient is created favouring adenosine release via equilibrative
nucleoside transporters, and therefore resulting in a potentiated level of extracellular

adenosine (Figure 1.20).
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Figure 1.20: Pharmacological inhibition of adenosine kinase. Inhibition of adenosine
kinase decreases the formation of AMP from adenosine, leading to an increased level of
intracellular adenosine. An outward adenosine concentration gradient is created favouring the
release of adenosine via equilibrative nucleoside transporters, resulting in an increased level
of adenosine in the extracellular space. This is ultimately followed by the activation of
adenosine receptors on neighbouring cells in a paracrine or autocrine fashion and specific

adenosine receptor-mediated effects, such as suppression of inflammation.

A novel generation of adenosine kinase inhibitors have been developed that demonstrate a
high degree of selectivity for adenosine kinase (Jarvis et al., 2000; McGaraughty et al.,
2005). Adenosine kinase inhibitors inhibit the activity of adenosine kinase by binding
competitively to the adenosine binding site of the enzyme (McGaraughty et al., 2005). There
are two general types of adenosine kinase inhibitors: nucleoside-like and non-nucleoside-like.
Nucleoside-like adenosine kinase inhibitors, as their name implies, have a nucleoside-like
structure, and are more water soluble than non-nucleoside adenosine kinase inhibitors
(McGaraughty et al., 2005). The underlying mechanism mediating the beneficial effects of
adenosine kinase inhibitors is an increase in extracellular adenosine levels followed by the
activation of adenosine receptors on neighbouring cells in a paracrine or autocrine fashion.
Compared to adenosine receptor agonists, adenosine kinase inhibitors have reduced
cardiovascular side effects as they increase endogenous adenosine levels in a site- and event-
specific manner. Moreover, they have been shown to be more effective at increasing
adenosine release than adenosine deaminase inhibitors (Jarvis et al., 2000; McGaraughty et

al., 2005).
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CHAPTER 2: AIMS & HYPOTHESES

2.1. Aims

The principal aim of this thesis was to improve our understanding of the underlying cellular
and molecular mechanisms and dynamics of the noise-induced inflammatory response in the
cochlea, and to explore the role of adenosine Aj;s receptor signalling in noise-induced
cochlear inflammation. The thesis was divided into three major studies, with the specific aims

listed below.

STUDY 1: Cochlear Inflammatory Response Associated with Acute Noise
Exposure

This study aimed to characterise the inflammatory response in the mouse cochlea following

acute exposure to traumatic noise. The specific aims were to:

e Examine the activation of the transcription factor nuclear factor-kappa B (NF-kB) in

the noise-exposed cochlea.

e Determine the changes in gene expression levels of proinflammatory cytokines
(TNF-o and IL-1pB), chemokines (CCL2) and cell adhesion molecules (ICAM-1) in

the cochlea following acute noise exposure.

e Characterise the distribution of the cell adhesion molecules, ICAM-1 and PECAM-1,
in the cochlea, and the time course of their protein expression following acute noise

exposure.



CHAPTER 2 | AIMS & HYPOTHESES

STUDY 2: Cochlear Inflammatory Response Associated with Chronic Noise
Exposure

This study aimed to characterise the inflammatory response in the mouse cochlea following

chronic exposure to moderate noise. The specific aims were to:

e Determine the changes in gene expression levels of proinflammatory cytokines
(TNF-a and IL-1B), chemokines (CCL2) and cell adhesion molecules (ICAM-1) in

the cochlea following chronic noise exposure.

e Characterise the time course of ICAM-1 and PECAM-1 expression in the cochlea

following chronic noise exposure.

STUDY 3: Role of Adenosine A;n Receptor Signalling in Noise-Induced
Cochlear Inflammation

This study aimed to ascertain the role of adenosine A,a receptors in the regulation of noise-

induced cochlear inflammation. The specific aims were to:

e Examine the expression and distribution of adenosine A4 receptors, including AssR"

infiltrating cells, in the noise-exposed cochlea.

e Assess the cochlear inflammatory response in adenosine Ajs receptor knockout
(A24aRKO™) mice exposed to noise to determine the effect of adenosine A,4 receptor

gene deletion in noise-induced cochlear inflammation.

e Evaluate the anti-inflammatory effect of adenosine Aja receptor activation using the

selective adenosine A, receptor agonist, regadenoson.
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2.2. Hypotheses

e Acute exposure to traumatic noise induces an inflammatory response in the cochlea
which includes excessive production of proinflammatory cytokines, chemokines, and
cell adhesion molecules via the activation of the transcription factor NF-«xB, followed

by the recruitment of inflammatory cells and their infiltration in cochlear tissues.

e Chronic exposure to non-traumatic noise also induces an inflammatory response in the
cochlea with increased expression of proinflammatory cytokines, chemokines, and

cell adhesion molecules.

e Noise exposure increases the expression of adenosine A,a receptors in the cochlea as

an endogenous protective mechanism (adaptive response) to limit inflammation.

e Deletion of the adenosine A, receptor gene (AZARKO'/ " mice) leads to an enhanced

inflammatory response in the noise-exposed cochlea.

e Post-exposure treatment with the selective adenosine Aj,s receptor agonist,

regadenoson, suppresses inflammatory processes in the noise-exposed cochlea.
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3.1. STUDY 1: Cochlear Inflammatory Response Associated
with Acute Noise Exposure

The primary purpose of this initial study was to further our understanding of molecular
mechanisms of the inflammatory response and to characterise the dynamics of the response in
the C57BL/6 mouse cochlea in response to acute exposure to traumatic noise (acoustic
trauma). This study also provided baseline measurements of inflammatory markers in the
noise-exposed cochlea as a foundation for subsequent studies. Male C57BL/6 inbred mice
(6 to 8 weeks) were exposed for 24 h to an open-field octave band noise (8-16 kHz) presented
at a sound pressure level (SPL) of 100 decibels (dB). This is a traumatic noise level for mice
that causes permanent hearing loss and is routinely used in our laboratory. To verify that
these noise conditions produced permanent hearing loss, functional assessment of hearing
acuity was performed prior to noise exposure (baseline measurements) and one month after
noise exposure using auditory brainstem responses (ABRs) to acoustic clicks and tone pips
(n=4). Animals serving as controls (n = 8) for the study were exposed to ambient noise

levels (55-65 dB SPL) in the animal holding facility.

Initially, the early onset phase of the noise-induced cochlear inflammatory response was
studied by examining the cochlear activation of the nuclear transcription factor, nuclear
factor-kappa B (NF-«B). NF-kB is activated in response to diverse stimuli such as
inflammation, infections, and other stressful situations, and regulates the expression of a
number of proinflammatory mediators. Specifically, the nuclear activation of the two
principal subunits, p65 and p50, which normally exist together as heterodimers in the
cytoplasm of quiescent (unstimulated) cells, were examined. Nuclear translocation and
activation of p65 and p50 in the cochlea was examined 6 h following noise exposure using

immunofluorescence.

As the next step, inflammatory influence of NF-kB signalling on the noise-induced damaged
mouse cochlea was investigated by evaluating the expression of several key target genes of

NF-«kB, including proinflammatory cytokines (TNF-a and IL-1f), chemokines (CCL2) and
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cell adhesion molecules (ICAM-1 and PECAM-1). To study the time course (dynamics) of
the inflammatory events in the cochlea, outcomes were assessed at various time intervals
after the cessation of noise exposure: 6 h, 1 day (24 h), 3 days (72 h), and 7 days (168 h). All
animals were randomly assigned to the experimental groups (post-exposure survival times),
with each group consisting of eight animals (n = 8) (see Table 3.1). This group size was
based on our previous experience with functional and molecular studies in the cochlea. This
number provides statistical power to obtain an 80% probability of detecting a 20% difference

between groups (p < 0.05).

Table 3.1: Acute noise exposure groups

Sound Level Sound Frequency Noise Duration

Sample Size

Grou (dB SPL) (kHz) (h) Endpoint )
1 100 8-16 24 6 h 8
2 100 8-16 24 1 day 8
3 100 8-16 24 3 days 8
4 100 8-16 24 7 days 8

At their designated endpoint, the animals were euthanised and their cochleae collected for
molecular and immunohistochemical analysis of cochlear inflammation. Of the two cochleae
harvested from each noise-exposed mouse, one was analysed by quantitative real-time
RT-PCR to determine noise-induced changes in the gene expression levels of TNF-a, IL-6,
IL-1B, CCL2, and ICAM-1. Relative quantification of gene expression was determined using
the comparative AACt method. The contralateral cochlea was used to determine the
distribution and protein expression levels of ICAM-1 and PECAM-1 using semi-quantitative
immunohistochemistry (immunoperoxidase staining). Quantitative data obtained from the
study was statistically analysed using a one-way ANOVA followed by Tukey’s post-hoc

multiple comparisons test (a p value of less than 0.05 was considered statistically significant).
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3.2. STUDY 2: Cochlear Inflammatory Response Associated
with Chronic Noise Exposure

Research on noise-induced hearing loss over the years has primarily been focused on the
pathophysiological and functional outcomes of acute exposures to intense noise. The aim of
this study was to examine the possible presence of cochlear inflammation following repeated
exposure to moderate noise over an extended period of time (chronic noise exposures).
C57BL/6 mice were exposed to 90 dB SPL octave-band noise (8-16 kHz) for 2 h per day for
either 7 (1 week), 14 (2 weeks), 21 (3 weeks) or 28 (4 weeks) continuous days (Table 3.2).
Each experimental noise group were exposed to noise at approximately the same time each
day throughout their designated noise exposure period. Animals were euthanised 24 h
following the completion of the final noise exposure and their cochleae extracted. As with the
previous study, quantitative real-time RT-PCR analysis was carried out to assess changes in
the transcriptional expression of inflammatory mediators, and immunoperoxidase staining
was performed to characterise the expression and distribution of the cell adhesion molecules

ICAM-1 and PECAM-1.

Table 3.2: Chronic noise exposure groups

Sound Level  Sound Frequency

Sample Size

Group Noise Duration

(dB SPL) (kHz) (n)
1 90 8-16 2 h/day, 1 week 8
2 90 8-16 2 h/day, 2 weeks 8
3 90 8-16 2 h/day, 3 weeks 8
4 90 8-16 2 h/day, 4 weeks 8
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3.3. STUDY 3: Role of Adenosine A,n Receptor Signalling in
Noise-Induced Cochlear Inflammation

Adenosine has potent anti-inflammatory effects in a wide range of tissues, mediated primarily
via the adenosine A4 receptor. To determine its role in noise-induced cochlear inflammation,
a series of interrelated studies based on adenosine Aja receptor signalling were conducted as

described below.

3.3.1. Adenosine A5 Receptor Expression in the Noise-Exposed Cochlea

There is evidence that various forms of stress can influence the expression of adenosine
receptors. In this study, the tissue distribution of the adenosine Aja receptor in the mouse
cochlea and the effect of excessive noise on the expression of this receptor was investigated.
Mice were exposed to acute traumatic noise (100 dB SPL, 8-16 kHz for 24 h) and their
cochleae collected at 6 h, 1 day, 3 days or 7 days after the cessation of noise exposure (n = 4
per time point). Immunofluorescence was carried out using a specific adenosine A,a receptor
antibody to localise the cochlear expression and distribution of the receptor. Protein

expression levels were compared qualitatively with the normal non-noise exposed cochlea.

Because they are known to be abundantly expressed by a variety of immune cells, adenosine
Aya receptors were also used as a marker for inflammatory cells in the noise-exposed
cochlea. The total number of adenosine A4 receptor-positive infiltrating cells was counted in
all cochlear turns (apical, middle and basal) of every second mid-modiolar cross-section from
each noise-exposed cochlea. Labelled cells were counted under the fluorescent microscope
(Nikon Eclipse 801 Microscope, Nikon Instruments Inc., Melville, NY, U.S.A.) at 40x
magnification. Cochlear sections were focused throughout their entire thickness (30 um) to
ensure all infiltrating cells throughout the depth of the sections were identified. To
characterise the time course of cellular infiltration, the average number of cells/section was
determined in the non-exposed control cochlea and at the four time points following noise

exposure.
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3.3.2. Noise-Induced Cochlear Inflammatory Response in Adenosine Ajx
Receptor Knockout Mice

For the next study, the cochlear inflammatory response in noise-exposed homozygous
recessive adenosine A,a receptor knockout (AZARKO'/ ) C57BL/6 mice was assessed to gain
further insight into the role of adenosine A,a receptor signalling in noise-induced cochlear
inflammation. AgARKO'/ “mice were exposed to acute traumatic noise (100 dB SPL, 8-16 kHz
for 24 h) and euthanised at either 6 (n = 5) or 24 h (n = 5) after the cessation of the noise
exposure. These time points were selected based on the results obtained from study one, in
which 6 h was the initial peak time in the gene expression level of TNF-a, ICAM-1, CCL2
and IL-1B, and 24 h was the time of maximum ICAM-1 immunoexpression and cellular
infiltration. The extent of cochlear inflammation was assessed by determining the protein
expression level of ICAM-1 using immunoperoxidase staining and the gene expression levels
of TNF-a, CCL2, ICAM-1 and IL-1f using quantitative real-time RT-PCR. It is hypothesised
that a stronger cochlear inflammatory response occurs in these noise-exposed A>ARKO™
animals. Also included in the study was a control group of A>ARKO™" mice exposed to
ambient sound levels (n = 5). The results obtained with the knockout mice were compared
with those obtained from wild-type non-exposed and noise-exposed mice (Study 1). The

experimental groups included in this study are shown in Table 3.3 below.

Table 3.3: Experimental groups for A, ARKO™ study

Genotype Noise Exposure Endpoint (h) Sample size (n)
1 Wild-type Ambient noise - 5
2 Wild-type 100 dB, 24 h 6 5
3 Wild-type 100 dB, 24 h 24 5
4 A,uRKO™ Ambient noise - 5
5 AsARKO™ 100 dB, 24 h 6 5
6 AsARKO™ 100 dB, 24 h 24 5
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3.3.3. Anti-Inflammatory Effect of Regadenoson, a Selective Adenosine
A,x Receptor Agonist, in the Noise-Exposed Cochlea

For this final study, the therapeutic potential of adenosine signalling in attenuating
inflammatory processes in the noise-exposed cochlea was explored. This intervention was
based on the selective activation of adenosine A;4 receptors in the cochlea using the selective
adenosine Ajs receptor agonist regadenoson. Regadenoson, a FDA approved drug, is
clinically used as a coronary vasodilator (pharmacological stress agent) for radionuclide

myocardial perfusion imaging in patients who are unable to undergo adequate exercise stress.

Mice in this study were randomly assigned to one of four treatment groups (n = 8 per group)
as shown in Table 3.4. Immediately following the cessation of acute noise exposure
(100 dB SPL, 8-16 kHz, 24 h), mice were lightly anaesthetised with a combination of
ketamine (38 mg/kg) and domitor (0.5 mg/kg) and then intracardially injected with
0.05 mg/kg of regadenoson (dissolved in 1% dimethyl sulfoxide (DMSO) in sterile saline
solution). For vehicle controls, an equivalent volume of 1% DMSO/saline was injected in a
similar manner. As for the AZARKO'/ " study, animals were euthanised at either 6 or 24 h after
noise exposure. Both cochleae from each mouse were collected, one used for

immunohistochemistry and the other for quantitative real-time RT-PCR.

Table 3.4: Treatment groups for regadenoson study

Treatment Endpoint (h) Sample size (n)
1 Regadenoson 24 8
2 Vehicie 24 8
3 Regadenoson 6 8
4 Vehicle 6 8

The efficacy of this adenosine-based treatment was determined by comparing the cochlear
expression of various inflammatory markers between regadenoson-treated mice and vehicle-
treated control mice. This involved assessing the number of A;sR-positive infiltrating cells
by immunofluorescence, the protein expression level (intensity and area) of ICAM-1 using
semi-quantitative immunoperoxidase histochemistry, and the gene expression levels of

TNF-0, ICAM-1, CCL2 and IL-1p using quantitative real-time RT-PCR.
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3.4. Animals

All studies conducted in this research project were carried out on male inbred C57BL/6 mice,
6 to 8 weeks old, weighing between 20 to 25 grams. Due to their fast reproductive rate, low
maintenance costs, relatively short life span, and physiological and genetic similarity with
humans, mice have been referred to as “biomedicine’s model mammal” (Malakoff, 2000).
Mice are a commonly used species in auditory research because of the anatomical and
physiological similarities of their auditory system to that of humans and the existence of
many genetically modified strains. C57BL/6 mice are a common inbred strain of laboratory
mice and are the most widely used rodent in the laboratory. Inbred strains of mice show less
inter-animal variability in noise-induced hearing loss studies compared to other animal
models (Wang ef al., 2002). Inbred mice also often show early onset age-related hearing loss,
and the C57BL/6 mouse strain is the most established experimental model of accelerated age-
related hearing loss. However, the onset of hearing loss in these mice occurs at 5 months of

age (Vlajkovic et al., 2011), much later than the age of mice used in the present study.

C57BL/6 mice were purchased from the Vernon Jansen Unit (VJU), an animal facility based
at the Faculty of Medical and Health Sciences, The University of Auckland, and were bred
under specific pathogen free (SPF) conditions. The animals were housed in standard wire
restraint cages (up to a maximum of either four or eight animals per cage depending on the
cage size) in the main warehouse, and maintained on a 12 h light/dark cycle under controlled
temperatures and relative humidity. Mice had free access to standard rodent chow and filtered
water at all times. The adenosine A4 receptor homozygous recessive knockout (AzARKO'/ D)
C57BL/6 mice used in study three were also sourced from the VJU, after importation of the
colony from the United States. These mice with a single receptor deletion are viable and have

only mildly impaired function (Fredholm et al., 2005b).

All animal experimental procedures carried out in these studies (as described in this chapter)
were approved by The University of Auckland Animal Ethics Committee (AEC number
R880) in accordance with the Animal Welfare Act 1999. The animals were cared for
according to the recommendations in the “Guide for the Care and Use of Laboratory
Animals” (National Institutes of Health), and all efforts were made to minimise the number

of animals used in the studies as well as their suffering.
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3.5. Noise Exposures

Noise exposures were carried out in a small custom-built sound exposure booth (Shelburg
Acoustics Pty Ltd, Croydon North, VIC, Australia), equipped with an internal light source
and ventilation system. The sound stimulus was produced by a noise generator, filtered,
amplified, and delivered via two internal speakers suspended from the ceiling of the booth.
The controls for sound generation and frequency selection were externally located. Animals
were placed in wire mesh cages positioned in the centre of the sound chamber directly
underneath the suspended speakers. Sound was gradually increased to the required decibel
level so as to not startle the animals. The sound exposure levels within the chamber at the
level of the animal cages were measured using a handheld calibrated sound level meter (Briiel
& Kjar Precision Sound Level Meter Type 2235, Naerum, Denmark). Mice were awake (i.e.
unanaesthetised), unrestrained and had free access to food and water throughout the duration
of the noise exposure. When not subjected to noise exposure, mice were housed in the
warehouse of the animal unit (VJU), under the care of VJU staff members, until the selected

endpoint of the study.

The animals in the acute noise exposure groups were exposed to 24 h of continuous octave
band (8-16 kHz) noise presented at 100 dB SPL, whereas those in the chronic noise exposure
groups were exposed to octave band (8-16 kHz) noise at 90 dB SPL for 2 h per day for either
one, two, three or four weeks. Mice assigned as controls were exposed to ambient noise

levels (55-65 dB SPL) in the VJU prior to being euthanized for tissue collection.

These sound levels are routinely used in our laboratory for mice and rats, and our experience
is that animals show limited signs of distress during noise exposure. Although we routinely
carry out acute noise exposures, this was the first time exposing animals to noise for such an
extended period. However, as the animals were exposed to non-traumatic sound levels (90 dB
SPL), no major impact on their welfare was expected, as the animals quickly adapt to noisy

environments. No animals showed signs of distress, including dehydration and weight loss.

For the noise-induced cochlear NF-kB activation experiments in study one, a few mice
(n=4), anaesthetised with ketamine (38 mg/kg) and domitor (0.5 mg/kg) intraperitoneally
(i.p.), were exposed to 110 dB SPL closed-field noise for 2 h. This was presented to the left

ear with a tube inserted into the external auditory canal and Connected to the speaker.



CHAPTER 3 | METHODS

3.6. Auditory Brainstem Responses (ABRs)

Auditory thresholds in a group of mice (n = 4) from the initial study (study one) were
measured 24 h before (baseline measurements) and four weeks after acute noise exposure
using auditory brainstem responses (ABRs). ABR represents the activity (sound evoked
potentials) of the auditory nerve and the central auditory pathways (brainstem/mid-brain
regions) in response to transient sounds (acoustic clicks or tone pips). It is a relatively simple,
quick and reliable technique for assessing auditory thresholds in small rodents (Willott,
2001). The ABR measurements were carried out within a double walled sound attenuating

(soundproof) booth (Shelburg Acoustics Pty Ltd, Croydon North, VIC, Australia).

The mice were firstly anaesthetised with a mixture of ketamine (38 mg/kg) and domitor
(0.5 mg/kg) injected intraperitoneally, and then placed onto a heating pad, to maintain body
temperature at 37 °C. ABRs were obtained by placing fine platinum electrodes subdermally
at the mastoid region of the ear of interest (active electrode), scalp vertex (reference) and
mastoid region of the opposite ear (ground electrode). Measurements were only performed on

the left ear for all animals.

The acoustic stimuli for ABR (4-32 kHz tone pips) were produced and the responses recorded
using a Tucker-Davis Technologies (TDT) ABR workstation (RZ6 Multi I/O Processor)
(Tucker-Davis Technologies, Inc., Alachua, FL, U.S.A.) controlled by a computer-based
digital signal processing package and software (BioSigRZ, TDT). ABRs were elicited with
digitally generated (using the signal design software, SigGenRZ, TDT) acoustic clicks (10 ps
square wave, alternating polarity) or pure tone pips (5 ms duration, 1.5 ms rise-fall time)

presented to the external auditory canal via a tube connected to an electrostatic speaker.

The stimuli were presented in 5 dB decrements of sound intensity from 90 dB SPL and the
acquired responses averaged at each sound level (1024 repeats with stimulus polarity
alternated). The ABR threshold was defined as the lowest intensity (to the nearest 5 dB)
capable of evoking a reproducible, visually detectable response, with a minimum amplitude
of 0.25 pV for Wave 1 of the ABR complex. The magnitude of the noise-induced threshold

shift was calculated as the difference between baseline and post-exposure threshold.
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3.7. Cochlear Tissue Preparation

Mice were euthanised at selected time points after noise exposure and their cochleae
extracted for molecular (quantitative real-time RT-PCR) and immunohistochemical analysis
of cochlear inflammation. At the end of their designated survival time, the animals were
deeply anaesthetised with a lethal dose of the anaesthetic sodium pentobarbitone (90 mg/kg)
administered intraperitoneally. Once deep anaesthesia was attained, as indicated by the
absence of withdrawal reflexes in response to firm pinching of the paws or pinna, intracardiac
perfusion was performed. The mouse was placed on its dorsal side and its chest cavity opened
to gain full access to the heart. With the heart held steady with forceps, a 22 gauge needle
connected to a manual perfusion pump system was inserted directly into the left ventricle.
The valve was released and the pressure increased using a handheld pump (80-100 mmHg) to
allow slow steady perfusion of flush solution throughout the body vasculature. The right
atrium was then immediately cut to bleed the animal and flush the circulation. The flush
solution comprised 0.9% sodium chloride (NaCl) in Milli-Q water (saline solution), with the
addition of 10% sodium nitrite (NaNO,), a vasodilator, and heparin, an anticoagulant. The

transcardiac perfusion was continued until the perfusate became clear.

On completion of whole-body perfusion, the mouse was decapitated and both the left and
right auditory/tympanic bullae were removed from the temporal bones. The cochlea was then
carefully dissected out from each bulla. From each mouse, one cochlea was immersed in 4%
paraformaldehyde (PFA)/0.1 M phosphate buffer (PB) (fixative solution; pH 7.4) in a small
petri dish and used for immunohistochemical staining, while the contralateral cochlea was
added to ice-cold Lysis/Binding Buffer (from Dynabeads® mRNA DIRECT™ Kit,
Ambion®, Life Technologies, Oslo, Norway) in a sterile microcentrifuge tube and used for
quantitative real-time RT-PCR. Cochleae used for mRNA extractions were carefully trimmed
to remove all non-cochlear tissue within the adjacent temporal bone which could potentially

interfere with mRNA expression levels of the inflammatory markers in the cochlea.

For the cochleae collected for immunohistochemistry, the oval and round windows were
opened to allow for intralabyrinthine perfusion of fixative solution (superfixation).
Approximately 80 nL of 4% PFA was perfused through each cochlea via the oval and round
windows. These cochleae were left immersed in the fixative solution overnight (post-fixation)

at 4°C. Decalcification of the cochleae was then carried out with 5%
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ethylenediaminetetraacetate (EDTA)/0.1 M PB for 6-7 days at 4°C, with the EDTA changed
every second day. The cochleaec were then cryo-protected via immersion in 30%
sucrose/0.1 M PB for 24 h. Following cryo-protection, the cochleae were rinsed twice with
0.1 M phosphate-buffered saline (PBS; pH 7.4), embedded in Tissue-Tek® O.C.T. (Optimal
Cutting Temperature) Compound (Sakura Finetek USA, Inc., Torrance, CA, U.S.A.) mounted
on a piece of tin foil, snap-frozen in n-pentane, and stored at -80 °C until required for

cryosectioning.

3.8. Immunohistochemistry

The expression and distribution of the cell adhesion molecules ICAM-1 and PECAM-1 in the
non-exposed and noise-exposed mouse cochlea was assessed by immunoperoxidase staining,
an immunohistochemical method in which target proteins are visualised by a peroxidase-
catalysed colour producing reaction. For the NF-«B transcription factor subunits (pS0 and
p65) and the adenosine A5 receptor, expression was localised using immunofluorescence,
which uses fluorophores to detect proteins in cells. Both methods of immunohistochemistry
rely on the specificity of antibodies to the corresponding antigen. All the primary and
secondary antibodies used in the present study, including their dilutions, are listed in Table
3.5 and Table 3.6 respectively. A titration (dilution series) for each antibody was firstly
carried out in order to obtain an optimal concentration of antibody that gave a high signal to

background ratio. All antibodies utilised in this study were cross-reactive with mice.

Frozen cochlear tissues were cryosectioned into either 20 pum (for immunoperoxidase
staining) or 30 um (for immunofluorescence) thick mid-modiolar sections using a cryostat
(Leica CM3050 S Cryostat, Leica Microsystems, Wetzlar, Germany). The fixed cochlear
cryosections were then transferred into a BD Falcon™ 24-well plate (BD Biosciences, San
Jose, CA, U.S.A.) prefilled with 0.1 M PBS. Immunohistochemistry was performed using the
free floating section method, and all procedures were carried out under a dissecting
microscope (Olympus SZ61, Olympus Corp., Tokyo, Japan). For all solutions used, 500 uL

was added to each well.



CHAPTER 3 | METHODS

Table 3.5: List of primary antibodies used for immunohistochemistry

1° Antibody Company Product # Conc. Dilution/Conc.  Source Specificity

BD 1:1600

ICAM-1 Biosciences 550287 125 pg/mL (0.0781 pg/mL) Hamster | Mouse
PECAM-1 Santa Cruz | sc-18916 200 pg/mL 1:800 Rat Mouse
§ K (0.25 pg/mL)
1:2500 . Mouse, rat,
NF-kB p65  Santa Cruz  sc-372 200 pg/mL (0.08 pg/mL) Rabbit human
1:200 Mouse, rat,
NF-kB p50  Santa Cruz | sc-1190 200 pg/mL (1 pg/mL) Goat human
AR Santa Cruz | sc-7504 200 pg/mL 1:100 Goat Mouse, rat
2A 2 (2 ug/mL) s

Table 3.6: List of secondary antibodies used for immunohistochemistry

2° Antibody Company Product # Conc. Dilution/Conc. Source Specificity

Biotinylated .

goat anti- Vector BA-9100 1.5 mg/mL 1:800 Goat Hamster
Labs (1.875 pg/mL)

hamster

Biotinylated = Vector 1:1600

BA-9400 1.5 mg/mL Goat Rat

goat anti-rat Labs (0.9375 pg/mL)

Alexa Fluor 1:400

488 goat Invitrogen | A-11034 2 mg/mL Goat Rabbit
anti-rabbit (5 ng/mL)

Alexa Fluor 1:200

488 donkey  Invitrogen | A-11055 2 mg/mL : Donkey | Goat
. (10 pg/mL)

anti-goat

3.8.1. Immunoperoxidase Staining

After being washed twice with 0.1 M PBS, the free floating cochlear sections were incubated
in 0.6% hydrogen peroxidase (H>O;) in methanol for 20 minutes at room temperature. This
allowed quenching of endogenous peroxidase activity and therefore prevention of potential
non-specific background staining. Blocking solution consisting of the serum from the species
in which the secondary antibody was raised (10% in 0.1 M PBS) was then added for 1 h at
room temperature to block non-specific binding of secondary antibodies. For both ICAM-1
and PECAM-1, normal goat serum (Invitrogen™, Life Technologies, Frederick, MD, U.S.A.)

was used. Triton X-100 (1%), a non-ionic detergent, was also included in the blocking
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solution to permeabilise cell membranes, allowing intracellular access of the antibodies.
Following blocking and permeabilisation, sections were incubated with the respective
primary antibody overnight at 4°C. Immunolabelling of ICAM-1 and PECAM-1 were carried
out with hamster anti-mouse ICAM-1 (CD54) (BD Biosciences, San Jose, CA, U.S.A.) and
rat anti-mouse PECAM-1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.)
respectively. The antibodies were diluted in a solution consisting of 10% normal goat serum

and 0.1% Triton X-100 in 0.1 M PBS.

On the second day, after three washes with 0.1 M PBS, sections were incubated in secondary
antibodies for 40 minutes at room temperature. Biotinylated goat anti-hamster IgG conjugate
was used for ICAM-1, and biotinylated goat anti-rat IgG conjugate was used for PECAM-1
(both from Vector Laboratories, Inc., Burlingame, CA, U.S.A.). The secondary antibodies
were diluted in a 0.1 M PBS solution containing 5% normal serum (from the same species as
the secondary antibody). Following secondary antibody incubation, sections were washed
three times in 0.1 M PBS and then incubated in avidin: biotinylated horseradish peroxidase
complex (Vectastain® Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA, U.S.A.)
for 40 minutes at room temperature. Formation of the ABC complex was achieved by mixing
the ABC reagents (1:50 of Reagent A and 1:50 of Reagent B) in 0.1 M PBS and allowing it to
stand for 40 minutes at room temperature prior to use. After another three washes, sections

were soaked in 0.1 M PBS overnight at 4°C.

Finally, sections were developed by the addition of 3, 3’-diaminobenzidine (DAB Peroxidase
Substrate Kit; Vector Laboratories, Inc., Burlingame, CA, U.S.A.), a chromogenic peroxidase
substrate that yields a brown stain/precipitate upon enzymatic reaction. The DAB working
solution consisted of DAB stock solution (1:50), buffer stock solution (1:50) and H,O, (1:50)
in Milli-Q water. Reactions were developed at room temperature and stopped by the
immediate removal of DAB and the addition of 0.1 M PBS. Development times were kept
between two and ten minutes and were consistent in all experimental groups. Control sections
from non-exposed cochleae were stained for the same duration as the corresponding sections
from noise-exposed cochleae. All sections were then rinsed twice with 0.1 M PBS, carefully
mounted on LabServ® frosted microscope glass slides (Thermo Fisher Scientific Ltd,
Auckland, New Zealand) in a small amount of mounting medium (glycerol/PBS; 1:1), and
covered with a coverslip (Marienfeld Laboratory Glassware, Lauda-K&nigshofen, Germany).

To prevent possible movement of the coverslip and dehydration during storage, coverslips
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were completely sealed at their edges with nail polish. Slides were stored at 4°C until
required for microscopic imaging. Immunostained cochlear sections were viewed by
brightfield microscopy (Nikon Eclipse 801 Microscope, Nikon Instruments Inc., Melville,
NY, U.S.A.) and images were obtained with a digital microscope camera (Nikon DS-5Mc)
attached to the light microscope. Image acquisition was controlled by NIS-Elements Basic
Research imaging software (version 2.30; Nikon), and images were captured using identical

acquisition parameters.

3.8.2. Immunofluorescence

To localise the cochlear expression of the two NF-kB subunits and the adenosine Aja
receptor, immunofluorescence staining was carried out. For NF-«B, this allowed clear
differentiation between nuclear and cytoplasmic immunolabelling in order to determine the
activation state of NF-xB. The general protocol for immunofluorescence was similar to that

of immunoperoxidase staining, but with fewer steps involved in a two-day protocol.

Frozen cochleae were cryosectioned at 30 microns and mid-modiolar cryosections were
washed twice in 0.1 M PBS. A 1 h blocking and permeabilisation step was then carried out at
room temperature as described above for immunoperoxidase staining followed by overnight
incubation in the primary antibody at 4°C. Rabbit anti-mouse NF-kB p65 and goat anti-
mouse NF-kB p50 primary antibodies (both from Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, U.S.A.) were used to localise the expression of the respective subunits. The Aja
receptor was labelled with goat anti-mouse adenosine AjsR antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, U.S.A.). Next, sections were incubated in Alexa
Fluor®-conjugated secondary antibodies (Molecular Probes®, Invitrogen™, Life
Technologies, Eugene, Oregon, U.S.A.) for 2 h in the dark at room temperature. Alexa
Fluor® 488 goat anti-rabbit IgG was used for p65, while Alexa Fluor® 488 donkey anti-goat
IgG was used for p50 and the adenosine A,s receptor. For the blocking solution, primary
antibody and secondary antibody solutions, normal goat serum was used for p65, whereas
normal donkey serum (Sigma-Aldrich, Inc., St. Louis, MO, U.S.A.) was used for p50 and the
adenosine Aja receptor. After three washes with 0.1 M PBS, the sections were mounted on
microscope glass slides in Citifluor AF1 Mountant Solution (Citifluor Ltd, London, UK), an

aqueous-based mounting medium composed of glycerol-PBS and an antifading reagent
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(prevents photobleaching). Immunofluorescence was visualised wusing fluorescence

microscopy (Nikon Eclipse 801 Microscope, Nikon Instruments Inc., Melville, NY, U.S.A.).

3.8.3. Negative Controls

To test for non-specific binding of secondary antibodies, negative controls were performed
by omitting the primary antibodies. For ICAM-1 and PECAM-1, another set of control
reactions were performed, whereby the primary antibody was replaced with an IgG antibody
(IgG isotype control) of the same species and isotype as the primary antibody of interest (and
at the same concentration) to test for the specificity of the primary antibody. The IgG isotype
controls used for the ICAM-1 and PECAM-1 antibodies were hamster IgG1, k chain (BD
Pharmingen™, BD Biosciences, San Diego, CA, U.S.A.) and rat IgG2a, « chain (BD
Pharmingen™, BD Biosciences, San Diego, CA, U.S.A.). For the antibodies that were raised
against peptide antigens (NF-kB p65/p50), an immunising peptide blocking experiment was
performed to determine the specificity of the antibody. This involved incubating/pre-
absorbing the antibody with a two-fold excess of the corresponding blocking peptide (both
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.) for 3 h at room temperature

using the orbital shaker incubator.

3.8.4. Quantitative Image Analysis of ICAM-1 Immunostaining

In addition to assessing ICAM-1 immunostaining qualitatively, semi-quantitative image
analysis based on pixel intensity and area of staining was carried out to provide a more
accurate assessment of the protein expression levels. Image analysis was performed using
Imagel (version 1.46r), an image processing and analysis software developed at the National
Institutes of Health (NIH). The inferior region of the spiral ligament of the upper basal and
middle cochlear turns were selected as the regions of interest for measurements as these areas
showed the strongest and most consistent immunostaining. Using the freehand selection tool,
the DAB stained region of interest (ROI) was selected, and intensity and area statistics were
then calculated by the software. For staining intensity measurements, the mean gray value
was determined by converting the RGB pixels in the image to grayscale/brightness values.
The mean gray value represents the sum of the gray values of all the pixels in the selection
divided by the total number of pixels. The lower the pixel value, the higher the intensity

(pixel values range from 0 to 255, with 0 representing black and 255 representing white). To
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present area measurements in calibrated units (um?®), the spatial scale of the images were
defined beforehand. For each cochlea, three to five mid-modiolar sections were analysed. The
mean gray values and areas of the ICAM-1 immunostaining in both cochlear turns were

averaged for each experimental group and presented relative to the control group.

3.9. Quantitative Real-Time RT-PCR

To quantify the mRNA expression levels of the proinflammatory cytokines TNF-a and IL-1f,
the chemokine CCL2, and the cell adhesion molecule ICAM-1 in the noise-exposed mouse
cochlea, a two-step quantitative real-time reverse transcription-polymerase chain reaction
(real-time RT-PCR) was carried out. Real-time RT-PCR is the benchmark technology for the
quantitative assessment of mRNA due to its simplicity, specificity and sensitivity (Bustin et
al., 2005). For each experimental group studied, cochlear mRNA samples (from a single
cochlea) from eight mice were used for the real-time RT-PCR analysis (n = 8). In the

adenosine Aj4 receptor knockout study, the sample size was five (n = 5).

3.9.1. Isolation of mMRNA

The first step of real-time RT-PCR involved the isolation of mRNA from the harvested
cochlea tissue samples (only one cochlea per animal was used). By measuring the amount of
mRNA, changes in gene expression levels in the cochlea can be determined. mRNA
extraction was performed using the Dynabeads® mRNA DIRECT™ Kit (Ambion®, Life
Technologies, Oslo, Norway), a simple procedure that allows rapid and direct isolation of
highly purified and intact polyadenylated (polyA) mRNA from crude lysate (Figure 3.1). It
relies on base pairing between the polyA residues at the 3° end of mRNA and the oligo(dT);s
residues covalently coupled to the surface of the Dynabeads® (uniform, superparamagnetic
beads). Other RNA species without a polyA tail (e.g. ribosomal RNA, transfer RNA, micro
RNA and small nucleolar RNA) do not hybridise to the beads and are discarded.

Firstly, the extracted cochlea was homogenised in 600 pL of ice-cold Lysis/Binding Buffer
(100 mM Tris-HCl pH 7.5, 500 mM LiCl, 10 mM EDTA pH 8, 1% LiDS, 5mM
dithiothreitol (DTT), RNase inhibitors) using an autoclaved Teflon mini-pestle. After being

spun for one minute at high speed (13,000 rpm) in a microcentrifuge (Microcentrifuge
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5415D, Eppendorf, Hamburg, Germany) to remove debris, the tissue lysate was transferred to
a sterile (RNase- and DNase-free) microcentrifuge tube containing pre-conditioned
(resuspended) magnetic Dynabeads® Oligo(dT),s (5 mg/mL). The Dynabeads® were
continuously mixed with the tissue lysate for five minutes at room temperature to allow the
polyA-tails of mRNA to anneal/hybridise to the oligo(dT)s on the beads. Later, the
Dynabeads® mRNA complex was magnetically separated from the mixture and washed with
two different washing buffers; twice with 600 pL of Washing Buffer A (10 mM Tris-HCI
pH 7.5, 0.15 M LiCl, 1 mM EDTA, 0.1% LiDS) and once with 300 pL of Washing Buffer B
(10 mM Tris-HCI1 pH 7.5, 0.15 M LiCl, I mM EDTA). Following the washing steps, mRNA
was eluted from the Dynabeads® by adding 10 pL of cold elution buffer (10 mM Tris-HCI,
pH 7.5) and incubating the mixture at 67°C for two minutes in a PCR thermal cycler
(PTC-100 Programmable Thermal Controller, MJ Research, Inc., Waltham, MA, U.S.A.).
Finally, the eluate (supernatant) containing the total cochlear mRNA was transferred to an

RNase-free tube and stored at -80°C until needed for reverse transcription.
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Figure 3.1: Dynabeads® mRNA Direct™ workflow. Outline of the protocol for isolating
mRNA from a crude starting sample using Dynabeads Oligo(dT)25. The isolated mRNA is
suitable for use in all downstream molecular biology applications. (Figure reproduced from

Dynabeads” mRNA Direct™ Kit User Guide, Life Technologies, Inc. (2012)).

3.9.2. First-Strand cDNA Synthesis (Reverse Transcription)

Following the extraction of total cochlear mRNA, first-strand complementary DNA (cDNA)
synthesis (reverse transcription) from the mRNA was carried out using the SuperScript® II1
First-Strand Synthesis SuperMix Kit (Invitrogen™, Life Technologies, Carlsbad, CA,
U.S.A.). Components used for the reactions included SuperScript® III/RNaseOUT™ Enzyme
Mix (contains SuperScript® III Reverse Transcriptase and RNaseOUT™ Recombinant
RNase Inhibitor), 2X First-Strand ReactionMix (centains, 10 mM MgChiand 1 mM of each
dNTP), random hexamers, and*annéaling*buffer. The RNaS€*inhibitor mcluded*in the enzyme
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mix prevents possible degradation of target RNA that could occur from contamination of the
RNA preparation with ribonucleases. For each mRNA sample, a negative reverse
transcriptase control (-RT) was also included, whereby diethyl pyrocarbonate (DEPC)-treated

water (i.e. RNase-free water) was added in place of reverse transcriptase.

The procedure first involved combining 5 pL of each mRNA sample with 1 pL each of
random hexamers, annealing buffer and DEPC-treated water. For the —RT controls, half the
volume of each component was used (i.e. 2.5 pL of mRNA and 0.5 pL each of random
hexamers, annealing buffer and DEPC-treated water). Next, the reaction mixtures were
incubated in a thermal cycler (PTC-100 Programmable Thermal Controller, MJ Research,
Inc., Waltham, MA, U.S.A.) at 65°C for 5 minutes. After collecting the contents by brief
centrifugation, 10 uL of 2X First-Strand Reaction Mix and 2 pL of SuperScript®
III/RNaseOUT™ Enzyme Mix were added to the +RT samples, and 5 pL of 2X First-Strand
Reaction Mix and 1 pL of DEPC-treated water were added to the —RT samples. The reaction
mixtures, each with a total volume of 20 pL (+RT) or 10 uL (-RT), were then vortexed and
centrifuged and incubated in a PCR thermal cycler at 25°C for 10 minutes, at 50°C for 50
minutes, followed by 5 minutes at 85°C to terminate the reactions. Finally, the ¢cDNA
samples were immediately chilled on ice, and then stored at -20°C until required for real-time

PCR.

3.9.3. Real-Time PCR

The synthesised first-strand cDNA templates were then amplified by real-time PCR using
TagMan® Universal PCR Master Mix (Applied Biosystems®, Life Technologies,
Branchburg, NJ, U.S.A.), which contains AmpliTaq Gold® DNA polymerase and
deoxynucleotide triphosphates (dNTPs), and predesigned TagMan® Gene Expression
Assays, which consist of a pair (forward and reverse) of unlabelled mouse-specific PCR
primers and a TagMan® MGB probe proprietary to Applied Biosystems® (Life
Technologies, Foster City, CA, U.S.A.). The MGB probe contains a reporter dye (FAM dye)
at the 5’ end, a minor groove binder (MGB) and a nonfluorescent quencher (NFQ) at the 3’
end. B-actin was also quantified for each cDNA sample as an endogenous control
“housekeeping” gene to normalise the PCR results. In contrast to the target genes, the probe

for B-actin was VIC dye-labelled instead of FAM dye-labelled. Table 3.7 shows the Assay
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ID, GenBank® Accession number and the dye of the TagqMan® MGB probe for each
TagMan® Gene Expression Assay.

Table 3.7: Primer/probes used for real-time PCR

Target Gene Assay ID* Acces(;ie(:llf3 ;ﬁlﬁer** Ta?}:‘/{ﬁ)ne@Dl;/IeGB
TNF-a Mm00443258 ml NM 013693.2 FAM
IL-1p MmO01336189 ml NM 008361.3 FAM
CCL2 MmO00441242 ml NM 011333.3 FAM
ICAM-1 MmO00516023 ml NM _010493.2 FAM
B-actin MmO00607939 sl NM 007393.3 VIC

*The Assay ID is a unique, alphanumeric string that identifies the TagMan® Gene Expression Assay
and encodes descriptive information. The prefix indicates the species to which the assay is designed —
in this case Mm refers to Mus musculus. The suffix indicates the assay placement (_m identifies an
assay that amplifies a region spanning an exon junction; _s identifies an assay whose primers/probes
are designed within a single axon. **GenBank is the National Institutes of Health (NIH) genetic
sequence database — the accession number is a unique identifier assigned to a particular genome or

protein sequence.

Separate PCR master reaction mixtures were prepared for each TagMan® Gene Expression
Assay (TNF-a, IL-1B, CCL2, ICAM-1, and B-actin). The components comprising the master
reaction mixes included TagMan® Universal PCR Master Mix, the specific primers and
probes, and DEPC-treated H,O. These were all combined in a sterile (RNase- and DNase-
free) microcentrifuge tube. The volume and final concentration of each component of the
master mixes for the target genes and for B-actin are shown in Table 3.8 and Table 3.9
respectively. Because each reaction included only one pair of primers (i.e. primers amplifying
target genes and those amplifying the endogenous control were in separate reactions), this

method is known as a singleplex PCR.
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Table 3.8: PCR master mix for target genes (TNF-a, IL-1p, CCL2 and ICAM-1)

Reaction Component Single Reaction Volume  Final Concentration

TagMan® Universal PCR Master

Mix (2X) 6.25 uL 1X
Target Gene Primer/Probe (20X) 0.625 uL 1X
DEPC-treated H,O 4.625 uL -

Table 3.9: PCR master mix for p-actin

Reaction Component Single Reaction Volume  Final Concentration
TagMan® Universal PCR Master
Mix (2X) 6.25 L 1X
B-Actin Primer/Probe (60X) 0.21 pL 1X
DEPC-treated H,O 5.04 uL -

Once the master reaction mixtures were prepared, 11.5 pL was aliquoted into each assigned
well of a MicroAmp® Optical 384-Well Reaction Plate (Applied Biosystems®, Life
Technologies, Foster City, CA, U.S.A.), and then 1 pL of cDNA from each sample was
added, making up a total reaction volume of 12.5 pL. Each sample was run in triplicates (two
+RT reactions and a single —RT reaction). Two no template controls (NTCs; first-strand
cDNA omitted), were also included for each TagMan® Gene Expression Assay on the plate.
This entire procedure was carried out within an Esco PCR Laminar Flow Cabinet (Esco
Micro Pte. Ltd., Singapore), which provides protection against contamination from the
ambient environment and cross-contamination within the chamber. The plate was then sealed
with an ABI PRISM® Optical Adhesive Cover (Applied Biosystems®, Foster City, CA,
U.S.A.) and spun down at 3000 rpm for 5 to 10 minutes in a centrifuge (Heraeus Multifuge
X3 Centrifuge, Thermo Fisher Scientific, Langenselbold, Germany). After verifying that each
mixture was positioned at the bottom of the wells and no air bubbles were present, real-time
PCR was run using the 7900HT Fast Real-Time PCR System (Applied Biosystems®, Foster
City, CA, U.S.A.). The thermal cycling protocol included 2 min at 50°C, 10 min at 95°C and
40 cycles of 15 s at 95°C and 1 min at 60°C. Each PCR run took approximately 1.5 h.

Raw data acquired from the real-time PCR system were analysed using the Sequence
Detection System (SDS) Software v2.3 (Applied Biosystems®). Relative quantification of

gene expression for each inflammatory marker was determined using the comparative Cr
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method (also referred to as the 224°) method) (Livak & Schmittgen, 2001). Fold changes,
which allowed comparisons to be made between non-exposed controls and noise-exposed
mice, and between vehicle controls and drug-treated mice, were determined as follows. Cr
values measured from the real-time PCR experiment were used to calculate delta Cr values
(ACt = Cr target - Cr p-actin)- AACr values per sample were then determined by subtracting the
average ACr of the control group from the ACr of each sample of the experimental group.
This was followed by averaging the AACt values per sample in each group. Finally, the fold
change in the target gene expression relative to the control group was calculated from the
formula: 2('AACT) if AACt< 0 or (-1)/2('AACT) if AACt> 0. To determine whether there were
any significant differences between the groups, real-time PCR results were statistically
evaluated using a one-way ANOVA followed by Tukey’s post-hoc multiple comparisons test

or a Student’s #-test (two tails of unequal variances) of the AACr values.

3.10. Drug (Regadenoson) Preparation and Administration

The selective adenosine A,s receptor agonist, regadenoson, was administered in mice
(Study 3) to activate adenosine A receptors in the noise-exposed cochlea in an attempt to
suppress the noise-induced inflammatory response. A stock solution of regadenoson (Toronto
Research Chemicals Inc., Toronto, Ontario, Canada) was initially prepared by suspending
2.5 mg of the drug (an off-white to pale beige solid) in 2 mL of DMSO (Sigma-Aldrich, Inc.,
St. Louis, MO, USA) to give a concentration of 1.25 mg/mL. From this, a working solution
(1:100 dilution) was prepared by dissolving 10 pL of the stock solution in 990 pL of sterile
saline solution (0.9% NaCl) to give a final drug concentration of 12.5 pg/mL. This was a
clear and colourless solution. For vehicle controls, DMSO was diluted in sterile saline
solution to the same concentration (1%). The working solution of regadenoson and the
vehicle solution were aliquoted and stored at -20°C for later use. When required, the aliquots

were thawed at room temperature before administration.

Regadenoson was administered immediately following the cessation of acute noise exposure
via a single intracardiac injection (i.e. through the left ventricle of the heart) using an insulin
syringe with a 30 gauge needle. Mice received a 0.05 mg/kg dose of regadenoson; 1.25 ug
per 25 g mouse, which is 100 pL of the drug working solution (12.5 pg/mL). An equivalent

volume of vehicle solution (1% DMSO/saline) was given to animals serving as controls. The
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animals were firstly anaesthetised with an intraperitoneal injection of ketamine (38 mg/kg)
and domitor (0.5 mg/kg). When determined to be fully anaesthetised (i.e. the loss of
withdrawal reflexes), the mouse was laid down in the supine position on a heating pad
(~30°C) and the chest area sterilised with 70% ethanol. After ensuring the absence of air
bubbles in the syringe, the needle was carefully inserted (at a 30° angle) directly into the left
side of the sternum in the third intercostal space. The plunger of the syringe was pull backed
slightly and the presence of blood within the syringe indicated the correct positioning of the
needle in the left ventricle. The drug solution was then injected and the needle quickly
removed from the chest. Upon completion of the procedure, the animal was placed back into
the cage, and allowed to completely recover from anaesthesia. The animal was carefully
monitored, especially during the first hour after drug injection, until it was fully awake. Body

weight was measured prior to treatment and again before the animal was euthanised.

3.11. Statistical Analysis

Differences between two experimental groups were analysed using a Student’s ¢-test
(paired/unpaired, unequal variances) (Microsoft Excel 2013) while a one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc multiple comparisons test (IBM IPSS
Statistics v20) was used for comparisons of three or more groups. A paired Student’s #-test
was used to compare baseline and post-exposure ABR thresholds (tone pips and auditory
clicks), while an unpaired Student’s #-test was used to compare vehicle and drug-treated
mice, and wild-type and A>ARKO™ mice. One-way ANOVA was used to compare the gene
expression levels, intensity and area of ICAM-1 immunostaining, and number of A;sR-
positive infiltrating cells at different time points. Tukey’s post-hoc multiple comparisons
tables for all analysis are included in Appendix B for reference. A p value of less than 0.05
was considered statistically significant, with ranges denoted as *p < 0.05; **p <0.01;

**%p <0.001. All data were presented as the mean + standard error of the mean (SEM).
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CHAPTER 4: RESULTS

4.1. General Observations

The mice in this study showed no major discernible behavioural changes, during or after
noise exposure, relative to control mice exposed to ambient noise (55-65 dB SPL). The
animals showed no signs of pain or distress, and appeared healthy (with normal fur and
posture), active, and ate and drank normally. In addition, mice treated intracardially with the

drug regadenoson or vehicle solution appeared normal, with no observable side effects.

Prior to intracardiac perfusion and cochlear tissue collection, a brief otoscopic examination
was performed on each mouse while they were under general anaesthesia induced with
sodium pentobarbitone (90 mg/kg, i.p.). This involved inspecting the tympanic membranes
(eardrums) of both ears under a dissecting microscope for evidence of middle ear infection.
The presence of signs such as milkiness/cloudiness of the tympanic membrane and dilated
blood vessels would strongly indicate the occurrence of middle ear inflammation, and the
mouse would be excluded from the study. None of the mice inspected displayed signs of

middle ear infection.

4.2. STUDY 1: Cochlear Inflammatory Response Associated
with Acute Noise Exposure

This initial study was undertaken to characterise the underlying mechanisms of the
inflammatory response and its time course in the mouse cochlea following acute traumatic
noise exposure. It hereby provides a foundation for the subsequent studies. To study the
cochlear inflammatory response, a mouse model of noise-induced cochlear injury/permanent
threshold shift was developed by exposing young adult (6 to 8 weeks old) wild-type C57BL/6
mice to continuous open-field octave band (8-16 kHz) noise presented at 100 dB SPL for
24 h.
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4.2.1. Auditory Brainstem Responses (ABRSs)

To verify that the noise stimulus used in the acute noise exposure studies caused permanent
hearing loss (permanent threshold shift), the hearing sensitivity of a group of mice (n =4)
was assessed using sound-evoked ABR responses. ABR thresholds were measured 24 h prior
to noise exposure (baseline measurement) and one month after noise exposure (final

measurement).

Baseline ABR thresholds were consistent with our previous studies (Vlajkovic ef al., 2011)
and comparable in all animals tested within the group. The average pre-exposure ABR
thresholds to tone pips ranged from 26.3 £ 2.4 dB SPL to 37.5 £ 2.5 dB SPL over the
4-32 kHz frequency range used in the study (Figure 4.1). The average hearing threshold with

an acoustic click stimulus in these mice was 33.8 + 2.4 dB SPL (Figure 4.3).

Post-exposure ABR thresholds were significantly elevated above baseline thresholds.
Threshold shifts (the difference between baseline and post-noise threshold measurements)
evaluated using pure tone-evoked ABRs ranged from 7.5 + 2.5 dB at 4 kHz to a maximum of
56.3 + 2.4 dB at 20 kHz. These threshold shifts were statistically different from baseline
(» <0.05 to p <0.001, paired t-test), apart from the threshold shift at 4 kHz (p > 0.05, paired
t-test) (Figure 4.1 and Figure 4.2). The average post-exposure threshold to an acoustic click
stimulus was 51.3 £+ 1.3 dB, a threshold shift of 17.5 + 1.4 dB (p <0.01, paired #-test) (Figure
4.3).

These results indicate that mice sustain permanent threshold shift (permanent hearing loss)
following exposure to 100 dB SPL octave band (8-16 kHz) noise for 24 h, extending beyond
the frequency range (8-16 kHz) of the noise.
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ABR Thresholds to Tone Pips
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Figure 4.1: Auditory brainstem response (ABR) thresholds to tone pips prior to and one

month after acute noise exposure. The graph illustrates the mean ABR threshold (dB SPL)

to tone pips across the 4-32 kHz frequency range before (baseline measurement; blue line)

and one month following acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h;

green line). The noise-exposed mice sustained permanent hearing loss (permanent threshold

shift) as indicated by the large thréshold shifts observed. Data presented as mean + SEM

(n =4 per group). *p <0.05, **p <0.01, **%p < 0.001; paired ¢-test.
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ABR Threshold Shifts to Tone Pips
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Figure 4.2: Auditory brainstem response (ABR) threshold shifts to tone pips one month
after acute noise exposure. The graph illustrates the ABR threshold shifts (dB) to tone pips
across the 4-32 kHz frequency range one month following acute exposure to traumatic noise
(100 dB SPL, 8-16 kHz for 24 h). Threshold shifts, which were calculated as a difference
between baseline and post-noise exposure thresholds, ranged from 7.5 + 2.5 dB to 56.3 +
2.4 dB across the frequency range. Data presented as mean = SEM (n = 4 per group).
*p <0.05, **p <0.01, ***p <0.001; paired ¢-test.
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ABR Thresholds to Acoustic Clicks
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Figure 4.3: Auditory brainstem response (ABR) thresholds to acoustic clicks prior to
and one month after acute noise exposure. The graph illustrates the mean ABR threshold
(dB SPL) to an acoustic click stimulus before (baseline measurement) and one month
following acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). The mean
threshold increased from 33.8 + 2.4 dB SPL to 51.3 = 1.3 dB SPL, representing an average
threshold shift of 17.5+ 1.4 dB. Data presented as mean = SEM (n = 4 per group).
**p <0.01; paired ¢-test.

4.2.2. Gene Expression Levels of TNF-a, CCL2, ICAM-1 and IL-1 in the
Noise-Exposed Cochlea

To identify the molecular changes associated with noise-induced cochlear inflammation, a
two-step quantitative real-time RT-PCR analysis was conducted to evaluate the mRNA
transcript levels of several key inflammation-related genes including the proinflammatory
cytokines TNF-a and IL-1p, the chemokine CCL2, and the cell adhesion molecule ICAM-1.
These inflammatory mediators have important roles in mediating the recruitment and
infiltration of inflammatory cells into tissues. Cochleae were harvested at four different time
intervals after noise exposure (6 h, 1 day, 3 days or 7 days) in order to assess the dynamics of

gene expression (n = 8§ per time point).
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Using the comparative Cr (2('AACT)) method (Livak & Schmittgen, 2001), relative changes in
mRNA expression levels between noise-exposed groups and non-exposed controls were
assessed. The Cr values of each sample were normalised to the endogenous housekeeping
gene, P-actin. Furthermore, a one-way ANOVA followed by Tukey’s post-hoc multiple
comparisons test was performed to determine the significance of the fold changes (see

Appendix B1 for the Tukey’s post-hoc multiple comparisons tables).

The relative mRNA expression levels of each inflammatory mediator were analysed at the
four time points following noise exposure and displayed in the graphs below (Figure 4.4 to
Figure 4.7). Note that the scale of the vertical bars (fold change) is different for each of the
target genes. Interestingly, all genes displayed similar dynamics of expression, with an early
upregulation at 6 h post-exposure followed by a subsequent peak at 7 days post-exposure. At
6 h post-exposure, TNF-o, CCL2, ICAM-1 and IL-1B increased by 4.6-fold, 22.9-fold,
3.8-fold and 1.6-fold respectively relative to non-exposed controls (p < 0.001 for TNF-a and
CCL2, p < 0.05 for ICAM-1, p > 0.05 for IL-1B; one-way ANOVA). At 7 days post-
exposure, the respective fold changes for TNF-a, CCL2, ICAM-1 and IL-1B were 5.7, 4.7,
5.1 and 1.6 (p < 0.001 for TNF-a and ICAM-1, p < 0.01 for CCL2, p > 0.05 for IL-1B;
one-way ANOVA). The results therefore demonstrate a biphasic inflammatory response
following acoustic overstimulation. No amplification was detected in the no template controls
(reaction mixtures with no cDNA template) or in the —RT controls (omission of the reverse

transcriptase) in all real-time PCR runs.

Of the four inflammatory genes examined, CCL2 showed the greatest increase in mRNA
expression at 6 h post-exposure relative to controls, about five times higher than that for
TNF-o. Furthermore, the gene expression level of CCL2 at 7 days post-exposure was
significantly lower than that of the initial peak at 6 h post-exposure (p < 0.01, one-way
ANOVA). However, for TNF-a, ICAM-1 and IL-18, gene expression levels at the two time
points were comparable (p > 0.05, one-way ANOVA).

In addition to these inflammatory genes, the transcriptional expression of IL-6, another key
proinflammatory cytokine, was also examined in this study. However, the primer/probe
combination for IL-6 (Applied Biosystems®, Life Technologies, Foster City, CA, U.S.A) did
not detect IL-6 specific mRNA in any of the cochlear samples.
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TNF-a Gene Expression in the Noise-Exposed Mouse Cochlea
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Figure 4.4: Quantitative real-time RT-PCR analysis of TNF-a gene expression in the
CS7BL/6 mouse cochlea following acute noise exposure. The graph illustrates the fold
change in gene expression of TNF-a at 6 h, 1 day, 3 days and 7 days following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h) relative to non-noise exposed
controls. Two peaks in TNF-o expression were observed; an early upregulation at 6 h
(4.6-fold increase) and a later peak at 7 days post-exposure (5.7-fold increase). Data
presented as mean + SEM (n = 8 per group). ***p < 0.001, relative to the control group

(one-way ANOVA followed by Tukey’s post-hoc test).
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CCL2 Gene Expression in the Noise-Exposed Mouse Cochlea
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Figure 4.5: Quantitative real-time RT-PCR analysis of CCL2 gene expression in the
CS7BL/6 mouse cochlea following acute noise exposure. The graph illustrates the fold
change in gene expression of CCL2 at 6 h, 1 day, 3 days and 7 days following acute exposure
to traumatic noise (100 dB SPL, 8-16 kHz for 24 h) relative to non-noise exposed controls.
Two peaks in CCL2 expression were observed; an early upregulation at 6 h (22.9-fold
increase) and a later peak at 7 days post-exposure (4.7-fold increase). Data presented as mean
+ SEM (n = 8 per group). **p < 0.01, ***p < 0.001; relative to the control group (one-way
ANOVA followed by Tukey’s post-hoc test).
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ICAM-1 Gene Exression in the Noise-Exposed Mouse Cochlea
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Figure 4.6: Quantitative real-time RT-PCR analysis of ICAM-1 gene expression in the
CS7BL/6 mouse cochlea following acute noise exposure. The graph illustrates the fold
change in gene expression of I[CAM-1 at 6 h, 1 day, 3 days and 7 days following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h) relative to non-noise exposed
controls. Two peaks in ICAM-1 expression were observed; an early upregulation at 6 h
(3.8-fold increase) and a later peak at 7 days post-exposure (5.1-fold increase). Data
presented as mean £ SEM (n = 8 per group). *p < 0.05, ***p < 0.001; relative to the control
group (one-way ANOVA followed by Tukey’s post-hoc test).
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IL-1B Gene Expression in the Noise-Exposed Mouse Cochlea
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Figure 4.7: Quantitative real-time RT-PCR analysis of IL-1p gene expression in the
CS7BL/6 mouse cochlea following acute noise exposure. The graph illustrates the fold
change in gene expression of [L-1 at 6 h, 1 day, 3 days and 7 days following acute exposure
to traumatic noise (100 dB SPL, 8-16 kHz for 24 h) relative to non-noise exposed controls.
Two peaks in IL-1P expression were observed; an early upregulation at 6 h (1.6-fold
increase) and a later peak at 7 days post-exposure (1.6-fold increase), however these showed
no statistically significant difference from the control group (p > 0.05, one-way ANOVA
followed by Tukey’s post-hoc test). Data presented as mean = SEM (n = 8 per group).

4.2.3. NF-kB Activation in the Noise-Exposed Cochlea

The gene expression levels of these cytokines, chemokines and cell adhesion molecules are
regulated by the nuclear transcription factor NF-xB. In this section of the study, the noise-
induced cochlear activation of p65 and p50, the two main subunits of NF-kB, were examined.
These NF-kB subunits normally exist together as heterodimers in the cytoplasm of quiescent
cells, and when activated, translocate to the nucleus, where they bind to their target

promoters, inducing the expression of numerous inflammatory mediators.

Immunofluorescence was carried out to localise the protein expression of NF-kB p65 and p50
in the normal and noise-exposed mouse cochlea (n = 2). In the non-exposed cochlea, p65

immunoreactivity was localised primarily in the spiral ligament, stria vascularis (marginal
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cells), spiral limbus and organ of Corti (Figure 4.8a and Figure 4.9a), whereas p50
expression was observed in the spiral ligament and spiral ganglion (Figure 4.10a, b). As
expected, the immunofluorescence in these cells was confined to the cytoplasm in the non-
noise exposed cochlea, which indicates the latent form of NF-kB. No remarkable differences
in the immunostaining pattern of p65 and p50 were found among the turns of the cochlea.

However, it was surprising that p65 and p50 differ in their immunolocalisation in the cochlea

(apart from the spiral ligament) because the|two subunity are normally located together as

heterodimers.

At 6 h following exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h), the
cytoplasmic immunofluorescence of p65 (Figure 4.8b, d) and p50 decreased substantially in
intensity compared with the non-exposed cochlea. However, the expected nuclear
translocation (i.e. the shift in immunostaining from the cytoplasm to the nucleus) of p65 and
p50, indicating their activation, was not observed. It was suspected that NF-xB might have
been activated earlier during the 24 h noise exposure, so the noise exposure was shortened to
2 h and NF-kB activation was tested immediately, 2 h or 6 h after exposure (n = 2 per time
point). These experiments produced similar results to the initial findings (Figure 4.9b, d and
Figure 4.10c, d). Even after exposing mice to higher noise levels (110 dB SPL for 2 h), no
nuclear staining of the NF-kB subunits was detected (data not shown) either immediately or

2 h after noise exposure (n = 2 per time point).

Immunoperoxidase staining was carried out before immunofluorescence staining was
attempted. However, it was found that the p65 and p50 immunolabelling in the cochlea was
best resolved with immunofluorescence. As a negative control while carrying out
immunoperoxidase histochemistry, a peptide blocking experiment was performed in which
the primary antibodies for p65 and p50 (the same antibodies used for immunofluorescence)
were pre-absorbed with the corresponding immunising peptides. This abolished the
immunostaining for both p65 (see Appendix Al: Figure A.1) and p50 (see Appendix A2:
Figure A.2), confirming the specificity of the respective antibodies. In addition, negative
controls using cochlear sections without the primary antibodies for p65 and p50 were also
carried out (no primary antibody controls). As shown in the images below, sections were
completely devoid of immunofluorescence staining in the absence of the p65 (Figure 4.8e

and Figure 4.9¢) and p50 (Figure 4.10e, f) antibodies.
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Control

Figure 4.8: NF-kB p65 immunofluorescence in the C57BL/6 mouse cochlea before and
6 h after acute (24 h) noise exposure. (a) In the non-noise exposed cochlea, strong NF-«xB
p65 immunofluorescence was observed in the spiral ligament, marginal cells of the stria
vascularis, organ of Corti and spiral limbus. Immunolabelling in these cell types was
confined to the cytoplasm (¢), indicative of the latent form of p65. (b) At 6 h following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h), cytoplasmic
immunofluorescence intensity decreased substantially in all cochlear regions. Nuclear
staining of p65 was not detected in either the non-exposed control (¢) or noise-exposed (d)
cochlea (arrows point to the clear nuclei of the cells). Image (c¢) and (d) are 40x
magnifications of the spiral ligament in (a) and (b) respectively. (e¢) No immunostaining was
detected when the primary antibody for p65 was omitted. Abbreviations: SL, spiral ligament;
SV, stria vascularis; OC, organ of Corti; SLm, spiral limbus; SG, spiral ganglion. Scale bars

=50 pum.
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Control

(c) Control

Figure 4.9: NF-kB p65 immunofluorescence in the C57BL/6 mouse cochlea before and 6
h after acute (2 h) noise exposure. (a) In the non-noise exposed cochlea, strong NF-kB p65
immunofluorescence was observed in the spiral ligament, marginal cells of the stria
vascularis, organ of Corti and spiral limbus. Immunolabelling in these cell types was
confined to the cytoplasm (c¢), indicative of the latent form of p65. (b) At 6 h following acute
exposure to traumatic noise (100 dB. SPL, 8-16 kHz for 2 h), cytoplasmic
immunofluorescence intensity decreased in all cochlear regions. Nuclear staining of p65 was
not detected in either the non-exposed control (¢) or noise-exposed (d) cochlea (arrows point
to the clear nuclei of the cells). Image (c) and (d) are 40x magnifications of the spiral
ligament in (a) and (b) respectively. (e) No immunostaining was detected when the primary
antibody for p65 was omitted. Abbreviations: SL, spiral ligament; SV, stria vascularis; OC,

organ of Corti; SLmyspiral limbus; SG, spiral ganglion. Scale bars = 50 um.
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(a) Control (b) Control

SLm

(d) Noise

(e) No 1° Ab (f) No 1° Ab

Figure 4.10: NF-kB p50 immunofluorescence in the C5S7BL/6 mouse cochlea at 6 h after
acute (2 h) noise exposure. In the non-noise exposed cochlea, weak NF-«xB p50
immunofluorescence was observed in the spiral ligament (a) and moderate
immunofluorescence in the spiral ganglion (b). As with p65, immunolabelling was confined
to the cytoplasm, indicative of the latent form of p50. At 6 h following acute exposure to
traumatic noise (100 dB SPL, 8-16 kHz for 2 h), cytoplasmic immunofluorescence intensity
decreased in both cochlear regions (¢, d). Nuclear staining of p5S0 was not detected in either
the non-exposed control or noise-exposed cochleae. No immunostaining was detected when
the primary antibody for p50 was omitted (e, f). Abbreviations: SL, spiral ligament; SLm,

spiral limbus; SG, spiral ganglion. Scale bars = 50 pm.
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4.2.4. ICAM-1 Immunoexpression in the Noise-Exposed Cochlea

Using immunoperoxidase staining, the tissue expression and distribution of two key vascular
cell adhesion molecules, ICAM-1 and PECAM-1, was characterised in the noise-exposed
mouse cochlea. To assess the time-dependent changes in their protein expression following
noise exposure, cochleae were harvested from mice at four different time intervals after noise

exposure (6 h, 1 day, 3 days and 7 days) (n = 8 per time point).

ICAM-1 has a critical role in mediating the temporary immobilisation of leukocytes to the
luminal surface of vascular endothelial cells in preparation for their extravasation. The
overall distribution of ICAM-1 expression in the normal non-exposed mouse cochlea is
shown in Figure 4.11a. ICAM-1 immunoreactivity was localised primarily in the inferior
region of the spiral ligament, specifically in the type IV fibrocytes and vascular endothelial
cells of blood vessels (see Figure 4.12a and Figure 4.13a for higher magnification images of
ICAM-1 immunostaining in the basal and middle turn spiral ligament respectively). Other
blood vessels in the spiral ligament, stria vascularis, spiral limbus, and spiral ganglion also
showed ICAM-1 immunolabelling. In addition, the endothelium of collecting venules below
the lateral wall (see Figure 4.12e) and endosteal cells lining the scala tympani were also
labelled. Following acute exposure to traumatic noise, expression of ICAM-1 increased
markedly, reaching maximum expression one day (24 h) after acoustic injury (Figure 4.12¢
and Figure 4.13c¢). The ICAM-1 immunopositive area in the spiral ligament became more
intense and expanded to cover a considerably greater area of the inferior region. The
immunoexpression of ICAM-1 therefore corroborates the gene expression data (Figure 4.6),
with maximum protein expression occurring shortly following peak levels of gene expression

(6 h post-exposure).

The immunohistochemical staining pattern of ICAM-1 was similar along the entire length of
the cochlea. However, the immunostaining area in the spiral ligament of the basal turn of the
cochlea (Figure 4.12) was considerably larger in size due to the lateral wall of the basal turn
being much thicker in comparison to the other turns (Figure 4.13). In contrast to the basal
and middle turn, relatively weaker ICAM-1 immunolabelling was observed in the spiral
ligament of the apical turn. All non-exposed and noise-exposed cochleae examined showed a

comparable distribution of ICAM-1 immunostaining.
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Negative controls were included with each immunohistochemistry experiment in which the
primary antibody for ICAM-1 was either omitted (no primary antibody control) or replaced
with the corresponding IgG isotype control. As shown in the images below, cochlear sections
were completely devoid of immunostaining in the absence of the ICAM-1 primary antibody
(Figure 4.11b) or when incubated with hamster IgG1, « chain (Figure 4.11¢), confirming the
specificity of antibody binding. The small dark coloured spots present in the stria vascularis

are melanin pigment granules located in the intermediate cells.
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(a) ICAM-1

(b) No 1° Ab Control (c) Hamster IgG Control

Figure 4.11: Distribution of ICAM-1 in the non-noise exposed C57BL/6 mouse cochlea.
ICAM-1 in the cochlea exposed to ambient noise was localised predominantly in the inferior
region of the spiral ligament among type IV fibrocytes and vascular endothelial cells (arrow)
(a). ICAM-1 immunolabelling was also observed in blood vessels elsewhere in the spiral
ligament (arrow) as well as in the spiral limbus and spiral ganglion (arrow). In addition,
endosteal cells lining the scala tympani and the endothelium of collecting venules below the
lateral wall (not seen here) were labelled. No immunostaining was detected when the primary
antibody for ICAM-1 was either omitted (b) or replaced with the corresponding IgG isotype

control (hamster IgGl, x chain) (c¢). The small dark coloured spots present in the stria
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vascularis (arrowheads) are melanin pigment granules in the intermediate cells.
Abbreviations: SL, spiral ligament; SV, stria vascularis; OC, organ of Corti; SLm, spiral
limbus; SG, spiral ganglion; SM, scala media; ST, scala tympani; SVb, scala vestibuli. Scale
bars = 50 pm.

(a) Pre-Noise ' (c) 1 Day (d) 3 Days (e) 7 Days

Figure 4.12: Time course of ICAM-1 expression in the basal turn spiral ligament of the

CS57BL/6 mouse cochlea following acute noise exposure. Above are photomicrographs of
ICAM-1 immunostaining in the inferior region of the spiral ligament of the cochlear basal
turn before (a) and 6 h (b), 1 day (¢), 3 days (d) and 7 days (e) following acute exposure to
traumatic noise (100 dB SPL, 8-16 kHz for 24 h). In the normal non-noise exposed cochlea,
relatively weak ICAM-1 immunostaining was detected in the inferior region of the spiral
ligament among type IV fibrocytes and vascular endothelial cells (a). Following noise
exposure, I[CAM-1 immunoexpression increased, peaking one day post-exposure (¢). The
immunostaining became more intense and expanded to cover a much greater area of the
inferior region of the spiral ligament. Thereafter, ICAM-1 immunoexpression decreased in
intensity and size. Abbreviations: SL, spiral ligament; SM, scala media; ST, scala tympani.

Scale bar = 50 um (applies to a-e).
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(a) Pre-Noise (d) 3 Days (e) 7 Days

Figure 4.13: Time course of ICAM-1 expression in the middle turn spiral ligament of
the C57BL/6 mouse cochlea following acute noise exposure. Above are photomicrographs
of ICAM-1 immunostaining in the inferior region of the spiral ligament of the cochlear
middle turn before (a) and 6 h (b), 1 day (c¢), 3 days (d) and 7 days (e) following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). In the non-noise exposed
cochlea, relatively weak ICAM-1 immunostaining was detected in the inferior region of the
spiral ligament among type IV fibrocytes and vascular endothelial cells (a). Following noise
exposure, I[CAM-1 immunoexpression increased, peaking one day post-exposure (¢). The
immunostaining became more intense and expanded to cover a much greater area of the
inferior region of the spiral ligament. Thereafter, I[CAM-1 immunoexpression decreased in
intensity and size. Abbreviations: SL, spiral ligament; SM, scala media; ST, scala tympani.

Scale bar = 50 um (applies to a-e).

To provide a more accurate assessment of the protein expression level of ICAM-1 in the
spiral ligament of the noise-exposed cochlea, semi-quantitative image analysis was carried
out. The immunoperoxidase staining in the inferior region of the spiral ligament in the upper
basal and middle cochlear turn were selected as the regions of interest (ROI) as these were
consistently stained areas of the cochlea with strong ICAM-1 immunolabelling. For each
cochlea, three to five mid-modiolar sections were quantitatively analysed, and for each noise
exposure group, one cochlea was examined from five different mice (n = 5). The mean gray
values (pixel intensities) and areas (in calibrated units of pm?) of the ICAM-1
immunostaining in both cochlear turns were averaged per experimental group (Table 4.1 and
Table 4.2) and relative ratios (compared to non-exposed controls) were calculated and

plotted (Figure 4.14 and Figure 4.15).

Image analysis revealed that the change in the intensity and area of ICAM-1 immunostaining
in both the cochlear basal and middle turn after noise exposure followed a similar pattern. As

shown in Figure 4.14a and Figure 4.15a, the intensity of I[CAM-1 immunolabelling with
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noise exposure increased to a maximum at one day (24 h) after noise exposure and thereafter
returned to the level seen in the non-exposed cochlea. The average staining intensity in the
basal and middle turn one day post-exposure was significantly 15% (82.4 = 1.9 versus
94.8 + 1.2) and 24% (75.4 + 2.7 versus 93.7 £ 1.8) higher than in the non-exposed cochlea
respectively (p < 0.001, one-way ANOVA).

The average area of the ICAM-1 immunolabelling in the spiral ligament also increased to a
maximum one day post-exposure (Figure 4.14b and Figure 4.15b). In the basal turn, the
immunolabelled area one day post-exposure (11,599 + 704 pm?®) was double that of the non-
exposed cochlea (5800 + 289 pm?) (p < 0.001, one-way ANOVA), whereas in the middle
turn, the area was significantly (p < 0.001, one-way ANOVA) 1.5 times larger (6113 +
454 pm” versus 4077 + 244 um?). Thereafter, the area of immunolabelling declined in size in
both cochlear turns, but still remained significantly larger than in the non-exposed cochlea
(» < 0.001, one-way ANOVA) apart from the immunolabelling in the middle turn at seven
days post-exposure. The area of immunolabelling was similar at 6 h, 1 day and 3 days for

both turns (p > 0.05, one-way ANOVA).

Table 4.1: Average intensity (mean gray value) and area of ICAM-1 immunostaining in
the spiral ligament of the cochlear basal turn before and after acute noise exposure.
Data presented as mean + SEM (n = 5 per group). Note that the lower the mean gray value,

the higher the pixel intensity.

Group Average Mean Gray Value Average Area (umz) ‘
Control 948+ 1.2 5,800 + 289
6 h 92.3+3.0 10,144 + 604
1 day 82.4+19 11,599 + 704
3 days 953+2.1 10,404 + 612

7 days 98.2+23 8,141.48 + 263
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Figure 4.14: Semi-quantitative analysis of ICAM-1 immunostaining in the basal turn
spiral ligament of the C57BL/6 mouse cochlea following acute noise exposure. The
graphs illustrate the ratio of the intensity (a) and area (b) of ICAM-1 immunostaining in the
inferior region of the spiral ligament in the cochlear basal turn at 6 h, 1 day, 3 days and
7 days following acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h) relative
to non-noise exposed controls. Both ICAM-1 immunostaining intensity and area increased to
a maximum one day post-exposure by 15% and 200% respectively relative to non-exposed
controls. Data presented as mean = SEM (n = 5 per group). ***p < 0.001, relative to the
control group (one-way ANOVA followed by Tukey’s post-hoc test).
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Table 4.2: Average intensity (mean gray value) and area of ICAM-1 immunostaining in
the spiral ligament of the cochlear middle turn before and after acute noise exposure.

Data presented as mean = SEM (n = 5 per group).

Group Average Mean Gray Value Average Area (umz) ‘
Control 93.7+1.8 4,077 £ 244
6 h 89.3+44 4,916 + 531
1 day 754+2.7 6,113 =454
3 days 89.9+2.5 5,872 £ 204
7 days 102.4+2.0 4,592 + 276
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Figure 4.15: Semi-quantitative analysis of ICAM-1 immunostaining in the middle turn
spiral ligament of the C57BL/6 mouse cochlea following acute noise exposure. The
graphs illustrate the ratio of the intensity (a) and area (b) of ICAM-1 immunostaining in the
spiral ligament of the cochlear middle turn at 6 h, 1 day, 3 days and 7 days following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h) relative to non-noise exposed
controls. Both ICAM-1 immunostaining intensity and area increased to a maximum one day
post-exposure by 24% and 150% respectively relative to non-exposed controls. Data
presented as mean + SEM (n = 5 per group). ***p < 0.001, relative to the control group
(one-way ANOVA followed by Tukey’s post-hoc test).
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4.2.5. PECAM-1 Immunoexpression in the Noise-Exposed Cochlea

PECAM-1, a cell adhesion molecule expressed at the intercellular junctions of vascular
endothelial cells, has an important role in mediating the transendothelial migration of
leukocytes during an inflammatory response. Immunoperoxidase histochemistry revealed a
widespread distribution of PECAM-1 in the mouse cochlea. Expression was confined to the
vascular endothelial cells in the spiral ligament, stria vascularis, spiral limbus, and spiral
ganglion (Figure 4.16a). This expression pattern is therefore similar to that of ICAM-1,
however the PECAM-1 expression in the strial capillaries was more intense and more blood
vessels throughout the spiral ligament showed positive PECAM-1 immunostaining. In
contrast to ICAM-1, no PECAM-1 immunoreactivity was observed in the type IV fibrocytes
in the inferior region of the spiral ligament. Following acute exposure to traumatic noise, the
immunostaining of the cochlear blood vessels became more intense, peaking one to three
days post-exposure (Figure 4.16¢, d) and returning to basal level of expression by seven days
(Figure 4.16e). No qualitative differences in PECAM-1 immunostaining were noted along
the entire length of the cochlea. Aside from non-specific staining of the bony capsule,
PECAM-1 immunostaining was absent when the primary antibody for PECAM-1 was either
omitted (Figure 4.16f) or replaced with the corresponding IgG isotype control (rat IgG2a,
chain) (Figure 4.16g). Because only the cochlear vasculature was immunolabelled, changes
in the intensity of the immunoperoxidase staining following noise exposure were not assessed

quantitatively.
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Figure 4.16: Time course of PECAM-1 expression in the C57BL/6 mouse cochlea
following acute noise exposure. Above are photomicrographs of PECAM-1 immunostaining
in the cochlea before (a) and 6 h (b), 1 day (¢), 3 days (d) and 7 days (e) following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). PECAM-1 immunostaining
was detected in the blood vessels of the spiral ligament, stria vascularis, spiral limbus, and
spiral ganglion (a). Following noise exposure, PECAM-1 immunostaining became stronger,
peaking one (¢) to three days (d) post-exposure, and returning to the basal level by seven
days (e). No immunoslaining'\ifas. deiveqsid {1 bloatviesséls when*tie primary antibody for
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PECAM-1 was either omitted (T) or replaced withthe corresponding [gG isotype control (rat
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[gG2a, k chain) (g). However, non-specific staining was observed in the bony capsule of the
cochlea. Abbreviations: SL, spiral ligament; SV, stria vascularis; OC, organ of Corti; SLm,
spiral limbus; SG, spiral ganglion; SM, scala media; ST, scala tympani; SVb, scala vestibuli.

Scale bars = 50 um.

In addition to ICAM-1 and PECAM-1, the expression of P-selectin, another important cell
adhesion molecule involved in the extravasation of inflammatory cells, was also examined
immunohistochemically. Unfortunately, the P-selectin antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, U.S.A.) that was used in this study produced non-specific

immunolabelling in cochlear sections.

4.2.6. Proinflammatory Cytokine and F4/80 Immunoexpression in the
Noise-Exposed Cochlea

The tissue distribution of key proinflammatory cytokines (TNF-a, IL-6 and IL-1B) and the
presence of F4/80-positive inflammatory cells (macrophages and monocytes) in the noise-
exposed cochlea was also examined using immunoperoxidase histochemistry. However,
antibodies to these inflammatory markers either produced non-specific staining or no staining

in both non-exposed control and noise-exposed cochleae (data not shown).

In summary, this study has demonstrated a substantial inflammatory response induced in the
mouse cochlea following acute noise exposure. This involved an early (6 h post-exposure)
upregulation in the gene expression levels of the proinflammatory cytokines TNF-o and
IL-1B, the chemokine CCL2, and the cell adhesion molecule ICAM-1, followed by a
subsequent peak in gene expression at 7 days post-exposure. Accompanying this upregulation
of inflammatory mediators was an increased immunoexpression of the cell adhesion
molecules, ICAM-1 and PECAM-1. ICAM-1 immunostaining in the inferior region of the
spiral ligament among vascular endothelial cells and type IV fibrocytes increased in intensity
and area, peaking 24 h post-exposure, while PECAM-1 immunostaining in the cochlear blood

vessels became more intense, peaking 1-3 days post-exposure.
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4.3. STUDY 2: Cochlear Inflammatory Response Associated
with Chronic Noise Exposure

Previous research on noise-induced cochlear inflammation has used acute exposures such as
that in Study 1. There has not been any focus on the possible inflammatory response in
animals with chronic, low-level exposures that cause limited permanent threshold shift and
probably relate more to the type of environmental noise exposure in the workplace. The
possibility that chronic environmental noise exposure which leads to slowly developing
permanent hearing loss in humans is related to the development of an inflammatory response
has not been explored. This study thus investigated the cochlear inflammatory response
induced by chronic exposure to moderate level noise. Mice were exposed to moderate noise
(90 dB SPL, 8-16 kHz) on a daily basis (2 h per day) over an extended length of time (one to
four weeks). This sound level is known to produce a temporary threshold shift in mice, but
was not confirmed with ABR measurements in the present study. Similar to the initial study
examining the cochlear inflammatory response following acute noise exposure, quantitative
real-time RT-PCR and immunohistochemistry were carried out to analyse the gene
expression levels of key inflammatory markers (TNF-a, CCL2, ICAM-1 and IL-1pB) and the
protein expression and distribution of cell adhesion molecules (ICAM-1 and PECAM-1)

respectively.

4.3.1. Gene Expression Levels of TNF-a, CCL2, ICAM-1 and IL-1B in the
Noise-Exposed Cochlea

Similar to the acute noise exposure study (Section 4.2.2), markedly elevated transcript levels
of TNF-a, CCL2, ICAM-1 and IL-1p were detected by quantitative real-time RT-PCR in the
cochleae of mice exposed chronically to moderate noise (n = 8 per group). The data showed
that all four inflammatory genes displayed a similar pattern of expression following chronic
noise exposure (Figure 4.17 to Figure 4.20). Increased mRNA expression of these
inflammatory mediators relative to non-noise exposed controls was first observed after one
week of noise exposure and reached a maximum after two weeks of exposure. The respective
fold changes in gene expression of TNF-a, CCL2, ICAM-1 and IL-1p after exposure for two
weeks were 2.2, 3.6, 2.1 and 1.9, with all changes determined to be statistically significant
(» < 0.001 for TNF-a, CCL2 and ICAM-1, p < 0.05 for IL-1pB; one-way ANOVA). CCL2
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again showed the largest upregulation relative to controls. There were no statistically
significant differences in the fold changes between the one week and two week exposure
groups (p > 0.05, one-way ANOVA). Transcript levels of the four genes returned to basal

pre-noise levels after the second week post-exposure.

TNF-a Gene Expression in the Noise-Exposed Mouse Cochlea
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Figure 4.17: Quantitative real-time RT-PCR analysis of TNF-a gene expression in the
CS7BL/6 mouse cochlea following chronic noise exposure. The graph illustrates the fold
change in gene expression of TNF-a following one, two, three and four weeks of exposure to
moderate noise (90 dB SPL, 8-16 kHz, 2 h/day) relative to non-noise exposed controls. Peak
expression of TNF-a was observed after two weeks of noise exposure (2.2-fold increase).
Data presented as mean = SEM (n = 8 per group). *p < 0.05, ***p < 0.001; relative to the
control group (one-way ANOVA followed by Tukey’s post-hoc test).
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CCL2 Gene Expression in the Noise-Exposed Mouse Cochlea
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Figure 4.18: Quantitative real-time RT-PCR analysis of CCL2 gene expression in the
CS7BL/6 mouse cochlea following chronic noise exposure. The graph illustrates the fold
change in gene expression of CCL2 following one, two, three and four weeks of exposure to
moderate noise (90 dB SPL, 8-16 kHz, 2 h/day) relative to non-noise exposed controls. Peak
expression of CCL2 was observed after two weeks of noise exposure (3.6-fold increase).
Data presented as mean = SEM (n = 8 per group). ***p < 0.001; relative to the control group
(one-way ANOVA followed by Tukey’s post-hoc test).
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Figure 4.19: Quantitative real-time RT-PCR analysis of ICAM-1 gene expression in the
CS57BL/6 mouse cochlea following chronic noise exposure. The graph illustrates the fold
change in gene expression of ICAM-1 following one, two, three and four weeks of exposure
to moderate noise (90 dB SPL, 8-16 kHz, 2 h/day) relative to non-noise exposed controls.
Peak expression of ICAM-1 was observed after two weeks of noise exposure (2.1-fold
increase). Data presented as mean £ SEM (n = 8 per group). **p < 0.01, ***p <0.001;
relative to the control group (one-way ANOVA followed by Tukey’s post-hoc test).
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IL-1B Gene Expression in the Noise-Exposed Mouse Cochlea
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Figure 4.20: Quantitative real-time RT-PCR analysis of IL-1B gene expression in the
CS57BL/6 mouse cochlea following chronic noise exposure. The graph illustrates the fold
change in gene expression of IL-1p following one, two, three and four weeks of exposure to
moderate noise (90 dB SPL, 8-16 kHz, 2 h/day) relative to non-noise exposed controls. Peak
expression of IL-1p was observed after two weeks of noise exposure (1.9-fold increase). Data
presented as mean = SEM (n = 8 per group). *p < 0.05; relative to the control group (one-way

ANOVA followed by Tukey’s post-hoc test).

4.3.2. ICAM-1 Immunoexpression in the Noise-Exposed Cochlea

Figure 4.21a shows the distribution of ICAM-1 immunolabelling in the cochlea following
chronic noise exposure, which is similar to that observed following acute noise exposure.
Prominent immunolabelling was observed within the inferior region of the spiral ligament in
addition to positive immunostaining of blood vessels throughout the cochlea, including the
collecting venules. The intensity and area of the ICAM-1 immunostaining in the spiral
ligament of both the upper basal and middle cochlear turn was semi-quantitatively analysed
using ImagelJ to assess the protein expression level of ICAM-1. The average measured mean
gray value and area of ICAM-1 immunostaining for each noise exposure group (n = 5 per

group) is shown in Table 4.3 (basal turn) and Table 4.4 (middle turn).
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(a) ICAM-1 (2 Weeks)

(b) No 1° Ab Control (c) Hamster IgG Control

Figure 4.21: Distribution of ICAM-1 in the C57BL/6 mouse cochlea following chronic
noise exposure. The distribution of ICAM-1 in the cochlea following chronic noise exposure
(90 dB SPL, 8-16 kHz, 2 h/day for 2 weeks) was similar to that observed following acute
noise exposure. Prominent immunolabelling was observed within the inferior region of the
spiral ligament and in blood vessels throughout the cochlea. No immunostaining was detected
when the primary antibody for ICAM-1 was either omitted (b) or replaced with the
corresponding IgG isotype control (hamster IgG1, x chain) (¢). Abbreviations: SL, spiral
ligament; SV, stria vascularis; OC, organ of Corti; SLm, spiral limbus; SG, spiral ganglion;

SM, scala media; ST, scala tympani; SVb, scala vestibuli. Scale bars = 50 um.
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Maximum intensity of ICAM-1 immunostaining in the basal turn spiral ligament occurred
after one week of exposure to moderate noise (Figure 4.22b and Figure 4.23a). The average
mean gray value decreased significantly (p < 0.001, one-way ANOVA) from 94.8 £ 1.2 in
non-exposed controls to 79.4 + 1.7 after one week of noise exposure, representing a 20%
increase in staining intensity, slightly higher than the peak intensity seen following acute
noise exposure (15% increase). Thenceforth, ICAM-1 immunostaining intensity decreased to
levels comparable with the non-exposed control cochlea. The area of ICAM-1
immunostaining in the basal turn doubled in size after exposure for one week (Figure 4.22b
and Figure 4.23b), from 5,800 + 289 pum® to 11,574 + 558 um’ (p < 0.001, one-way
ANOVA), almost the same size observed 24 h after acute noise exposure (11,599 um?). The
ROI remained a similar size after two (11,964 + 843 um®) and three weeks (10,238 +
421 pm?) (p > 0.05, one-way ANOVA). However, after four weeks, the ROI returned to the

(b) 1 Week (c) 2 Weeks (d) 3 Weeks (e) 4 Weeks

Figure 4.22: Time course of ICAM-1 expression in the basal turn spiral ligament of the

pre-noise size.

(a) Pre-Noise

CS7BL/6 mouse cochlea following chronic noise exposure. Above are photomicrographs
of ICAM-1 immunostaining in the spiral ligament of the cochlear basal turn before (a) and
after one (b), two (c¢), three (d) and four (e) weeks of exposure to moderate noise (90 dB SPL,
8-16 kHz, 2 h/day). In the non-noise exposed cochlea, relatively weak ICAM-I1
immunostaining ‘was detected in the inferior region of the spiral ligament among type IV
fibrocytes and wvascular endothelial cells (a). Following noise exposure, expression of
ICAM-1 increased substantially, peaking after one week of exposure (b). The
immunolabelling became more intense and expanded to cover a much greater area of the
spiral ligament. Abbreviations: SL, spiral ligament; SM, scala media; ST, scala tympani.

Scale bar = 50 um (applies to a-¢).
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Table 4.3: Average intensity (mean gray value) and area of ICAM-1 immunostaining in
the spiral ligament of the cochlear basal turn before and after chronic noise exposure.

Data presented as mean = SEM (n = 5 per group).

Group Average Mean Gray Value Average Area (umz) ‘
Control 948+1.2 5,800 + 289
1 week 794 +1.7 11,574 + 558
2 weeks 89.5+3.2 11,964 + 843
3 weeks 98.2+24 10,238 =421
4 weeks 100.3 +2.1 6,633 £ 411
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Figure 4.23: Semi-quantitative analysis of ICAM-1 immunostaining in the basal turn
spiral ligament of the C57BL/6 mouse cochlea following chronic noise exposure. The
graphs illustrate the ratio of the intensity (a) and area (b) of ICAM-1 immunostaining in the
inferior region of the spiral ligament of the cochlear basal turn after one, two, three and four
weeks of exposure to moderate noise (90 dB SPL, 8-16 kHz, 2 h/day) relative to non-noise
exposed controls. A significant increase in the staining intensity occurred after one week of
noise exposure. Area of staining doubled after one week, maintained a similar size after two
weeks, and gradually declined to pre: noise size altm four weeks. Dala p{‘sgmed as mean +
SEM (n = 5 per group). * @%OL@ kptivd to ifhe i wntgwo&_.(oﬁe;way ANOVA
followed by Tukey’sipost=hod figsthf research project topics and materials
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Comparable findings were observed in the middle turn of the cochlea (Figure 4.24 and
Figure 4.25). The intensity of the staining was again highest in the one week exposure group
(Figure 4.24b and Figure 4.25a), with the mean gray value decreasing significantly
(» <0.001, one-way ANOVA) from 93.7 + 1.8 in the controls to 76.8 £+ 2.9 after one week of
exposure, a 22% increase in intensity. Mean pixel intensity returned to the control level
thereafter. The staining area increased about 1.6-fold after one week (Figure 4.24b and
Figure 4.25b), from 4,077 + 244 pm’ to 6,634 + 241 pm* (p < 0.001, one-way ANOVA),
and remained approximately the same size after two weeks (6,329 + 279 um?). The

immunolabelled area then declined with increasing duration of exposure.

As demonstrated earlier, gene expression levels of ICAM-1 were highest after two weeks of
noise exposure (Figure 4.19), consistent with strong protein expression of ICAM-I1.
However, the peak of immunoexpression was observed after one week (Figure 4.24). After
that, the average size of the [ICAM-1 immunopositive region in the spiral ligament remained

large, but with reduced average staining intensity.

" ‘ h r L

Figure 4.24: Time course of ICAM-1 expression in the middle turn spiral ligament of

the C57BL/6 mouse cochlea following chronic noise exposure. Above are
photomicrographs of ICAM-1 immunostaining in the spiral ligament of the cochlear middle
turn before (a) and after one (b), two (c), three (d) and four (e) weeks of exposure to
moderate noise (90 dB SPL, 8-16 kHz, 2 h/day). In the non-noise exposed cochlea, relatively
weak ICAM-1 immunostaining was detected in the inferior region of the spiral ligament
among type IV fibrocytes and vascular endothelial cells (a). Following noise exposure,
expression of ICAM-1 increased substantially, peaking after one week of exposure (b). The
immunolabelling became more intense and expanded to cover a much greater area of the
spiral ligament. Abbreviations: SL, spiral ligament; SM, scala media; ST, scala tympani.

Scale bar = 50 pm (applies to a-e).
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Table 4.4: Average intensity (mean gray value) and area of ICAM-1 immunostaining in
the spiral ligament of the cochlear middle turn before and after chronic noise exposure.

Data presented as mean = SEM (n = 5 per group).

Group Average Mean Gray Value Average Area (umz) ‘
Control 93.7+1.8 4,077 £ 244
1 week 76.8£2.9 6,634 £ 241
2 weeks 919+14 6,329 £279
3 weeks 100.6 £3.3 5,090 + 427
4 weeks 102.1 +2.0 4,520 + 469
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Figure 4.25: Semi-quantitative analysis of ICAM-1 immunostaining in the middle turn
spiral ligament of the C57BL/6 mouse cochlea following chronic noise exposure. The
graphs illustrate the ratio of the intensity (a) and area (b) of ICAM-1 immunostaining in the
inferior region of the spiral ligament of the cochlear middle turn after one, two, three and four
weeks of exposure to moderate noise (90 dB SPL, 8-16 kHz, 2 h/day) relative to non-noise
exposed controls. A significant increase in the immunostaining intensity occurred after one
week of noise exposure. Area of staining increased by about 60% after one week, maintained
a similar size after two weeks, and gradually declined to pre-noise size after four weeks. Data
presented as mean = SEM (n = 5 per group). ***p < 0.001; relative to the control group
(one-way ANOVA followed by Tukey’s post-hoc test).
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4.3.3. PECAM-1 Immunoexpression in the Noise-Exposed Cochlea

Expression of PECAM-1 in the cochlea was also assessed following chronic exposure to
moderate noise (Figure 4.26). As indicated in the previous study (Section 4.2.5), PECAM-1
is expressed by the vascular endothelial cells in the spiral ligament, stria vascularis, spiral
limbus, and spiral ganglion. However, unlike ICAM-1, no noticeable increase in the intensity
of PECAM-1 immunolabelling was detected after chronic noise exposure. The distribution of

PECAM-1 immunostaining was comparable in all cochlear turns.
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Figure 4.26: Time course of PECAM-1 expression in the C57BL/6 mouse cochlea
following chronic noise exposure. Above are photomicrographs of PECAM-1
immunostaining in the spiral ligament of the cochlear basal turn before (a) and after one (b),
two (c¢), three (d) and four (e) weeks of exposure to moderate noise (90 dB SPL, 8-16 kHz,
2 h/day). PECAM-1 immunostaining was detected in the blood vessels of the spiral ligament,
stria vascularis, spiral limbus, and spiral ganglion (a). No noticeable difference in the
intensity of PECAM-1 immunostaining was detected after chronic noise exposure (b-e). No
immunostaining was detected (apart from non-specific staining of the bony capsule of the

cochlea) when the primary antibody for PECAM-1 was either omitted (f) or replaced with the
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corresponding IgG isotype control (rat IgG2a, k chain) (g). Abbreviations: SL, spiral
ligament; SV, stria vascularis; OC, organ of Corti; SLm, spiral limbus; SG, spiral ganglion;

SM, scala media; ST, scala tympani; SVb, scala vestibuli. Scale bars = 50 um.

In summary, this study has demonstrated that chronic exposure to moderate noise levels also
induces an inflammatory response in the mouse cochlea. Gene expression levels of TNF-a,
CCL2, ICAM-1 and IL-1P peaked after two weeks of noise exposure, and subsided
thereafter. Maximum ICAM-1 immunoexpression in the spiral ligament was observed after
one week of noise exposure; however the area of the immunostaining remained the same size
after two weeks, but with reduced immunostaining intensity. In contrast to ICAM-I,

PECAM-1 showed no noticeable increase in expression following chronic noise exposure.

4.4. STUDY 3: Role of Adenosine A;, Receptor Signalling in
Noise-Induced Cochlear Inflammation

The adenosine Ajs receptor plays a crucial role in the regulation of inflammatory and
immune responses (Sullivan & Linden, 1998; Hasko & Cronstein, 2004; Bours et al., 2006;
Linden, 2006; Blackburn et al., 2009; Hasko et al., 2013). The selective activation of the
adenosine A, receptor produces strong anti-inflammatory effects in a wide range of tissues
in the body (Jacobson & Gao, 2006; Blackburn et al., 2009). Adenosine A,a receptor
distribution has been demonstrated in the rat cochlea (Vlajkovic et al., 2007) and also
preliminary evidence from our group (unpublished data) shows their distribution in the
vasculature in the mouse cochlea. Based on this expression and the role of adenosine Ajp
receptors in mediating inflammation in tissues, this final study was undertaken to ascertain
the role of adenosine A,a receptors in the regulation of noise-induced cochlear inflammation,
based on the observations of the previous studies showing inflammatory changes in the

cochlea after noise exposure.
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4.4.1. Adenosine A,a Receptor Expression in the Noise-Exposed Cochlea

Firstly, using immunofluorescence, the distribution of adenosine A, receptors was
characterised in the normal non-exposed mouse cochlea (Figure 4.27a) and in the cochlea
exposed to acute traumatic noise (100 dB SPL, 8-16 kHz for 24 h) (Figure 4.27b). The
adenosine A,a receptor was mainly confined to the vasculature of the cochlea. Specific
immunofluorescence was detected in blood vessels of the spiral ligament, stria vascularis,
spiral ganglion, and modiolus. Within the spiral ligament, immunoreactivity was observed in
the inferior region among type IV fibrocytes and also on the lateral side adjacent to the otic
capsule among type III fibrocytes. The adenosine A, receptor immunolabelling in the
inferior region of the spiral ligament resembled ICAM-1 immunolabelling. As all immune
cells are known to express adenosine receptors, it is unsurprising that the haematopoietic
stem cells in the bone marrow regions of the otic capsule and in the modiolus (Figure 4.27¢)
also showed adenosine A;a receptor immunoreactivity. Following noise exposure, there was
increased immunolabelling in the inferior region of the spiral ligament (Figure 4.27b, ¢). In
addition, the endothelium of collecting venules below the lateral wall showed strong
immunofluorescence (Figure 4.27d), which was generally not detectable in the non-exposed
control cochlea. No immunolabelling was detected in cochlear sections when the adenosine

Ay receptor primary antibody was omitted (Figure 4.27f).
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Figure 4.27: Distribution of adenosine A;, receptor in the normal and noise-exposed
C57BL/6 mouse cochlea. Figures (a) and (b) show the overall distribution of adenosine Aja
receptor in the non-noise exposed and noise-exposed cochlea respectively. Adenosine Aja
receptor expression was mainly confined to blood vessels located in the inferior region and
lateral side of the spiral ligament (arrowheads), stria vascularis, spiral ganglion, and modiolus
(e). Following noise exposure, there was increased immunolabelling in the inferior region of
the spiral ligament (b, ¢) and the collecting venules below the lateral wall showed strong
immunofluorescence (d), which was generally not detectable in the non-exposed cochlea. In

addition, numerous infiltrating cells (arrows) were observed in the cochlea following noise
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exposure (peaking one day post-exposure), mainly lining the wall of the scala tympani (b)
(see Figure 4.28 for higher magnification). Some cells appeared to be extravasating from the
collecting venules (d; arrow). No immunostaining was detected when the primary antibody
was omitted (f). Image (a), (b), (d) and (f) are taken from the middle turn and image (c) from
the basal turn. Abbreviations: SL, spiral ligament; SV, stria vascularis; OC, organ of Corti;
SLm, spiral limbus; SG, spiral ganglion; CV, collecting venule; M, modiolus; SM, scala

media; ST, scala tympani; SVb, scala vestibuli. Scale bars = 50 um.

In addition to immunofluorescence labelling of the cochlear vasculature, numerous adenosine
Asa receptor-positive infiltrating cells were observed within the cochlea following noise
exposure (Figure 4.27b and Figure 4.28). Cells involved in immune and inflammatory
responses are known to express adenosine Aja receptors as well as the other three adenosine
receptor subtypes (A, Azp, and Aj) (Sullivan & Linden, 1998; Bours ef al., 2006; Fredholm,
2007; Blackburn et al., 2009; Hasko et al., 2013). These infiltrating cells were predominantly
found within the scala tympani, adhering to the wall of the perilymphatic space. Positively
labelled cells were also present in the spiral ligament (Figure 4.28e), scala vestibuli, spiral
limbus (Figure 4.28d), spiral ganglion (Figure 4.28d), and in the modiolus (Figure 4.27e).
Some cells appeared to be extravasating from the collecting venules below the lateral wall
(i.e. they were observed within and in the perivascular space of the venules) at 6 h and 1 day
after noise exposure (Figure 4.27d). Infiltrating cells were notably absent in the endolymph-
filled space of the scala media and in the organ of Corti. The vast majority of infiltrating cells
were located in the middle and basal turn of the cochlea. Morphologically, most of the
labelled cells appeared round in shape without any processes, while some of the cells lining
the fluid-filled spaces of the scala tympani and scala vestibuli were slightly flattened against
the wall (Figure 4.28b). In contrast to the noise-exposed cochlea, these cells were absent or

few in number in the normal non-exposed cochlea.
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Figure 4.28: A R-positive infiltrating cells in the noise-exposed CS57BL/6 mouse

cochlea. Following acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h),
numerous adenosine A, receptor-positive infiltrating cells (arrows) were observed within the
cochlea, peaking one day post-exposure. These labelled cells were predominantly found
attached to the wall of the scala tympani and basilar membrane (a, b, c, f). A few cells were
also seen in the spiral ligament (e), spiral limbus (d), and spiral ganglion (d).
Morphologically, these cells appeared round in shape or flat if positioned against the wall of

scala tympani. Abl 2 0C, ti; SLmy spiral limbus;

SG, spiral ganglior
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A quantitative analysis was carried out to assess the average number of adenosine Aja
receptor-positive infiltrating cells present in the cochlea prior to and 6 h, 1 day, 3 days and 7
days following acute exposure to traumatic noise (n = 4 per time point) (Table 4.5 and
Figure 4.29). The total number of labelled cells was counted in all cochlear turns (apical,
middle and basal) of every second mid-modiolar cross-section from each cochlea (about five
sections per cochlea). The average number of cells per cochlear section for each experimental
group was determined from a total of four cochleae. Cells were counted under the fluorescent
microscope (Nikon Eclipse 80i) at 40x magnification. To ensure all cells throughout the
depth of the cochlear sections were identified, the entire thickness (30 um) of the sections
was examined. Only those cells that were round in shape or flat against the wall of the scala
tympani (as shown in Figure 4.28) were included in the total cell count, whereas irregular-
shaped cells observed in the lower portion of the spiral ligament were excluded. In the non-
exposed cochlea, very few cells were found (2.4 + 0.5 labelled cells/section). However,
following noise exposure, the average number of infiltrating cells increased significantly to
8.7 £ 0.6 cells/section at 6 h post-exposure (p < 0.001, one-way ANOVA) and reached a
maximum of 13.1 £ 1.8 cells/section at 24 h post-exposure, reflecting an increase of
approximately 5.5-fold (p < 0.001, one-way ANOVA). Thereafter, the total number of
labelled cells gradually declined, and by seven days after noise exposure there were 5.8 + 0.4

cells/section.

Table 4.5: Quantitative analysis of A;sR-positive infiltrating cells in the noise-exposed
C57BL/6 mouse cochlea. The table below shows the average number of Aj;sR-positive
infiltrating cells per cochlear section before and 6 h, 1 day, 3 days and 7 days following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). The maximum number of
infiltrating cells was observed at 24 h post-exposure (13.1 cells/section), an approximate

5.5-fold increase relative to the non-exposed cochlea (2.4 cells/section). Data presented as

mean + SEM (n = 4 per group).

Time point Average number of A,,R" infiltrating cells/section
Pre-noise 24+0.5
6h 8.7+0.6
1 day 13.1+1.8
3 days 7.7+0.4

7 days 58+04
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Figure 4.29: Quantitative analysis of A;sR-positive infiltrating cells in the noise-exposed
C57BL/6 mouse cochlea. The graph illustrates the average number of Aj;sR-positive
infiltrating cells per cochlear section before and at 6 h, 1 day, 3 days and 7 days following
acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). The average number of
infiltrating cells/section increased from 2.4 + 0.5 prior to noise exposure to a maximum of
13.1 £ 1.8 at 24 h post-exposure, reflecting an approximate 5.5-fold increase. Data presented
as mean £ SEM (n = 4 per group). **p < 0.01, ***p < 0.001; relative to the control group
(one-way ANOVA followed by Tukey’s post-hoc test).

4.4.2. Noise-Induced Cochlear Inflammatory Response in Adenosine Aja
Receptor Knockout Mice

To gain further insight into the role of adenosine A;a receptor signalling in noise-induced
cochlear inflammation, the protein expression of ICAM-1 and the gene expression levels of
TNF-a, ICAM-1, CCL2 and IL-1p were assessed in the cochleae of noise-exposed C57BL/6
mice with deleted adenosine A5 receptor gene (AzARKO'/ ). These homozygous recessive
knockout mice were exposed to acute traumatic noise (100 dB SPL, 8-16 kHz for 24 h) and
their cochleae examined at 6 and 24 h post-exposure. The selection of these two time points
was based on the time of the initial peak in transcriptional expression of the inflammation-
related genes and the time of maximum ICAM-1 expression and cellular infiltration

respectively, as was demonstrated previously.
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4.4.2.1. ICAM-1 Immunoexpression in the Noise-Exposed A;,2RKO™ Mouse Cochlea

ICAM-1 expression in the noise-exposed A;xRKO” mouse cochlea was examined 24 h post-
exposure using immunoperoxidase staining. Similar to the previous studies, the intensity and
area of the ICAM-1 immunostaining in the spiral ligament was semi-quantitatively analysed.
Four different groups of mice were assessed and compared in this study (n = 5 per group): 1)
non-exposed wild-type; 2) non-exposed A;ARKO™; 3) noise-exposed wild-type; and 4) noise-
exposed A>ARKO™". Table 4.6 and Table 4.7 show the average measured pixel intensity
(mean gray value) and area of the ROI (inferior region of the spiral ligament) in both the
cochlear basal and middle turns for the non-exposed and noise-exposed groups respectively.
The data for the wild-type mice (non-exposed and noise-exposed) were obtained from study

one (Section 4.2.4).

The results revealed no significant difference in the ICAM-1 immunostaining intensity in
both cochlear turns between wild-type and A2ARKO-/- mice exposed to ambient noise
(p > 0.05, unpaired #-test) (Figure 4.30 and Figure 4.31a). In regards to the area of the
ICAM-1 immunostaining, there was again no significant difference between the non-exposed
wild-type and A;aRKO™ cochlea for the middle turn (p > 0.05, unpaired t-test) (Figure
4.30c,d and Figure 4.31b), however the size of the ROI in the basal turn of the A,uRKO™
cochlea (3,966 + 236 pm?®) was significantly smaller (by 32%) than that in the wild-type
cochlea (5,800 + 289 um?) (p < 0.001, unpaired #-test) (Figure 4.30a,b and Figure 4.31b).

Following acute exposure to traumatic noise, ICAM-1 immunostaining intensity was similar
in the wild-type and AzARKO'/ " mouse cochlea for both the basal and middle turn (p > 0.05,
unpaired ¢-test) (Figure 4.32 and Figure 4.33a). Similarly, the ICAM-1 immunostaining area
was similar in the wild-type and AxRKO™" cochlea for both turns (p > 0.05, unpaired ¢-test)
(Figure 4.32 and Figure 4.33b).

An additional analysis was carried out to compare the ICAM-1 immunostaining area in the
basal turn spiral ligament before and after noise exposure for both wild-type and A)AKRO™
mice (Figure 4.34). As was demonstrated in study one for wild-type mice, the area of
ICAM-1 immunolabelling doubled in size 24 h after noise exposure. In comparison, the
staining area increased by 3-fold after noise exposure in the KO mice. Deletion of the A;aR
gene therefore results in a larger increase in ICAM-1 immunoexpression following noise

exposure.
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(a) Wild-Type (b) A2aRKO"-

(c) Wild-Type (d) AJARKO-

Figure 4.30: ICAM-1 immunostaining in the spiral ligament of the cochlear basal and
middle turn in non-noise exposed wild-type and AZARKO'/ " C57BL/6 mice. Above are
photomicrographs of ICAM-1 immunostaining in the inferior region of the spiral ligament of
the cochlear basal and middle turn in wild-type and AzARKO'/ " mice exposed to ambient
noise. (a, b) In the basal turn, the overall intensity of the ICAM-1 immunostaining in the
spiral ligament was similar in both the wild-type and A;ARKO™ mouse cochlea, however the
size of the immunopositive area was smaller in the AzARKO'/' cochlea. (¢, d) In the middle
turn, no noticeable difference in both the intensity and area of the ICAM-1 immunostaining
in the spiral ligament was observed between the wild-type and AsARKO™" cochlea.

Abbreviations: SL, spiral ligament; SM, scala media; ST, scala tympani. Scale bars = 50 um.
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Table 4.6: Average intensity (mean gray value) and area of ICAM-1 immunostaining in
the spiral ligament of the cochlear basal and middle turns in non-noise exposed wild-

type and A;RKO™" C57BL/6 mice. Data presented as mean £ SEM (n = 5 per group).

Average Mean Gray Value Average Area (umz)

Basal Middle Basal Middle

Wild-Type 948+ 1.2 93.7+1.8 5,800 + 289 4,077 + 244

A2xRKO™ 945+1.7 92.1+2.1 3,966 + 236 3,826 + 144
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Figure 4.31: Semi-quantitative analysis of ICAM-1 immunostaining in the spiral
ligament of the cochlear basal and middle turn in non-noise exposed wild-type and
A24RKO™ C57BL/6 mice. The graphs illustrate the ratio of the intensity (a) and area (b) of
ICAM-1 immunostaining in the inferior region of the spiral ligament of the cochlear basal
and middle turn in non-exposed AARKO™™ mice relative to non-exposed wild-type mice.
There was no significant difference in the immunostaining intensity between the wild-type
and A;ARKO™ cochlea in both cochlear turns (p > 0.05, unpaired #-test). Regarding the
immunostaining area, there was no significant difference in the middle turn (»p > 0.05,
unpaired #-test), however the ROI in the basal turn of the A, ARKO™ cochlea was 32% smaller
than in the wild-type cochlea (***p < 0.001, unpaired #-test). Data presented as mean + SEM
(n =5 per group).
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(a) Wild-Type (b) A2ARKO"-

(c) Wild-Type (d) AARKO"-

Figure 4.32: ICAM-1 immunostaining in the spiral ligament of the cochlear basal and
middle turn in noise-exposed wild-type and A;4,RKO” C57BL/6 mice. Above are
photomicrographs of ICAM-1 immunostaining in the inferior region of the spiral ligament in
the cochlear basal and middle turn in wild-type and AsARKO™ mice 24 h following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). (a, b) In the basal turn, no
noticeable difference in both the intensity and area of the ICAM-1 immunostaining in the
spiral ligament was observed between the wild-type and A;aRKO™ cochlea. (¢, d) Similarly,
no apparent difference in both the intensity and area of ICAM-1 immunostaining was
observed in the middle turn. Abbreviations: SL, spiral ligament; SM, scala media; ST, scala

tympani. Scale bars = 50 pm.
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Table 4.7: Average intensity (mean gray value) and area of ICAM-1 immunostaining in

the spiral ligament of the cochlear basal and middle turn in noise-exposed wild-type and

A24aRKO™ C57BL/6 mice. Data presented as mean + SEM (n = 5 per group).

Average Mean Gray Value

Average Area (pmz)

Basal Middle Basal Middle
Wild-Type 82.4+1.9 75.4+2.7 11,599 + 704 6,113 + 454
AZARKO"' 83.5+1.3 80.7+1.4 12,083 + 776 6,429 + 366
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Figure 4.33: Semi-quantitative analysis of ICAM-1 immunostaining in the spiral
ligament of the cochlear basal and middle turns in noise-exposed wild-type and
A24aRKO” C57BL/6 mice. The graphs illustrate the ratio of the intensity (a) and area (b) of
ICAM-1 immunostaining in the inferior region of the spiral ligament of the cochlear basal
and middle turns in A;,aRKO™ mice relative to wild-type mice 24 h following acute exposure
to traumatic noise (100 dB, 8-16 kHz for 24 h). There was no significant difference in the
immunostaining intensity and area between the noise-exposed wild-type and A;xRKO™
cochlea in both cochlear turns (p > 0.05, unpaired ¢-test). Data presented as mean = SEM

(n =5 per group).
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Figure 4.34: Semi-quantitative analysis of ICAM-1 immunostaining area in the basal
turn spiral ligament before and after noise exposure in wild-type and A22aRKO™"
C57BL/6 mice. The graph illustrates the ratio of the area of ICAM-1 immunostaining in the
cochlear basal turn in noise-exposed wild-type and A;ARKO™ mice relative to non-exposed
wild-type and A;ARKO™ mice. The immunostaining area in the wild-type mouse cochlea
increased by 2-fold following noise exposure, whereas in the AZARKO'/ " mouse cochlea, the
immunostaining area increased by 3-fold following noise exposure. Data presented as mean +
SEM (n = 5 per group). ***p < 0.001, relative to the non-exposed control group (unpaired

t-test).

4.4.2.2. Gene Expression Levels of TNF-a, CCL2, ICAM-1 and IL-1B in the Noise-
Exposed A,,RKO” Mouse Cochlea

Quantitative real-time RT-PCR was performed to assess the difference in the cochlear gene
expression levels of TNF-o, [CAM-1, CCL2 and IL-1p between wild-type and A;xRKO™
mice prior to and 6 and 24 h following acute exposure to traumatic noise (n = 5 per time
point). As Figure 4.35 shows, the deletion of the adenosine A,4 receptor gene (A;xRKO™)
had no significant effect on the transcriptional expression of TNF-a, ICAM-1, CCL2 and
IL-1B in the non-exposed mouse cochlea (p > 0.05 for all four genes, unpaired ¢-test). At 6 h
following acute exposure to traumatic noise, the expression of CCL2 and IL-1B was
significantly downregulated by three- and two-fold respectively in the A;xRKO” mouse
cochlea relative to the wild-type cochlea(p < ().01. for CCL2, p < 0.001 for [L-1p; unpaired
t-test), whereas no signiﬁcan,t_-c_liffﬁrer_lcq: was o_b:se_r:yed.fqr TNE-o and:I_CAM-l (» > 0.05,
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unpaired #-test) (Figure 4.36). Because the data for the non-noise and noise-exposed groups
were derived from different real-time PCR runs, pre- and post-exposure expression levels
could not be compared. Nevertheless, the results seem to show that deletion of the A;4R gene
leads to much lower gene expression levels of CCL2 and IL-1p following noise exposure
relative to wild-type mice, while having no effect on TNF-a and ICAM-1 gene expression. At
24 h after noise exposure, all four inflammatory genes showed no significant difference in
cochlear expression levels between wild-type and A;ARKO™™ mice (p > 0.05, unpaired ¢-test)

(Figure 4.37).

Gene Expression in the Non-Exposed Wild-Type & A,,RKO
Mouse Cochlea
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Figure 4.35: Quantitative real-time RT-PCR analysis of TNF-a, ICAM-1, CCL2 and
IL-1p gene expression in the cochleae of A;RKO” C57BL/6 mice exposed to ambient
noise. The graph illustrates the fold change in gene expression of TNF-a, ICAM-1, CCL2
and IL-1f in the cochleae of non-exposed A,y RKO™ mice relative to non-exposed wild-type
mice. There was no significant difference in the cochlear mRNA expression levels of all four
inflammatory genes between wild-type and AsxRKO™ mice (p > 0.05, unpaired ¢-test). Data

presented as mean = SEM (n = 5 per group).
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Figure 4.36: Quantitative real-time RT-PCR analysis of TNF-a, ICAM-1, CCL2 and
IL-1p gene expression in the cochleae of A;;RKO” C57BL/6 mice 6 h following acute
noise exposure. The graph illustrates the fold change in gene expression of TNF-a, ICAM-1,
CCL2 and IL-1B in the cochlea of A>aRKO™ mice relative to wild-type mice 6 h following
acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). There was no significant
difference in the cochlear mRNA expression levels of TNF-a and ICAM-1 between wild-type
and A;xRKO™ mice (p > 0.05, unpaired r-test). However, CCL2 and IL-1B expression was
significantly downregulated by three- and two-fold respectively in the A>ARKO™" mouse
cochlea relative to the wild-type cochlea (**p < 0.01, ***p < 0.001; unpaired ¢-test). Data

presented as mean = SEM (n = 5 per group).
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Figure 4.37: Quantitative real-time RT-PCR analysis of TNF-a, ICAM-1, CCL2 and
IL-1P gene expression in the cochleae of A24aRKO™ C57BL/6 mice 24 h following acute
noise exposure. The graph illustrates the fold change in gene expression of TNF-a, ICAM-1,
CCL2 and IL-1p in the cochlea of A;ARKO™ mice relative to wild-type mice 24 h following
acute exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). There was no significant
difference in the cochlear mRNA expression levels of all four inflammatory genes between
wild-type and A;xRKO™ mice (p > 0.05, unpaired r-test). Data presented as mean + SEM
(n =5 per group).

4.4.3. Anti-Inflammatory Effect of Regadenoson, a Selective Adenosine
A5 Receptor Agonist, in the Noise-Exposed Cochlea

The objective of this study was to investigate whether activation of adenosine A, receptors
in the cochlea would mitigate noise-induced inflammatory response. This intervention was
carried out using the selective adenosine A4 receptor agonist, regadenoson (Lexiscan®). As
described in the methodology, mice were treated with regadenoson (50 pg/kg) via an
intracardiac injection (while under anaesthesia) immediately following exposure to acute
traumatic noise (100 dB SPL, 8-16 kHz for 24 h). Tail vein injections were initially
attempted, but the dark colour of the C57BL/6 mouse tail made it difficult to visualise and
insert the needle through the vein. The outcome of this treatment was determined by

assessing the expression of inflammatory markers in the noise-exposed cochlea and
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comparing those to the noise-exposed vehicle-treated cochlea. The effect of regadenoson on
the cochlear inflammatory response was examined at 6 and 24 h after the cessation of noise

exposurc.

4.4.3.1. Effect of Adenosine A;x Receptor Activation on Cellular Infiltration in the
Noise-Exposed Cochlea

Firstly, the effect of regadenoson on noise-induced cellular infiltration was examined. The
average number of infiltrating cells per cochlear section was determined 24 h post-
exposure/treatment (n = 6 per group). Adenosine A,a receptor was used as the marker for
infiltrating cells. The results showed that post-exposure regadenoson treatment significantly
reduced the number of infiltrating cells in the cochlea as compared to vehicle-treated controls
(Figure 4.38). The average number of cells/section decreased from 10.7 = 0.7 in drug
vehicle-treated mice to 4.0 + 0.3 in regadenoson-treated mice, reflecting an approximate

2.7-fold decrease (p < 0.001, unpaired #-test).

A, R* Cell Count in the Noise-Exposed Cochleae of
Regadenoson-Treated Mice
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Figure 4.38: Quantitative analysis of A;sR-positive infiltrating cells in the noise-exposed
cochleae of drug vehicle and regadenoson-treated C57BL/6 mice. The graph illustrates the
average number of A;sR-positive infiltrating cells per cochlear section 24 h following acute
exposure to traumatic noise (100 dB SPL, 8-16 kHz for 24 h). Post-exposure regadenoson
treatment significantly reduced the number of infiltrating cells in the cochlea by
approximately 2.7-fold relative to vehicle-treated controls (***p < 0.001, unpaired #¢-test).

Data presented as mean £ SEM (n = 6 per group).
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4.4.3.2. Effect of Adenosine Aza Receptor Activation on the Immunoexpression of
ICAM-1 in the Noise-Exposed Cochlea

Secondly, the protein expression level of ICAM-1 in the spiral ligament was analysed in
vehicle and regadenoson-treated mice 24 h following noise exposure using semi-quantitative
immunoperoxidase histochemistry (n = 6 per group) (Table 4.8). The overall immunostaining
intensity of ICAM-1 was reduced in both the cochlear basal (Figure 4.39b) and middle turn
(Figure 4.40b) following post-exposure treatment with regadenoson. Semi-quantitative
image analysis revealed that the average mean gray value increased (which represents a
decrease in pixel intensity) from 78.6 £ 1.4 to 82.9 £ 1.2 in the basal turn (a 5.1% decrease in
intensity), and from 69.7 £ 1.0 to 74.5 £ 1.5 in the middle turn (a 6.5% decrease in intensity),
with both changes determined to be statistically significant (p < 0.05, unpaired #-test) (Figure
4.41a). Similarly, the area of ICAM-1 immunostaining was also reduced in size in both
cochlear turns after regadenoson treatment (Figure 4.39b and Figure 4.40b). The staining
area decreased significantly (p < 0.05, unpaired -test) from 11,607 + 699 pm?* to 10,050 +
424 umz in the basal turn (a 13.4% decrease), and from 6,902 + 311 umz to 6,116 £ 211 umz
in the middle turn (an 11.4% decrease) (Figure 4.41b). The findings thus demonstrate that
regadenoson treatment reduces noise-induced immunoexpression of ICAM-1 in the spiral

ligament.
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(a) Vehicle (b) Regadenoson

Figure 4.39: ICAM-1 immunostaining in the spiral ligament of the cochlear basal turn
in C57BL/6 mice treated with drug vehicle or regadenoson following acute noise
exposure. (a) ICAM-1 expression in the inferior region of the spiral ligament of the cochlear
basal turn in a vehicle-treated mouse 24 h following acute exposure to traumatic noise (100
dB SPL, 8-16 kHz for 24 h). (b) Post-exposure regadenoson treatment reduced both the
intensity and size of the ICAM-1 immunostaining in the spiral ligament. Abbreviations: SL,

spiral ligament; SM, scala media; ST, scala tympani. Scale bars = 50 um.
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(a) Vehicle (b) Regadenoson

Figure 4.40: ICAM-1 immunostaining in the spiral ligament of the cochlear middle turn
in C57BL/6 mice treated with drug vehicle or regadenoson following acute noise
exposure. (a) [CAM-1 expression in the inferior region of the spiral ligament of the cochlear
middle turn in a vehicle-treated mouse 24 h following acute exposure to traumatic noise
(100 dB SPL, 8-16 kHz for 24 h). (b) Post-exposure regadenoson treatment reduced both the
intensity and size of the ICAM-1 immunostaining in the spiral ligament. Abbreviations: SL,

spiral ligament; SM, scala media; ST, scala tympani. Scale bars = 50 um.

Table 4.8: Average intensity (mean gray value) and area of ICAM-1 immunostaining in
the spiral ligament of the cochlear basal and middle turns in drug vehicle and

regadenoson-treated C57BL/6 mice. Data presented as mean + SEM (n = 6 per group).

Average Mean Gray Value Average Area (pmz)

Treatment Group Basal Middle Basal Middle

Vehicle 78.6 +1.4 69.7+ 1.0 11,607 + 699 6,902 £311

Regadenoson 829+1.2 745+ 1.5 10,050 + 424 6,116 £211
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Figure 4.41: Semi-quantitative analysis of ICAM-1 immunostaining in the spiral
ligament of the cochlear basal and middle turn in CS57BL/6 mice treated with drug
vehicle or regadenoson following acute noise exposure. The graphs illustrate the ratio of
the intensity (a) and area (b) of ICAM-1 immunostaining in the inferior region of the spiral
ligament of the cochlear basal and middle turns in regadenoson-treated mice relative to
vehicle-treated mice 24 h following acute exposure to traumatic noise (100 dB SPL, 8-16
kHz for 24 h). Post-exposure regadenoson treatment significantly reduced the intensity and
area of [CAM-1 immunostaining in both the cochlear basal and middle turns (*p < 0.05,

unpaired /-test). Data presented as mean = SEM (n = 6 per group).
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4.4.3.3. Effect of Adenosine A,x Receptor Activation on the Gene Expression
Levels of TNF-a, CCL2, ICAM-1 and IL-18 in the Noise-Exposed Cochlea

The effect of regadenoson treatment on the gene expression levels of inflammatory
cytokines/chemokines (TNF-a, IL-1B, CCL2) and cell adhesion molecules (ICAM-1) in the
noise-exposed cochlea was assessed at 6 and 24 h post-exposure using quantitative real-time
RT-PCR (n = 8 per time point). As expected, there was no significant difference in the
cochlear transcript levels of all four inflammatory-related genes between vehicle controls and
regadenoson-treated mice at 24 h following noise exposure (p > 0.05, unpaired z-test) (Figure
4.43). As demonstrated earlier (Section 4.2.2), mRNA levels of all inflammatory markers
returned to pre-noise (baseline) levels at 24 h after noise exposure following the initial peak
in expression at 6 h post-exposure. However, regadenoson treatment also did not alter gene
expression levels at 6 h after noise exposure (p > 0.05, unpaired z-test) (Figure 4.42) despite
the observed decrease in the protein expression of ICAM-1. Therefore, the results showed no
change in the cochlear gene expression levels of TNF-a, ICAM-1, CCL2 and IL-1 following

post-exposure regadenoson treatment in mice.
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Gene Expression in the Regadenoson-Treated Mouse Cochlea
(6 h Post-Exposure)
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Figure 4.42: Quantitative real-time RT-PCR analysis of TNF-a, ICAM-1, CCL2 and
IL-1B gene expression in the cochleae of regadenoson-treated CS57BL/6 mice 6 h
following acute noise exposure. The graph illustrates the fold change in gene expression of
TNF-a, ICAM-1, CCL2 and IL-1p in the cochleae of regadenoson-treated mice relative to
vehicle-treated mice 6 h following acute exposure to traumatic noise (100 dB SPL, 8-16 kHz
for 24 h). There was no significant difference in the cochlear mRNA expression levels of all
four proinflammatory genes between vehicle and regadenoson-treated mice (p > 0.05,

unpaired z-test). Data presented as mean £ SEM (n = 8 per group).
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Gene Expression in the Regadenoson-Treated Mouse Cochlea
(24 h Post-Exposure)
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Figure 4.43: Quantitative real-time RT-PCR analysis of TNF-a, ICAM-1, CCL2 and
IL-1P gene expression in the cochleae of regadenoson-treated C57BL/6 mice 24 h
following acute noise exposure. The graph illustrates the fold change in gene expression of
TNF-0, ICAM-1, CCL2 and IL-1P in the cochleae of regadenoson-treated mice relative to
vehicle-treated mice 24 h following acute exposure to traumatic noise (100 dB SPL, 8-16
kHz for 24 h). There was no significant difference in the cochlear mRNA expression levels of
all four proinflammatory genes between vehicle and regadenoson-treated mice (p > 0.05,

unpaired z-test). Data presented as mean £ SEM (n = 8 per group).

In summary, this final study has demonstrated expression of adenosine A,a receptors mainly
in the blood vessels of the cochlea, and that immunoexpression of the receptor increased in
the inferior region of the spiral ligament following noise exposure. In addition, numerous
adenosine A,a receptor-positive infiltrating cells were observed in the cochlea following
noise exposure, peaking 24 h post-exposure. These cells were mainly located in the scala
tympani, attached to the wall of the perilymph-filled compartment. Using A;xRKO™ mice, it
was shown that deletion of the adenosine A, receptor gene resulted in a larger increase in
ICAM-1 immunoexpression in the basal turn and lower gene expression levels of CCL2 and
IL-1B following noise exposure. Furthermore, it was demonstrated that activation of
adenosine Aj4 receptors in the cochlea after noise exposure using the selective adenosine Aja

receptor agonist, regadenoson, reduced ICAM-1 immunoexpression and cellular infiltration.



CHAPTER 5 | DISCUSSION

CHAPTER 5: DISCUSSION

5.1. Introduction

Hearing loss is the most common sensory disability and has considerable social and
economic implications. According to 2012 estimates by the World Health Organisation, 360
million people worldwide suffer from moderate to profound hearing loss (over 5% of the
world’s population). Exposure to excessive noise is one of the major causes of sensorineural
hearing loss, secondary only to age-related hearing loss (presbyacusis). Acoustic
overstimulation inflicts injury to the cochlea, affecting almost all cell types, particularly the
sensory hair cells. Since sensory cells in the mammalian cochlea are incapable of
regeneration, unlike those in the avian cochlea, this damage is irreversible, leading to
cochlear dysfunction and permanent hearing loss. A significant proportion (16%) of the
disabling hearing loss in the adult population worldwide is attributed to occupational noise
exposure (WHO, 2002), ranging from 7% in the most developed countries to 21% in
developing regions (Nelson et al., 2005). Hence, substantial efforts have been made over the
years to understand the pathophysiological mechanisms underlying noise-induced cochlear
injury in order to develop pharmacological interventions to reduce or prevent noise-induced

hearing loss.

There is a growing body of evidence that oxidative stress in the cochlea induced by the
acoustic overstimulation is a key mechanism of the noise-induced injury (Ohlemiller et al.,
1999; Henderson et al., 2006; Talaska & Schacht, 2007; Poirrier et al., 2010; Wong et al.,
2013; Hu & Henderson, 2014). This involves the excessive production of ROS and free
radicals in cochlear tissues, which can lead to substantial sensory hair cell loss via both the
apoptotic and necrotic cell death pathways. Oxidative stress is also implicated in age-related
and drug-induced cochlear injury (ototoxicity) and the resultant hearing loss (Poirrier et al.,
2010; Hu & Henderson, 2014). In addition, ischemia/reperfusion injury, glutamate
excitotoxicity (at inner hair cell — type I spiral ganglion neuron synapses), and calcium
overload (in outer hair cells) are also thought to have important roles in the pathogenesis of
noise-induced hearing loss (Fridberger ef al., 1998; Puel et al., 1998; Pujol & Puel, 1999; Le
Prell et al., 2007; Henderson et al., 2008).
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Emerging evidence suggests that inflammation may also be a major contributor to noise-
induced cochlear injury and hearing loss. Early ultrastructural studies in the noise-exposed
mammalian cochlea using electron microscopy identified a population of macrophage-like
cells in the damaged organ of Corti (Fredelius, 1988; Fredelius & Rask-Andersen, 1990).
Subsequent studies demonstrated the presence of a robust inflammatory response in the
cochlea following acoustic overstimulation characterised by the production of
proinflammatory mediators followed by a large influx of inflammatory cells into the cochlea
from the vasculature (Hirose et al., 2005; Fujioka et al., 2006; Tornabene et al., 2006; Shi &
Nuttall, 2007; Sato et al., 2008; Tan et al., 2008; Yamamoto et al., 2009; Jo et al., 2010;
Wakabayashi et al., 2010; Nakamoto ef al., 2012). Interestingly, the cochlea was originally
considered an immunologically privileged organ because of its separation from the systemic
circulation by the blood-labyrinth barrier. However, later studies refuted this evidence by
demonstrating that the cochlea was capable of generating an inflammatory/immune response
(labyrinthitis) in the presence of bacterial or viral pathogens or antigens (Harris, 1983; Harris,
1984; Harris et al., 1990; Fukuda et al., 1992). Cochlear inflammation is also implicated as a
causative factor in a range of other conditions that cause hearing loss including otitis media,
meningitis, ototoxicity, and autoimmune inner ear disease (Kawauchi et al., 1988; Gloddek et
al., 1999; Trinidad et al., 2005; So et al., 2007; So et al., 2008; Cayé-Thomasen et al., 2009).
Cochlear surgery and the insertion of cochlear implants can also evoke an inflammatory
reaction due to the local exogenous stress on the cochlea (Backhouse et al., 2008; Okano et

al., 2008; Kel et al., 2013).

It is recognised that noise-induced cochlear inflammation involves complex signalling
pathways. To date, various inflammation-related genes and proteins (transcription factors,
cytokines, chemokines and cell adhesion molecules) have been implicated in the
inflammatory response (Hirose & Keasler, 2004; Fujioka et al., 2006; Kirkegaard et al.,
2006; Tornabene et al., 2006; Shi & Nuttall, 2007; Yamamoto et al., 2009; Jo et al., 2010;
Wakabayashi et al., 2010; Nakamoto et al., 2012), yet the precise molecular mechanisms
underlying the response and its role in the development of cochlear injury remain to be
elucidated. Therefore, the present study was designed to achieve a better understanding of the
underlying cellular and molecular mechanisms that comprise the inflammatory response in
the mammalian cochlea induced by noise exposure (acute and chronic). In addition, as a
potential treatment strategy for mitigating noise-induced cochlear inflammation and the

concomitant hearing loss, the anti-inflammatory effect of adenosine A,a receptor activation
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in the noise-exposed cochlea was explored using the selective adenosine Ajs receptor

agonist, regadenoson.

5.2. Summary of Findings

In order to address these important research questions, an experimental mouse model of
noise-induced hearing loss was firstly established. A main advantage for using animal models
in studies of noise-induced hearing loss is that noise can be presented at a defined intensity,
frequency and duration. Furthermore, researchers can harvest cochlear tissues at various time
points following noise exposure for histological and molecular analysis. In contrast to this,
human cochlear tissues can only be accessed for examination at autopsy. By then, a lengthy
time will have elapsed since the noise exposure and hence the pathological changes observed
in the cochlea may in fact reflect the cumulative impact of noise exposure over many years as
well as the effects of other environmental/external factors and aging. All studies in this
research project were carried out on C57BL/6 mice, which is the most widely used inbred
strain of laboratory mice. An advantage of inbred strains of mice for noise studies is the low
variability in outcome measures between different mice (inter-animal variability) due to their

genetic homogeneity (Wang et al., 2002).

Here, two models of noise exposure were utilised, an acute exposure that leads to a
permanent threshold shift, and a chronic exposure at a level that induces a temporary loss of
function. For the experimental model of permanent noise-induced hearing loss, mice were
exposed to 100 dB SPL octave band (8-16 kHz) noise for 24 h. Permanent threshold shift was
corroborated by measuring auditory thresholds prior to and one month after noise exposure
using ABRs, a standard method of assessing auditory function in small rodents. Acute
exposure to traumatic noise produced significant hearing loss, with all mice sustaining

comparable permanent threshold shifts to both tone pips and acoustic clicks.

The present study clearly demonstrated that the C57BL/6 mouse cochlea mounts a substantial
inflammatory response following exposure to traumatic noise. A number of inflammatory
genes and proteins were increased following noise exposure as demonstrated by quantitative
real-time RT-PCR and immunohistochemistry. The results revealed significant upregulation

in the transcriptional expression of the proinflammatory cytokines TNF-a and IL-1pB, the
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chemokine CCL2 and the cell adhesion molecule ICAM-1, and also an elevated protein
expression of ICAM-1 and PECAM-1 in the noise-exposed cochlea. Concomitant with the
upregulation of proinflammatory mediators and cell adhesion molecules was an increased
number of adenosine A5 receptor-expressing cells in the cochlea, which were most likely
infiltrating inflammatory cells recruited from the systemic circulation. Interestingly, chronic
exposure to moderate noise levels, which is thought to produce only a temporary threshold
shift, also induced an inflammatory reaction within the cochlea, with increased expression of
the aforementioned inflammatory mediators and cell adhesion molecules. Furthermore, the
study also successfully demonstrated for the first time that stimulation of adenosine Aja
receptors in the noise-exposed cochlea with the selective adenosine A;s receptor agonist,
regadenoson, mitigates some aspects of the noise-induced cochlear inflammatory response,

reducing ICAM-1 immunoexpression and cellular infiltration.

5.3. Gene Expression Levels of Inflammatory Mediators in the
Noise-Exposed Cochlea

The presence of a biphasic inflammatory response in the noise-damaged cochlea, as shown
by the increased expression of TNF-a, CCL2, ICAM-1 and IL-1P at 6 h and 7 days post-
exposure, was rather unexpected as previous studies have reported the local upregulation of
these inflammatory mediators only in the early phase of noise-induced cochlea trauma
(Hirose & Keasler, 2004; Fujioka et al., 2006; Tornabene et al., 2006; Jo et al., 2010;
Wakabayashi et al., 2010; Nakamoto et al., 2012). It is speculated that the initial rise in
expression levels of these cytokines, chemokines and cell adhesion molecules in the noise-
exposed cochlea mediates the recruitment and extravasation of inflammatory cells, which
could exacerbate the noise-induced cochlear damage by causing bystander injury (a source of
secondary damage). The occurrence of the latter peak in expression at seven days after
acoustic trauma is not clear, but it is postulated that it may be associated with reparative

processes, i.e. a wound healing response (this will be further discussed in Section 5.7).

Expression of TNF-a, considered one of the primary mediators of inflammation, was
substantially upregulated following acoustic overstimulation. Studies on organ of Corti
explants have shown that TNF-a alone, in the absence of antigens or pathogens, has the

ability to induce the recruitment of inflammatory cells from the systemic circulation into the
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cochlea (Keithley et al., 2008). Furthermore, blocking TNF-o using Etanercept, a soluble
TNF-o-receptor-FC fusion protein, significantly attenuates the cochlear inflammatory
response in animal models of labyrinthitis induced by the inoculation of KLH into the inner
ear (Satoh et al., 2002; Wang et al., 2003b). Taken together, these data therefore strongly

suggest that TNF-a plays a pivotal role in the development of cochlear inflammation.

In addition to TNF-a and IL-1B, transcript levels of IL-6, another cytokine traditionally
associated with inflammation, was also analysed in the noise-exposed cochlea. Unfortunately,
no quantitative real-time RT-PCR data for IL-6 was obtained due to potential problems with
the IL-6 primer/probe set used in the experiment. However, previous studies have
documented that IL-6 is also significantly induced in the cochlea following noise exposure
(Fujioka et al., 2006; Wakabayashi et al., 2010). This upregulation of IL-6 likely contributes
to noise-induced cochlear injury, as post-exposure inhibition of IL-6 using IL-6 receptor
neutralising antibody (MR16-1) effectively suppresses the cochlear inflammatory response

(macrophage infiltration) and mitigates hearing loss (Wakabayashi et al., 2010).

Of the four proinflammatory genes examined in this study, CCL2 (also known as MCP-1),
which is an inflammatory chemokine with potent monocyte/macrophage chemotactic activity,
showed the largest upregulation in the cochlea following noise exposure, with an
approximate 23-fold increase relative to controls at 6 h post-exposure. This is similar to
previous studies (Sautter et al., 2006; Tornabene et al., 2006), suggesting that CCL2 may
play a key role in the recruitment of inflammatory cells into the noise-damaged cochlea.
However, the study conducted by Sautter et al. (2006) showed that neither CCL2 nor its
receptor CCR2 is necessary for inflammatory cell migration into the cochlea after acoustic
injury. No suppression of monocyte migration was observed in the cochleae of CCL2™ or
CCR27" knockout mice after acoustic trauma (Sautter et al., 2006). It appears that other
chemokines/chemokine receptors are capable of replacing the roles of CCL2/CCR2 in the
noise-exposed cochlea. Consistent with these findings, another study showed that deficiency
of CCL2 or CCR2 did not inhibit otitis media-induced migration of monocytes into the

cochlea due to unspecified compensatory mechanisms (Woo et al., 2010).

It is likely that these proinflammatory mediators are expressed and secreted by various
resident cells in the cochlea, particularly the fibrocytes in the spiral ligament. /n vitro studies

using cultured murine spiral ligament fibrocytes have shown that upon stimulation with
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proinflammatory cytokines (TNF-a, IL-1B), fibrocytes secrete various inflammatory
mediators such as TNF-a, IL-1B, IL-6, monocyte chemoattractant protein-1 (MCP-1),
macrophage inflammatory protein-2 (MIP-2), keratinocyte-derived chemokine (KC), soluble
intercellular adhesion molecule-1 (SICAM-1) and vascular endothelial growth factor (VEGF)
(Yoshida et al., 1999; Ichimiya et al., 2000; Maeda et al., 2005; Moon et al., 2006). It is
likely that endothelial cells within the spiral ligament also secrete inflammatory mediators.
Once released, cytokines and chemokines appear to act in an autocrine and paracrine manner,
promoting further release. It has been speculated that chemokines produced by the fibrocytes
are presented onto the luminal surface of vascular endothelial cells via transcytosis (Yoshida
et al., 1999). The chemokines then bind to glycosaminoglycans (GAGs) on the endothelial
cell surface, facilitating their retention at the inflammatory site, and enabling a localised high
concentration of chemokines, which in turn provides a directional cue for inflammatory cells
(Proudfoot et al., 2003; Allen et al, 2007). Engagement of chemokines with their

corresponding receptors on leukocytes would consequently activate these leukocytes.

Due to the lack of specificity of antibodies used in the immunolabelling experiments, the
cellular source of each of the upregulated proinflammatory cytokines (TNF-a, IL-6 and
IL-1B) in the noise-exposed cochlea was not able to be determined. However, the localisation
and expression profiles of these cytokines in the cochlea have been reported by previous
studies in various models of cochlear inflammation. The study by Fujioka et al. (2006)
demonstrated the induction of IL-6 expression in type IV and type III fibrocytes in the lower
and lateral part of the spiral ligament respectively as well as in the stria vascularis and spiral
ganglion neurons in the noise-exposed rat cochlea. IL-1p has also been shown to be
expressed in the fibrocytes of the spiral ligament following acoustic trauma (Hashimoto et
al., 2004). In addition, in a mouse model of cochlear inflammation induced by the inoculation
of KLH into the inner ear, expression of IL-6 was localised in type II fibrocytes in the spiral
ligament while IL-1p was expressed by type I fibrocytes in the spiral ligament and fibrocytes
in the spiral limbus (Satoh et al., 2002). Cytokines are also produced in the cochlea following
cisplatin injection, and have been suggested to play a central role in cisplatin-induced
ototoxicity (So et al., 2007). TNF-a expression was observed mainly in the spiral ligament,
stria vascularis, spiral limbus, spiral modiolar veins and hair cells in the organ of Corti. IL-1f3
was expressed in the spiral ligament and spiral modiolar veins, while IL-6 was localised

exclusively in the spiral modiolar veins.
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Resident tissue macrophages can produce and secrete cytokines (Gordon & Taylor, 2005),
and resident cochlear macrophages likely have a similar role. In addition, infiltrating
inflammatory cells also express their own cytokines (Allan & Rothwell, 2001; Satoh et al.,
2002), which may further amplify the recruitment of inflammatory cells. This positive
feedback loop possibly continues to recruit inflammatory cells until the levels of cytokines
start to decrease. Because previous reports show expression of cytokines and chemokines
within a few hours post-exposure prior to the influx of inflammatory cells, it is most likely
that the resident cochlear cells are responsible for their initial upregulation rather than
infiltrating inflammatory cells. The earliest endpoint examined in the present study was 6 h
post-exposure, but it is possible that the induction of gene expression occurred earlier. The
latter upregulation in gene expression observed at seven days post-exposure, on the other
hand, is likely the contribution of both resident cells in the cochlea (e.g. fibrocytes and

resident macrophages) and non-resident inflammatory cells recruited from the circulation.

The cochlear activation of p65 and p50, the two predominant subunits of the transcription
factor NF-«kB, which regulates the expression of various proinflammatory mediators and cell
adhesion molecules, was examined in the noise-exposed cochlea. p65 immunoreactivity was
localised primarily in the spiral ligament, marginal cells of the stria vascularis, spiral limbus
and organ of Corti, whereas p50 was observed in the spiral ligament and spiral ganglion.
Aside from the spiral ligament, it is surprising that the immunolocalisation of p65 and p50 in
the cochlea differ as they are normally found together as a heterodimeric complex.
Expectedly, NF-xB immunofluorescence in the quiescent cells of the non-exposed cochlea
was confined to the cytoplasm, indicative of their inactive form. At 6 h following noise
exposure, the cytoplasmic immunofluorescence staining became considerably weaker
compared to the non-exposed controls, but the expected shift of p65 or p5S0 immunostaining
from the cytoplasm into the nucleus was not observed. Even after shortening the noise
exposure to 2 h and examining NF-kB activation immediately, 2 h or 6 h after exposure, no
nuclear translocation of NF-kB was detected despite the decrease in cytoplasmic
immunofluorescence intensity. The study by Masuda et al. (2006) demonstrated nuclear
activation of both subunits of NF-xB in fibrocytes in the lateral wall of the C57BL/6 mouse
cochlea 2 h following exposure to an intense noise (124 dB SPL, 4 kHz for 2 h). However, no
nuclear staining was detected again even after using higher noise levels (110 dB SPL for 2 h).
It is not clear why the expected shift in NF-xB immunostaining to the nucleus was not

observed despite the consistent decrease in the cytoplasmic expression of NF-«xB in the noise-
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exposed cochlea. A possible explanation is that nuclear translocation and activation of NF-xB
did occur in these cells, but the antibodies for p65 and p50 could not reach cell nuclei,
thereby resulting in the absence of nuclear staining. Alternatively, noise exposure parameters

used in the present study were insufficient to trigger NF-kB translocation to the nucleus.

NF-kB can be activated by TNF-o and IL-1B through TNF-receptor associated factors
(TRAFs), a family of intracellular adaptor proteins that bind directly or indirectly to members
of the TNF receptor and the IL-1/Toll-like receptor (IL-1R/TLR) superfamily (Dempsey et
al., 2003). TRAFs induce the activation of mitogen-activated protein kinases (MAPKs),
which phosphorylate and activate IkB kinases, which in turn phosphorylate and ubiquitinate
the inhibitors of kB (IkBs), leading to their degradation. This releases NF-«kB, allowing it to
translocate into the nucleus and activate the transcription of target genes. TRAFs also mediate
the activation of other signalling pathways such as the JNK, ERK, p38 and PI3K pathways
(Dempsey et al., 2003).

The exact mechanisms of how proinflammatory mediators are generated by cochlear
fibrocytes following noise exposure have not been identified. It is speculated that there is an
early immediate release of pre-existing stores of TNF-a and IL-1p following noise exposure
by noise-damaged cochlear cells and/or resident macrophages, which then bind to their
corresponding receptors on fibrocytes, activating the NF-kB signalling pathway and
ultimately the expression of the various proinflammatory mediators. This is consistent with
the findings from the in vitro studies mentioned earlier in which cultured spiral ligament
fibrocytes produced various inflammatory mediators after stimulation with TNF-o and IL-1.
In addition, ROS produced during oxidative stress can also induce the generation of
proinflammatory mediators. Kaur et al. (2011) showed that the increased expression of
inflammatory mediators such as TNF-a, iNOS and COX-2 following cisplatin treatment was
due to the activation of the transcription factor STAT1, whose activation was dependent on

ROS generation.
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5.4. Immunoexpression of Cell Adhesion Molecules in the
Noise-Exposed Cochlea

This study demonstrated expression and distribution of ICAM-1 in both the normal and
noise-exposed mouse cochlea largely in the type IV fibrocytes and vascular endothelial cells
in the lowermost region of spiral ligament. Other blood vessels in the spiral ligament, stria
vascularis, spiral limbus and spiral ganglion, as well as the endothelium of collecting venules
and the endosteal cells lining the scala tympani also showed ICAM-1 immunolabelling. The
significant increase in I[CAM-1 expression in the spiral ligament of both the cochlear middle
and basal turns 24 h after noise exposure is consistent with the early upregulation (6 h post-
exposure) in the cochlear gene expression of ICAM-1, suggesting that ICAM-1 protein is
newly produced by translation between 6 and 24 h after noise exposure. These findings are
consistent with previous studies by Tornabene et al. (2006), Miyao et al. (2008) and
Yamamoto et al. (2009), showing that ICAM-1 likely plays a crucial role in the extravasation
of inflammatory cells in the cochlea during the noise-induced inflammatory response. A
previous study (Seidman et al., 2009) demonstrated that treatment of rats with anti-ICAM-1
antibody significantly attenuated noise-induced temporary threshold shifts, suggesting the

pivotal role of ICAM-1 in inflammation-induced cochlear damage.

Increased expression of ICAM-1 in various cells has been attributed to stimulation by
proinflammatory cytokines (TNF-a). An in vitro study by Ichimiya et al (2003)
demonstrated that cultured murine spiral ligament fibrocytes expressed the cell adhesion
molecules ICAM-1 and VCAM-1 at both the mRNA and protein level upon stimulation with
TNF-oa. This is presumably mediated by cytokine-induced activation of NF-xB activity, as
described earlier. In addition to proinflammatory cytokines, ROS can also promote ICAM-1
expression in endothelial cells (Lo et al., 1993; Linas et al., 1995). Thus, Lo et al. (1993)
reported that cultured human umbilical vein endothelial cells treated with hydrogen peroxide
(H,0,) showed an increase in both mRNA and protein expression of ICAM-1 within 0.5 to
2 h of stimulation. Similar increase in ICAM-1 expression can be postulated for the noise-

exposed cochlea due to excessive ROS production.

Data in this study show that in addition to vascular endothelial cells, type TV fibrocytes of the
spiral ligament have the potential to express ICAM=1. Other studies'have also documented

the expression of cell adhesion molecules on certain connective tissue cells. For example,
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lung fibroblasts, upon stimulation by TNF-a and IL-18, increase their expression of [CAM-1
and VCAM-1 (Spoelstra et al., 1999). This is thought to be important for the migration of
inflammatory cells through the submucosa to the lumen of the airway during the asthmatic
inflammatory response. In the cochlea, the expression of ICAM-1 by fibrocytes in the lateral
wall suggest that they may serve some role in regulating and directing the infiltration and
migration of inflammatory cells among the spiral ligament fibrocytes following noise
exposure. The inflammatory cells may persist in the spiral ligament via binding to the cell

adhesion molecules on the fibrocytes.

During steady-state conditions, integrins on the surface of leukocytes cannot bind to the cell
adhesion molecules on endothelial cells, as they first need to be activated by intracellular
signals transmitted via stimulation with various chemokines (Hynes, 1992). It has been
speculated that chemokines such as CCL2 produced by fibrocytes in the spiral ligament are
presented onto the luminal surface of vascular endothelial cells via the process of
transcytosis, which would consequently activate inflammatory cells and allow them to

extravasate (Yoshida et al., 1999).

The observed expression pattern of ICAM-1 in the cochlea following noise exposure
resembles that seen following antigen challenge into the inner ear of sensitised
(pre-immunised) animals (condition known as immune-mediated labyrinthitis) (Suzuki &
Harris, 1995; Pawankar et al., 1998) and in response to cochlear electrode implantation (Kel
et al., 2013). Suzuki and Harris (1995) demonstrated strong expression of ICAM-1 in the
spiral ligament and the spiral modiolar vein and its collecting venules in the early phase of
labyrinthitis (6 h to 2 days post-challenge) induced by the inoculation of KLH into the scala
tympani of sensitised animals. Furthermore, a recent study which examined the early
response of the cochlea to implantation of a cochlear electrode into the scala tympani
reported an increased expression of ICAM-1 in the spiral ligament (type II and IV
fibrocytes), peaking 24 h post-implantation, a time course similar to that observed in the

present study (Kel et al., 2013).

Consistent with ICAM-1 expression, PECAM-1 was constitutively expressed in the blood
vessels of the cochlea and showed increased expression one to three days following noise
exposure. PECAM-1 is therefore also likely to play an important role in the extravasation of

inflammatory cells during the noise-induced cochlear inflammatory response. While ICAM-1
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is expressed on the luminal surface of vascular endothelial cells and mediates the temporary
adherence of leukocytes to the vasculature, PECAM-1 is localised in the intercellular
junctions of endothelial cells and mediates the transmigration of leukocytes across the
endothelium (Muller et al., 1993). Furthermore, in contrast to ICAM-1, PECAM-1 was not
expressed by type IV fibrocytes, suggesting it does not have a potential role like ICAM-1 in
directing and regulating the migration of inflammatory cells among the fibrocytes of the

spiral ligament.

Other cell adhesion molecules that have shown elevated protein expression following noise
exposure include P-selectin and VCAM-1 (Shi & Nuttall, 2007; Yamamoto et al., 2009).
P-selectin is involved in the initial step in the extravasation process, mediating the
deceleration and rolling of leukocytes along the luminal surface of activated endothelial cells
by forming loose connections with the circulating leukocytes. VCAM-1, another member of
the immunoglobulin superfamily, plays a similar role to ICAM-1, facilitating the temporary
immobilisation of leukocytes to the endothelium. The entire extravasation process thus
consists of three successive stages: 1) rolling, mediated by P-selectin (and E-selectin); 2) firm
adhesion, mediated by ICAM-1 and VCAM-1; and 3) transendothelial migration, mediated
by PECAM-1.

It has been previously demonstrated by Shi and Nuttall (2007) that the expression of cell
adhesion molecules such as ICAM-1, PECAM-1 and P-selectin is modulated by a DNA
repair enzyme called PARP-1. They showed that in contrast to wild-type mice, no
upregulation of cell adhesion molecules was observed in the blood vessels of the cochlear
lateral wall in PARP-17" knockout mice following noise exposure. Consistent with the
relative lack of cell adhesion molecules, increased numbers of leukocytes were also not
detected in these noise-exposed mutant mice. The authors suggested that noise-induced
cellular damage activates PARP-1 in endothelial cells lining capillaries of the spiral ligament
and stria vascularis, which may act via NF-kB to regulate the expression of cell adhesion

molecules in the lateral wall.
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5.5. Adenosine A;, Receptor Expression in the Noise-Exposed
Cochlea

The distribution of adenosine A, receptor in the C57BL/6 mouse cochlea was characterised
using immunofluorescence staining. The results showed adenosine A,a receptor expression
mainly confined to the cochlear vasculature. Positive immunolabelling was detected in blood
vessels located in the spiral ligament, stria vascularis, spiral limbus, spiral ganglion, and
modiolus. Within the spiral ligament, immunoreactivity was observed specifically in the
inferior region and on the lateral side adjacent to the otic capsule. In addition, it is likely that
some of the type IV fibrocytes in the inferior region of the spiral ligament also expressed
adenosine A, receptors. A previously published study by our group (Vlajkovic et al., 2007)
showed that in the rat cochlea, adenosine A, receptors are also expressed in blood vessels
but only those within the modiolus. Furthermore, in contrast to the mouse cochlea, adenosine
Aya receptors in the rat cochlea are also immunolocalised in the inner hair cells and
supporting Deiters’ cells of the organ of Corti, spiral ganglion neurons, and type II fibrocytes
in the root region of the spiral ligament. This discrepancy in the immunostaining pattern
between the mouse and rat cochlea implies a species-specific difference in the cochlear

distribution of adenosine A4 receptors.

The abundant expression of adenosine A,a receptors in the vasculature of the cochlea
implicates a role of adenosine signalling in the regulation of cochlear blood flow. Indeed,
adenosine has been demonstrated to induce a dose-dependent increase in cochlear blood flow
(Munoz et al., 1999). Adenosine A, receptor expression in the cochlear vasculature is
consistent with the expression of the receptor in the brain. It is thought that during systemic
hypoxia, adenosine is released from the endothelium and acts on adenosine A, receptors on
endothelial cells, and thus having a major role in the hypoxia-induced cortical vasodilation

(Coney & Marshall, 1998).

Interestingly, the immunolocalisation of the adenosine A4 receptor coincides with that of
ICAM-1 in the vascular endothelial cells in the inferior region of the spiral ligament.
Furthermore, both adenosine A4 receptor and ICAM-1 showed increased immunolabelling
in this region following noise exposure, suggesting an important association between the two.
Noise-induced changes in the cochlear expression of adenosine A5 receptor at the mRNA

level was not assessed in the present study. However, a previous study carried out by our
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group showed that the transcript level of adenosine A,a receptor was not altered in the rat
cochlea following prolonged exposure (24 h) to noise levels that induce either temporary (90
and 100 dB SPL) or permanent (110 dB SPL) hearing loss (Wong et al., 2010). A similar
finding in mice would suggest that there is only an increased translation (protein synthesis) of

the receptor following noise exposure.

Because of the potent anti-inflammatory effects of adenosine via the adenosine A4 receptor
(Cronstein, 1994; Sullivan & Linden, 1998; Bours et al., 2006; Cronstein, 2007) and the fact
that extracellular levels of adenosine are elevated during acoustic overstimulation (Vlajkovic
et al., 2009), it is postulated that the increased expression of adenosine A,, receptors in the
cochlea following noise exposure may represent an important endogenous protective
mechanism to limit inflammation. To gain further insight into the potential role of adenosine
Aya receptor-mediated signalling in noise-induced cochlear inflammation, genetically
modified C57BL/6 mice lacking the gene encoding the adenosine Aja receptor (AzARKO'/ D)
were studied. This “loss of function” approach showed that the absence of adenosine Aja
receptors differentially affected specific aspects of the noise-induced cochlear inflammatory
response. A>ARKO™ mice had a larger increase in ICAM-1 immunoexpression in the basal
cochlear turn but lower gene expression levels of CCL2 and IL-1p after noise exposure. The
much larger response to noise exposure in A>4aRKO™" mice in regards to ICAM-1 protein
expression is in line with the hypothesis that deletion of the adenosine Aja receptor gene
leads to a stronger cochlear inflammatory response. However, it is interesting that gene
expression levels of CCL2 and IL-1p were downregulated after noise exposure while TNF-a
and ICAM-1 expression levels remained unaltered. To further evaluate the effect of
adenosine A, receptor gene deletion, it would be of interest in future studies to compare the
number of inflammatory cells in the cochlea between noise-exposed wild-type and A>ARKO™

mice.
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5.6. Adenosine A, Receptor-Positive Infiltrating Cells in the
Noise-Exposed Cochlea

In addition to the immunofluorescence labelling in the cochlear vasculature, numerous
adenosine A,a receptor-expressing cells were observed in the noise-exposed cochlea, which
were assumed to be infiltrating inflammatory cells recruited from the systemic circulation.
This assumption was based on the similarity of their morphology and location to the cochlear
inflammatory cells reported by previous studies (Hirose et al., 2005; Tornabene et al., 2006;
Sato et al., 2008; Tan et al., 2008). The vast majority of the adenosine A, receptor-positive
cells were found adherent to the wall of the scala tympani. Similarly, the previous studies
also observed a large accumulation of infiltrating cells attached to the perilymphatic
compartment wall. These cells were described as having a rounded shape or slightly flattened
against the wall, which is consistent with the present study. Labelled round-shaped cells,
which were similar in appearance to those in the scala tympani, were also present in the scala
vestibuli, spiral ligament, spiral limbus, spiral ganglion and modiolus, but were notably
absent in the organ of Corti and scala media. Most studies have also reported rare sightings of
inflammatory cells in the organ of Corti, however early ultrastructural studies using electron
microscopy identified phagocytic cells located in the noise-damaged organ of Corti, mainly
in the tunnel of Corti and outer hair cell region (Fredelius, 1988; Fredelius & Rask-Andersen,

1990).

Because adenosine Aja receptors are expressed by every type of immune cell, including those
involved in both innate (monocytes, macrophages, neutrophils, dendritic cells, mast cells,
natural killer cells) and adaptive (B and T lymphocytes) immunity (Sullivan & Linden, 1998;
Bours et al., 2006; Fredholm, 2007; Blackburn et al., 2009; Hasko et al., 2013), the nature of
these infiltrating cells observed in the present study is unknown. However, others have
characterised the population of inflammatory cells in the noise-exposed cochlea using
immunohistochemistry with various leukocyte markers, and found that the vast majority are
derived from the monocyte/macrophage lineage (F4/80", CD68", Iba-1", CX3CR1"), with a
small number representing other types of leukocytes such as polymorphonuclear leukocytes
(e.g. neutrophils) and lymphocytes (Hirose et al., 2005; Tornabene et al., 2006; Okano et al.,
2008; Tan et al., 2008). Hirose et al. (2005) proposed the term “cochlear macrophage” for
these inflammatory cells, to indicate an inducible exchanging population of phagocytic cells

that respond to acoustic injury.
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In addition to the scala tympani, another location in the cochlea where inflammatory cells
have been consistently observed is the spiral ligament, particularly in the inferior region
where type IV fibrocytes are located. Morphologically, the cochlear macrophages observed in
the spiral ligament, as well as in other cochlear structures such as the spiral limbus and spiral
ganglion, have been characterised as possessing a spindle shape with several ramified
processes, resembling tissue macrophages (Hirose et al., 2005; Tornabene et al., 2006; Okano
et al., 2008; Sato et al., 2008; Tan et al., 2008). It is possible that some of the adenosine Ajx
receptor-positive cells observed in the inferior region of the spiral ligament could in fact be

macrophages due to their ramified morphology; however this could not be verified.

Previous reports have suggested the vasculature of the lateral wall as the primary route of
entry of inflammatory cells due to the large cellular infiltration observed in the spiral
ligament following acoustic trauma and the highly vascularised nature of this cochlear region
(Hirose et al., 2005; Tan et al., 2008). In addition, infiltrating cells within the fluid-filled
spaces of the scala tympani and scala vestibuli are also likely to have migrated from the spiral
modiolar vein and its collecting venules, which were traditionally thought to be the main
vascular source of inflammatory cells (Harris et al., 1990). In the early phase of acoustic
injury (mainly at 6 h post-exposure), a few infiltrating cells appeared to be extravasating from

the collecting venules below the lateral wall.

Cellular infiltration in the cochlea was short-lived, with the maximum number of infiltrating
cells observed 24 h following the cessation of noise exposure (13.1 £ 1.8 AR’
cells/section), after which time the number of cells declined over the next six days. This time
course is in contrast to previous reports in which peak cellular infiltration was observed
between three and seven days after noise exposure (Discolo ef al., 2004; Hirose et al., 2005;
Tornabene et al., 2006; Sato et al., 2008; Tan et al., 2008; Wakabayashi et al., 2010). The
cell densities reported in these prior studies were also much higher than that observed in the
present study. In the current study, only round-shaped cells or those flat against the
perilymphatic wall were included in the total cell count, whereas irregular-shaped cells, such
as those observed in the lower portion of the spiral ligament, were excluded as their identity
was not entirely clear. In addition, these previous studies utilised much higher noise levels
(e.g. 118 dB to 124 dB SPL), which may have contributed to the larger cellular infiltration

due to more extensive noise-induced injury to cochlear tissues.
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The present study also revealed the presence of a few resident inflammatory cells (2.4 = 0.5
A,R" cells/section) within the cochleae of non-exposed mice, which is consistent with
previous studies (Hirose et al., 2005; Lang et al., 2006; Tornabene et al., 2006; Okano et al.,
2008; Sato et al., 2008). Data from radiation chimeras have shown that these resident cells
form an exchanging and migratory population, supplied continuously from haematopoietic
precursors in the bone marrow, and exhibiting slow turnover during steady-state conditions
(Okano et al., 2008; Sato et al., 2008; Shi, 2010). These cochlear haematopoietic bone
marrow-derived cells have been characterised to be derived from the monocyte/macrophage
lineage, and morphologically resemble microglia, the resident tissue macrophage of the
central nervous system (Okano et al, 2008). Moreover, it has been demonstrated by
bromodeoxyuridine (BrdU) labelling (a method of detecting proliferating cells) that the
marked increase in cochlear macrophages following noise exposure arises from the migration
of macrophages from the systemic circulation rather than the proliferation of these resident

macrophages in the cochlea (Hirose et al., 2005).

This recruitment of inflammatory cells from the systemic circulation to the noise-damaged
cochlea is presumably mediated by the early upregulation (6 h post-exposure) of
chemoattractant molecules such as proinflammatory cytokines (TNF-a, IL-1pB) and
chemokines (CCL2). The subsequent transendothelial migration (extravasation) of the
recruited inflammatory cells is likely mediated by cell adhesion molecules such as ICAM-1
and PECAM-1, whose expression were shown to peak at the time of maximum cellular
infiltration (24 h post-exposure). There is therefore a positive correlation between the
upregulation of cell adhesion molecules and leukocyte infiltration. Furthermore, leukocyte
recruitment also parallels cytokine and chemokine upregulation, with the peak in
inflammatory cell infiltration (24 h post-exposure) occurring shortly following the initial

peak in cytokine and chemokine expression (6 h post-exposure).
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5.7. Role of Noise-Induced Cochlear Inflammation

The exact role infiltrating inflammatory cells play in the noise-damaged cochlea remains
unclear. It is most likely that inflammatory cells (macrophages) are recruited to the cochlea to
serve a purely phagocytic role, helping to clear cellular debris caused by acoustic trauma.
This hypothesis is based on the fact that infiltrating cells are largely observed in the region of
the spiral ligament (inferior region) where noise-induced fibrocyte loss is most evident (Wang
et al., 2002; Hirose et al., 2005; Tornabene et al., 2006; Ohlemiller, 2008; Sato et al., 2008).
In further support of this interpretation, inflammatory cells are present in the spiral limbus
only in regions of the cochlea (lower apical turn) where there is pronounced fibrocyte loss
after noise exposure, but not in other cochlear turns where no fibrocyte loss is observed
(Hirose et al., 2005). In addition to clearing cellular debris, macrophages may also contribute
to the repair process by altering the local environment via the secretion of cytokines and
growth factors, such as TNF-a, IL-6, IL-1, transforming growth factor-a/f, platelet-derived
growth factor, and insulin-like growth factor-1 that regulate angiogenesis, fibroplasia, and
matrix synthesis (a wound healing response) (Park & Barbul, 2004). Furthermore, a study by
Abrashkin ef al. (2006) has revealed a macrophage role for supporting cells in the organ of
Corti, particularly the Deiters’ cells, in the removal (phagocytosis) of injured/dead outer hair
cells and/or their debris. Prestin, a protein unique to outer hair cells, was detected inside the
cytoplasm of supporting cells in the organ of Corti damaged by acoustic overstimulation or

ototoxic drugs.

Conversely, it is also possible that the damage to the fibrocytes in the spiral ligament and
spiral limbus is caused directly by macrophages as a result of bystander injury as they
infiltrate these regions from the vasculature and migrate among the fibrocytes on their way to
clear debris of noise-damaged sensory cells. Macrophages can cause death of cells via the
release of cytotoxic products such as quinolinate, ROS and nitric oxide (Park & Barbul, 2004;
Ladrech et al., 2007). Infiltration of inflammatory cells may therefore be another
pathophysiological source of secondary damage in the cochlea. In addition to recruiting
inflammatory cells, proinflammatory cytokines may be directly involved in the apoptotic
death of hair cells. The JNK and p38 signalling pathways, which are associated with
apoptosis among a variety of other cellular functions, are activated by proinflammatory
cytokines such as TNF-a and IL-1f in various types of cochlear injury (Tabuchi & Hara,
2012). Several studies have indicated that the JNK signalling pathway is involved in both
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ototoxicity and noise-induced hair cell death leading to permanent hearing loss (Wang et al.,
2003a; Murai et al., 2008). The involvement of inflammation in the development of noise-
induced cochlear injury is unclear, as it is difficult to separate its contribution from other

putative mechanisms such as oxidative stress.

In support of the detrimental role of inflammation in the cochlea, glucocorticoids such as
dexamethasone and methylprednisolone, which suppress cochlear inflammation, have been
reported to exhibit protective effects against noise-induced cochlear injury and hearing loss
(Takemura et al., 2004; Sendowski et al., 2006; Tabuchi et al., 2006; Hirose et al., 2007). In
addition, post-exposure treatment of C57BL/6 mice with an IL-6 inhibitor (MR16-1)
attenuated the inflammatory response (cellular infiltration) in the cochlea and significantly
improved hearing (Wakabayashi et al., 2010). A very recent study demonstrated that TNF-a
inhibition improves cochlear blood flow and prevents permanent threshold shift after noise
overexposure (Arpornchayanon et al., 2013). Although this study did not examine the effects
on the cochlear inflammatory response, earlier studies showed that TNF-a inhibition
supressed the infiltration of inflammatory cells into the cochlea and reduced hearing loss in
an experimental model of labyrinthitis induced with KLH (Satoh et al., 2002; Wang et al.,
2003b).

The results presented here and in prior studies provide evidence that fibrocytes of the spiral
ligament contribute to the inflammatory response in the cochlea. They release various
proinflammatory mediators and cell adhesion molecules that are involved in the recruitment
of inflammatory cells from the circulation. Following acoustic injury, significant leukocyte
infiltration occurs in the spiral ligament, particularly in the inferior region among the type IV
fibrocytes, an area highly susceptible to noise. In the present study, cells that resemble
macrophages were also identified in this region but their true identity was not verified. Based
on these data, it has been suggested that the type IV fibrocytes are likely the initiator of the
local inflammatory response in the cochlea (Fujioka et al., 2006; Tan et al., 2008). Since
cochlear fibrocytes express similar inflammatory mediators as leukocytes, and also respond
to signals used by leukocytes for cell-cell signalling, they can perhaps be considered
facultative resident macrophages, serving some functions normally performed by resident
tissue macrophages. Hence, inflammatory leukocytes could function along with resident

fibrocytes of the spiral ligament to regulate repair of the noise-damaged cochlear structures.
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Based on the findings of the present study, the following scenario in the noise-induced
cochlear inflammatory response is postulated. Damage to sensory and non-sensory cells of
the cochlea by noise overexposure causes an early and excessive release of proinflammatory
mediators (cytokines, chemokines and cell adhesion molecules) that recruit inflammatory
cells from the circulation to phagocytose the cellular debris in the cochlea. However, as the
macrophages migrate among the cells in the cochlea to clear debris, they cause significant
bystander tissue injury, exacerbating the noise-induced cochlear damage. In direct response
to this, a wound healing response is initiated via the secretion of various cytokines and
growth factors. According to the results of the current study, this recovery phase of cochlear
inflammation occurs by the end of the first week post-exposure, and presumably with the
contribution of both resident cochlear cells (fibrocytes and resident macrophages) and non-

resident infiltrating cells recruited from the circulation.

5.8. Cochlear Inflammatory Response Associated with Chronic
Noise Exposure

This study demonstrated that an inflammatory response was induced in the mouse cochlea
following repeated exposure to moderate noise levels. The inflammatory response,
characterised by an increased expression of proinflammatory cytokines, chemokines and cell
adhesion molecules, continued until after the second week of noise exposure and then
subsided thereafter. To my knowledge, this is the first study demonstrating the presence of a
cochlear inflammatory response in animals exposed to chronic moderate level noise, which is

the type of environmental noise exposure that can be found in the workplace.

The findings from this study therefore show that even moderate noise, which is thought to
produce only a temporary threshold shift, can induce an inflammatory response in the
cochlea. Consistent with this, Tornabene et al. (2006) showed that even cochleae that were
protected (by about 30 dB) by surgical disruption to the tympanic membrane and ossicular
chain prior to exposure to 118 dB SPL noise, which caused a temporary threshold shift, had
some infiltration of inflammatory cells in the spiral ligament and scala tympani. Hence, it
appears that damage to the sensory hair cells, which does not occur substantially with
temporary threshold shift, is not necessary to induee an inflammatory tesponse. Although

once thought to be harmless and recoverable, it 1s now known that noise levels that cause
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temporary threshold shifts can in fact cause cochlear injury that eventuate to permanent
hearing loss (Wong et al., 2013). Kujawa and Liberman (2009) showed that there is an acute
(within 24 h post-exposure) and extensive loss of afferent nerve terminals and a delayed and
progressive degeneration of cochlear neurons over weeks to months post-exposure, with no
loss of sensory hair cells. It is yet to be established, however, whether the inflammatory

response contributes to neuronal degeneration.

The purpose of this inflammatory reaction in the cochlea following chronic noise exposure is
not entirely clear. Although a single exposure to noise at 90 dB SPL causes temporary
threshold shift in mice, it is possible that repeated exposure of mice to this noise level on a
daily basis for an extended length of time may cause cochlear injury (e.g. degeneration of
spiral ganglion neurons, the loss of spiral ligament fibrocytes and sensory hair cells), which
may lead to permanent threshold shift, much like that observed following acute exposure to
traumatic noise. As the cochlear function of these mice was not assessed to determine the
degree of threshold shift following chronic noise exposure, it is speculated that chronic
exposure to moderate noise levels initiates an inflammatory response, which peaks after two
weeks, to aid in the clearance of debris from the damaged cells, but may itself contribute to
cochlear injury. The data also show that the inflammation resolves thereafter, indicating a
limited duration of the inflammatory response with chronic noise exposure. Hence, this study
suggests that chronic environmental noise exposure, such as workplace noise, which leads to
a slowly developing permanent hearing loss in humans, may be related to the development of

an inflammatory response in the cochlea.
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5.9. Anti-Inflammatory Effect of Regadenoson, a Selective
Adenosine A5 Receptor Agonist, in the Noise-Exposed Mouse
Cochlea

It was shown herein that post-exposure treatment with regadenoson, a selective adenosine
Aya teceptor agonist, suppressed the noise-induced cochlear inflammatory response, by
significantly reducing the immunoexpression of ICAM-1 in the spiral ligament and the
number of infiltrating cells in the cochlea relative to vehicle-treated controls. This is the first
study to demonstrate the mitigation of cochlear inflammation by the selective activation of
adenosine A, receptors in the cochlea. The findings thus support the therapeutic potential of
adenosine A, receptor agonists in noise-induced cochlear inflammation. Consistent with this
study, it has been shown that adenosine A, receptor activation using the selective adenosine
A receptor agonist, DWH-146e, attenuates the expression of ICAM-1 as well as P-selectin

after ischemia-reperfusion injury (Okusa et al., 2000).

Regadenoson, the first adenosine receptor agent to be approved by the FDA (10 April 2008),
is used clinically as a coronary vasodilator (pharmacological stress agent) for radionuclide
myocardial perfusion imaging in adult patients who are unable to exercise adequately
(Astellas Pharma, 2008; Al Jaroudi & Iskandrian, 2009; Garnock-Jones & Curran, 2010;
Chen et al., 2013; Ghimire et al., 2013). For almost two decades prior to the FDA approval of
regadenoson, adenosine and dipyridamole were the main pharmacological stress agents of
choice for myocardial perfusion imaging (Buhr et al., 2008; Al Jaroudi & Iskandrian, 2009;
Garnock-Jones & Curran, 2010). Because coronary vasodilation (myocardial hyperaemia)
requires the selective stimulation of adenosine A, receptors on the vascular smooth muscle
cells of coronary arteries, these agents are not ideal as they also cause activation of other
adenosine receptor subtypes (A;, A, and Aj; receptors) not involved in coronary
vasodilation, leading to many undesirable side effects such as chest pain, dyspnea, decreased
atrioventricular conduction, and bronchiolar constriction (Cerqueira et al., 1994; Rakesh N.
Patel et al, 2007). In addition to producing considerably less serious side effects,
regadenoson also has a longer half-life and lower affinity for the adenosine A4 receptor. The
longer half-life of regadenoson allows it to be administered as a bolus injection rather than by
a constant intravenous infusion, while the low affinity of regadenoson in a large adenosine
Ay receptor reserve in the coronary arterial bed allows maximal coronary vasodilation and

rapid termination of action (Buhr et al., 2008; Al Jaroudi & Iskandrian, 2009).
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A recent study demonstrated that regadenoson increased the permeability of the blood-brain
barrier and facilitated the entry of macromolecules such as dextrans into the brains of
C57BL/6 mice and Sprague Dawley rats (Carman et al., 2011). These results suggest that
adenosine receptor signalling can be used to modulate the permeability of the blood-brain
barrier to facilitate the entry of therapeutic drugs into the central nervous system. Based on
the similarity between blood-brain and blood-labyrinth barriers, it was assumed that
regadenoson could cross the blood-labyrinth barrier and thus reach cochlear tissues. The
results of this study therefore confirm the delivery of systemically injected regadenoson into
the inner ear. The dose of regadenoson (0.05 mg/kg) given to the mice in the current study

was based on the same study by Carman et al. (2011).

In the present study, regadenoson was dissolved in DMSO, an amphipathic solvent that has
been used by many studies to dissolve otoprotective compounds given systemically or
applied locally into the middle ear or onto the round window membrane. It has been
demonstrated that DMSO administered intratympanically into the middle ear does not
produce any morphological or functional changes in the inner ear (Roldan-Fidalgo et al.,
2014). However, it has yet to be evaluated whether DMSO has any anti-inflammatory effects
in the cochlea given its known anti-inflammatory properties. The results from the current
study suggest that DMSO had no impact on the noise-induced cochlear inflammatory
response as cochlear expression levels of inflammatory markers were comparable in noise-
exposed vehicle-treated mice and noise-exposed non-treated mice. This is most likely due to
the very low concentration of DMSO that actually reached the cochlear tissues after systemic

administration.

The underlying cellular/molecular mechanism(s) by which regadenoson mediates its anti-
inflammatory effect in the noise-exposed cochlea is not entirely clear. As demonstrated in the
study, adenosine A5 receptors are predominantly immunolocalised in the blood vessels in
the spiral ligament (mainly in the inferior region), which points to the site of action of
regadenoson. The adenosine Aj;s receptor immunolabelling in this region was shown to
increase following noise exposure, which would serve to increase the efficacy of
regadenoson. Based on the findings of this study, it is speculated that after crossing the
blood-labyrinth barrier of the cochlea, regadenoson selectively binds to and activates
adenosine A;a receptors on vascular endothelial cells in the spiral ligament. The stimulation

of the adenosine A,a receptors results in the suppression of ICAM-1 expression on the
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surface of the endothelial cells, which in turn reduces the extravasation of inflammatory cells
from the systemic circulation. Interestingly, the results showed a decrease in the protein
expression of ICAM-1 following post-exposure regadenoson treatment despite no change in
the transcriptional expression of ICAM-1. It is postulated that regadenoson-mediated
activation of adenosine Aj,s receptors initiates an intracellular signalling cascade, which
causes a decrease in the translation (protein synthesis) of ICAM-1, without affecting its

transcription levels.

In addition to activating adenosine A4 receptors on vascular endothelial cells, regadenoson
likely stimulates adenosine Aja receptors on the surface of infiltrating leukocytes and
resident cochlear macrophages. In other tissues, this reduces the production of
proinflammatory mediators such as TNF-a, decreases the production of ROS and reactive
nitrogen species (RNS), and also augments the production of anti-inflammatory cytokines
such as IL-10 from the inflammatory cells (Sullivan & Linden, 1998; Bours et al., 2006;

Hasko et al., 2013), which in turn reduces further recruitment of circulating leukocytes.

The major signalling pathway linking adenosine A4 receptor activation with downregulation
of inflammation is the cAMP-PKA-NF-«B pathway (Sullivan & Linden, 1998; Okusa, 2002;
Morello et al., 2009). Stimulation of the adenosine A5 receptor increases the intracellular
levels of cAMP by adenylyl cyclase, which signals through protein kinase A (PKA; also
known as cAMP-dependent protein kinase) that activates cAMP response element-binding
protein (CREB), which in turn inhibits the transcriptional activity NF-kB, suppressing the
expression of proinflammatory mediators and cell adhesion molecules. As downregulation in
the gene expression levels of TNF-a, IL-1B, CCL2, and ICAM-1 was not observed, despite a
decrease in both ICAM-1 immunoexpression and cellular infiltration, suppression of cochlear

inflammation by regadenoson likely involves alternative signalling pathways.

Because of the widespread distribution of adenosine receptors, adenosine receptor agonists
can have effects in many organs of the body, causing a variety of responses. However, no
observable signs of major systemic side effects, such as significant loss of body weight or
difficulty breathing, were detected in mice treated with regadenoson. Regadenoson has been
reported to have a good safety and tolerability profile. In the phase III clinical trials,
regadenoson was reasonably well tolerated by patients, and there were no serious side effects

such as acute myocardial infarction, congestive heart failure, or stroke (Iskandrian et al.,
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2007; Astellas Pharma, 2008; Cerqueira et al., 2008). The majority of the adverse effects
were reported to be of mild severity, and included shortness of breath (dyspnea), headache,
flushing, chest discomfort or chest pain, dizziness, angina pectoris, nausea, and abdominal
discomfort. Most of these effects were transient in nature, beginning soon after administration
of the drug and generally resolving within approximately 15 minutes. These side effects of

regadenoson can be readily reversed by an antagonist if needed (Al Jaroudi & Iskandrian,

2009).

At present, there is no cure for noise-induced hearing loss, or any other type of sensorineural
hearing loss. Therapeutic management of hearing loss includes the use of hearing devices
such as hearing aids that amplify sound or cochlear implants, which boost the residual
hearing functionality. A cochlear implant is a neural prosthesis that functions by electrically
stimulating residual spiral ganglion neurons, the primary auditory neurons of the cochlea

(Loizou, 1999).

Corticosteroids (glucocorticoids) are widely used in the treatment of numerous acute and
chronic inflammatory diseases, and have also long been used in the management of
sensorineural hearing loss of various causes, including noise-induced hearing loss (Abi-
Hachem et al., 2010; Tabuchi & Hara, 2012). Corticosteroids are typically administered
systemically, either intravenously or orally. Appropriate doses of steroids supress excessive
inflammation, but are unable to completely recover the associated hearing loss. Higher doses,
on the other hand, can be deleterious to cochlear function in the long term and are often
accompanied by a wide range of adverse side effects (Abi-Hachem er al., 2010).
Glucocorticoids exert their actions by binding to and activating soluble cytoplasmic
glucocorticoid receptors, which translocate to the nucleus and bind to specific DNA sites,
culminating in the downregulation of proinflammatory cytokines and cell adhesion molecules
(Vandevyver et al., 2013). Previous studies have demonstrated that dexamethasone, a widely
used synthetic glucocorticoid, suppresses TNF-o-induced inflammatory mediator release
from cultured spiral ligament fibrocytes (Maeda et al., 2005). The otoprotective effects of
steroids may be mediated through the actions of NF-kB, as glucocorticoids are shown to be
potent inhibitors of NF-kB activation via the induction of the IkBa inhibitory protein
(Auphan et al., 1995). Local routes of steroid delivery have also been developed without the
unfavourable side effects. Direct infusion of dexamethasone into the perilymphatic space

using osmotic mini-pumps has been reported to show protective effects against noise-induced
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injury in the guinea pig cochlea (Takemura et al., 2004). Intratympanic administration of

steroids have also shown good therapeutic efficacy (Zhou et al., 2009).

There is a need to develop more effective pharmacological therapies for cochlear
inflammation that prevent (or rescue) cochlear tissue from injury and mitigate hearing loss.
The findings from this study reveal an important role of adenosine A, receptor signalling in
controlling noise-induced cochlear inflammation, and pinpoint regadenoson as a potential
therapeutic option. An advantage of regadenoson is that it can be administered systemically
as a rapid intravenous injection (a single 10 second bolus) avoiding the inconvenience of
intratympanic injections or surgical procedures required for direct drug delivery into the

cochlea.

5.10. Potential Therapeutic Interventions for Noise-Induced
Cochlear Inflammation

Based on our existing understanding of the underlying mechanisms and pathways of the
cochlear inflammatory response, rational therapeutic approaches can be devised to supress
the inflammation and reduce cochlear injury. It is has been postulated that there are networks
in the cochlea comprising cochlear fibrocytes, vascular endothelial cells, and inflammatory
cells, which are interconnected by various proinflammatory mediators (cytokines,
chemokines and cell adhesion molecules) (Yoshida et al., 1999). Appropriate control of these
networks could potentially attenuate the inflammatory reaction in the cochlea. Because of
their early expression in the inflammatory response and their role in recruiting inflammatory
cells into the cochlea, targeting chemokines/cytokines through direct inhibition may represent

an effective therapeutic strategy.

Satoh et al. (2002) and Wang et al. (2003b) examined the therapeutic potential of anti-TNF-a
therapy and showed that blocking the activity of TNF-a using Etanercept, a soluble TNF-a
receptor-FC fusion protein, significantly attenuated the cochlear inflammatory response
(reduced inflammatory cell infiltration and cochlear fibrosis) in an animal model of immune-
mediated labyrinthitis induced by immunisation with KLH. A further study showed that
neutralisation of TNF-a using Etanercept markedly decreased the expression and secretion of

proinflammatory cytokines (TNF-a, IL-13 and IL-6) in the cochlea after cisplatin injection
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(So et al., 2007). In addition, a very recent study demonstrated that TNF-a inhibition using
Etanercept also improves cochlear blood flow and prevents permanent threshold shift after

noise overexposure (Arpornchayanon et al., 2013).

Another potential treatment strategy would be to block IL-6 signalling in the cochlea. It is
interesting in this regard that specific humanised neutralising antibodies against IL-6 have
been used clinically with promising effects in patients with rheumatoid arthritis and
inflammatory bowel disease. A recent study by Wakabayashi et al. (2010) showed that
inhibition of IL-6 with IL-6 receptor neutralising antibody (MR16-1) resulted in a dramatic
suppression of the cochlear inflammatory response (reduced infiltration of inflammatory

cells) and significantly improved hearing function in noise-exposed mice.

Nakamoto et al. (2012) showed that administration of geranylgeranylacetone (GGA), an anti-
ulcer drug, suppressed the expression of proinflammatory cytokines (IL-6 and IL-1pB) in the
noise-exposed cochlea and also improved auditory function. GGA activates heat shock
transcription factor 1 (HSF1), which induces the expression of heat shock proteins (HSPs).
HSF1 is also known to directly or indirectly regulate cytokine expression, such as inhibiting
the expression of IL-6 and IL-1B. GGA can also reduce inflammation in other organs (e.g.
liver) without apparent side effects even at large doses. GGA may therefore provide a novel

beneficial strategy for the prevention of noise-induced hearing loss.

The role of antioxidants in noise-induced hearing loss has been the subject of extensive
research. Antioxidants have been demonstrated to provide a protective effect in the cochlea
by restoring the redox balance. A recent study examined the effects of antioxidant treatment
on the inflammatory response in the cochlea following noise exposure (Du et al., 2011). This
study reported that antioxidant treatment not only reduced markers of oxidative stress, but
also significantly reduced the infiltration of inflammatory cells into the cochlea. This finding

suggests an anti-inflammatory role of antioxidants in the cochlea.

Combination therapy involving more than one therapeutic agent could be a more effective
approach at suppressing cochlear inflammation. Administering regadenoson in combination
with one of the above mentioned agents such as the TNF-o inhibitor Etanercept or
dexamethasone may potentially provide a stronger anti-inflammatory effect in the cochlea

than either drug alone. Previous studies by our group have demonstrated that adenosine
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amine congener (ADAC), a selective adenosine A; receptor agonist, can ameliorate noise-
and cisplatin-induced cochlear injury (Vlajkovic et al., 2010a; Gunewardene et al., 2013;
Vlajkovic et al., 2014). ADAC can also be administered systemically with no cardiovascular
side effects at the therapeutic dose. Coupling regadenoson with ADAC could therefore

provide better otoprotection against noise-induced cochlear injury and hearing loss.
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CHAPTER 6: LIMITATIONS &
FUTURE DIRECTIONS

As is the case with any research, the present study had limitations that need to be addressed,
and to overcome these shortcomings, further research needs to be carried out. In addition,
directions for future research to further evaluate and extend the findings of the current study

and to address other relevant ideas are proposed.

All studies in this project were conducted on only male C57BL/6 mice to remove potential
gender-related variability and ensure consistency of results. Future studies could examine the
presence of any gender-specific differences in the noise-induced cochlear inflammatory

response.

Sound-evoked ABR responses were the only measure of cochlear function used to verify that
the noise parameters used for the acute noise exposures produced permanent threshold shifts
in the mice. This could be complemented with distortion product otoacoustic emissions
(DPOAESs), which measure the performance of the outer hair cells in tuning sound
transduction, and/or compound action potentials (CAPs), which is a measure of the neural
afferent output. This would enable correlation of gene expression and immunohistochemical

studies with the functional outcomes.

The present study examined noise-induced changes in the gene expression of several key
proinflammatory mediators including TNF-a, IL-1B, CCL2 and ICAM-1. To gain further
insight into the molecular changes associated with noise-induced cochlear inflammation, the
expression of additional inflammatory cytokines and chemokines should be examined. A
genome-wide DNA microarray analysis could be carried out to identify further inflammation-
related genes expressed in the noise-exposed cochlea. In addition, it would be worthwhile to
assess any turn-related differences in gene expression of inflammatory mediators in the noise-
exposed cochlea, e.g. apical lateral wall/sensory epithelium versus basal lateral wall/sensory

epithelium.
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Due to the lack of specificity of the antibodies used in the immunohistochemistry
experiments, the cellular source of proinflammatory cytokines in the cochlea could not be
determined. Antibodies sourced from other manufacturers could be tested in future studies. In
addition, protein expression levels of inflammatory mediators in the noise-exposed cochlea
could be assessed by Western blotting and enzyme-linked immunosorbent assay (ELISA) to

corroborate the gene expression results.

To quantitatively analyse the protein expression level of ICAM-1, the pixel intensity (mean
gray value) and area were measured by selecting the ROI (inferior region of the spiral
ligament) manually using the freehand selection tool, which is not a highly accurate
procedure. A more accurate method of measuring intensity and area is thresholding (also
known as segmentation), which works by separating pixels which fall within a desired range
of pixel intensity values from those that don’t. Moreover, these measurements should always
be carried out blindly, i.e. measurements undertaken without knowing whether the sections

are from non-exposed or noise-exposed cochleae.

The adenosine A receptor-positive cells largely observed within the scala tympani of the
cochlea following traumatic noise exposure were assumed to be infiltrating inflammatory
cells as they appeared similar to those reported by previous studies. Although they may
indeed be inflammatory cells recruited from the circulation, further evidence is needed to
prove this as the adenosine A,a receptor is not a specific marker of inflammatory cells, and
can be expressed by a variety of cell types. To verify that these labelled cells in the noise-
exposed cochlea are truly inflammatory cells, they should be characterised further using
specific leukocyte cell surface markers such as CD45, F4/80, CD68, CX3CRI1, and Iba-1,
however, staining with F4/80 markers yielded inconclusive results in the current study.
Furthermore, double labelling should be carried out to fully characterise the adenosine Aja
receptor-positive cells in the cochlear structures, particularly in the spiral ligament — whether

they are vascular endothelial cells, fibrocytes or inflammatory cells.

For the acute noise exposure study, four time points following noise exposure (6 h, 1 day,
3 days and 7 days) were selected to examine the time course (dynamics) of the inflammatory
response. Future experiments should include additional time points in order to accurately
examine the temporal sequence of ¢vents comprising the cochlear inflammatory response.

Because of the long intervals Between these selected time points, important events may have
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gone undetected. Previous studies demonstrated the expression of inflammatory mediators
within a few hours after acoustic trauma, so it would be worthwhile examining whether the
initial peak in gene expression observed in the present study occurs earlier than 6 h. In
addition, later time points after seven days post-exposure should also be examined to explore

what happens after the second peak in gene expression.

The degree of noise-induced threshold shift in mice following chronic exposure to moderate
noise levels was not assessed to determine whether a temporary or permanent threshold shift
was induced. In addition, future experiments should examine the presence of infiltrating

inflammatory cells in the cochlea as was done in the acute noise exposure study.

Increased immunoexpression of adenosine A,a receptors in the spiral ligament of the cochlea
following noise exposure was only assessed qualitatively due to receptor distribution in blood
vessels. A semi-quantitative analysis based on Western blotting/ELISA should be carried out

in order to obtain a more accurate assessment of the protein expression levels.

It was assumed that regadenoson was capable of reaching the cochlea by crossing the blood-
labyrinth barrier. How much regadenoson actually reaches the cochlear tissues after systemic
administration (bioavailability) and how long it remains in the cochlea until it is metabolised
needs to be determined in future experiments. In the present study, only a single dose,
delivery route and post-exposure injection time was assessed. In order to translate these
findings to clinical research, further studies are needed to assess the optimal dose and route of
drug administration (local vs. systemic) to provide the most effective treatment outcome with
the least side effects. There is also the need to consider the optimal time of regadenoson
treatment and also whether pre-exposure drug administration (i.e. prophylactic treatment) or
post-exposure administration is most effective. Other measurements such as body
temperature and blood pressure/heart rate should be taken after regadenoson treatment to

control for possible side effects of the drug.

It would be of interest in future studies to assess the impact of regadenoson treatment on
cochlear tissue injury and function. Noise-induced cochlear injury can be assessed by
quantifying the loss of sensory hair cells and spiral ganglion neurons, as well as assessing
markers of apoptosis and necrosis. Functional auditory measurements should also be

performed prior to noise exposure (baseline) and after drug treatment to determine whether
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regadenoson improves noise-induced threshold shifts in mice. Reduction in cochlear injury
together with an improvement to auditory thresholds following regadenoson treatment would
support the hypothesis that inflammation is involved in the development of noise-induced
cochlear injury and hearing loss. The therapeutic efficacy of regadenoson in suppressing
noise-induced cochlear inflammation should also be evaluated in other animal models.
Additionally, the potential efficacy of combining regadenoson with selective adenosine A;
receptor agonists, such as ADAC, should also be explored as an otoprotective treatment

strategy in noise-induced hearing loss.
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CHAPTER 7: CONCLUSIONS

The present study was undertaken to elucidate the underlying molecular and cellular
mechanisms and time course of the inflammatory response in the mammalian cochlea
following acute and chronic noise exposure. In addition, the anti-inflammatory effect of
regadenoson, a selective adenosine A,a receptor agonist, in the noise-exposed cochlea was

investigated. The main findings of this thesis are summarised below.

Cochlear Inflammatory Response Associated with Acute Noise Exposure

e Acute exposure to traumatic noise induces an inflammatory response in the mouse
cochlea characterised by:

e An early (6 h post-exposure) upregulation in the gene expression of
proinflammatory cytokines (TNF-a and IL-1B), chemokines (CCL2) and cell
adhesion molecules (ICAM-1), presumably via the activation of the
transcription factor NF-xB, followed by a second peak of expression of these
inflammatory mediators 7 days post-exposure.

e Increased ICAM-1 immunoexpression in the inferior region of the spiral
ligament, peaking 24 h post-exposure.

e Increased PECAM-1 immunoexpression in the cochlear vasculature, peaking
1-3 days post-exposure.

e Recruitment of adenosine A4 receptor-positive infiltrating cells, peaking 24 h
post-exposure. These cells were found predominantly within the scala tympani,

free-floating or attached to the wall of this perilymph-filled compartment.

e [t is speculated that inflammatory cells are recruited to the noise-damaged cochlea
following the early upregulation of proinflammatory mediators and cell adhesion
molecules. The main role of these cells is to clear cellular debris, but they may also
cause significant bystander tissue injury, thus exacerbating the noise-induced injury.
The occurrence of the latter peak in gene expression at 7 days post-exposure is not
entirely clear, but it is postulated that it may be associated with reparative processes

(i.e. a wound healing response) initiated in response to the cochlear damage.
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Cochlear Inflammatory Response Associated with Chronic Noise Exposure

e Chronic exposure to moderate noise also induces an inflammatory response in the
mouse cochlea. This response is characterised by an increased expression of TNF-a,
IL-1B, CCL2 and ICAM-1, peaking after two weeks of noise exposure, and subsiding

thereafter.

e Repeated exposure over an extended period of time may also result in cochlear injury
leading to permanent hearing loss. An inflammatory response is likely initiated to
clear cellular debris from the noise-damaged cochlea, but may also contribute to

cochlear injury.

Adenosine A;a Receptor Expression in the Noise-Exposed Cochlea

e Adenosine Aja receptor is mainly immunlocalised in the cochlear vasculature, thus

resembling I[CAM-1 and PECAM-1 immunoexpression.

e Adenosine Ajs receptor immunoexpression increases in the inferior region of the
spiral ligament following acute exposure to traumatic noise, which may suggest an
endogenous protective mechanism of cochlear tissues to limit the inflammatory

response.

Noise-Induced Cochlear Inflammatory Response in A;aRKO™ Mice

e Deletion of the adenosine A,4 receptor gene (AZARKO'/' mice) differentially affects

specific aspects of the noise-induced inflammatory response in the cochlea.

Anti-Inflammatory Effect of Regadenoson in the Noise-Exposed Cochlea

e Post-exposure treatment of mice with regadenoson, a selective adenosine A4 receptor

agonist, mitigates some aspects of the noise-induced cochlear inflammatory response.

e Regadenoson reduces the infiltration/extravasation of inflammatory cells into the
cochlea, most likely by downregulating the expression of ICAM-1 on the vascular

endothelium.
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In conclusion, the present study provides fundamental novel insights into the mechanisms
and dynamics of the cochlear inflammatory response induced by exposure to acute and
chronic noise. Noise-induced cochlear inflammation is a complex physiological process
characterised by the coordinated activation of various signalling pathways that regulate the
expression of various proinflammatory mediators, which in turn orchestrate the directed
migration of inflammatory cells to the noise-damaged cochlea. However, the exact
mechanisms by which noise elicits this inflammatory response in the cochlea still remains
unclear. This study also reveals an important role of adenosine A5 receptor signalling in
controlling noise-induced cochlear inflammation, and suggests that regadenoson, a FDA
approved selective adenosine A, receptor agonist, is a feasible therapeutic option for
suppression of cochlear inflammation caused by noise, but also with implications for other
inflammatory conditions affecting the inner ear. With improved understanding of the cochlear
inflammatory response, novel therapeutic interventions can be explored and developed to
protect, and perhaps rescue, cochlear tissues from inflammation-induced injury, leading to

prevention of noise-induced hearing loss.
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Appendix A: Supplementary Figures

Appendix A1: NF-kB p65 Blocking Peptide Control

--

Figure A.1: NF-kB p65 blocking peptide control. Pre-absorbing the antibody for p65 with

the corresponding immunising peptide abolished the p65 immunostaining in the spiral
ligament (a, b), stria vascularis (b), organ of Corti (¢) and spiral limbus (¢), confirming the
specificity of the antibody. Abbreviations: SL, spiral ligament; SV, stria vascularis; OC,
organ of Corti; SLm, spiral limbus. Scale bars = 50 um.

Appendix A2: NF-kB p50 Blocking Peptide Control

--

Figure A.2: NF-kB p50 blocking peptide control. Pre-absorbing the antibody for p50 with

the corresponding immunising peptide abolished the p50 immunostaining in the spiral
ligament (a, b) and spiral ganglion (c), confirming the specificity of the antibody.
Abbreviations: SL, spiral ligament; SV, stria vascularis; SG, spiral ganglion. Scale bars =

50 pm.
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Appendix B: Tukey’s Post-Hoc Multiple Comparisons Tables

Appendix B1: Gene Expression (Acute Noise)

Table A.1: Tukey’s post-hoc test | TNF-a gene expression (acute noise)

Mean Difference

95% Confidence Interval

(I) Endpoint (J) Endpoint (1)) Std. Error Sig. Lo o ‘ Upper Bound
6h 2.187716' .502050 .001 72139 3.65405
1d .101903 .546432 1.000 -1.49405 1.69786
Control
3d .999536 487353 .270 -.42387 2.42294
7d 2.502553" .521002 .000 .98087 4.02424
Control -2.187716 502050 .001 -3.65405 -.72139
6h 1d -2.085813" .528393 .004 -3.62908 -.54255
3d -1.188180 1467038 110 -2.55225 17589
7d .314837 502050 .969 -1.15149 1.78117
Control -.101903 546432 1.000 -1.69786 1.49405
1d 6h 2.085813" 528393 .004 .54255 3.62908
3d .897633 .514448 425 -.60491 2.40017
7d 2.400650° .546432 .001 .80470 3.99660
Control -.999536 487353 .270 -2.42294 42387
3d 6h 1.188180 467038 1110 -.17589 2.55225
1d -.897633 514448 425 -2.40017 .60491
7d 1.503017" 487353 .035 .07961 2.92642
Control -2.502553" .521002 .000 -4.02424 -.98087
7 6h -.314837 .502050 .969 -1.78117 1.15149
d 1d -2.400650° 546432 .001 -3.99660 -.80470
3d -1.503017 487353 .035 -2.92642 -.07961

Table A.2: Tukey’s post-hoc test | CCL2 gene expression (acute noise)

Mean Difference

95% Confidence Interval

(I) Endpoint (J) Endpoint (1-J) Std. Error Sig. P— ‘ Upper Bound
6h 4519749 1495813 .000 3.03609 6.00341
1d 1.118076 1495813 .201 -.36558 2.60173
Control
3d -.195923 515264 .995 -1.73779 1.34594
7d 2.247655 543136 .004 .62239 3.87292
Control -4.519749 1495813 .000 -6.00341 -3.03609
6h 1d -3.401672: 443469 .000 -4.72870 -2.07465
3d -4.715672 465114 .000 -6.10747 -3.32388
7d -2.272093 1495813 .002 -3.75575 -.78843
Control -1.118076 1495813 .201 -2.60173 .36558
1d 6 h 3.401672° 443469 .000 2.07465 4.72870
3d -1.313999 465114 .070 -2.70579 .07780
7d 1.129579 1495813 1193 -.35408 2.61324
Control 195923 515264 .995 -1.34594 1.73779
3d 6h 4.715672" 465114 .000 3.32388 6.10747
1d 1.313999 465114 .070 -.07780 2.70579
7d 2.443578 515264 .001 .90172 3.98544
Control -2.247655 543136 .004 -3.87292 -.62239
i 6 h 2.272093" 1495813 .002 .78843 3.75575
4 1d -1.129579 1495813 1193 -2.61324 .35408
3d -2.443578 515264 .001 -3.98544 -.90172
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Table A.3: Tukey’s post-hoc test | I[CAM-1 gene expression (acute noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint (1)) Std. Error Sig. Lo o ‘ Upper Bound
6h 886771 .293499 .042 .02211 1.75143
1d .165634 .330656 .986 -.80849 1.13976
Control
3d -.462972 .293499 .525 -1.32763 140168
7d 1.309681" .293499 .001 .44502 2.17434
Control -.886771 .293499 .042 -1.75143 -.02211
1d -.721137 .340529 .245 -1.72434 .28207
&h 3d -1.349743 .304578 .002 -2.24704 -.45245
7d 422910 .304578 .641 -.47439 1.32021
Control -.165634 .330656 .986 -1.13976 .80849
1d 6h 721137 .340529 .245 -.28207 1.72434
3d -.628606 .340529 372 -1.63181 .37460
7d 1.144047 .340529 .020 .14084 2.14725
Control 462972 .293499 525 -.40168 1.32763
34 6h 1.349743' .304578 .002 45245 2.24704
1d .628606 .340529 372 -.37460 1.63181
7d 1.772653" .304578 .000 .87536 2.66995
Control -1.309681° .293499 .001 -2.17434 -.44502
6h -.422910 .304578 .641 -1.32021 47439
7d 1d -1.144047 .340529 .020 -2.14725 -.14084
3d -1.772653 .304578 .000 -2.66995 -.87536

Table A.4: Tukey’s post-hoc test | IL-1p gene expression (acute noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint (1-J) Std. Error Sig. Lo o ‘ Upper Bound
6h .692648 .262448 .087 -.06567 1.45096
1d .159835 .262448 973 -.59848 91815
Control
3d .346348 .253549 .653 -.38626 1.07895
7d .645128 .262448 126 -.11319 1.40344
Control -.692648 .262448 .087 -1.45096 .06567
6h 1d -.532812 .271055 .305 -1.31600 .25037
3d -.346299 .262448 .681 -1.10462 141202
7d -.047519 .271055 1.000 -.83071 73567
Control -.159835 .262448 973 -.91815 .59848
1d 6h .532812 .271055 .305 -.25037 1.31600
3d .186513 .262448 .953 -.57180 .94483
7d 485293 .271055 .396 -.29789 1.26848
Control -.346348 .253549 .653 -1.07895 .38626
3d 6h .346299 .262448 .681 -.41202 1.10462
1d -.186513 .262448 .953 -.94483 .57180
7d .298780 .262448 .785 -.45954 1.05710
Control -.645128 .262448 126 -1.40344 111319
6h .047519 .271055 1.000 -.73567 .83071
7d 1d -.485293 .271055 .396 -1.26848 .29789
3d -.298780 .262448 .785 -1.05710 145954
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Table A.S: Tukey’s post-hoc test | ICAM-1 immunostaining intensity in the spiral

ligament of the cochlear basal turn (acute noise)

(I) Endpoint (J) Endpoint
6 h

Mean Difference .
) Std. Error Sig.

95% Confidence Interval

Lower Bound Upper Bound

2524480 |  3.228466 935 -6.50912 11.55808
c | 1d 12.425880° |  2.465782 .000 5.52635 19.32541
ontro 3d -519751 |  2.581609 1.000 -7.74337 6.70387
7d -3.423402 |  2.373397 603 -10.06443 3.21762

Control 2524480 |  3.228466 935 -11.55808 6.50912

6h 1d 9.901400° |  3.455867 042 23151 19.57129
3d -3.044231|  3.539440 910 -12.94797 6.85951

7d -5.947882 |  3.390568 408 -15.43506 3.53929

Control -12.425880° |  2.465782 .000 -19.32541 -5.52635

1d 6h -9.9014oo: 3.455867 042 -19.57129 -.23151
3d -12.945631 2.860895 .000 -20.95073 -4.94053

7d -15.849282' | 2.674516 .000 -23.33287 -8.36570

Control 519751  2.581609 1.000 -6.70387 7.74337

6h 3.044231|  3.539440 910 -6.85951 12.94797

3d 1d 12.945631°|  2.860895 .000 4.94053 20.95073
7d -2.903652|  2.781665 834 -10.68705 4.87975

Control 3.423402|  2.373397 603 -3.21762 10.06443

; 6h 5.947882 |  3.390568 408 -3.53929 15.43506
d 1d 15.849282° |  2.674516 .000 8.36570 23.33287
3d 2.903652 |  2.781665 834 -4.87975 10.68705

Table A.6: Tukey’s post-hoc test | [CAM-1 immunostaining area in the spiral ligament

of the cochlear basal turn (acute noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint ) Std. Error Sig. Y Upper Bound
6h -4343.674562" 791.644152 .000 -6558.78097 -2128.56815
e I 1d -5798.182920° 604.628208 .000 -7489.99839 -4106.36745
ontro 3d -4604.046305 633.029808 .000 -6375.33254 -2832.76007
7d -2341.047391" 581.974858 .001 -3969.47632 -712.61846
Control 4343.674562" 791.644152 .000 2128.56815 6558.78097
6h 1d -1454.508358 847.404437 431 -3825.63811 916.62140
3d -260.371742 867.897315 .998 -2688.84279 2168.09931
7d 2002.627172 831.392654 125 -323.69987 4328.95422
Control 5798.182920" 604.628208 .000 4106.36745 7489.99839
1d 6 h 1454.508358 847.404437 431 -916.62140 3825.63811
3d 1194.136615 701.513048 439 -768.77317 3157.04640
7d 3457.135529' 655.811370 .000 1622.10401 5292.16705
Control 4604.046305" 633.029808 .000 2832.76007 6375.33254
3d 6h 260.371742 867.897315 .998 -2168.09931 2688.84279
1d -1194.136615 701.513048 439 -3157.04640 768.77317
7d 2262.998914 682.085054 .012 354.45077 4171.54706
Control 2341.047391° 581.974858 .001 712.61846 3969.47632
- 6h -2002.627172 831.392654 125 -4328.95422 323.69987
d 1d -3457.135529' 655.811370 .000 -5292.16705 -1622.10401
3d -2262.998914 682.085054 .012 -4171.54706 -354.45077
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Table A.7: Tukey’s post-hoc test | ICAM-1 immunostaining intensity in the spiral

ligament of the cochlear middle turn (acute noise)

() Endpoint | (J) Endpoint | Mean Difference o, p sig. a9 Confidence nterval
(1)) Lower Bound | Upper Bound
6h 4431835  4.077913 812 -7.12565 15.98932
control 1d 18.331872 |  3.101661 000 9.54125 27.12249
onire 3d 3790963 |  3.101661 739 -4.99966 12.58158
7d 8721542 |  3.304282 079 -18.08643 64334
Control 4431835  4.077913 812 1598932 7.12565
- 1d 13.900036 |  4.323204 019 1.64710 26.15297
3d 640873 4.323204 1.000 -12.89381 11.61206
7d 13153378 | 4.470889 038 -25.82462 -48214
Control 18331872 | 3.101661 000 -27.12249 -9.54125
» 6h 13.900036 | 4.323294 019 -26.15297 -1.64710
3d 14.540009' | 3.417864 001 -24.22770 -4.85412
7d 27.053414° | 3.602745 000 -37.26419 -16.84264
Control -3.790963 |  3.101661 739 12.58158 4.99966
s 6h £40873 | 4323294 1.000 -11.61206 12.89381
1d 14.540009° | 3.417864 001 4.85412 24.22770
7d 12512505 | 3.602745 009 -22.72328 -2.30173
Control 8721542 |  3.304282 079 ~64334 18.08643
6h 13.153378° | 4.470889 038 48214 25.82462
7d 1d 27.053414 | 3.602745 000 16.84264 37.26419
3d 12.512505' | 3.602745 009 2.30173 2272328

Table A.8: Tukey’s post-hoc test | [ICAM-1 immunostaining area in the spiral ligament

of the cochlear middle turn (acute noise)

() Endpoint | (J)Endpoint  Mean Difference | oy p o) sig. #et Confidence nterval
(1-J) Lower Bound  Upper Bound

6h -839.251450 | 542.509413 538 | -2377.06824 698.56532
control 1d -2035.777802 | 412.701127 000  -3205.44128 -866.11432
ontro 3d -1794.999166 | 412.701127 001 -2964.66265 -625.33568
7d 515478752 | 439.661463 767 -1761.55230 730.59480
Control 830.251459 |  542.599413 538 -698.56532 2377.06824
on 1d 1196.526343 | 575.249286 245  -2826.87829 433.82560
3d -955.747707 | 575.249286 467  -2586.09965 674.60424
7d 323772707  594.887992 982 -1362.23859 2009.78400
Control 2035777802 | 412701127 000 866.11432 3205.44128
» 6h 1196.526343 | 575.249286 245 -433.82560 2826.87829
3d 240.778636 | 454.774492 984|  -1048.12775 1529.68502
7d 1520.200051° | 479.374405 021 161.67243 2878.92567
Control 1794.999166° | 412.701127 001 625.33568 2964.66265
s 6h 955.747707 | 575.249286 467 -674.60424 2586.09965
1d -240.778636 | 454.774492 984 -1529.68502 1048.12775
7d 1279.520414 |  479.374405 074 -79.10621 2638.14703
Control 515478752  439.661463 767 -730.59480 1761.55230
, 6h -323.772707 | 594.887992 982 -2000.78400 1362.23859
d 1d 1520.299051 | 479.374405 021 -2878.92567 -161.67243
3d 1279.520414 | 479.374405 074 -2638.14703 79.10621
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Appendix B3: Gene Expression (Chronic Noise)

Table A.9: Tukey’s post-hoc test | TNF-a gene expression (chronic noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint (1)) Std. Error Sig. Lower Bound ‘ ]
1 wk 618971 | .200050 030 04382 1.19413
2 wks 1110359 | 200050 000 53520 1.68551
Control 3 wks 216189 .200050 815 79134 35897
4wks 073439 200050 996 -50172 64859
Control 618971 | 200050 030 119413 -04382
. 2 wks 491388 200050 124 -.08377 1.06654
3 wks -835160 200050 002 -1.41031 -26001
4 wks 545532 200050 070 -1.12069 02962
Control 1.110359°| 200050 000 -1.68551 -53520
» ke 1 wk 491388 200050 124 -1.06654 08377
3 wks -1.326548 200050 000 -1.90170 -75139
4 wks 1.036919° | 200050 000 161207 - 46176
Control 216189 200050 815 - 35897 79134
ke 1 wk 835160 200050 002 26001 1.41031
2 wks 1.326548 200050 000 75139 1.90170
4wks 289629 200050 602 -28553 86478
Control 073439 200050 996 - 64859 50172
ke 1 wk 545532 200050 070 -02962 1.12069
2 wks 1.036919 200050 000 46176 1.61207
3 wks 289629 .200050 602 -86478 28553

Table A.10: Tukey’s post-hoc test | CCL2 gene expression (chronic noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint (1-J) Std. Error Sig. " Lower Bound | Upper Bound | ‘ TEPCHEenrg
1wk 1.380008" .254461 .000 .64477 2.11525
Control 2 wks 1.832469' .263392 .000 1.07142 2.59351
3 wks .241101 .263392 .889 -.51994 1.00215
4 wks .607022 .263392 170 -.15402 1.36807
Control -1.380008" .254461 .000 -2.11525 -.64477
1wk 2 wks .452461‘ .263392 438 -.30858 1.21351
3 wks -1.138906 .263392 .001 -1.89995 -.37786
4 wks -.772985' .263392 .045 -1.53403 -.01194
Control -1.832469° .263392 .000 -2.59351 -1.07142
1wk -.452461 .263392 438 -1.21351 .30858
2 wks 3 wks -1.591368" .272030 .000 -2.37737 -.80536
4 wks -1.225447 .272030 .001 -2.01145 -.43944
Control -.241101 .263392 .889 -1.00215 51994
3 wks 1wk 1.138906: .263392 .001 .37786 1.89995
2 wks 1.591368 .272030 .000 .80536 2.37737
4 wks .365921 .272030 .666 -.42008 1.156192
Control -.607022 .263392 170 -1.36807 .15402
4 wks 1wk .772985: .263392 .045 .01194 1.53403
2 wks 1.225447 .272030 .001 43944 2.01145
3 wks -.365921 .272030 .666 -1.15192 42008
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Table A.11: Tukey’s post-hoc test | [CAM-1 gene expression (chronic noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint (1)) Std. Error Sig. Lo o ‘ Upper Bound
1wk 691053 .184823 .006 .15968 1.22243
2 wks 1.062139’ .184823 .000 .53076 1.59352
Control
3 wks .222039 .184823 751 -.30934 75341
4 wks .338225 .184823 373 -.19315 .86960
Control -.691053" .184823 .006 -1.22243 -.15968
1wk 2 wks .371086 .184823 .283 -.16029 .90246
3 wks -.469014 .184823 105 -1.00039 .06236
4 wks -.352828 .184823 .332 -.88420 17855
Control -1.062139° .184823 .000 -1.59352 -.53076
2 wks 1wk -.371 OSEE .184823 .283 -.90246 .16029
3 wks -.840100 .184823 .001 -1.37148 -.30872
4 wks 723914 .184823 .003 -1.25529 -.19254
Control -.222039 .184823 751 -.75341 .30934
3 wks 1wk .469014* .184823 .105 -.06236 1.00039
2 wks .840100 .184823 .001 .30872 1.37148
4 wks .116186 .184823 .969 -.41519 .64756
Control -.338225 .184823 373 -.86960 .19315
1wk .352828 .184823 .332 -.17855 .88420
4 wks 2 wks 723914 .184823 .003 19254 1.25529
3 wks -.116186 .184823 .969 -.64756 41519

Table A.12: Tukey’s post-hoc test | IL-1p gene expression (chronic noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint (1-J) Std. Error Sig. Lo o ‘ Upper Bound
1wk .667760 .278809 41 -.13508 1.47060
2 wks .900371" .288594 .028 .06935 1.73139
Control
3 wks -.039459 .278809 1.000 -.84230 .76338
4 wks .485639 .278809 423 -.31720 1.28848
Control -.667760 .278809 141 -1.47060 .13508
1 wk 2 wks .232611 .288594 927 -.59841 1.06363
3 wks -.707219 .278809 .106 -1.51006 .09562
4 wks -.182121 .278809 .965 -.98496 .62072
Control -.900371° .288594 .028 -1.73139 -.06935
2 wks 1wk -.23261 1* .288594 .927 -1.06363 .59841
3 wks -.939830 .288594 .020 -1.77085 -.10881
4 wks -.414732 .288594 .609 -1.24575 41629
Control .039459 .278809 1.000 -.76338 .84230
3 wks 1wk .707219 .278809 .106 -.09562 1.51006
2 wks .939830 .288594 .020 .10881 1.77085
4 wks .525098 .278809 .345 -27775 1.32794
Control -.485639 .278809 423 -1.28848 .31720
1wk 182121 .278809 .965 -.62072 .98496
4 wks 2 wks 414732 .288594 .609 -.41629 1.24575
3 wks -.525098 .278809 .345 -1.32794 27775
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Appendix B4: ICAM-1 Immunostaining (Chronic Noise)

Table A.13: Tukey’s post-hoc test | ICAM-1 immunostaining intensity in the spiral

ligament of the cochlear basal turn (chronic noise)

95% Confidence Interval

. Mean Difference
1) Endpoint J) Endpoint Std. Error T
() Endp (J) Endp (1-J) Lower Bound Upper Bound
1wk 16.435730 2.602730 9.14769 23.72377
St 2 wks 5.058063 2.855008 .398 -2.93640 13.05252
ontro
3 wks -3.399520 2.779824 .738 -11.18345 4.38441
4 wks -5.500964 3.160206 416 -14.35002 3.34809
Control -16.435730° 2.602730 .000 -23.72377 -9.14769
1wk 2 wks -11.377667 3.104528 .004 -20.07082 -2.68451
3 wks -19.835250" 3.035530 .000 -28.33520 -11.33530
4 wks -21.936694° 3.387318 .000 -31.42170 -12.45169
Control -5.058063 2.855008 .398 -13.05252 2.93640
2 wks 1 wk 11.377667 3.104528 .004 2.68451 20.07082
3 wks -8.457583 3.254429 .082 -17.57048 .65532
4 wks -10.559028" 3.584800 .034 -20.59702 -.52104
Control 3.399520 2.779824 .738 -4.38441 11.18345
3 wks 1 wk 19.835250° 3.035530 .000 11.33530 28.33520
2 wks 8.457583 3.254429 .082 -.65532 17.57048
4 wks -2.101444 3.525215 .975 -11.97258 7.76970
Control 5.500964 3.160206 416 -3.34809 14.35002
P 1 wk 21.936694 3.387318 .000 12.45169 31.42170
wks .
2 wks 10.559028 3.584800 .034 52104 20.59702
3 wks 2.101444 3.525215 .975 -7.76970 11.97258

Table A.14: Tukey’s post-hoc test | ICAM-1 immunostaining area in the spiral ligament

of the cochlear basal turn (chronic noise)

95% Confidence Interval

(I) Endpoint (J) Endpoint LGN [ ST Std. Error Sig.
(1-J) Lower Bound  Upper Bound
1 wk -5816.545295 628.742474 .000 -7577.12040 -4055.97019
2 wks -6495.791087 689.685510 .000 -8427.01601 -4564.56616
Control 3 wks -4437.544458" 671.523143 .000 -6317.91198 -2557.17694
4 wks -832.878698 763.412148 .811 -2970.54948 1304.79209
Control 5816.545295 628.742474 .000 4055.97019 7577.12040
2 wks -679.245792 749.962016 .894 -2779.25415 1420.76257
1wk 3 wks 1379.000837 733.294113 .337 -674.33485 3432.33652
4 wks 4983.666597 818.275645 .000 2692.36963 7274.96357
Control 6495.791087 689.685510 .000 4564.56616 8427.01601
2 wks 1 wk 679.245792 749.962016 .894 -1420.76257 2779.25415
3 wks 2058.246628 786.173810 .078 -143.16029 4259.65355
4 wks 5662.912389 865.981544 .000 3238.03160 8087.79317
Control 4437.544458' 671.523143 .000 2557.17694 6317.91198
3 wks 1 wk -1379.000837 733.294113 .337 -3432.33652 674.33485
2 wks -2058.246628 786.173810 .078 -4259.65355 143.16029
4 wks 3604.665761° 851.587497 .001 1220.09051 5989.24101
Control 832.878698 763.412148 .811 -1304.79209 2970.54948
1 wk -4983.666597 818.275645 .000 -7274.96357 -2692.36963
4 wks 2 wks -5662.912389° 865.981544 .000 -8087.79317 -3238.03160
3 wks -3604.665761" 851.587497 .001 -5989.24101 -1220.09051
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Table A.15: Tukey’s post-hoc test | ICAM-1 immunostaining intensity in the spiral

ligament of the cochlear middle turn (chronic noise)

95% Confidence Interval

Mean Difference

(I) Endpoint (J) Endpoint ) Std. Error Sig. T Upper Bound
1 wk 16.893307 3.254784 .000 7.68956 26.09705
P 2 wks 1.854235 4.050065 .991 -9.59837 13.30684
onire 3 wks -6.769401 3.489700 .310 -16.63743 3.09863
4 wks -8.387765 4.050065 .248 -19.84037 3.06484
Control -16.893307 3.254784 .000 -26.09705 -7.68956
1wk 2 wks -15.039071i 4174711 .006 -26.84415 -3.23399
3 wks -23.662708 3.633620 .000 -33.93771 -13.38771
4 wks -25.281071 4174711 .000 -37.08615 -13.47599
Control -1.854235 4.050065 .991 -13.30684 9.59837
2 wks 1 wk 15.039071" 4174711 .006 3.23399 26.84415
3 wks -8.623636 4.360344 .291 -20.95364 3.70637
4 wks -10.242000 4.820541 .226 -23.87333 3.38933
Control 6.769401 3.489700 .310 -3.09863 16.63743
3 wks 1wk 23.662708" 3.633620 .000 13.38771 33.93771
2 wks 8.623636 4.360344 291 -3.70637 20.95364
4 wks -1.618364 4.360344 .996 -13.94837 10.71164
Control 8.387765 4.050065 .248 -3.06484 19.84037
- 1 wk 25.281071° 4174711 .000 13.47599 37.08615
wis 2 wks 10.242000 4.820541 226 -3.38933 23.87333
3 wks 1.618364 4.360344 .996 -10.71164 13.94837

Table A.16: Tukey’s post-hoc test | [CAM-1 immunostaining area in the spiral ligament

of the cochlear middle turn (chronic noise)

95% Confidence Interval

. . Mean Difference .

(I) Endpoint (J) Endpoint (1-J) Std. Error Sig. P Upper Bound
1 wk -2557.013029° 400.952053 .000 -3690.80884 -1423.21722
e I 2 wks -2252.338101 498.921494 .000 -3663.16788 -841.50832
ontro 3 wks -958.191984 429.890934 .186 -2173.81997 257.43600
4 wks -442.967529 498.921494 .900 -1853.79731 967.86225
Control 2557.013029' 400.952053 .000 1423.21722 3690.80884
1wk 2 wks 304.6749293 514.276504 .976 -1149.57512 1758.92498
3 wks 1598.821045 447.620242 .007 333.05885 2864.58324
4 wks 2114.045500° 514.276504 .001 659.79545 3568.29555
Control 2252.338101" 498.921494 .000 841.50832 3663.16788
2 wks 1 wk -304.674929 514.276504 .976 -1758.92498 1149.57512
3 wks 1294.146117 537.144290 129 -224.76852 2813.06076
4 wks 1809.370571 593.835356 .029 130.14726 3488.59389
Control 958.191984 429.890934 .186 -257.43600 2173.81997
3 wks 1wk -1598.821045 447.620242 .007 -2864.58324 -333.05885
2 wks -1294.146117 537.144290 129 -2813.06076 224.76852
4 wks 515.224455 537.144290 .872 -1003.69018 2034.13909
Control 442.967529 498.921494 .900 -967.86225 1853.79731
- 1 wk -2114.045500° 514.276504 .001 -3568.29555 -659.79545
wis 2 wks -1809.370571 593.835356 .029 -3488.59389 -130.14726
3 wks -515.224455 537.144290 .872 -2034.13909 1003.69018
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Appendix B5: Adenosine A;a Receptor-Positive Infiltrating Cell Count

Table A.17: Tukey’s post-hoc test | AR’ infiltrating cell count

95% Confidence Interval

() Endpoint  (J) Endpoint | Mean Difference o p oo sig.

(1-J) Lower Bound Upper Bound
6h -6.289' 1.267 .000 -9.82 276
S 1d —10.736i 1.312 .000 -14.39 -7.08
3d -5.351 1.452 .004 -9.39 -1.31
7d -3.436 1.422 120 -7.40 52
Control 6.289" 1.267 .000 2.76 9.82
6h 1d -4.448 1.299 .008 -8.06 -.83
3d 938 1.440 .966 -3.07 4.95
7d 2.852 1.410 263 -1.07 6.78
Control 10.736' 1.312 .000 7.08 14.39
14 6h 4.448i 1.299 .008 .83 8.06
3d 5.386 1.480 .004 1.26 9.51
7d 7.300° 1.451 .000 3.26 11.34
Control 5.351 1.452 .004 1.31 9.39
6h -.938 1.440 .966 -4.95 3.07
3d 1d -5.386' 1.480 .004 -9.51 -1.26
7d 1.914 1.578 744 -2.48 6.31
Control 3.436 1.422 120 -.52 7.40
74 6h -2.852 1.410 263 -6.78 1.07
1d -7.300 1.451 .000 -11.34 -3.26
3d -1.914 1.578 744 -6.31 2.48
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